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Preface

The purpose of this textbook is to introduce the student to a basic area of macro-
scopic physics, namely the statistical mechanical study of the different phases of
matter, as well as the phase transitions between them. Although many books on
statistical physics, for both equilibrium and non-equilibrium systems, are already
available, they largely differ in contents. This generally reflects not only the differ-
ent interests of their authors, but also the epoch in which they were written. For
instance, the early books did usually devote much space to problems of the solid
state, whereas later ones do include, moreover, several aspects of the liquid state. At
present, however, the main emphasis in physics is on soft matter (e.g. liquid crys-
tals, colloids, polymers), and therefore these particular states of matter have also
been included in this volume. The main purpose of this textbook will consist, hence,
in providing its students with a first introduction, within the general framework of
equilibrium statistical physics, to a much larger variety of phases and phase transi-
tions than was previously the case for textbooks of statistical mechanics. Many of
these novel topics do, of course, deserve a more detailed study than the one which
can be provided here. Indeed, in the spirit of a first introduction, only very simple
models of these phases will be given, but more detailed information can be found in
the suggestions for further reading given in the References.

For pedagogical reasons, the subject matter of this book has been divided into
four parts (Parts [-IV), and a series of appendices (Appendices A-D), devoted to
some mathematical tools used in the main text.

In Part I (Chaps. 1-3), a summary is provided of the mechanical (Chap. 1) and
thermodynamical (Chap. 2) basis of the postulates of equilibrium statistical physics
(Chap. 3). Although most students of equilibrium statistical mechanics will in gen-
eral have a prior knowledge of, classical and quantum, mechanics and of equilibrium
thermodynamics, by including a summary of these topics the present book becomes
more self-contained. A fact generally well appreciated by the students.

In Part IT (Chaps. 4-6), the general principles of equilibrium statistical physics
are illustrated for the simple case of the non-interacting or ideal systems. The three
main Gibbs ensembles, microcanonical (Chap. 4), canonical (Chap. 5) and grand
canonical (Chap. 6), are studied, together with some of their standard applications.

vii



viii Preface

These topics, although simple in principle, do nevertheless draw the students’ atten-
tion to some of the subtleties of statistical physics.

In Part III (Chaps. 7-9), these general principles are applied to the less simple
interacting or non-ideal systems. This, of course, can only be done approximately
and the most current approximation methods for the study of classical interacting
systems are summarized (Chap. 7). Based on these methods, some simple models
for most of the current phases of matter are introduced (Chap. 8), and the phase tran-
sitions between some of these phases are subsequently studied (Chap. 9). Although
the simple models of these phases considered here are only caricatures of the real
systems, their study will prepare the students for the more realistic, but also more
difficult, studies found in the current literature.

Finally, Part IV (Chaps. 10-13) is devoted to an introduction to some more ad-
vanced material. This includes an introduction to critical phenomena and the renor-
malization group calculation of critical exponents (Chap. 10), the study of interfaces
and the calculation of the surface tension (Chap. 11), the study of topological defects
(in nematic liquid crystals) and the resulting texture (Chap. 12), and the classical the-
ories of the phase transformation kinetics (Chap. 13). It is hoped that exposing the
students to an elementary treatment of these more advanced topics will encourage
them to also study these topics in more detail.

The present textbook is aimed at students of condensed matter physics, physical
chemistry or materials science, but throughout the level of rigor is one which will
be most familiar to students of theoretical physics. Likewise, the references quoted
at the end of each chapter mainly focus on books where supplementary material can
be found with a similar degree of rigor, i.e. those texts most useful to the readers of
the present one.

This volume is an enlarged version of a previous text, originally written in Span-
ish (C. F. Tejero y M. Baus, Fisica estadistica del equilibrio. Fases de la materia,
A.D.I., Madrid (2000), ISBN 84-931805-0-5). We are indebted to M. L6pez de Haro
for its translation into English and also for helpful and interesting suggestions. We
also thank T. de Vos for his help with the figures. This final version owns much to
the many discussions with our students at the Faculté des Sciences (Université Libre
de Bruxelles) and at the Facultad de Ciencias Fisicas (Universidad Complutense de
Madrid) and with our colleagues, M. Fisher, R. Lovett, J. P. Ryckaert and J. M. Ortiz
de Zarate, all of which are gratefully acknowledged. Finally, we would also like to
thank our wifes, Myriam and Isabel, for their support.

Brussels and Madrid, M. Baus
June 2007 C. F. Tejero
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Chapter 1
Mechanics

Abstract In this first chapter, some of the basic concepts of Hamiltonian mechan-
ics (both classical and quantum mechanical), which are required for the study of
statistical physics, are summarized. For a more detailed analysis of these topics the
reader is referred to the books included in the References.

1.1 Classical Mechanics

In classical mechanics, the location of a particle or material point in Euclidean space
is determined by its position vector r, whose components are the Cartesian coordi-
nates x,y,z, where r = xe, + ye, + ze,. Here, e,,e,, and e, are unit vectors in the
direction of the Cartesian axes. The above-mentioned three variables define uni-
vocally the position of the particle and, therefore, it is said that the material point
has three degrees of freedom. Note that the position of the material point may, for
instance, be likewise determined by using its spherical or cylindrical coordinates.
Hence, the notation ¢1,g2,g3 will be used generically for any set of three indepen-
dent variables defining univocally the position of the particle. Such variables are
referred to as generalized coordinates of the material point. In the case of a sys-
tem of N material points, the number of degrees of freedom is, therefore, 3N and
the position of the particles is completely specified by 3N generalized coordinates
q1,---,q3n that are functions of time ¢; = ¢;(t) (i = 1,...,3N).

Even if the generalized coordinates of a system of N material points are known
at a certain instant of time, it is not possible to predict its temporal evolution since
the generalized velocities, ¢; = ¢i(t) = dgq;(t)/dt, may still be arbitrary. The fun-
damental principle of classical dynamics states that if the values of the coordinates
(g=qi,...,q3n) and of the generalized velocities (¢ = ¢1,...,¢3n) are known si-
multaneously at a given time, then one can determine the value of these variables at
any other time.

Let Ly(g,q) denote the Lagrange function or Lagrangian of the system which,
in what follows, will be assumed not to depend explicitly on time (conservative
system). This function can be written as



4 1 Mechanics

Ln(q.q) = Hy'(q,4) — Un(q) , (1.1)

where the first term in the r.h.s., H, Ii\}j (¢,q), is the kinetic energy of the system and
the second one, Uy(q), is the potential energy. In Cartesian coordinates, the kinetic
energy of a system of N particles of mass m is given by

N1
ZE (1.2)

where v; = v;(t) = dr;/dt is the velocity of particle j, whose position vector is
r; =r;(t), and vV = v,...,vy. Note that although in this coordinate system the
kinetic energy is only a function of the generalized velocities, when (1.2) is ex-
pressed, for instance, in cylindrical coordinates then it becomes a function of both
the coordinates and the generalized velocities.

In what follows the potential energy will be written as

Un(e") = HM (V) + HX (V) | (1.3)
with
1 N N
HM (e 52 Z (Jri—1jl), (1.4)
and
N
HF () = o(r)), (1.5)
j=1

where V(|r; —r;|) is the pair potential interaction between particles i and j, which
has been assumed to be a function of the modulus of the relative distance between
them, |r; —r;|, and ¢ (r;) is the potential due to an external field acting on particle
j,whiler¥ =ry,... 1y

1.2 Hamilton’s Equations

Even though the laws of classical mechanics may be formulated in terms of the
generalized coordinates and velocities of the particles (Lagrangian dynamics), in
this chapter only the Hamiltonian dynamics will be considered. In this case, the
description of the mechanical state of the system is performed using the generalized

coordinates (g = ¢, ...,q3n) and their conjugate momenta (p = py, ..., p3n), Where
dLy(q,9)

: (1) = =\ 1.6

pi = pi(f) d; (1.6)

The time evolution of these variables is given by the system of 6/ first-order differ-
ential equations or Hamilton’s equations, namely
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,— OHvla.p) o OHvap)

; i=1,....3N), (1.7)

apl ? pl aql )

where Hy(q, p) is the Hamilton function or Hamiltonian of the system, defined by

the equation
3N

Hy(q,p) = 3, pidi —Ln(4.4) , (1.8)
i=1
which is a particular case of a Legendre transformation (see Appendix A).
From (1.1), (1.2) and (1.6) it follows that p; = mv; and hence

N
1
Hy(r",p") = 3, 5-pj + Un(r") (1.9)
=1

which is the Hamiltonian of a system of N particles of mass m in Cartesian coordi-
nates, with p¥ =p1,...,pwn.

Since in Hamilton’s dynamics the mechanical state of a system of N particles
is determined at each time by 3N generalized coordinates and their 3N conjugate
momenta, one may represent such a state by a point in the 6/ N-dimensional space
generated by qi,...,q3n,P1,-.-,p3n. This space is known as the phase space or
I'-space of the system. According to (1.7), the mechanical state follows in time
a trajectory in I -space (phase space trajectory), and one and only one trajectory
passes through a point of this space.

The formal solution to Hamilton’s equations can be written as

¢ =ai(q’. "), pi=pilg’ . pe), (i=1,....3N) (1.10)

where ¢! and p'. are the generalized coordinates and their conjugate momenta at time
t, which are functions of the initial mechanical state ¢°, p° = ¢7,....¢%y., p,..., P9y
and of time.

1.3 External Parameters

In all of the above it has been assumed that the Hamiltonian of a system of N mate-
rial points is a function of the generalized coordinates and their conjugate momenta.
Throughout the text, systems are studied in which the Hamiltonian is also a func-
tion of certain parameters, referred to as external parameters because they depend
on the position of bodies not belonging to the system. A first example is the case of
a particle of mass m and charge e placed in a constant and uniform magnetic field
B. If A(r) denotes the vector potential

A(r):%er, (1.11)
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and c is the speed of light in vacuum, the Hamiltonian of the particle will be

1 2
Hi(r.p:B) = 5~ (p—ZA()) . (1.12)

which is a function of the external parameter B. Upon development of the square in
(1.12) one finds

1 e 2 1 e &2
— (p-A@r) =—p*—-21.B 1.13
2m (p c (r)) 2mp 2mc + 2mc? (r), ( )
where
I=rxp (1.14)

is the angular momentum of the particle. The last two contributions in the r.h.s.
of (1.13) are called, respectively, paramagnetic and diamagnetic. In most cases the
diamagnetic term is much smaller than the paramagnetic one, so the Hamiltonian of
a particle of mass m and charge e placed in a constant and uniform magnetic field B
can be written in the form

1
Hi(r,p;B) = —p’ — B, (1.15)

where
u= —l (1.16)

is the magnetic moment of the particle. Note that in an ideal system of N identical
particles placed in a constant and uniform magnetic field one has

N
Hy(rV,p";B) = H(r;,p;;B). (1.17)
j=1
Therefore,
aIiN(vap B y _
a—B g = -—My(r",p"), (1.18)

where (1 ; is the magnetic moment of particle j and My (rV,p") is the total magnetic
moment dynarmcal function. When the magnetic field is modified, the variation of
the Hamiltonian is thus given by

aHN(vapN’B)

dHN(rNapN;B) = OB

-dB = —My(r",p")-dB, (1.19)
which is the mechanical work performed when modifying the external parameter B.

In the majority of the problems that are analyzed in physics, the particles are
placed in a container R of volume V, which is another example of an external
parameter. Even if within the container the interaction of a particle with the walls
may be negligible, this interaction becomes more important when the particle is
closer to the wall. In contrast with (1.12), the particle-container interaction is not
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known exactly in classical mechanics. A possible way to take into account this in-
teraction consists in writing the Hamiltonian of the system as

2m

N N
Hy (", p".v) = zip§+UN(rN)+Z¢R(rj), (1.20)
j=1 j=1

where ¢,(r;) is the potential that keeps the particle inside the container. Such a
potential vanishes when the particle is within the container and becomes (infinitely)
repulsive as the particle approaches the wall. In this way the Hamiltonian of the
system explicitly depends on the volume of the container. In analogy with (1.19),
the variation of the Hamiltonian when the volume changes is

N.
anty (' pYv) = T gy o piviay . 12
where
OHy (N, pV;v
pn( ,pN;V)E——N( p:Y) (1.22)

Vv

is the pressure dynamical function. The expression (1.21) is the mechanical work
performed upon changing the external parameter V.

In what follows, the Hamiltonian of a system of N particles that involves one or
several external parameters o will be indicated as Hy (g, p; o).

1.4 Dynamical Functions

Let a(q, p) be a dynamical function, i.e. a function of the mechanical state of the
system. Its time evolution is induced by Hamilton’s equations (1.7), namely

. X (dalq,p) .  dalq,p) .
a(tm)—Z( FpRl Al e pi)

B (3a(qp)9HN(qp,) 3a(q,p)9HN(q,p;a))
S\ 9q Ipi Ipi aqi

={a,Hy(a)}, (1.23)

where the Poisson bracket of two dynamical functions, a = a(q, p) and b = b(q, p),
has been defined as

(ab} = Z <9a q,p) db(q.p) da(q.p) 9b(q,11)) . (124)

i=1 dqi api api aqi
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In particular, since the generalized coordinates and their conjugate momenta are
independent variables, from (1.24) it follows that

{gi,9;} =0, A{pi,p;j} =0, {qip;} =20, (1.25)

where §;; is Kronecker’s delta (8;; = 1, if i = j, and §;; = 0, if i # j). Observe
that with the notation used for the Poisson bracket {a,b}, the generalized coordi-
nates and momenta do not appear explicitly. For this reason, when the Hamiltonian
Hy(q, p; o) appears in a Poisson bracket, it will be written as Hy (o), like in (1.23).

Every dynamical function C(g, p) conserved in the time evolution, i.e., C(g, p) =
0, is denominated integral or constant of motion of the system. According to (1.23),
every integral of motion verifies the condition

{C,Hy(0)} =0. (1.26)

An immediate consequence of (1.23) is the law of conservation of energy
Hy(q, p; o) = 0. Note further that if Cy(g, p) and C»(g, p) are two integrals of mo-
tion, one has

{Hy(o),{C1,G}} =0, (1.27)

i.e., {C},Cy} is also a constant of motion, as can be derived from Jacobi’s identity
{C1.{C, G} +H{Co, {C3,C1 } } +{C3,{C1,C2}} =0 (1.28)

valid for any three dynamical functions, if C3(g,p) = Hn (g, p; o).

Once an integral of motion, for instance the energy, is known, the phase space
trajectory has to move on the “surface” of the I" space, Hy(q, p; ) = E, where E
is the value of this integral of motion (such a surface is a “volume” of 6N — 1 di-
mensions). If the system has another integral of motion, C(q, p), the trajectory in
phase space has to move also on the surface C(g,p) = C*, where C* is the value of
this other integral of motion. It follows then that, if 6N — 1 integrals of motion may
be found, the mechanical state of the system can be determined for every instant of
time. In this case one says that the system is integrable. It is well known that some
simple mechanical systems are integrable. Thus, all the mechanical systems having
only one degree of freedom are integrable in view of the principle of conservation
of energy. Systems with two or three degrees of freedom subjected to a central force
in the plane are also integrable. The integrability of dynamical systems is, however,
the exception rather than the rule. In general, in the absence of external forces, a me-
chanical system only has seven additive integrals of motion (these are the integrals
of motion whose value for a system formed by various subsystems is the sum of the
values for each subsystem): the Hamiltonian HN(rN , pN ;0), the linear momentum
Py(p"), and the angular momentum Ly (r",p"), where:

N N
Py(p") =Y p;, Ly, pV)=Yr; xp;. (1.29)
Jj=1 j=1
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These laws of conservation follow from the homogeneity of time and the isotropy
and homogeneity of space.

The time evolution equation (1.23) for the dynamical function a(g, p) may also
be written as

a(q,p) = —Lnalq,p), (1.30)

where Ly is the linear differential operator:

dHn(q,p;) @  JdHy(q,p;a) 0
fn = tHy(), } = z( dgi  dpi  Ipi 9q; (13D

is called the Liouville operator of the system. The formal solution of (1.30) is

a(d,p') = a(q, p°st) = e *¥a(q”, p¥it = 0) (1.32)

where ¢, p' = ¢\,....q5y, P!, - Py and LY acts on the variables ¢°, p.

1.5 Quantum Mechanics

Due to Heisenberg’s uncertainty principle, in quantum mechanics the position and
momentum of a material point may not be determined simultaneously with arbitrary
precision. If gy, ...,q3y and py,...,p3n denote the Cartesian coordinates and their
conjugate momenta of a classical system of N material points, in quantum mechan-
ics these variables are replaced by operators g, ...,43y and py,..., p3y that satisfy
the commutation rules, which are the quantum mechanical equivalent to (1.25):

9,41 =0, [pi.pj] =0, (G p)] = indyl , (1.33)
where [ is the identity operator and
[a,b] = ab — ba (1.34)

is the commutator of the operators @ and b. When [@,b] = 0 the operators are said
to commute. In the representation of coordinates, the prescription for the operators
gi and p; is obtained by associating to the Cartesian coordinate g; the operator §;,

multiplication by ¢;, and to its conjugate momentum p; the operator p; = —ifid /dq;,
where /4 is Planck’s constant and /i = h/27.
Given a dynamical function a(g1,...,q3n,p1,---,P3n), the associated operator,

a, is obtained after substitution of the variables g; and p; by their associated opera-
tors g; and p;, namely

d d
dEa(ql,...,q3N,—ih—,...,—ih ) . (1.35)
dq g3



10 1 Mechanics

For instance, the Hamiltonian operator corresponding to the Hamiltonian (1.20) is:
hZ N ) N

Ay (V) = =5~ 3 Vi+ Un(r") + X 0x(r)) (1.36)
j=1 j=1

where V; = d/dr;. In some cases, the correspondence (1.35) may not be well de-
fined and hence it is necessary to recur to a method of symmetrization of the operator
associated to the dynamical function (e.g., to the dynamical function gp one asso-
ciates the operator (§p + p§)/2, because the operators § and p do not commute).

Throughout the text, the Hamiltonian operator will be written in the form Hy (a),
where o indicates one or several external parameters.

1.6 Self-adjoint Operators

The operators that represent observable magnitudes in quantum mechanics are self-
adjoint linear operators acting on the Hilbert space J{ of the system under con-
sideration. This space consists of the square-integrable wave functions ¥(g) =
¥(qi,-..,q3n) in coordinate space, that is

[dal¥(a)P <. (137)

where [dq= [dqi ... [dqn, [¥(q)]> = ¥(q)¥*(q) and ¥*(q) indicates the com-
plex conjugate of ¥(g). According to Born’s probabilistic interpretation, the wave
function completely defines the dynamical state of the system so that |¥(q)|? is the
probability density to find the system in the state ¢ = (¢1,...,g3y) in coordinate
space, i.e., [dq|¥(q)|* = 1 (see Appendix B).

The Hilbert space has the properties of a vector space. Thus, if |¥;) = ¥i(¢) and
|¥,) = W5 (q) are two elements of {, all the linear combinations A|'¥}) + A2|¥5),
where A are A, are arbitrary complex numbers, also belong to J{. On the other
hand, one may define a scalar product as

(#19) = [ dg¥; (@)¥s(a) (138)

which is linear in the vector on the right and antilinear in the one on the left, i.e.,
(BT + A0h) = (BAIALH) + (B0 0). (FA ) = (B ¥1)*. IF (#[¥) = O
the two functions are said to be orthogonal.

Given an operator 4, the adjoint operator @', whenever it exists, is defined by

(Wilatt) = ("W |¥) - (1.39)

And if 4 = 4, it is said that 4 is a self-adjoint operator.
When the system is in a state |'¥) the expectation value of an operator @ in such
a state is
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(@) = (1.40)

so that, if @ is self-adjoint, one has (¥|a¥) = (a"¥|¥) = (a¥|¥) = (¥|a¥)* and
(@) is real.

1.7 Eigenvalue Equation

The expectation value (1.40) is interpreted in quantum mechanics as the result of
the measurement of the observable magnitude corresponding to the operator @ when
the system is prepared in the state |'¥'). An important case is that of a self-adjoint
operator, 4, whose dispersion (%) — (@)? = 0, i.e., the case of an operator for which
one can state with certainty that the result of the measurement in a state |'¥') takes a
prescribed value (see Appendix B). This condition is written as

WPla2y)  [(P|aw)\>
v () = (4D

and since (¥|a>¥) = (A¥|a¥), because d is self-adjoint, it follows that
(@¥)a%) (P |¥) = (P]aP)? . (1.42)

Note that (1.42) is a case in which Schwarz’s inequality becomes an equality, thus
implying that |4¥) and |¥) are proportional, i.e.,

aly)y = |a¥) =al¥) , (1.43)

which is known as the eigenvalue equation for the operator d. Every real number a in
(1.43) is called an eigenvalue of @ and the non-zero solutions |'¥) of this equation are
called eigenvectors of the operator. Throughout the text examples will be analyzed
in which the spectrum of the operator 4 is discrete, i.e., its eigenvalues form a finite
(or infinite) numerable set so that the eigenvalue equation may be cast in the form

dla,) = ay|a,) . (1.44)

Note that if |a,) is an eigenvector of the operator 4, the same is true for the vector
Ala,), where A is an arbitrary complex number. Therefore, on account of (1.38),
it is always possible to choose A in such a manner that the eigenvectors will be
normalized, namely

(a,la,) =1, (1.45)

and hence they are defined up to an arbitrary constant phase. It should be noted
that two eigenvectors of the eigenvalue equation yielding different eigenvalues are
orthogonal. To see this, consider two solutions to (1.44):
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d|al> = a1|al), d|az> = a2|az) . (1.46)

If one takes the complex conjugate of the first equation and multiplies the result by
|ap), this yields
(@"ai|ar) = (ai]ai|ay) (1.47)

while, if the second equation is multiplied by (a;|, the outcome is
(ay|aay) = (aj|az|ay) . (1.48)
From the subtraction of (1.47) and (1.48) it follows that:
0= (a'a|ay) — (ai|aay) = (a1 — a2)(a)|a2) . (1.49)

Therefore, if a; # ay, then necessarily (a;|a;) = 0.

If there is a set of eigenvectors of @ with the same eigenvalue, one refers to
the latter as a degenerate eigenvalue. Although the eigenvectors corresponding to
a degenerate eigenvalue are not necessarily orthogonal, it is always possible to
look for linear combinations of them such that any two of the resulting vectors
are orthogonal (Schmidt’s orthogonalization), namely (a;|a;) = §;;, where J;; is
Kronecker’s delta. For instance, let a; be a three times degenerate eigenvalue of
(1.44) and |a;),|a)), and |af) three non-orthogonal eigenvectors corresponding to
this eigenvalue. Assume that the first vector has been normalized, i.e., (aj|a;) = 1.
If the eigenvector |ay) is defined by the expression c>|ay) = |a}) — |aj)(a;|a)),
where ¢ is a constant, and one multiplies this equation by (a;| the result is
co(ai|ag) = (aj|a)) — (aj]a;)(as|a)) =0, i.e., |a;) and |ay) are orthogonal. There-
fore, it is only necessary to adjust ¢; in order to normalize |a,). Similarly, the eigen-
vector c3|az) is defined as c3]as) = |a]) — |a;)(a;|a]) — |az)(az|a]), which is or-
thogonal to |a;) and |a;), and may again be normalized with the right choice for the
constant ¢3. Thus, |a;),|ay), and |a3) are orthonormal. Note that, by construction,
this process of orthogonalization is not unique.

Given an orthonormal set of eigenvectors |a,) of a self-adjoint operator d, the
operator forms a complete set if any vector |¥) of I may be expanded in a unique
way as

%) = 2 (an|¥)an) - (1.50)
n
One then says that the eigenvectors |a,) constitute a basis for H. Given the afore-
mentioned point that any eigenvector is defined up to an arbitrary phase, by conven-
tion two bases will be considered identical when their eigenvectors only differ in
their phases.

Note that when there is a degenerate eigenvalue, the set of eigenvectors of the
operator 4 is not unique, and so the same applies to the expansion (1.50). Let b be
another self-adjoint operator that commutes with 4, i.e., [d,B] = 0. Then 4 and b
possess a set of common eigenvectors represented by |a,,b,,). As a matter of fact,
if |a,,by,) is an eigenvector of @ with eigenvalue a,, from (1.34) and (1.44) one has
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ablay, by) = balan,by) = bay|a,,by) = anbla,,by) (1.51)

and from the last equality it follows that lA7|a,,,bm> is an eigenvector of 4, i.e.,
B|an,bm> = bp|a,,by). If this system is unique, namely if the pair of numbers
(an,by) is not degenerate, one says that @ and b form a complete set of observ-
ables that commute. In such a case, any state |¥) of 3 has a unique expansion of
the form of (1.50) in the basis |a,,b,,). For any other case, one may look for a third
self-adjoint operator ¢ that commutes with 4 and i), etc. In this fashion, if 4, l;, G, ...
constitute a complete set of observables that commute, the state of the system is
completely determined. In quantum mechanics this is the process of preparation of
the system, which consists in performing upon it simultaneous measurements of a
complete set of commuting observables.

To close this section, some simple concepts about operators which will be needed
in Chap. 3 are now introduced. Let |a,) be an orthonormal basis of 3. The spectral
resolution of the identity operator / is

1= |a,)(a, . (1.52)

The trace of an operator b is defined as:

Trb =Y (a,|bla,) (1.53)

which is independent of the choice of the basis and hence an intrinsic characteristic
of the operator.
An operator b is bounded if for every state |'F') one has

(P|b¥) < A(P|¥), (1.54)

where A is a positive constant independent of |'¥).
An operator bis positive (indicated by b > 0), when it is bounded and for all |¥)
one has:
(¥|b|¥)>0. (1.55)

1.8 Schrodinger’s Equation

Once the system has been prepared, the state evolves in time according to
Schrodinger’s equation:

iha|§£t)> — Ay (0)|¥(1)) (1.56)

where |¥(t)) is the wave function at time ¢ and Hy(¢) is the Hamiltonian operator,

which is a function of one or several external parameters represented by the label .

If |'¥,) = |¥,(t = 0)) is an eigenvector of Hy (o) with eigenvalue E,(,N)(a), ie.,
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Ay (o)) = B (o)), (1.57)

one says that the state |'¥,) is stationary and from Schrodinger’s equation it follows
that

|an(l)> _ efiE’gN)(a)t/h|1Pn> i (158)

Thus, in the time evolution the state only changes its phase and it remains an eigen-
vector of Hy(a) with eigenvalue EN () at any instant of time.
In the next few lines, the eigenvalues of some stationary states of simple Hamil-

tonians that appear often in the text are considered.

1.8.1 Free Particle

The Hamiltonian of a free particle of mass m in a cubic box R of side L and volume
V=L%is

1
Hi(r,p;V) = 5-p* + 0(r) , (1.59)

where p = pye, + pye, + p.e; is the particle’s momentum and ¢ (r) the potential
that keeps the particle inside the box. The associated operator H; (V) is according to
(1.35):

A

. w92 9% 92
) = — ( +—j+%m, (1.60)

and the stationary states of this operator are

n [ 92 2 9?

—% (W + a—yz + a—zz) |anx,ny,nz> = gnx,ny,nz (V)|1an,ny,nz> . (161)
Note that although in (1.61) the potential ¢ 5(r) does not appear explicitly, in order
to locate the particle inside the box the condition is imposed that the eigenvectors
vanish at the extremes of the box. In such a case the eigenvalues of A, (V') are quan-
tized as given below:

2h?

:W(ni—i—ng—l—n?), (y,ny,n; =1,2,...) . (1.62)

8");,")'1’: (V)
The ground state or lowest energy level is non-degenerate and corresponds to the
quantum state n, = ny, = n; = 1. Since all the other energy levels are degenerate,
the Hamiltonian operator of a free particle does not constitute a complete set of
observables.
Another form of quantization, that will be used throughout the text, consists in
dividing the Euclidean space in cubic boxes of side L and volume V = L? and to
impose the condition that the eigenvectors be periodic with period L in the three
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directions of space. In such a case, the eigenvalues of H;(V) are quantized as
follows:

_ontn?

—W(nf—l—n}z,—l—ng), (ny,ny,n; =0,%£1,...) , (1.63)

8}'L‘,c,}'ty,nz (V)
and hence the energy of the ground state (n, = n, = n, = 0) is zero.

The eigenvalues (1.62) and (1.63) are obtained by looking for plane wave solu-
tions to (1.61) and requiring that the wave function either vanishes at the extremes
of the box or be periodic with period L in the three directions of space. In the latter
case, if k is the wave vector with Cartesian components ky, ky, and k_, the condition
of periodicity is expressed as

kxx+kyy+k;z] i [ky (x4L)+ky (y+L)+k; (z+L)]

el =e ,
ie.,
kyL =2mny, k,L=2rny, k,L=2mn,,

where n,,ny,n; = 0,%1,... Upon substitution of these results in the expression of
the energy,

hz
Encmyn(V) = 5~ (k+k+k2) (1.64)
one arrives at (1.63).

It should be noted that when the quantum numbers n,,ny,n, change by one unit,
the components of the wave vector change by |Ak,| = |Aky| = |Ak;| =27 /L, so that
in the limit L — oo these variables may be considered as continuous. The number of

quantum states of a free particle whose wave vector lies between k and k 4 dk is
dk; dky, dk; 1%

ky,ky, k;)dk.dk,dk, = = —dk.dk,dk 1.65
p( Xy Vy s Z) X y Z |Akx| |Aky| |Akz| 877:3 X' y ) ( )

i.e., the density of quantum states in k-space is a constant whose value is V /87>,
Therefore, the number of quantum states of a particle whose wave number k = |K|
is between k and k 4 dk is

1% 1%
p (k)dk = @4nk2dk = ﬁkzdk , (1.66)

and for each of them there is an energy state & = k> /2m , hence the number of
quantum states of a particle whose energy lies between € and € 4 d¢ is

o\ 32
p(e)de =2nV (ﬁ) Vede , (1.67)

a result that will be used in the study of ideal quantum gases carried out in Chap. 6.
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1.8.2 Harmonic Oscillator

The Hamiltonian of a one-dimensional harmonic oscillator of mass m and angular
frequency o is

1 1
Hi(q,p;0) = %pz - Emwzqz : (1.68)

where ¢ is the Cartesian coordinate and p its conjugate momentum. The Hamilto-
nian operator H; (@) associated to this dynamical function is, according to (1.35),

7 (o) s + —maw*q? (1.69)
=——==+-m . .
! 2madg® 2 i
The stationary states of this operator are
®oot o1 5,
(_%a_qﬁimw g ) ) = £a(@)| ) (1.70)
with |
&(w) = <n+§> ho, (n=0,1,2...). (1.71)

Since there is only one eigenvector for each eigenvalue, H)(®) forms by itself a
complete set of observables. Note that since the energy €,(®) is univocally deter-
mined by the non-negative number n, this number may be interpreted as the number
of particles with energy iiw. By definition, the number of particles » is not a con-
served variable.

1.8.3 Particle in a Magnetic Field

The angular momentum of a particle 1 has been defined in (1.14) so that, upon ap-
plication of the correspondence rule (1.35), the angular momentum vector operator
1is given by

I=—irrx Vv, (1.72)

whose components

o
I

i
S
/N
I
QO
¥l
=
N Y]
N——

. . d d
I, = —ih <x8_y —y$> , (1.73)
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verify the following commutation rules:
(0] = inl,, (I, L) = ikly, (L, L] = i, . (1.74)
If one defines the scalar operator,
P=R+0+17, (1.75)

it is readily verified that it commutes with each of the components of 1, namely

DN

M,i’]=o, (1.76)

and hence with any function of these components. One may then form a basis of
eigenvectors common to both 12 and one of the components of 1, say /.. The eigen-
value equations for these operators read:

P¥) = 10+ DR ), L) = mh| ) - (1.77)

If the spin angular momentum § is included, one may generalize (1.73-1.77)
through replacement of the angular momentum 1 by the total angular momentum
Jj =145, namely

A

VI¥m) =i+ DR ¥, 3 ¥m) =mh|¥m) (1.78)

and it can be shown that (1) the value of j in (1.78) is a non-negative number, either
an integer or an odd half integer and (2) the eigenvalue of m in (1.78) is one of the
(2j+ 1) quantities —j,—j+1,...,j—1,].

The Hamiltonian of interaction of a particle of angular momentum 1 in a uniform
and constant magnetic field B is, according to (1.15), given by

Hy(r,p:B)=— B, (1.79)

where U is the magnetic moment of the particle (1.16).
If the spin is included, the Hamiltonian operator of the interaction of the particle
with the field B is thus

N 1 N
Hi(B) = —gHj B, (1.80)
where (15 = ehi/2mc is Bohr’s magneton (note that in i, e is the magnitude of the

charge of the particle and m its mass, not to be confused with the quantum number
appearing in (1.78)), and g is the Landé factor:

JU+D) +s(s+1)—=1(+1)
2j(j+1) ’

g=1+ (1.81)

and s(s+ l)hz are the eigenvalues of s (the introduction of the Landé factor in the
Hamiltonian operator is valid when the latter is acting on the eigenfunction |%¥; ,,)).
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If the magnetic field is directed along the z-axis, B = Be,, the eigenvectors of
H(B) are |¥; ) and the eigenvalues are quantized as follows:

em(B) = —glizmB, (m=—j,—j+1,....j—1,j). (1.82)

1.9 System of Identical Particles

It is well known that in classical mechanics identical particles are considered distin-
guishable. In contrast, in quantum mechanics identical particles are indistinguish-
able which in turn implies that the wave function of a system of N identical particles
has to be either symmetric (bosons or particles with integer spin) or antisymmetric
(fermions or particles with an odd half integer spin) upon exchange of any two par-
ticles. Consider an ideal system of N identical particles defined by the Hamiltonian
operator Hy(a), which is the sum of one-particle operators:

N

Av(o)=Y AV (a) . (1.83)
j=1

Due to the identical nature of the particles, the operators H 1(’ ) () = A () have the
same eigenvalue equation which is written as

Hi()[6;) = €i(0t)[6;) (1.84)

where €;(a) is the energy of the quantum state i whose eigenvector is |@;), which is
assumed to be normalized, i.e., (¢,|¢;) = 1.
The wave function

6 107 . 1oty | (1.85)

in which the subscript i; represents the quantum state of the jth particle (which has
been indicated with a superscript), is an eigenfunction of Hy (o) whose eigenvalue is

g (o) + e, (o) +---+eiy(a).

Since the values i; are not necessarily different, the energy of the system may be
written as

EEZV,.)}(OO = ;*nisi(a) , (1.86)

where n; is the number of particles (occupation number) in quantum state i and the
asterisk indicates that these numbers must satisfy the following condition:

Sni=N. (1.87)
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The wave functions of the system are linear combinations of the form (1.85),
symmetric (bosons) or antisymmetric (fermions) under the exchange of any two
particles. Then one has 0 < n; < N in the case of bosons and n; = 0,1 in the case
of fermions. As an example, consider a system of two particles, 1 and 2, in two
quantum states, 7; and i». The possible wave functions of the system are

a) bosons
00y (niy =2, i, =0),

1 2
6107)  (niy, =0, iy =2),

1
75 (oo +10l) 10)) - (ma =1, mi =),

b) fermions

1 1 2 1 2
-5 (0 1) 41010 07)) (i =1. my = 1)
Note that if the particles are considered to be distinguishable, the possible wave
functions are

00y (miy =2, i, =0),
1 2
0 07)  (ni, =0, iy =2),
1 2
0N 0) (i =1, ny=1),

O 0P) (i =1, ny=1).

Because a quantum system composed of identical particles is completely speci-
fied by the occupation numbers n; of the one-particle quantum states, the symmetric
or antisymmetric wave function may be represented in the form |ny,...,n;,...) (ob-
serve that, as has been shown in the previous example, in a system of distinguish-
able particles the mere specification of the occupation numbers n; is not sufficient
to determine the wave function of the system). The formalism of the particle num-
ber operator is based on the definition of creation and annihilation operators. For
bosons, the annihilation operator 4; is defined as

ailny,... niy. ) =/milng,.oni— 1,00, (1.88)

since it destroys a particle in state i. The adjoint operator a:f verifies

allng,..oniy. ) = /mi+Llng,..oomi+1,...) (1.89)
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and is called the creation operator, in view of the fact that it increases by one the
number of particles in state i.

For fermions, where n; can only take the values O and 1, the definitions of the
annihilation and creation operators are

ailny, ..o ongy )= (=D)Vniny, ..., 1 —ng,. ) (1.90)
and
allng,..ongy. ) = (=D =n) ng,. .1 —ng,.) (1.91)
with
i—1
V= 2 n.
k=1
Note that, in this case, djdj = 0, because no two fermions may be created in the

same quantum state due to Pauli’s exclusion principle.
From (1.88-1.91), the number operator is then defined as 7i; = &j&i, so that

Aing, .. ni. ) =ning,.ong, ) (1.92)
The total number of particles operator is
N=Y i, (1.93)
i
which commutes with the Hamiltonian operator
[N, Hy()]=0. (1.94)

Equations (1.92-1.94) are applicable both to bosons and to fermions.
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Chapter 2
Thermodynamics

Abstract The systems which are the subject matter of statistical physics involve N
particles, atoms or molecules, with N ~ 10?3, Studying such systems using the laws
of mechanics (either classical or quantum mechanical) is an impossible task since,
for instance, to determine the mechanical state of a classical system at any instant of
time it is necessary to solve Hamilton’s equations and to know the initial mechanical
state of the system. As will be seen later on, there exist even more profound reasons
to abandon the mechanical study of systems composed of a very large number of
particles or macroscopic systems. An alternative description of such systems is pro-
vided by thermodynamics, a theory which is briefly described in this chapter. For a
more detailed study of this theory the readers may consult the texts included in the
References.

2.1 Fundamental Equation

Thermodynamics is a theory that deals with the exchange of matter and energy be-
tween a system, which is described in terms of a reduced number of thermodynamic
variables that characterize the system as a whole, and the external world, which is
everything that does not belong to the system. A natural first thermodynamic vari-
able is the volume of the system V which, as has been discussed in Chap. 1, is an
external parameter. A second thermodynamic variable is the energy E, referred to as
the internal energy in thermodynamics, a variable defined as the macroscopic man-
ifestation of the law of conservation of energy. In the case of an equilibrium (the
thermodynamic variables do not change with time), closed (the system does not
exchange particles with the external world) and simple (i.e., a system whose only
external parameter is the volume V) system, it is postulated in thermodynamics that
the internal energy is a differentiable function of the volume and the entropy, namely

E=E(S,V), (2.1

21
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where S is the entropy of the system, which is termed a thermal variable since,
in contrast with the cases of V and E, it does not have a mechanical counterpart.
These three variables define the state of the system. Note that E and V' are extensive
variables, i.e., magnitudes that grow proportionally to the size of the system. It is
further assumed that the entropy S is also an extensive and additive variable, namely
that the entropy of a composite system is the sum of the entropies of the constituent
macroscopic subsystems. The change in the energy of the system when the entropy
and the volume are modified is, therefore, given by

JE JE
dE = —dS+ ==dV 2.2
as v @2
which is the sum of two contributions. The first one is the change in energy due to a
change in the entropy S, while the second is the mechanical work performed when
the external parameter V is modified.
The partial derivatives in (2.2) are defined as

JoE JoE

=% "= v

35’ (2.3)

where T is the absolute (or thermodynamic) temperature of the system and p its
pressure, both of which are positive since it is postulated that E(S,V) is an increas-
ing function of S that also decreases with V. Equation (2.2) is valid when the system
evolves reversibly (see below) between two close equilibrium states. This equation
is a particular case of the first law of thermodynamics:

dE =d'W+d'Q, (2.4)

which expresses the fact that the variation of the internal energy is the sum of the
work d'W performed against the pressure of the external world pg, which in a re-
versible process is equal to the pressure of the system

d'W =—pdv, (2.5)

(the minus sign is chosen so that d’'W < 0 when dV > 0) and of the amount of heat
d’Q absorbed by the system from the external world at the temperature T, which in
areversible process is equal to the temperature of the system, i.e.,

d'Q=Tds (2.6)

(the notation d'W and d’Q indicates that the differentials of work and heat are not
exact differentials). Note that thermodynamics does not provide definitions of the
magnitudes E, V, and S, but that it only establishes through (2.2) the relationship
between the changes in these variables in a reversible process. The power of ther-
modynamics resides precisely in the fact that this relationship is independent of the
specific nature of the system.
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Sometimes it is necessary to generalize expression (2.5) in order to include other
extensive external parameters {X;}, namely

JE
! P— .
dW_;a jde. 2.7

In the case of open systems, i.e., systems which may exchange particles with the
external world, it is postulated that the state of the system is defined by the variables
E, S, {X;}, and {Ny}, where N, is the number of particles of species c. It is further
admitted that the energy is a differentiable function of the entropy, of the extensive
external parameters, and of the numbers of particles, namely

E :E(Sv{Xj} ANa}) - (2.8)

This equation is known as the fundamental equation of thermodynamics and it fol-
lows from it that in a differential reversible process connecting two equilibrium
states, the variation in the energy of the system is

OF
dE = TdS+zﬁde + Y 1 ydNg (2.9)
j J o
where 9E
- 7= 2.1
Ha = gp— (2.10)

is the chemical potential of species c. In the case of a system that contains N par-
ticles of a single species, whose chemical potential is denoted by u, and where the
only external parameter is the volume V, one has

dE = TdS — pdV + udN . @2.11)

2.2 Intensive Variables

Note that the number of thermodynamic variables defining the state of a system in
the fundamental equation (2.8) is always small. On the contrary, in the mechan-
ical description the corresponding number of variables increases with N. This is
due to the fact that the thermodynamic variables E, S, {X;}, and {Ny} are mag-
nitudes that characterize the system globally. Since all of them are extensive, if
one denotes by {¥;} = (S5,X1,Xa,...,N1,Na,...), from the fundamental equation
(2.8) it follows that E is a homogeneous function of degree one in the variables Y%,
namely

E({AYi}) = AE({Yi}) (2.12)
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where A is an arbitrary positive real number. If the conjugate variable or conjugate
force f; of ¥ is defined through

JE
Ji= BT (2.13)
it follows from (2.12) that
Ji{AYd) = fil{Ye}) - (2.14)

The above equation shows that the conjugate variables f; are homogeneous func-
tions of degree zero in the variables Y%, i.e., they do not depend on the size of the
system. Hence, they are called intensive variables. Note that the ratio of two ex-
tensive variables is an intensive variable like, for instance, the energy per particle
E/N. Tt is common to write the extensive variables as capital letters while the in-
tensive variables, with the only exception (for historical reasons) of the absolute
temperature 7, are usually written as small letters. An important relation may be
obtained from the derivative of (2.12) with respect to A by considering the result in
the particular case where one sets A = 1, namely

> fiYk=E. (2.15)
k

By differentiating this equation and comparing the result with (2.9), the Gibbs—
Duhem relation is obtained:

Y Yidfi =0, (2.16)
k

which shows that the changes in the intensive variables f; are not independent.

Since, on the other hand, E is a differentiable function of the variables Y}, one
has that 9°E /9Y;dY,, is a symmetrical matrix. This property may also be expressed
as

% = % (2.17)

Y, IV’ '
which are the so-called Maxwell relations. Note that throughout the text and for the
sake of simplifying the notation, it is understood that in the partial derivatives all the
other variables remain constant.

The thermodynamic description may, therefore, be summarized as follows. To
each macroscopic system one associates a variable E or internal energy. Accord-
ing to the fundamental equation, E is a function of a reduced number of extensive
variables {Y;}. For each Y there is, according to (2.13), an intensive variable f
and so E is referred to as a thermodynamic potential in view of the fact that all the
intensive variables may be obtained by derivation from the fundamental equation
E = E({Y}). The structure of thermodynamics is, therefore, in a way reminiscent
of that of classical mechanics.
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2.3 Law of Entropy Increase

In order to introduce the law of entropy increase, note that (2.11) may be rewritten
in the form:
1 p I

dsS= TdE+TdV TdN, (2.18)
which expresses the fact that § may be considered as a function of the extensive
variables E,V, and N. This formulation of thermodynamics in which S = S(E,V,N)
is the dependent variable is known as the “entropy representation,” whereas the
formulation (2.11), i.e., E = E(S,V,N) is known as the “energy representation.”
From (2.18) it follows that the intensive variables in the entropy representation are

1 98 p 9S8 u  dS

T OJE T 9V T  ON’ 219
From a mathematical point of view this change of representation consists in obtain-
ing S as a function of E,V, and N from the fundamental equation E = E(S,V,N).

Note that (2.18) describes the changes that take place in a differential reversible
process that connects two equilibrium states. The second law of thermodynamics
states that when the intensive variables of the external world (the temperature 7p,
the pressure pg, and the chemical potential (1)) are constant, because the number of
degrees of freedom of the external world is much greater than that of the system,
then the following inequality always holds:

1
ds > —dE+2qv — Hogn (2.20)
Ty 0 Ty

which may be written in the form
Tod;S = TodS — dE — podV + 1ydN > 0, (2.21)

where d;S is the change of entropy due to the irreversible processes taking place in
the system. Equation (2.21) indicates that the system evolves in such a way that the
entropy production d;S is positive, until the system reaches a state of equilibrium
with the external world for which d;S = 0. In particular, if one considers an iso-
lated system (which does exchange neither energy nor volume or particles with the
external world) then it follows from (2.21) that

diS=ds>0, (2.22)

which expresses that an isolated system evolves toward the state of maximum en-
tropy.

From the second law of thermodynamics (2.20) and from (2.18), three important
consequences can be derived:

1) In the natural evolution of a non-equilibrium system, the changes in the thermo-
dynamic variables verify the following relation,
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TodS — dE — podV + j1ydN > 0 , (2.23)

until equilibrium is reached. In the equilibrium state, the intensive variables of
the system and those of the external world become equal: 7 = T, p = po, and
H = Ho.

2) If the differential changes of the thermodynamic variables take place between
two equilibrium states, then

TdS —dE — pdV + 1tdN =0, (2.24)

i.e., these changes are not independent so that a fundamental relation S =
S(E,V,N)or E =E(S,V,N) exists.

3) If a state of equilibrium is transformed into a non-equilibrium state, then d;S > 0
cannot hold, since this inequality corresponds to a natural evolution and the for-
mer is not. Neither can it happen that d;S = 0, since this corresponds to dif-
ferential changes between two equilibrium states. Therefore, d;S < 0. Hence,
to distinguish the natural or spontaneous evolution toward equilibrium and the
forced or virtual transformation out of equilibrium, the natural changes are de-
noted by dS,... while the virtual ones are denoted by 45, ... For any virtual
change of the state of the system one, therefore, has

Ty8S — 8E — poSV + 1N < 0 . (2.25)

2.4 Thermodynamic Potentials

Although the basic aspects of thermodynamics are embodied in (2.21-2.25), there
are equivalent formulations that involve the introduction of other thermodynamic
potentials. As a first example, consider the fundamental equation in the energy rep-
resentation, E = E(S,V,N). If one wants that, instead of S, T be the independent
variable, which is the conjugate variable of S with respect to E in (2.11), a Legendre
transformation may be performed (see Appendix A) from E to a new potential,
denoted by F' and known as the Helmholtz free energy. To that end, the function
F =F(T,V,N) is defined through

F(T,V,N)=E(S,V,N)—TS, (2.26)

where S = S(T,V,N) in (2.26) is obtained after solving the implicit equation T =
JdE /dS. Differentiating (2.26) and comparing with (2.11) one then has

dF = —SdT — pdV + udN , (2.27)
so that in this representation

JdF JF JF

S:—— I):—W7 “:a_N'

= (2.28)
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From (2.15) and (2.26) it follows that
F=—-pV+4+uN, f=-pv+u, (2.29)

where f = F /N is the Helmholtz free energy per particle, v=V /N = 1/p is the
volume per particle or specific volume, and p is the density. Differentiating F =
Nf one finds dF = Ndf + fdN = —SdT — pdV + udN, namely Ndf = —SdT —
pdV +(u— f)dN, so that from (2.29) it follows that Nd f = —SdT — p(dV —vdN) =
—SdT — Npdv, or

df = —sdT — pdv (2.30)

where s = S/N is the entropy per particle. This equation shows that the intensive
variable f is a function of the intensive variables T and v.

In the thermodynamic analysis of a system, the choice of the thermodynamic po-
tential, although arbitrary, is to a great extent determined by the physical conditions
of the problem under study. Thus, since a phase transition takes place at constant
temperature and pressure (see below), an adequate potential is the Gibbs free en-
ergy, defined through

G(T,p,N) =E(S,V,N)—TS+pV , (2.31)

which is the double Legendre transform of the energy with respect to S and V,
where S = S(T,p,N) and V = V(T, p,N) are obtained from (2.11) after solving the
implicit equations T = dE/dS and p = —dE/JV. After differentiation of (2.31)
and comparison with (2.11) one obtains:

dG = —SdT +Vdp+ pdN |, (2.32)

so that in this representation

G G G
= = = —. 2.
S==5r V=5 PN (2.33)
On the other hand, from (2.31) and (2.15) it follows that:
G=UuN, (2.34)

and hence the chemical potential is equal to the Gibbs free energy per particle. Upon
differentiation of (2.34) one finds dG = Nd 1 + 1dN and after comparing with (2.32)
it follows that

du = —sdT +vdp , (2.35)

which is equivalent to the Gibbs—Duhem relation (2.16).
To close this section, consider the grand potential or Landau free energy:

Q(T,V,u) =E(S,V,N)—TS— uN , (2.36)
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which is the double Legendre transform of the energy with respect to S and N,
where S = S(T,V,u) and N = N(T,V, i) are obtained from (2.11) after solving the
implicit equations T = JE/dS and 4 = JE/IN. After differentiation of (2.36) and
comparison with (2.11) one obtains

d€Q = —8dT — pdV — Ndu , (2.37)
so that in this representation

9Q 9Q 99
S=-%F P=—y. N="9.. (2.38)

On the other hand, from (2.36) and (2.15) it follows that
Q=—pV. (2.39)
Upon differentiation of (2.39) and comparison of the result with (2.37) one finds
dp = psdT +pdu (2.40)

which is an expression equivalent to (2.35).

2.5 Equilibrium Conditions

From (2.25) it follows that in a virtual process of an isolated system (6E =0, 6V =0
and 6N = 0), 6S < 0, i.e., the entropy may only decrease and hence S must have
a maximum value in the equilibrium state. This result may be transformed into an
extremum principle. Thus, if S(E,V,N;{Z}) denotes the variational entropy of a
system with constrains denoted by {Z}, the entropy of the equilibrium state is a
maximum of S(E,V,N;{Z}) with respect to {Z} for given values of E,V, and N:

S(E,V,N) = {max(5S(E,V,N:{Z} (2.41)

)} EVN "

Similarly, from (2.25) one can see that if 6S =0, §V =0, and 6N = 0, then 0E >
0, i.e., the energy can only grow and hence E is a minimum in the equilibrium state.
Therefore, if E(S,V,N;{Z}) is the variational energy of a system with constrains
described by {Z}, one has

E(S,V,N) = {ming7 E(S,V,N:{Z} (2.42)

)}S7V7N '
so that the energy of the equilibrium state is a minimum of E(S,V,N;{Z}) with
respect to {Z} for given values of S,V, and N.

These extremum conditions may also be expressed using the other thermody-
namic potentials. Note that if §V =0 and 6N = 0, the extremum principle (2.25)
can be rewritten as 7p6S — SE < 0, so that if the temperature of the system remains
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constant and equal to the one of the external world, T = Ty, then 6 F > 0, and hence
F is a minimum in the state of equilibrium. One then has

F(T,V,N) = {ming F(T,V,N;{Z} (2.43)

)}T=T07V7N ’
namely the Helmholtz free energy of the equilibrium state is a minimum of F(7,V,
N;{Z}) with respect to {Z}.

If SN = 0, the extremum principle is written as 7,08 — 0E — pgdV < 0, so that
if the temperature and the pressure of the system remain constant and equal to the
temperature and pressure of the external world, 7' = Ty and p = py, it follows that
6G > 0, and hence G is a minimum in the equilibrium state. One then has

G(T,p,N) = {min;;, G(T, p,N:{Z} (2.44)

) }T:TOaP:POaN ’

namely the Gibbs free energy of the equilibrium state is a minimum of G(T, p,N;
{Z}) with respect to {Z}.

Finally, if 8§V = 0, the extremum principle reads Tp6S — 0E + 10N < 0, so that
if the temperature and chemical potential of the system remain constant and equal to
the temperature and chemical potential of the external world, T = T and u = p, it
follows that §Q > 0, and hence €2 is a minimum in the equilibrium state. One then
has

Q(T,V,u) = [ming Q(T,V,u;{Z})] (2.45)

T=Ty,V,u=p, ’

namely the Landau free energy of the equilibrium state is a minimum of Q(7,V, u;
{Z}) with respect to {Z}.

2.6 Stability Conditions

In the previous section, the extremum principles involving the different thermo-
dynamic potentials were examined. In order to provide a more detailed analysis of
some of them, consider a simple closed system which exchanges energy and volume
with the external world at the temperature 7 and at the pressure pg. By definition,
the intensive parameters of the external world remain constant and are, in general,
different from the temperature 7 and the pressure p of the system. The second law
of thermodynamics implies that for a virtual process

S(E+ poV —TyS) = 8E + ppdV — Tp6S > 0. (2.46)

In the energy representation E = E(S,V), and so upon expanding E in a Taylor
series up to second order one has



30 2 Thermodynamics

JE JE
OF = —6V+ ﬁ&g
J0%E a E J%’E
+ avz(SV) 2= 8S6V55+W(55) (2.47)

Since dE/dV = —p, JE/dS = T and the equilibrium state is an extremum, it fol-
lows from (2.46) and (2.47) that

p=po, T=T, (2.48)

which are the conditions for mechanical equilibrium and thermal equilibrium be-
tween the system and the external world. It should be clear that it is also possible
to obtain in this way the condition for chemical equilibrium (1 = 1) in the case
where, on top of the above, the system and the external world also exchange parti-
cles.

Since the extremum is a minimum, one then has

J’E 82 J’E
1% ———038VaS N 2.49
S OV #2508V + S (3 > (249
which holds whenever the following inequalities are satisfied:
I’E PEJPE [ PE\ I’E
— = — | === 0, == >0. 2.50
a2~ % Gvos (avas) BFTole (2.30)

These are known as the stability conditions (note that the first two inequalities imply
the third one). From the first inequality it follows that

J’E ap 1 1 [V

namely that the isentropic compressibility coefficient )¢ is positive. In a similar
way, from the third inequality one finds

9°E 0T 1 dS

i.e., the constant volume heat capacity Cy is also positive.

The stability conditions may also be formulated using any other thermodynamic
potential. Assume, for instance, that in (2.46) the independent variables are taken
to be the volume V and the temperature 7, which are the natural variables of the
Helmholtz free energy. Then, since in this case E = E(T,V) and S = S(T,V), in the
Taylor series expansion of (2.46) up to second order, the extremum conditions are

JE as JE

2s
STy =0, Sopo—Tose =0, (2.53)

Vv
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The first one implies that

JEJT JE

e (2.54)

which is the condition for thermal equilibrium, while the second one reads

_ JE-TS)  JIF _
Po=—" =Ty =P (2.55)

av
which is the condition for mechanical equilibrium. In deriving this condition, it has
been taken into account that 7y = T'.
In order to determine the stability conditions, it is required that the quadratic
form be positive definite. The coefficient that multiplies (§V)? is
J’E 9’ 9J*F

v T =0 (230

which implies that the isothermal compressibility coefficient y ; is positive:

0°F op 1 1 < ov )
—=—=—=— yr=—=|(=1] >0. (2.57)
V2 v vy, T v\adp),
The coefficient that multiplies (67" is
J’E 9%
W_TW >0. (2.58)
Since 92 d d d 92
E S S S
572 =37 <T8_T) =57 +TW , (2.59)
it follows that (2.58) may be rewritten as
s JI’F

which, like in (2.52), implies that Cy is positive.

From (2.50), (2.56) and (2.60) the following result may be inferred. When the
stability conditions are expressed in terms of any arbitrary thermodynamic potential,
the second derivative of the potential with respect to any of its natural variables
is positive (the function is convex) if the variable is extensive and negative (the
function is concave) if the variable is intensive. For instance,

PG _, 7

=72 <0, Fr <0, 2.61)

and from (2.32) it follows that the first inequality in (2.61) implies that the constant
pressure heat capacity,
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T(as) >0, (2.62)
p

C, >

is positive, while from the second one it follows that y > 0.

2.7 Coexistence Conditions

Thus far, the equilibrium state of the system is, as referred to in thermodynamics, a
phase, i.e., the system is homogeneous (the intensive thermodynamic variables are
uniform). The concept of a phase is an idealization of reality since the existence
of external fields, such as the gravitational field, leads to inhomogeneities in the
system. Note also that since the system is enclosed in a region R of volume V,
the intensive variables cannot be uniform due to the influence of the walls of the
container. In the thermodynamic study of a system it is assumed that these effects
are small.

It is well known that there exist different phases of matter. A simple fluid of
spherical molecules may, for instance, be found in a gas phase, in a liquid phase, or
in a solid phase. Each of these phases is thermodynamically stable for given con-
ditions of temperature and pressure. The paramagnetic and ferromagnetic phases of
some materials or the isotropic or nematic phases of liquid crystals represent other
kinds of phases of matter. In general, given two phases of a system, the phase stable
at a lower temperature presents greater order. Thus, a solid is more ordered than
a liquid because the former is not invariant under an arbitrary rotation or transla-
tion. Similarly, the ferromagnetic phase is more ordered than the paramagnetic one
because the former is not invariant under an arbitrary rotation.

In some cases, phases may coexist. That is, under given conditions of temperature
and pressure the system is not homogeneous. Examples of this are the liquid—vapor
coexistence, the liquid—solid coexistence and the vapor—solid coexistence. In other
cases, it is impossible to have phase coexistence. For instance, a material cannot be
both ferromagnetic and paramagnetic at prescribed values of the temperature and
pressure.

In Sect. 2.5 the equilibrium conditions between a system and the external world
were obtained. The same conditions must hold between two macroscopic phases (in
the following denoted 1 and 2) of a system in thermodynamic equilibrium. Indeed,
consider an isolated equilibrium system of entropy S = S| + S», energy E = E| + E»,
volume V = V| +V, and N = N;| + N, particles. In a virtual process, from (2.25) it
follows that,

05 <0, (2.63)

since E, V, and N are constant. This condition implies that the entropies of the
phases S1 = S1(E1,V1,Ny) and Sy = S»(E», Vo, N, ) satisfy

8814688, <0. (2.64)



2.8 Phase Diagrams 33

Since
1 P1 Hy 1 P2 Hy
651 = —6E; — —06V,+ —0N 8S) = —O6E, — —=6Vo+ —=0N.
1 T 1 T 1+T1 1, 2 B 2 B 2+T2 2,

and
O0E|+0E, =0, 8V, +6V,=0, 6N +6N, =0,

(2.64) can then be written as

1 1 P11 P2 Wy Uy
—— — |O0E|— | = — = Vi+ | = — == | ON, . 2.
< 1 2)5 1 < 1 2)51 < 1 , ON; <0 (2.65)

Note that because 6 E|, 6V;, and ON; are arbitrary and the equilibrium state is an
extremum, from (2.65) the conditions for thermal equilibrium (equality of tempera-
tures),

=T, (2.66)

for mechanical equilibrium (equality of pressures),

pL=rp2, 2.67)

and for chemical equilibrium (equality of chemical potentials),

U=, (2.68)

follow.

2.8 Phase Diagrams

The thermodynamic equilibrium states in which phases coexist are usually repre-
sented in the so-called phase diagrams that may be obtained from any thermody-
namic potential. The method to be followed to obtain a phase diagram depends,
however, on the choice of thermodynamic potential. In this section, the phase dia-
grams are derived from the Helmholtz free energy per particle f = F(T,V,N)/N =
f(T,v) and from the Gibbs free energy per particle g = G(T,p,N)/N = g(T,p),
which in a one-component system coincides with the chemical potential 4 = u (T, p)
(see Sect. 2.4). The main difference between u (7, p) and f(T,v) is that in the for-
mer the two independent variables, p and T, appear explicitly in the equilibrium
conditions (2.66-2.68), while in the latter only one of its independent variables, T,
appears in these conditions.

2.8.1 Gibbs Free Energy

To construct the phase diagram from the Gibbs free energy, note that, since y =
w(T, p), from the equilibrium conditions 71 = 7, = T and p; = p» = p one has
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pi(T,p) = uy(T,p), (2.69)

which defines the implicit relation

p=p(T), (2.70)

that the independent variables p and 7 must satisfy in order to have coexistence
between phases 1 and 2.

According to (2.35) a phase may be represented by a surface g = y (7, p) in the
space (W, T, p) or, as is usually done, by the projection of this surface onto isobaric
or isothermal planes, as shown in Figs. 2.1 and 2.2.

From the thermodynamic relations

u u
5= R =v, (2.71)
and s s
O _ ¢ M (2.72)

Fr Q—IJZZ_VXT’

where y is the isothermal compressibility coefficient and ¢, = C, /N the constant
pressure specific heat, it follows that the projection of the surface u = u(7, p) onto
an isobaric plane is a concave curve, because ¢, > 0, and a decreasing function of 7',
while the projection onto an isothermal plane is a concave function, since ) > 0,
and an increasing function of p.

Phase coexistence is obtained from (2.69), i.e., from the intersection of the sur-
faces that represent each phase or, as usual, from the intersection of the curves re-
sulting from the projection of these surfaces onto isobaric and isothermal planes
(Figs. 2.3 and 2.4).

In the point of intersection both phases coexist, but the slopes of the curves are
in general different since the two phases differ both in entropy (s; # s3) and in

I

P=Po

Fig. 2.1 Projection onto the
isobaric plane, p = py, of
the Gibbs free energy per
particle . = u(T, p), with
Uy = 1(Ty, po). The curve
u(T, po) is concave (c, > 0)
and decreases with T’




2.8 Phase Diagrams 35

Fig. 2.2 Projection onto the
isothermal plane, T = Ty, of
the Gibbs free energy per
particle . = u(T, p), with T=T,
o = 1(Ty, po). The curve
U (To, p) is concave (1 > 0)
and increases with p

density (v; # v2). On each side of the point of intersection one of the phases has a
lower Gibbs free energy and is thus the stable phase, which has been represented by
a continuous line. A stable phase (y; > 0, ¢, > 0) which does not have the lower
Gibbs free energy is said to be metastable and has been represented by a broken line.

Since the concave curves of Figs. 2.3 and 2.4 can only intersect in one point,
there is a one-to-one correspondence between the points of intersection and the
corresponding point in the (7', p)-plane. In this way, all the information about the
intersection of the surfaces u,(7,p) and u,(7,p), that describes the equilibrium
between two phases, is transferred from the space (i, T, p) to the plane (7, p).

In the (7', p) phase diagram of Fig. 2.5, the coexistence line (2.70) separates the
two regions of this plane where either one of the phases is stable. If the coexistence
line is crossed, there will be a phase transition during which the stable phase be-
comes metastable and vice versa, and the two phases exchange their stability. On
the coexistence line both phases have the same Gibbs free energy per particle and,

Fig. 2.3 Projection onto

the isobaric plane, p = po,
of the Gibbs free energies
per particle, u,(7,p) and

U, (T, p), of phases 1 and 2.
Phase 1 is stable when T > Ty
and metastable when 7' < Tj.
The stable regions have been
represented by a continuous
line and the metastable ones
by a broken line. At the
point of coexistence (Ty, po)
the two phases are stable,
o = 11 (To, po) = 12(To, po)
and exchange their stability
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Fig. 2.4 Projection onto the
isothermal plane, T = Ty,
of the Gibbs free energies
per particle, i, (T, p) and
U, (T, p), of phases 1 and 2.
Phase 1 is stable when p < po
and metastable when p > py.
The stable regions have been
represented by a continuous
line and the metastable ones
by a broken line. At the
point of coexistence (Ty, po)
the two phases are stable,

to = i (To, po) = Uy (To, po),

and exchange their stability

therefore, are simultaneously stable although the derivative of u (with respect to T

or p) is, in general, different at the point of coexistence.

Upon substitution of (2.70) in (2.69) it follows that on the coexistence line:

1y (T, p(T)) = uo (T, p(T)) - (2.73)
Taking the derivative of (2.73) with respect to T yields
au, dp(T)  Ju, _ dp, dp(T)  du, (2.74)
dp dT oT dp dT oT ’ '
while from (2.71), one then obtains the Clausius—Clapeyron equation,
dp(T) _ s1—s2
T 2.75
dT vi—vy (2.75)
p
2
L ’
Fig. 2.5 Phase diagram (7, p) :
corresponding to the Figs. 2.3 :
and 2.4. The regions of sta- :
bility of the phases (indicated
by 1 and 2) are separated by :
the coexistence line on which :
both phases are stable and :
To T

coexist
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which relates the slope of the coexistence curve (2.70) to the discontinuities in the
entropy per particle and the volume per particle. At the transition from phase 1 to
phase 2, there will hence be a latent heat of transformation /o = T'(s, — s1) and the
transition is called a first-order transition (lp # 0). It may happen that, for certain
values of T or p(T), lp = 0. Since then s; = 55, both phases are entropically iden-
tical and have the same structure. The point (7, p.) where Iy = 0 is called a critical
point (CP) and the transition at this point is said to be continuous (see Chap. 9). At
the critical point, the first derivatives of u are continuous (s; = s, and v; = v;), but
the second derivatives (i.e., ¥ and c¢,) may be discontinuous.

2.8.2 Helmholtz Free Energy

To construct the phase diagram starting from the Helmholtz free energy per particle,
note that a phase may be represented by a surface f = f(7,v) in the (f,T,v) space
or, as usually done, by the projection of this surface onto isochoric and isothermal

planes.
From the thermodynamic relations
af af
=L - = 2.7
oT = % g, TP (2.76)
and o 2
1
f__ o of_ 1 2.77)

T B

where ¢y = Cy /N is the constant volume specific heat. It follows that the projection
of the surface f = f(7T,v) onto an isochoric plane is a concave curve, since cy > 0,
and a decreasing function of 7', whereas the projection onto an isothermal plane
is a convex curve, since ¥ > 0, which decreases with v. These curves are shown
schematically in Figs. 2.6 and 2.7.

Consider the intersection of the surfaces f(7,v) and f,(T,v) that represent each
of the phases or, alternatively, the intersection of the curves that result from pro-
jecting these surfaces onto isochoric and isothermal planes. Note that since at such
a point of intersection onto an isothermal plane, T = Ty, the two phases have the
same specific volume vy (Fig. 2.8), this is not a point of coexistence because, in
general, when phases coexist they have different densities (v; # v;). For the same
reason, the projection onto an isochoric plane does not provide any information
about coexistence.

Note, however, that from the projection onto an isothermal plane one may derive
the values of p and u at this temperature. In fact, from (2.76) it follows that the slope
of the curve f(7,v) at constant temperature is minus the pressure. On the other hand,
if £(T,0) is the intercept of the tangent to the curve at the point (v, f), the equation
of this line is f(T,v) — f(T,0) = —pv, namely f(T,0) = f(T,v) + pv = u, where
(2.29) has been taken into account.
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Fig. 2.6 Projection onto the
isochoric plane, v = vy, of
the Helmholtz free energy
per particle f = f(T,v), with V=Vg
fo = f(Ty,vo). The curve
f(T,vp) is concave (cy > 0)
and a decreasing function of T’

To T

The previous results led Maxwell to devise a geometrical method to locate the
coexistence between two phases. In Fig. 2.8 the projection of the curves fi(Tp,v)
and f>(Ty,v) (which intersect at v = vg) onto an isothermal plane (T = Tj) are repre-
sented. It is observed from this figure that phase 2 is metastable with respect to phase
1 when v > vg and that phase 1 is metastable with respect to phase 2 when v < vy. Let
v and v, be the ordinates of the points of the curves f1 (T, v) and f>(Tp,v) with the
same tangent, which is unique since the curves are convex, and called Maxwell’s
double tangent. Note that along the line that joins the points (vq, f1(7o,v;)) and
(v2, fo(Tpy,v2)), the pressure and the chemical potential remain constant, so that
these points correspond to phase coexistence. Since, on the other hand, the free
energy along the rectilinear segment is lower than the free energy of each phase,
the thermodynamic state in which both phases coexist is the stable state. Along this
segment, f(Tp,v) is a linear combination of f;(Tp,v1) and f>(Tp, v2), namely

Fig. 2.7 Projection onto the
isothermal plane, T = Ty, of
the Helmholtz free energy
per particle f = f(T,v), with
fo = f(To,vo). The curve
f(Ty,v) is convex (y; > 0)
and decreases with v

Vo v
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V2 Vo Vi v
Fig. 2.8 Projection onto the isothermal plane, T = Ty, of the Helmholtz free energies per particle
f1(T,v) and f>(T,v) of phases 1 and 2, which intersect at v = vy. Phase 1 is stable when v > vy,
where 2 is metastable. The stable portions have been represented with a continuous line and the
metastable ones with a broken line. At v =v; and v = v, the two curves have the same tangent
(Maxwell’s double tangent) and along the rectilinear segment (dotted line) the pressures and the

chemical potentials of both phases are equal. The points (vy,Ty) and (v;,Tp) belong to the binodal
curves in the (v, T)-plane

f(Ty,v) = < - )fl(To,Vl) + ( noy >f2(T0,V2) , (2.78)
Vi—W2 Vi—W2
for v, < v < vy, which constitutes the so-called lever rule.

In summary, the stable parts of the free energy of the system are the convex
function f>(Tp,v) (for v < v,), the rectilinear segment of the double tangent or co-
existence region (for v, < v < vy) and the convex function f}(7p,v) (for vi <v) that
together form the convex envelope of f; (7o, v) and f>(Tp,v).

The phase diagrams that result in the planes (v, T') and (v, p) are shown in Figs. 2.9
and 2.10. Observe that coexistence (a line in the (T, p)-plane of Fig. 2.5) in these
planes occurs in regions delimited by two curves called binodals.

2.8.3 van der Waals Loop

It may happen that at a temperature T = Tj, the free energy f (7, v) is formed by two
convex branches (v < v; and v > v}) separated by a concave branch (v, < v <)),
such as illustrated in Fig. 2.11.

In this last branch the stability condition ) > 0 is not satisfied and so the sys-
tem is unstable. Note that if v, and v; are the abscissa of the points of the double
tangent of the convex branches then v, < v/, <V} < v;. For that reason, the region of
instability in the phase diagrams (v, T") and (v, p), which is delimited by two curves
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Fig. 2.9 Phase diagram in the
(v, T)-plane in which we have
indicated the regions where
phases 1 and 2 are stable, the
binodal curves (continuous
lines) and the binodal region
where the two phases coexist
e+t hprer—_—————-— - — -

2+1

called spinodals, is contained in between the binodal curves, as shown in Figs. 2.12
and 2.13.

Although the system is unstable in the spinodal region, it is admitted that in this
region f(Tp,v) is the analytic continuation of the free energy of the stable regions.
In such a case, the isotherm in the (v, p)-plane has a loop, which must be replaced
by a horizontal segment (see Fig. 2.13), because according to the double tangent
construction method analyzed in the previous subsection, the pressures are equal at
coexistence. This horizontal segment is such that the areas abc and cde are equal,
which is known as Maxwell’s equal area rule.

As a matter of fact, the area A limited by the curve p = p(Tp,v) is

A= " dvp(Ty,v) = f(To,va) — f(Tovi) | (2.79)
V2

where the fact that p = —df/dv, even inside the instability region, has been ac-
counted for. If one subtracts from A the area of the rectangle po(vi — v2), where

Fig. 2.10 Phase diagram in
the (v, p)-plane in which are
indicated the regions where = Py - — - — - — - — -
phases 1 and 2 are stable, the
binodal curves (continuous
lines) and the binodal region
where the two phases coexist
(2+1). In the diagram an
isotherm 7' = Ty (dash-dotted
line) has also been represented

2+1
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Fig. 2.11 van der Waals
loop of the Helmholtz free \
energy per particle f(7,v) at

a temperature 7' = Tp. In the
concave branch vy <v <V}
(broken line) the system is
unstable (), < 0). Atv =y
and v = v, the curve has the
same tangent (dotted line)

Vo V'

po = po(Tp) is the pressure at coexistence, and it is required that this difference
vanishes, then

f(To,v2) — f(To,v1) — po(vi —v2) =0, (2.80)

ie., 1, (To, po) = U, (To, po), which is the condition for chemical equilibrium of the
phases. This then proofs Maxwell’s rule.

2.8.4 An Example of a Phase Diagram

The phase diagram of a system contains, in general, more than two phases. To ob-
tain the phase diagram one has to analyze separately the coexistence of each pair
of phases, following the methods described in the previous subsections, and their
relative stability.

Fig. 2.12 Phase diagram in
the (v, T')-plane in which are
indicated the regions where
phases 1 and 2 are stable, the
spinodals (broken lines), the
binodals (continuous lines),
and the binodal region where
the two phases coexist (2+1)

2+1
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Fig. 2.13 Phase diagram in
the (v, p)-plane in which are
indicated the regions where
phases 1 and 2 are stable,
the spinodals (broken lines),
the binodals (continuous
lines), and the binodal region
where the two phases coexist
(2+1). In the diagram an
isotherm 7' = Ty has been
included (dash-dotted line).
The rectilinear segment, at

a pressure py, is chosen so
that the areas abc and cde are
equal

As a typical example, Figs. 2.14 and 2.15 show the phase diagrams of a simple
system containing three phases: solid (S), liquid (L), and vapor (V).

Note that these three phases may coexist simultaneously at a point (7, p) of the
phase diagram called the triple point (77, p;), which is the solution of the following
system of equations,

,uvl(Ttapt):.uz(];apt):“:;(Ttapt)7 (281)

in which the three phases coexist. Observe that in these diagrams the vapor-liquid
coexistence line ends at a critical point (7, p.) where the two phases have the same
structure and merge into the so-called fluid phase (F). Note that the liquid only oc-
cupies a small region of the diagrams, between the triple point and the critical point,
and that there is no solid—fluid critical point. All transitions are first-order transitions

Fig. 2.14 Phase diagram S

of a simple system in the Y SN AU
(T, p)-plane. The phases are S ¢
(solid), L (liquid), V (vapor),
and F (fluid). 7, and p, are the o
temperature and pressure of
the liquid—vapor critical point.
T; and p; are the temperature \Vj
and pressure of the triple point
in which the three phases S, L,
and V coexist
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S+F

S+L

Vg v Ve vy oV

Fig. 2.15 Phase diagram of a simple system in the (v, 7') and (v, p) planes. The phases are S (solid),
L (liquid), V (vapor), and F (fluid). T;, p., and v, are the temperature, pressure, and volume per
particle of the liquid—vapor critical point. 7; and p, are the temperature and pressure of the triple
point in which the three phases S, L, and V coexist. vs, vy, and vy are the volumes per particle at
coexistence. Note the discontinuity in the slopes of the binodals for 7 = T;

(lp # 0) except at the critical point where the transition is continuous (/p = 0). In-
cluded in the (v, T) and (v, p) diagrams are the binodals and the coexistence regions.
v is the volume per particle at the critical point and the volumes per particle of the
phases S, L, and V at the triple point are denoted by vg, vz, and vy.
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Chapter 3
Statistical Physics

Abstract From the analysis given in the first two chapters the reader may have
noticed the fundamental difference between the mechanical and the thermodynamic
description of a system. In the first case, the mechanical state of N material points at
time 7 is determined by 3N generalized coordinates and their 3NV conjugate momenta
(classical mechanics) or by the wave function (quantum mechanics). In the second
instance, the equilibrium state of a simple closed system is specified by only two
independent variables, such as the volume and the entropy.

It is well known that the laws of mechanics provide an adequate description of
the motion in systems with a small number of degrees of freedom. This is indeed
the case of the two-body problem whose most representative examples are the plan-
etary motion in classical mechanics and the hydrogen atom in quantum mechanics.
The integrability of mechanical systems, namely the possibility of predicting their
time evolution given some prescribed initial conditions is, however, the exception
rather than the rule. The most evident manifestation of the complexity of mechani-
cal motions is the chaotic behavior of their evolution even for systems with only a
few degrees of freedom. The origin of chaos lies in the non-linear character of the
equations of motion which, as a consequence, implies that a small change of the
initial condition completely alters the time evolution.

Assume that an experiment is performed in which one measures the final pressure
of a gas initially occupying one half of a cubic box of volume V, at the temperature
T which is held constant throughout the experiment. Once the wall separating the
two halves of the box is removed, the gas, which starts from a non-equilibrium initial
condition, expands all over the box until, after a certain time, the pressure reaches
a stationary equilibrium value. When the system is initially prepared, its mechan-
ical state is defined, within classical mechanics, by some generalized coordinates
and their conjugate momenta. If the experiment is repeated, the result of the new
measurement, except for small fluctuations, will be the same as that of the first ex-
periment. On the other hand, it is clear that the initial mechanical state of the second
experiment will in general be different from the one that the gas had in the first
experiment. It should be noted that even in the case where both initial mechanical
states are rather close to each other, their time evolution will in general be totally

45



46 3 Statistical Physics

different due to the instability of the solutions to Hamilton’s equations. The ques-
tion thus arises as to why the same macroscopic result is reproduced by the different
experiments.

3.1 Dynamical Functions and Fields

Consider a classical fluid of N particles of mass m contained in a closed region
R. As was discussed in Chap. 1, the mechanical state of the fluid is determined
by 3N generalized coordinates and their 3N conjugate momenta. If the descrip-
tion of the mechanical state of the fluid is made using the Cartesian coordinates of
the particles, r", and their conjugate momenta, p", such a state being indicated by
(g,p) = (r,p"), the corresponding Hamilton’s equations are

L U)o
r,= %pla pl——T, (l— 1,,N) 5 (31)

where it has been admitted that the Hamiltonian is given by (1.9).

In order to analyze, within the framework of classical mechanics, the law of con-
servation of the number of particles, consider a volume element dr in the Euclidean
space centered at a pointr. Let p (¢, p;r) be the dynamical function that represents
the local density of particles at r. One may then write

N
pi(g,pir) =) 8(r—ry), (3.2)
i=1

where d(r —r;) is the Dirac delta function. Equation (3.2) expresses that particle
i does not contribute to the local density at r if r; # r and that it contributes an
infinite amount (since it has been assumed that the particles are point particles) if
r; = r. Upon integration of (3.2) over the region R in which the fluid is contained,
one obtains

/I;drpl(%p;r) =N. (3.3)

The time evolution of the dynamical function p (g, p;r) is, according to (1.23),

N pi
pila.pir) = {py Hy(0)} = 3, — - Vid(r—r))

i=1
N
— VS vidror), (3.4)

i=1

where V; = d/dr;, V = d/dr, v; = p;/m and use has been made of the fact that
Vi6(r—r;) = —V&(r —r;). The above equation may be written in the form
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pl(qvp;r):_v'j(cbp;r)a (35)

where the dynamical function current density j(q, p;r) has been defined through

N
ila.pir) =Y vid(r—r). (3.6)
=1

At this stage, two observations should be made. The first one is that the dynamical
functions p(g,p;r) and j(g,p;r) are irregularly varying functions of space and
time, since their evolution depends on the values of the coordinates r; and of the
velocities v; of all the particles in the fluid. The second one is that since the physical
trajectories of the mechanical systems are, in general, unstable, a small modification
in the initial mechanical state (¢°, p°) notably changes the evolution of p, (g, p;r)
and j(q, p;r), although, for each initial state of the fluid, these dynamical functions
must comply with the conservation law (3.5).

These observations contrast appreciably with the description of the fluid using the
mechanics of continuous media. In the latter, the fluid is characterized by variables
that, in the simplest cases, are continuous functions of space and time. Examples of
such variables are the density field p, (r,7) and the velocity field u(r,). The first one
is the density of particles, namely p (r,)dr is the number of particles that at time
t are contained in the volume element dr centered at r, such that upon integration
over the region R that contains the fluid one obtains

/drpl(r,t):N. 3.7
R

The time evolution of the density field may be derived from the following reasoning.
Let Ry be an open region contained in R and €2; its surface. The variation of the
number of particles in R; is due to the flow of particles through €2, namely

d ' ap,(r,t
E/R, drp(r,1) = A dr% =— o, dQ-u(r,t)p,(r,z)
—— [ darV-[p,(r.0)u(r,0)] (38)
Ry

where the velocity field or mean fluid velocity at the point r and at time ¢, u(r,?),
has been introduced and the surface integral has been transformed into a volume
integral. Since (3.8) must be satisfied for any Rj, it follows that

d t

9py(r1) _ _Vj(r) (3.9)

ot

where j(r,7) = p,(r,7)u(r,z) is the current density field. In the mechanics of con-
tinuous media, (3.9) is known as the continuity equation. Equations (3.5) and (3.9)
are, of course, two equivalent forms of the law of conservation of the number of par-
ticles. In contrast with the first form, the second one does not make any reference
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to the mechanical state of the fluid. If both equations represent the same physical
process, the question arises as to how to relate one to the other.

It seems clear that to the dynamical function p, (¢, p';r), where ¢', p’ indicates
the mechanical state of the system at time ¢, one has to associate the density field
p(r,t) and in general to a dynamical function a(¢’, p’;r) a field a(r,z) will be as-
sociated. If the mechanical state ¢', p’ is expressed in terms of the initial mechanical
state ¢°, p°, which in what follows will be indicated by ¢, p, and of time #, one may
write

a(g',p'sr) = a(g, pir,t) — a(r,t) = (a(g. psr,1)) - (3.10)

This correspondence has to meet two requirements. The first one is that the irregular
spatio-temporal evolution of the dynamical function must be smoothed out when the
corresponding field is obtained. The second condition is that the field cannot depend
on the initial mechanical state of the system. If one defines

a(r.1) = / dg / dpalq,pir,1)p(a,p) (3.11)

the correspondence is established upon multiplication of a(q, p;r,) by a function
p (g, p) and subsequent integration over all the initial mechanical states (g, p). If the
function p(q, p) is positive definite in phase space,

p(g,p) >0, (3.12)

and normalized

1=/dq/dpp(q,p), (3.13)

then (3.11-3.13) associate a dynamical function with a field, which is the average
value of the dynamical function with a probability density p(g, p) in the phase space
of the system (see Appendix B). This is the first postulate of classical statistical
physics. It fulfills the two required conditions. On the one hand, multiplication of
the dynamical function by the probability density and integration over the complete
phase space allows the field variable so defined to be continuous in space and time.
On the other hand, the field is independent of the initial mechanical state of the
system because in (3.11) one averages over all possible initial states.

3.2 Liouville’s Equation

It is important to point out that, according to (3.11), the time evolution of the field
a(r,t) is induced by that of the dynamical function a(q, p;r,t). From (1.32) it fol-
lows that

a(g,pir,1) = e “Ma(q, pir,0), (3.14)

(note that the Liouville operator L acts upon the variables (g, p)), and hence (3.11)
may be written as
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a(r,t) = /dq/dp [e_LN’a(q,p;r,O)} p(q,p)

= /dq/dpa(q,p;r,o) [eLN‘P(q,p)} ; (3.15)

where to go from the first to the second expression an integration by parts has been
performed (since Ly is a linear differential operator), and it has been admitted that
p(g,p) and all of its derivatives vanish at the limits of integration. Equation (3.15)
may also be written as

a(r,t) =/dq/dpa(q,p;r,O)P(q,p;t), (3.16)
where the following definition has been introduced,

p(g.pit) =e™'p(q.p). (3.17)

From (3.17) it follows that the evolution of the probability density is different from
that of the dynamical function (3.14). Indeed, while p (g, p;t) is obtained by al-
lowing the operator ¢*¥’ act upon the probability density at the initial instant, the

operator that produces a displacement of the dynamical function in a time  is e =V’
After derivation of (3.17) with respect to ¢ one obtains

ap(q,p:t

WD) _ 1 p (g, pir) = (i (e, p (1) (.18)

which is known as the Liouville equation. Note that by transforming (3.11) into
(3.16) the time evolution of the field a(r,#) is induced in the latter expression by
that of the probability density p(q, p;t). In this way, the Liouville equation plays a
key role in classical statistical physics.

3.3 Systems in Equilibrium

Note that in thermodynamics the intensive variables (the particle density, the pres-
sure, etc.) are uniform and time-independent magnitudes, which represent a partic-
ular case of (3.16) in which a(r,) does depend explicitly neither on r nor on ¢. This
implies that, in order to derive the intensive variables of a system in thermodynamic
equilibrium, the probability density has to be stationary (it cannot depend explicitly
on time) and, therefore, from (3.18) it follows that

{Hy(a),p} =0. (3.19)

This equation is, of course, much simpler than (3.18). As a matter of fact, according
to the first postulate of classical statistical physics, p (g, p;#) can be any non-negative
normalizable function. In the case of systems in thermodynamic equilibrium, (3.19)
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indicates that p(g, p) is a function of the integrals of motion of the system. This fact,
although in itself a great simplification, does not specify the probability density of
a system in equilibrium, since this probability density may be any function of the
integrals of motion (provided the conditions given in (3.12) and (3.13) are satisfied).
As indicated in Chap. 1, in general every mechanical system in the absence of ex-
ternal forces has only seven additive integrals of motion: energy, linear momentum,
and angular momentum. Note that, in view of the fact that linear momentum and
angular momentum are associated to a global translation and a global rotation of the
system, respectively (which should not affect the thermodynamics of the system), it
may be admitted that the only relevant integral of motion is the energy. Therefore,
the second postulate of classical statistical physics is that in a system in equilibrium
the probability density is a function of the Hamiltonian of the system, namely

p(q.p) =p ((Hv(q,p:2)) , (3.20)

and hence (3.16) is written as

(@) = [ da [ dpala.p)p(Hn(a.p:e). (321)

Observe that in order for (3.21) to be useful, one still has to know explicitly the
function p (Hy(q, p; a). This question is addressed in the following chapters.

Once the connection between mechanics and thermodynamics has been estab-
lished, the energy E of a system of N particles in equilibrium whose only external
parameter is the volume V is, according to (3.21), the average value of the hamilto-
nian, namely

E=/dq /deN(q,p;V)P(HN(q,p;V))- (3.22)

Although this definition seems natural, it must still comply with the requirement that
the energy of the system is a function of the extensive variables entropy, S, volume,
V, and number of particles, N, as it is postulated in the fundamental equation of
thermodynamics (2.8). It is clear that E is a function of the number of particles N.
The dependence upon the volume V of the system is also evident since, in order
to confine the particles within a region R, the Hamiltonian of the system must in-
clude an external potential (see (1.20)), which makes it explicitly dependent on V.
In order to determine how the energy depends on the entropy one must recall that,
as indicated in Chap. 2, S is an extensive variable with no mechanical counterpart.
According to Gibbs, it is postulated that the entropy of a system of N particles and
energy E contained in a region R of volume V is given by the expression:

=~k [ dg [ dpin [ p(Hy(q.p:V))] p(Hx(g.piV))

= (—kgIn [*"p(Hy(q,p:V))]) | (3.23)

where kp is Boltzmann’s constant and 4 Planck’s constant. Note that § is the average
value of a non-mechanical property, so that the entropy is, in this sense, a thermal
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variable (it is not the average value of a dynamical function). Since, according to
(3.22), E depends on the choice of p(Hn(q,p;V)), E is related, albeit indirectly,
with S. One refers to each particular choice of p(Hy(q,p;V)) as a “Gibbs ensem-
ble” and some particular cases will be studied in the following chapters. In one of
these ensembles, the microcanonical ensemble, in which the energy of the system
is constant, it will be shown in Chap. 4 that (3.23) is the fundamental equation of
thermodynamics S = S(E,V,N).

Up till now the postulates of classical equilibrium statistical physics have been
introduced and they may be summarized as follows. In the first, one associates a field
variable to every dynamical function and this field variable is defined as the average
value of the dynamical function over a Gibbs ensemble. The thermodynamics of
the system is obtained from the second postulate when the probability density is
stationary and a function of the Hamiltonian. Although these postulates have been
derived using intuitive ideas, their rigorous justification is neither simple nor well
known. In spite of that, it seems gradually more evident that the statistical physics
of equilibrium systems is a well-established theory. In the last three sections of
this chapter, some basic questions related to these postulates are analyzed whose
rigorous study would require a level of mathematics exceeding the one of this text.
But before doing so, in the next section the postulates of quantum statistical physics
are introduced.

3.4 Density Operator

The mechanical state of a quantum system at a given time ¢ = 0 is completely spec-
ified if the values of a complete set of commuting observables are known. Such a
state is described by a wave function (or vector in the Hilbert space H) [¥) = ¥(q),
which is an eigenvector of the observables and is assumed to be normalizable,
namely (‘¥|¥) = 1. This is the maximum information that may be obtained in quan-
tum mechanics and hence in this instance it is said that the system is in a pure state.
The expectation value of an operator 4 in this state is given by (‘¥'|d|'F).

Note the analogy between the evolution of a pure state, represented in quantum
mechanics by a vector |¥), and the physical trajectory in classical mechanics. In the
first case, according to Schrodinger’s equation (1.56), a pure state only changes its
phase, so that its time evolution is determined by the complete set of commuting ob-
servables. In the second case, the trajectory in phase space is completely determined
by the intersection of the 6N—1 “surfaces” C,, (g, p) = C;, where C,(q, p) is the n-th
integral of motion whose value is C;;. The complete set of commuting observables
in quantum mechanics plays, therefore, a role equivalent to that of the integrals of
motion in classical mechanics.

As it also occurs in some systems in classical mechanics, where only a few in-
tegrals of motion are known, it is likely that in a quantum system all the required
information to determine the eigenvector |¥) may not be known, i.e., it may happen
that not all the values of a complete set of commuting observables are available.
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In such a case, assume that the system may be found in pure states |'¥;) = ¥i(q)
(which although normalizable are not necessarily orthogonal) with probabilities p;.
It is then postulated that the expectation value of an operator a is given by the ex-
pression

1) =Y pi(Wlal¥) (3.24)
where the probabilities { p;} verify the following conditions:
pi>0, (3.25)

and

Z pi=1. (3.26)

Equations (3.24-3.26) are the quantum mechanical equivalent to (3.11-3.13) and
constitute the first postulate of quantum statistical physics. Observe that (@) in (3.24)
contains two types of averages. The first one, (¥;|@|¥;), is of quantum origin and
represents the expectation value of the operator 4 in the state |'¥;) while the second
average, which is of a statistical nature, associates a probability p; to the state |'\F;).
When in (3.24) all the p; vanish except the one of a particular state, one obtains the
expectation value of the operator in a pure case so that, for the sake of distinguishing
it from the latter, in (3.24) it is said that the state of the system is a mixed state.

The analogy between classical and quantum statistics may be more clearly seen
if one defines the density operator or density matrix p as

p=2pil¥) (¥ (3.27)
i
Given an orthonormal basis set |b,) and an operator a, one has
Tr(ap) = Z b, |ap[b,) ZZI% b, [a[*) (Fi[by)
= 2. 2. pi(#i[by) (by|a )
noi
= > pi(Hlal¥) = (a) , (3.28)

where the spectral resolution of the identity (1.52) has been used. It may also be
shown further that p is self-adjoint p* = p (note that since p contains an infinite
number of terms, one may not affirm that the adjoint of the sum is equal to the sum
of the adjoints, nevertheless the proof is simple), positive (see (1.55)),

<bn|f)|b Zl’z n|lP lP|b ZP: n|lP |2>0 (3.29)

and of unit trace,
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Tep = Y (balpby) ZZp, (by [ ) (i [bn)

n

= 3 X pi(Hi[by) (b %)
= Yl =X pi=1, (3.30)

where the spectral resolution of the identity and the fact that the states |'¥;) are nor-
malized have been accounted for. Equations (3.28-3.30) are the quantum equivalent
to (3.11-3.13).

Observe that since in the Schrodinger picture the operators @ do not change with
time and the states evolve according to Schrodinger’s equation (1.56), the time de-
pendence of (4) is induced by the evolution of the density operator. This evolution
equation is written as

= hz
= 2 pil By (o) ¥i(0)) (Hi(0)] — [H(0)) (Fi(1) [ ()]

al‘f’ > I(¥i(1)]

0|+ |#(0) =

= [An(a),p(1)] (3.31)

which is known as von Neumann’s equation (which is the quantum equivalent to
Liouville’s equation). In von Neumann’s equation, the commutator [Hy (o), p(t)]
plays the role of the Poisson bracket {Hy(ot),p(¢)} in (3.18).

In a system in equilibrium the average values (@) do not depend on time, and
hence the density operator is stationary (it cannot depend explicitly on time). This
implies that, according to (3.31), p commutes with Hy(c). In analogy with the
classical case, it is postulated that the density operator of a system in equilibrium is
only a function of the Hamiltonian operator, i.e.,

p=p(An(a)) . (3.32)

This second postulate of quantum statistical physics, by which it is admitted that p is
not a function of operators that represent conserved variables but only of Hy(ct), is
justified in a certain sense by the fact that all mechanical systems conserve energy.
The different choices of p(Hy(a)) give rise to the Gibbs ensembles of quantum
statistical physics.

3.5 Ergodicity

Consider a classical system of N particles in equilibrium whose Hamiltonian is
Hy(q,p; ). According to (3.21), the thermodynamic variable (a) is the average
value of a dynamical function a(g, p) taken over a Gibbs ensemble, namely
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(@) = [ dq [ dpala.p)p(Hn(a.p:e)). (339

where p(Hy(g, p; @)) is a stationary probability density. If the postulates are correct,
the result of (3.33) should reproduce the experimental value of (a).

Note that since the majority of experimental measurements are performed during
a small but finite interval of time, as the measurement proceeds a system of N parti-
cles evolves through a series of mechanical states (¢', p') witht; <t <1y, where ; is
the time at which the measurement is initiated and 74 the time at which the measure-
ment is completed. Let (g, p) be the mechanical state of the system at time # = 0.
According to Boltzmann, since every experimental measurement requires a finite
time (compared, say, with the collision time between particles), one may reasonably
wonder whether the average statistical value (3.33) is equal to the average temporal
value of the dynamical function a(g, p;t) where the average is taken over a period
of time T =ty —1t;, i.e.,

1 T
aclg.p) = | dralg.pir). (334)

There is an important branch of statistical physics, referred to as “Ergodic Theory”,
which studies the equivalence between (3.33) and (3.34). The most important con-
clusion of this theory is that if the phase space trajectory densely covers the energy
surface Hy(q, p; o) = E, then the system is ergodic, namely

a= lim ar(q,p) = (a) , (3.35)
which establishes the equivalence of the average over the microcanonical Gibbs
ensemble (i.e., the ensemble whose probability density is uniform on the energy
surface and which will be analyzed in Chap. 4) and the time average over an infi-
nite time interval, which is independent of the initial condition. The latter may be
obtained approximately from “Molecular Dynamics” simulations (see Chap. 7) in
which a:(g, p) is determined over a time interval T much greater than the collision
time between particles. The interpretation of (3.35) is the following. Assume that
one starts from an initial mechanical state of a conservative system. This state is on
the energy surface Hy(q, p; &) = E and during the time evolution remains on this
surface. When 7 — oo one should expect that the trajectory has visited almost every
point of the surface (except for a set of measure zero). If at any time the mechanical
state of the system is represented by a point, the picture that emerges, after a time
T — oo, is that of a cloud of points covering densely the surface. The time average
of a dynamical function is equivalent, in this case, to the average value of the same
dynamical function over the Gibbs ensemble whose probability density is uniform
on the energy surface (microcanonical ensemble).

Another fundamental aspect of (3.35) is that when the statistical and time av-
erages are equal, everything seems to indicate that the statistical average (3.33) is
nothing else but an alternative form to evaluate (3.34) with the advantage that in
the former it is not required to solve the equations of motion of the system. There
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are, however, two important ideas to be emphasized. By definition, the time average
of a dynamical function (3.34) when T — oo is independent of time. The average
over a Gibbs ensemble (3.16) may either be independent of time if the probability
density is stationary, or a function of time if the probability density depends explic-
itly on time. Since it has been postulated that the connection between dynamical
functions and fields is made through (3.16), the mechanical justification of (3.35) is
only possible for systems in equilibrium. Recall further that the ergodic theorem is
based on the fact that the physical trajectory is regular enough on the energy surface
Hy(q,p; o) = E. It may be shown that this is indeed true not only in some systems
of N > 1 particles, but also in some systems with a reduced number of degrees of
freedom. Ergodicity seems, thus, to be related with the instability of the physical
trajectories of mechanical systems and not with the number of particles that con-
stitute the system. In the following section it is shown, however, that in order to
obtain the intensive variables of thermodynamics it is necessary to study the system
in the so-called thermodynamic limit in which the number of particles of the system
N — oo, Therefore, the ergodic problem turns out to be unrelated to the study of the
thermodynamics of the system.

3.6 Thermodynamic Limit

According to (3.33), the intensive thermodynamic variables are the average values
of certain dynamical functions over a Gibbs ensemble. Since there exist different
ensembles, as will be seen in the following chapters, the average values in each
ensemble will, in general, be different. Under certain conditions, in what is known
as the “Thermodynamic Limit” (TL), it is possible to show that the intensive ther-
modynamic variables are independent of the probability density with which one
performs the average in (3.33).

In the next chapters the microcanonical, canonical, and grand canonical ensem-
bles will be introduced. These ensembles are defined by a probability density in the
phase space of the system and describe an isolated, a closed, and an open system,
respectively. To each ensemble a thermodynamic potential will be associated. The
corresponding thermodynamic potentials are the entropy S (E,V,N) (microcanon-
ical), the Helmholtz free energy F (T,V,N) (canonical), and the grand potential
Q(T,V,u) (grand canonical). Before introducing the thermodynamic limit, let us
first consider some properties of these thermodynamic potentials. As indicated in
Chap. 2, all these potentials are extensive variables. That means, for example, the
entropy S (E,V,N) cannot be an arbitrary function of the extensive variables E,V,
and N. Indeed, the extensivity condition reads

S(AE,AV,AN) = AS(E,V,N) , (3.36)

where A is an arbitrary positive real number. Setting A = 1/V in (3.36) leads to
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S(E,V,N)=VS(e,1,p)=Vs(e,p), (3.37)

where 5(€,p) is the entropy per unit volume, which is a function of the intensive
variables€=E/V andp =N/V.

Since the Helmbholtz free energy is a function of the extensive variables V and N,
the extensivity condition reads in this case

F(T,AV,AN) = AF (T,V,N) , (3.38)
and setting A = 1/V in (3.38) yields
F(T,V,N)=VF(T,1,p)=Vf(T,p) , (3.39)

where the Helmholtz free energy per unit volume f (T, p) depends on the intensive
variables 7" and p.
Finally, the extensivity condition for the grand potential is

Q(T,AV,u) =2AQ(T,V,u) , (3.40)

since it only depends on the extensive variable V. Again, setting A = 1/V in (3.40)
leads to
Q(T,V,u)=VQ(T,1,u)=-Vp(T,u) , (3.41)

where, after (2.39), p (T, i) is the pressure, which is a function of the intensive vari-
ables T and u. In summary, the extensivity of the three thermodynamic potentials
implies that they can be written as the product of the volume of the system by a
function of two intensive thermodynamic variables.

In order to introduce the thermodynamic limit, note that the average (3.33) is a
function of the volume V of the region R in which the system is contained. More-
over, since the limits of integration of the coordinates of the particles go up to the
boundary of the region R, the result is also dependent on the particular geometry of
the region under consideration. For the sake of avoiding this dependence, one may
consider the following limiting process. Assume that the average (3.33) is deter-
mined for a sequence of regions of the same geometry but with increasing volumes
V=V, <Va<V3<... Let (a); (k=1,2,...) denote the values of the intensive
variables in each of the systems of the sequence. It seems evident that as the volume
of the region R grows the influence of the geometry of R should become smaller,
and so one could expect that the intensive variables {a); may be written in the form

() =a+a(Vi) (3.42)

where the first term is independent of the geometry of the systems in the sequence
and the second one verifies the condition

lim a(V) =0. (3.43)

Vi—oo
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If these conditions are met, the variable & in (3.42) may be interpreted as the “intrin-
sic value” of the intensive variable, which may, therefore, be obtained by computing
the limit

lim (a), =a. (3.44)

Vj—oo
Observe that if the systems in the sequence only differ in their volume Vj, the sys-
tems “scale”with the original system if V is the unique independent extensive vari-
able of the thermodynamic potential associated to the ensemble (grand ensemble).
In general, in order for the systems in the sequence to be equivalent, it is neces-
sary to enforce that all the extensive variables grow proportionally to the volumes
Vi (k=1,2,...), thereby leading to a sequence of systems that scale with the origi-
nal system. For instance, if p = N/V is the density of particles of the original system,
the numbers of particles of the systems in the sequence N = N; < N, < N3 < ...
have to grow in such a way that the sequence p, = Ny /Vy (k = 1,2,...) fulfills the
condition

lim p,=p . (3.45)

Vj—oo
Therefore, when V and N are the independent extensive variables of the thermo-
dynamic potential associated to the ensemble (canonical ensemble), the thermody-
namic limit is defined by

TL: Vi—oo, Ny—oo, pp—p<oo, (3.46)

while when the independent extensive variables of the thermodynamic potential as-
sociated to the ensemble are V, N, and E (microcanonical ensemble), the thermody-
namic limit is defined by

TL: Vp—oo, Ny—oo, Ep—oo, pr—p<oo, g—e<oo, (3.47)

where € is the energy per unit volume of the original system and €; = E;/V}, with
E =E| < E; < Ejs... the energy of the systems in the sequence.

It is clear that since in the thermodynamic limit one only imposes the require-
ment that in the system of infinite volume a reduced number of variables, p; in
(3.46) and p; and & in (3.47), be the same as that of the original system, this does
not guarantee that all the intensive variables (3.33) approach to finite limits @ in the
thermodynamic limit and neither that these limits are equal to the values of the in-
tensive variables of the original system. One would have to prove that these limiting
values do not depend neither on the geometry of the chosen regions which form the
sequence, nor on the chosen sequence, nor on the probability density with which
one performs the averages of the dynamical functions. If one could prove all this,
the idea of applying the thermodynamic limit would, therefore, be to obtain out of
the original system a “scaled”’system in which the thermodynamic variables (3.33)
are independent of the ensemble and of the particular geometry of the region R. Al-
though the mathematical formulation of the thermodynamic limit is not simple, in
what follows some known results are summarized.
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Since the average values over a Gibbs ensemble are a function of the Hamiltonian
of the system, the existence of the thermodynamic limit depends on some proper-
ties of Hli\}“(q, p;a). The first one, known as the “stability condition”, is that the
interaction energy must be bounded from below by a limit which is proportional to
N, i.e.,

Hy'(q,p;a) > —AN, (3.48)

where A is a positive constant independent of N. Physically, (3.48) expresses the fact
that the system cannot collapse, namely that the energy per particle will not become
infinitely negative when N increases. The second property is that the interaction
pair potential V (r) (assuming that the interactions are of that kind) has to meet the
“weak decay condition”

V(r) (r>R>0), (3.49)

< e
where d is the dimensionality of space and B and € are positive constants. This
equation expresses the fact that V(r) may not be too repulsive at large distances,
since otherwise the system would explode. Thus, V(r) has to decrease when r > R
in such a way that

drV(r) <eo. (3.50)

>R

An important exception to (3.50) is the Coulomb potential V (r) = €2 /r, where e is
the electric charge of the particles, since in this case (3.50) yields for d = 3:

/ drV(r):/wdrV(r):4ne2/mdrr:oo. (3.51)
>R R R

Observe, however, that for systems of electrically charged particles there must be
at least two kinds of particles, e.g., electrons and positive ions, in order to maintain
the overall electroneutrality. For mobile charges (plasmas and colloidal dispersions)
the electroneutrality condition also holds locally and the particles adjust themselves
in such a way that there is a screening of the Coulomb interactions at large dis-
tances (see Sects. 7.3 and 8.10.2). The resulting effective interaction, which decays
as e~ /r, with k the Debye screening parameter, verifies both the stability condi-
tion and the weak decay condition.

In general, however, the exact pair potential is not known, or is too complicated,
and one then uses instead some simple model for V (r). The explicit expression of
such a model pair potential must however be compatible with the existence of a
thermodynamic limit for the model system. An exact result which is helpful in the
construction of acceptable V (r) -functions is provided by the following statement.
If V(r) does admit a finite Fourier transform

(k) = /dre—ik"V(r) <o, (3.52)
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then a necessary and sufficient condition for the existence of the thermodynamic
limit is

V(k)y>0 (Vk), (3.53)
including k = 0. For instance, when as above V (r) = ¢?/r, then V (k) = 4me? /k?
and hence \7(0) does not exist, in agreement with (3.51). But, on the contrary, when

V (r) = e?e " /r, then V (k) = 4me®/ (k* + k?), and 0 < V (k) < o (Vk) including
k =0, when Kk # 0. Consider next a potential function of the form

—ar —br
V(r)=¢ (e ¢ ) , (3.54)

ar br

which in contradistinction with the previous examples, which are repulsive, contains
a repulsion of range 1/a and an attraction of range 1/b, with € setting the scale of
the interaction energy. In this case

N drne 1 a 1
Vik) ==~ (k2+a2 - Ek2+b2) ’ (3.53)

and hence V (k) > 0 implies here b > a. In other words, a system with such a pair
potential will posses a thermodynamic limit only when the attractions decay more
rapidly than the repulsions. Of course, not all the plausible V (r)-functions will have
a finite V (k). For instance, for the Lennard-Jones (LJ) model:

V() = 4 [(2)” - (2)6] , (3.56)

r r

often used to model atomic systems (see Sect. 8.2.4), V (k) does not exist. Neverthe-
less, the Lennard-Jones potential does satisfy (3.48) and (3.50) guaranteeing thereby
the existence of the thermodynamic limit for this system. The reason why V (k) does
not exist is easily seen to be due to the strongly repulsive character, ~ (c/ r)lz, of
the Lennard-Jones potential V (r) at short distances, i.e., for » — 0. This is often
the case for potentials modeling atomic matter. On the contrary, in the case of soft
matter (see Chap. 8) the constitutive particles often experience only a much softer
repulsion at short distances leading, e.g., to a finite value for V (0). For instance, the

potential defined as
12 6
) - ()] e
r+7yo r—+7yo

verifies 0 < V (0) < oo for 0 < y < 1, whereas for y = 0 the Lennard-Jones model
is recovered. In this case V (k) does exist when y # 0, but it is easily verified that
V(0) <0 fory> (2/ 33)1/ 6 and therefore the thermodynamic limit will only exist
when the potential does not become too soft at r =0, i.e., for 0 < y < (2/33)1/6,
otherwise the system will collapse in the thermodynamic limit. In summary, the

V(r)=4e
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thermodynamic limit will exist only when the pair potential V (r) is sufficiently
repulsive at short distances and decays to zero sufficienltly rapidly at large distances.

A third condition is that the thermodynamic limit has to be taken in such a way
that the system becomes infinite in all directions. This excludes, for instance, sys-
tems which are confined between walls. Finally, the thermodynamic limit cannot be
taken when the density of the system p = N/V is very small (very dilute system),
since in this case the particle-wall interactions dominate over the particle—particle
interactions.

Under these conditions it can be shown (from a mathematical point of view) that,
for a large number of dynamical functions a(q, p), the average value (3.33) has a
thermodynamic limit a:

TL[{a)]=a, (3.58)

which is independent of the Gibbs ensemble, namely of the probability density with
which the average of the dynamical function is taken (it is understood here that
in (3.58) the variable (a) is intensive). In other words, the thermodynamics can be
obtained from any Gibbs ensemble provided that, at the end of the calculations,
(3.58) is applied.

In particular, in the canonical ensemble it can be rigorously shown that by
defining

1 g _ N.
F(T,V,N) = —ksT'n [W / drV / dpVe BV pVV) | (3.59)
where 3 = 1/kgT, then
TL [%F (T, V,N)} =f(T,p) <o, (3.60)

i.e., the limit of F'(7,V,N) /V is finite in the thermodynamic limit (3.46), when the
Hamiltonian Hy (r",p";V) in (3.59) satisfies the stability condition (3.48) and the
weak decay condition (3.50). The function f (7, p) in (3.60) can then be identified
with the Helmholtz free energy per unit volume in (3.39). This function is moreover
concave in T and convex in p. On the other hand, the Helmholtz free energy per
particle f(T,v) = vf(T,p), where v = 1/p, is a concave decreasing function of T
and a convex decreasing function of v (see Figs. 2.6 and 2.7). Observe that (3.59)
and (3.60) are, therefore, the mathematically rigorous justification of (3.39), which
has been derived from the extensivity condition of the thermodynamic potential.
Proceeding analogously with the microcanonical and macrocanonical ensembles, a
mathematically rigorous justification of (3.37) and (3.41) can also be found, lead-
ing to the final demonstration of the equivalence of the Gibbs ensembles. Observe
that from the thermodynamic point of view the equivalence of the thermodynamic
potentials is based, on the contrary, on the properties of Legendre’s transformation.

It should be noted that the thermodynamic limit, which seems to have only a sim-
ple operative interest in statistical physics, has also other much deeper implications.
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In fact, from a mathematical point of view, only in the thermodynamic limit is it
possible to show the existence of a phase transition. Moreover, in this limit a ther-
modynamic system cannot be unstable and hence, for instance, the existence of van
der Waals loops is not possible (see Fig. 2.11).

In reality, however, all systems studied, in the laboratory or on a computer, are
always finite. In this case, what is really measured or computed is (a); of (3.42).
The quantity which is needed to, say, verify the statistical theory is @ of (3.44).
Therefore, specific precautions have to be taken to ensure that d(Vy) of (3.42) can
be neglected so that (a); ~ d. In the laboratory, one usually realizes (3.43) approx-
imately by considering only large, macroscopic, systems. When studying a system
on a computer, one usually imposes periodic boundary conditions, so as to avoid a
too strong dependence of the results on the geometry of the surface of V, and one
estimates then (a) for different system-sizes and extrapolates the results to infinite
size by postulating a simple law for (3.43).

3.7 Symmetry Breaking

Two phases of a system may or may not differ in their symmetries as the liquid
and solid phases or the liquid and vapor phases, respectively. Normally, one of
the phases has the same symmetries as the Hamiltonian and the other phase has
a smaller number of symmetries, in which case it is said that in the latter phase
some of the symmetries have been broken, i.e., they no longer exist. For instance,
the symmetries of a Hamiltonian which is invariant under translation and rotation
are the same as those of the vapor and the liquid, which are uniform and isotropic
phases. This fact is evident since the intensive variables of these two phases are,
according to the postulates of statistical physics, average values of dynamical func-
tions with a probability density in phase space p(Hy(q,p;a)). A solid, however,
does not have the symmetries of translation and rotation of the hamiltonian (it only
has partial symmetries). Therefore, in a crystal there are three crystallographic axes
along which the invariance under translation is broken and is reduced to a set of
discrete translations. At first sight, the existence of this symmetry breaking is not
compatible with the postulates, since the mere integration over the phase space can-
not change the symmetries of the Hamiltonian. Because in nature every phase has
some given symmetries, the question arises as to how to deduce the existence, say
of a solid, from the postulates of statistical physics.

One way to solve this problem is due to Bogoliubov. Assume that to the Hamil-
tonian of the system Hy(q,p;o) one adds the contribution of an external field,
H(g,p), with less symmetry than Hy(q, p; ), and thus referred to as the sym-
metry breaking field. Consider the Hamiltonian Hy(q, p; &) +AH{" (¢, p), where A
(0 < A < 1) is areal parameter which measures the strength of the external field. It
is clear that the average,

(@) = [ da [ dpalg.p)p(Hy(q.pic) + A (@.p)) . B6D
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will have the same symmetries as Hy (g, p; &) + AHy" (¢, p). When A — O the sys-
tem, provided it is finite, cannot have any broken symmetry, but if this limit and the
thermodynamic limit are taken in the order

TL [}{in})(ah} =TL[(a)]=a, (3.62)
or in the inverse order

lim TL = lim a, = dy, 3.63

Lim [(a)5] lim @; =do (3.63)

there are two possibilities. If @y = 4, it is said that the system does not admit any
symmetry breaking due to the field Hy"' (g, p). It may happen, on the other hand,
that @y # d in which case it is said that there exists in the system a phase with a
broken symmetry.

As a first example, consider a system of N magnetic moments or spins in a region
R of volume V in the absence of a magnetic field. If the Hamiltonian Hy(g, p;V)
contains an isotropic interaction term between the magnetic moments (for instance,
a pair interaction proportional to the scalar product of two magnetic moments, as in
the so-called Heisenberg model which is analyzed in Chap. 9), the total magnetic
moment of the system (which is the average value of the total magnetic moment dy-
namical function over a Gibbs ensemble with a probability density p(Hy(g, p;V))
will be zero, hence the system is paramagnetic. The reason is that, since the Hamil-
tonian is invariant under rotations, there can exist no privileged direction in space.
Since in nature some materials, at temperatures below the so-called Curie temper-
ature, are ferromagnetic (they have a total magnetic moment different from zero in
the absence of a magnetic field), the question arises as to how one can obtain this
phase in statistical physics. As indicated in the previous section, in order to show the
existence of a phase transition (in this case the paramagnetic—ferromagnetic transi-
tion) it is necessary to take the thermodynamic limit (3.46). Observe, however, that
since in all the systems in the sequence of increasing volume the invariance of the
hamiltonian under rotations is maintained, the total magnetic moment in all of them
is always zero, even in the system of infinite volume. Therefore, the thermodynamic
limit is a necessary but not sufficient condition to show the existence of the tran-
sition. Bogoliubov’s method is based on “helping”the system to find a privileged
direction in space (the ordered phase). Such “help”has to be weak in order to en-
sure that the transition is a spontaneous phenomenon and not a forced one. To that
end, assume that one includes in the Hamiltonian of the system a term accounting
for the interaction between a magnetic field and the spins on the surface and such
that these surface spins become oriented in the same direction. Note that normally
surface effects are small in macroscopic systems and tend to zero in the thermo-
dynamic limit. This interaction term denoted by Hy* (g, p) in Bogoliubov’s method
includes an external parameter (the magnetic field) that does not act on all the spins
of the system but only on those on the surface. It is worth noting that although this
magnetic field is weak, in all of the systems of the sequence of increasing volume
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(including the system of infinite volume) there is now a privileged direction. Once
the thermodynamic limit has been taken, in order to guarantee that the phenomenon
is spontaneous, one must also take the limit of zero field. According to Bogoliubov,
these two limits do not always commute and hence the results of (3.62) and (3.63)
may turn out to be different. In the first order of taking the limits (3.62) the system
is paramagnetic while in the second one the system may be paramagnetic, dy = a (if
the temperature is greater than the Curie temperature), or ferromagnetic, dy # a (if
the temperature is less than the Curie temperature). The reason is that the thermal
fluctuation may or may not destroy the order created by the magnetic field on the
surface.

As a second example, consider a liquid at a temperature 7. Assume that the
Hamiltonian Hy(q, p;V) contains, as in the system of spins, an isotropic pair in-
teraction and let Hy'(q, p) be a periodic external field that acts only on the atoms
or molecules contained in an enclosure R’ of volume V' (V' < V). This external
field is, therefore, a crystalline “seed” which is introduced into the system to help
it crystallize in much the same way as it is done in experiments of crystal growth.
In the absence of the seed, the system in the thermodynamic limit is a fluid. With
the seed present, the systems in the sequence have a crystalline structure, including
the system of infinite volume (note that the thermodynamic limit has to be taken
again before the weak field limit V//V — 0). In this case, the symmetry of the phase
may be that of a liquid or that of a crystal, depending on whether the temperature is
greater or less than the crystallization temperature.

In summary, Bogoliubov’s method of weak external fields shows, according to
the experiments which have served as a guide to develop it, that the postulates of
statistical physics are not incompatible with the existence of phases having less
symmetry than the Hamiltonian of the system. Since this method is rather complex,
in the study of such phase transitions one does not, in general, introduce an external
field, but instead usually imposes the symmetry breaking directly on the relevant
physical variables (see, for instance, Chap. 10).
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Chapter 4
Microcanonical Ensemble

Abstract In this chapter the microcanonical ensemble, which describes an isolated
system, is introduced. In this ensemble the entropy and the temperature, i.e. the
fundamental thermal variables of thermodynamics, are defined.

4.1 Classical Microcanonical Ensemble

The second postulate of classical statistical physics states that the probability den-
sity in phase space p(gq,p) of an equilibrium system is a function of the Hamil-
tonian Hy(q, p;a). Note that the particular form of p(g,p) not only depends on
Hy(q, p; ), but also on the interaction between the system and the external world.
Indeed, according to the second law of thermodynamics, a non-equilibrium sys-
tem which exchanges energy, volume, and particles with the external world evolves
toward an equilibrium state. In this state the values of the intensive variables
of the system, namely temperature 7', pressure p, and chemical potential u, be-
come equal to those of the corresponding variables of the external world; thus,
strictly speaking, the probability density at equilibrium should be indicated by
p((Hn(g,p;0);T,p,1)). This interaction with the external world is what may favor
some regions of phase space with respect to others. The simplest case is, therefore,
the one in which the system does exchange neither energy nor matter with the ex-
ternal world (isolated system) and so the probability density in phase space p(q, p)
only depends on Hy(g, p; o).

Consider then an isolated system of finite energy E. In what follows it will be as-
sumed that £ > 0, which may always be taken for granted due to the arbitrary choice
of the zero of the potential energy. The average over the Gibbs ensemble has to ac-
count for the fact that all those mechanical states (g, p) for which Hy(q,p; o) # E
cannot contribute to the average value over the ensemble, since they do not conserve
energy. Assume that one draws in the phase space of the system the “surface”of con-
stant energy Hy(g, p; o) = E which, as will be shown in this chapter, is a regular
surface of finite volume. It has been already pointed out that p(Hy(g,p;a)) =0
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when Hy (g, p; o) # E. The question is now how to determine the probability den-
sity on the energy surface. Intuitively, there is no physical reason for which some
regions on the energy surface should be more probable than others, and thus it can
be argued that the probability density must be uniform over this surface. It is then
postulated that the probability density in phase space of an equilibrium system of
energy E is given by

1 1

p(qvp) = /’Z3_N (D(

m5(E—HN(q,P;a))a 4.1

where £ is Planck’s constant and @(E, &, N) is a function which can be obtained
from the normalization condition (3.13), namely

1
o(E, 0, N) = -3y /dq/dp 6(E—Hn(q,p;0)) - (4.2)

The Gibbs ensemble described by (4.1) and (4.2) is called the microcanonical en-
semble which, by definition, is the one that describes an isolated system. (Note that
the introduction of Planck’s constant in (4.1) and (4.2) is arbitrary. This point will
be examined in the following chapters.) The average value of a dynamical function
a(q, p) in the microcanonical ensemble (4.1) and (4.2) is in turn given by

@ = v ey 40 [ dpala.p) SE =g pe). @)

From (4.3) it follows that if the external parameter is the volume of the system
(a0 =V), all the variables {a) are functions of the energy E, the volume V and the
number of particles N. As stated in Chap. 2, these are the independent variables in
the entropy representation of a one-component thermodynamic system whose only
external parameter is the volume. According to (4.3) all the macroscopic variables
depend on @(E,V,N), which is a function of the same extensive variables as the
entropy depends upon in thermodynamics. It is, therefore, logical to think that both
functions are related. Before establishing this relationship, consider the volume of
phase space ¢ (E, o, N) limited by the constant energy surface Hy(q, p; o) = E:

L
O(E0N) = 5 [da [dp ©(E~Hy(g. ) (44

where O (x) is the Heaviside step function, and the volume Q(E, ot, N; AE) of phase
space contained between the constant energy surfaces Hy(q,p; ) = E + AE and
Hy(q,p;0) = E:

Q(E,o,N;AE) = ¢(E+ AE,o,N) — ¢(E,0,N) . 4.5)
From (4.2), (4.4), and (4.5) it follows that

78¢(E,0¢,N) lim M

E.a.N) =
(E,,N) OE ' aEno AE

=o(E,aN), (46)



4.2 Classical Ideal Gas 69

since ©’(x) = §(x). Note that w(E, o, N), ¢ (E,ot,N), and Q(E, o, N; AE) are func-
tions associated to the Gibbs ensemble that cannot be expressed as average values
of dynamical functions, and this is why they are referred to as thermal variables. In
classical statistical physics the entropy S(E, o, N) is defined as

S(E,at,N) = kpln(E, ,N) @.7)

where kg is the Boltzmann constant. Note that this statistical definition of entropy
allows one to obtain absolute values of this quantity, provided one can determine the
volume of phase space ¢ (E, o, N), which is only possible in some simple systems.
In the following sections it is shown that the statistical entropy (4.7) has all the
specific properties of the thermodynamic entropy (see Chap. 2).

It is important to point out that when the external parameter ¢ is an intensive
variable, the statistical entropy (4.7) is not a function of the extensive variables
of the system as it is postulated in the fundamental equation of thermodynamics.
As shown in Sect. 4.7 the thermodynamic entropy is, in such cases, the Legendre
transform of (4.7), whereby both functions contain the same physical information
(see Appendix A).

4.2 Classical Ideal Gas

Consider a classical ideal gas of N particles of mass m contained in a closed region
R of volume V. The Hamiltonian of the gas may be written as

N o[ p?
Hy (e, p%:v) = 3 <ﬁ+%(r;)> : 4.8)

J=1

where p? /2m is the kinetic energy of particle j and @(r;) is the external potential
that keeps it inside the closed region, namely

O,l‘jER
)= . 4.9
oat)={ D “9)

The volume of phase space limited by the surface Hy (r", pV;V) = E is, accord-
ing to (4.4),

N 2
q)(E,V,N):h%N/drN/de@ (E_Z{g—;jup,e(rj)}) ) (4.10)

j=1

Observe that although the domain of integration of each of the variables r; in
(4.10) is all of the Euclidean space, the inclusion of the potential ¢,(r;) in the
Hamiltonian restricts the domain of integration to the region R, and so one obtains
a factor V for each integral, i.e.,
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1% N
_ (173) Vv (VZRE) | (@.11)

where Vy (R) is the volume of the 3N-dimensional sphere of radius R defined by

Vo(R) = / X" O (RZ— iﬁ) . (4.12)

Jj=1

Note that, with the change of variable x; = Ry; (i = 1,2...n), (4.12) may be
expressed as

Vo(R) :R”/dy”@ <1 - iﬁ) —V,(DR" 4.13)
=1

where V(1) is a constant that only depends on the dimensionality of space. To
evaluate this constant, consider the integral

I= /O mdue*"vn (Vu) , (4.14)
which, according to (4.13), may be written in the form
1:\7,,(1)/()wdue*"u"/2:v,,(l)r (g+1) , (4.15)
where I'(n) is the Euler gamma function:
I'(n)= /(:oste_”Lt”_1 , (4.16)

which, when # is an integer, is given by

r(n+1)=n!, r(n+%)=l'3'5”2;1(2"_1)\/%. (4.17)

On the other hand, according to (4.12),

oo n
I:/ due”/dx"@(u—Zx?
0 ]':1
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:/dx"/ due‘“@(u—Zx%)
0 j=1
_ / A e~ A+ ) /2 (4.18)
Therefore, from (4.15) and (4.18) it follows that

n.n/Z

Simple examples are V,(R) = 7R?, which is the area of a circle, and V3(R) =
47R3 /3, which is the volume of a sphere.

4.3 Entropy and the Gibbs Paradox

The volume of phase space ¢ (E,V,N) of the classical ideal gas is then given by

VAN 1 3N/2
¢(E,V,N) = < ) F(i(ZmnE) : (4.20)

h? F+1)

In order to derive the expression for the entropy from (4.7), the logarithm of the
Euler gamma function in (4.20) has to be evaluated. To that end, use may be made
of the Stirling approximation

r'(n)~ ""1/2\/%(1+—+ ) (4.21)

and so from (4.7), (4.20), and (4.21) it follows that
S(E,V,N) =Ns(e,p)+ Nkg(InN — 1) + O(InN) , (4.22)

where e = E /N is the energy per particle, p = N/V is the density and

3 47me 5

It is seen from (4.22) that in the thermodynamic limit N — oo,V — oo  E — oo
with e < oo and p < oo, the entropy per particle, S(E,V,N)/N, is

TL {%S(E,V,N)] =TL[s(e,p) +ks(InN —1)] = o, (4.24)

where it has been taken into account that
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o]

|

This anomalous result (the entropy is not an extensive variable in the thermody-
namic limit) is known as the Gibbs paradox. There is an ad hoc criterion that solves
the problem. Assume that when oc =V, (4.1) is written as

1 1
~ N!'W3N o*(E,V,N)

p(q,p) O(E—Hn(q,p;V)), (4.25)

where w*(E,V,N) is obtained from the normalization condition of the probability
density, i.e.,

1

o' (E,V.N) =~y /dq/dp 8(E—Hy(q,p:V))

1
=~ o(E,V,N). (4.26)
Observe that the average values of the dynamical functions (4.3) are the same ir-
respective of whether the averages are performed with (4.1) and (4.2) or with (4.25)
and (4.26), the fundamental difference being that w(E,V,N) has been replaced by
@*(E,V,N). From (4.6) it follows that, for consistency, the functions (4.4) and (4.5)
must be replaced by

1 1
¢*(E,V,N) = ﬁq)(E,V,N) , QYE,V,N;AE) = M.Q(E,V,N;AE) .
Then, if the entropy of the gas is defined by the expression

S(E,V,N) = kgln ¢*(E,V,N) = kzln <w> , (4.27)

from (4.20) and (4.27) one has
S(E,V,N)=Ns(e,p)+ O(InN) , (4.28)

where N! = I'(N + 1) has been determined using the Stirling approximation (4.21).
Note that in this instance the entropy per particle, S(E,V,N)/N, is a finite quantity
in the thermodynamic limit, namely

TL [%S(E,V,N)} =s(e,p). (4.29)

The Gibbs’ paradox may be illustrated through the following reasoning. Take a
closed region of volume V split into two equal parts by a wall. On each side one
has the same ideal gas of N/2 particles and energy E /2 in equilibrium. If the wall is
removed, the gas attains an equilibrium state in which the N particles, of energy E,
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occupy the volume V. If the variation of entropy taking place in the process is de-
termined from (4.22), one has

1 2 (EV N
TL NS(E,V,N)—NS(z o 2)] = kpln2, (4.30)

i.e. there is an increase of entropy upon removal of the wall. From a thermodynamic
point of view, in this process the entropy cannot increase since, when the wall is
put back into place, one recovers the initial state. On the other hand, note that from
(4.28) it follows that there is no entropy increase in the process. In order to under-
stand why the factor 1/N! solves the Gibbs paradox, notice that the volume in phase
space (4.10) is a 3N-dimensional integral extended to all the mechanical states of the
system. Since in classical mechanics the particles are considered to be distinguish-
able, the mechanical states that correspond to permutations of two or more particles
are different states and they have been considered so in (4.10). From a classical point
of view, this definition of entropy is, therefore, correct. Nevertheless, since classical
mechanics is only an approximation of quantum mechanics, where the particles are
indistinguishable, the Gibbs factor in (4.27) has the purpose of reducing by N!, i.e.,
in the number of permutations that one may perform with the N particles of the gas,
the mechanical states considered in (4.10). Any such permutation does not give rise
to a new state in quantum mechanics and in this way the Gibbs factor becomes a
correction of quantum origin in a classical system.

Note that in classical physics it is not always the case that particles may be per-
muted as it occurs in a fluid (either gas or liquid). In such instances it is not required
to introduce the Gibbs factor. Take, e.g., a system of N particles whose Hamiltonian is

N 1
i A0)) 2 <%+2mw (r; R.,-)2> , (4.31)

where p; is the momentum of particle j, r; its position vector, and R; a constant.
This Hamiltonian represents the harmonic oscillations of the atoms in a solid around
the equilibrium positions R; of a crystalline lattice. Note that in (4.31) it has been
assumed that all the atoms vibrate with the same frequency. This simple model for
the Hamiltonian of a solid is referred to as the classical Einstein model. The volume
of phase space delimited by the surface of energy E is, in this case,

1 N
0(E,0.N) = = /drN/de@ <E— ZHN(rN,pN;a))> : (4.32)
j=1
which, with the change of variables,

Xj=—2— . xjn=1/——(@—-Rj), (j=12,....N), (4.33)

may be written in the form



74 4 Microcanonical Ensemble
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The entropy per particle S(E, @,N)/N in the thermodynamic limit N — e, E —
oo with e = E/N < oo (note that in this system the external parameter is not the
extensive variable V but the frequency @ of the oscillators, which is an intensive

variable) is
1 2me

In the classical Einstein model it is, therefore, not necessary to divide the phase
space volume ¢ (E, ®,N) by N! when determining the entropy. This is due to the fact
that since the Hamiltonian (4.31) describes the vibrations of the atoms around their
equilibrium positions, these atoms are localized and it is not possible to permute
them.

In view of the results obtained for these ideal systems, it will be assumed
that, in general, the entropy (4.7) of a system of N particles and energy E whose
Hamiltonian is Hy(g, p; &¢), may be written in the form

S(E,a,N) =Ns(e,a)+0(InN), (N>1), (4.36)
where s(e, &) is the entropy per particle. Note that if & =V, (4.36) must be written as
S(E,V,N) =Ns(e,p)+0(InN), (N>1), (4.37)

i.e., the arguments of the entropy per particle are, in this case, the energy per particle
and the density. With the previous proviso and in order to have a uniform notation,
the expression (4.36) will henceforth be used.

From (4.7) and (4.36) it follows that

¢(E, (X,N) _ eNS(QOC)/kB-‘rO(lnN) ’ (438)

and so, according to (4.6), one has

o(E, a,N) = kis/<e,a> Ns(e.0) kg +O(mN) (4.39)
B

where s'(e, o) = ds(e, o0) /de. If, in analogy with (4.7), one defines

S(E,o,N) = kglnQ(E,o,N; AE) (4.40)
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from (4.6) and (4.39) it follows that
3 AE , 2
S(E,a,N) = Ns(e,a) + kgln 7S (e,a)| +O(InN)+O((AE)"),  (441)
B

or, alternatively,

TL [%S(E a,N)} =s(e,a), (4.42)

where it has been assumed that

TL[%EV)]ZO.

Therefore, the definitions of the entropy given in (4.40) and (4.7) are equivalent in
the thermodynamic limit.

4.4 Temperature and Thermal Equilibrium

Consider a system of N particles and energy E formed by two subsystems of N; and
N, particles (N = N; + N, ) whose Hamiltonian is additive, namely

Hy(q,p;a,00) = Hy, (q1,p1:00) + Hy, (g2, p2; ) (4.43)

where (g, pi) (i = 1,2) are the generalized coordinates and conjugate momenta of
the subsystems of external parameters o and o, and (q, p) = (91,492, p1, p2) being
the mechanical state of the system. For the sake of simplifying the notation, the
Hamiltonians that appear in (4.43) will be denoted in this section by H, H;, and H>.

Since the energy E is constant, the probability density in the phase space of the
system is given by the microcanonical ensemble, namely

1 1

P(CI,P)ZM—NW&E—Hl—Hz), (4.44)

o(E,a,N) = h%v/dq/dpﬁ(E—Hl —Hy), (4.45)

with o = (OC] , 062).
The probability density p, (g, p1) of subsystem 1, which exchanges energy with
subsystem 2, is the marginal probability density (see Appendix B):

1 1
pi(q1,p1) = Wm/@z/@ﬁ@-ﬂ—%)

1 an(E—Hy,00,M)
T BN w(E,a,N) (4.46)

where (4.2) has been taken into account.
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If one considers the equation E; = Hj, E; is a random variable (since it is a
function of the mechanical state of subsystem 1) whose probability density may be
determined from (4.46) as (see Appendix B)

pi(E1) /d611/dP1P1(611,p1)3(E1 —Hi)

2(E —Hy,02,N2)
= d d 0(Ei—H
h3N1/ql/ = oE.anN) OE—H)

o1(Ei,01,Ni) 02(E — Ey,0t2,N»)

= . 4.47
o(E,a,N) (447)
The normalization condition of p, (E}) ( fOE dEip,(E)) = 1) implies that
E
(D(E,O(,N) :/ dE; (1)1(E1,0C1,N1)0)2(E —E1,0€2,N2) s (4.48)
0

which is the composition (convolution) law for @w(E, o, N). Note that in order to
derive (4.48) the only requirement is the additivity of the energy (4.43).
Upon integration of (4.48) with respect to E one has

E
¢(E,a,N):/O dE 01 (E,00,N) 02 (E — By o, Ny) . (4.49)

since ¢,(E —Ey,0,N;) =0 when E— E; < 0.

If the subsystems are macroscopic, i.e., if Ny = ;N and N, = y,N, with y; =
O(1) and y, = O(1) (y; +7, =1) and N >> 1, the entropies of the subsystems are
of O(N), and from (4.6) and (4.7) it follows that (4.49) may be written as

-E
0(E.c,N) = / dE, g(Ey) /D (4.50)
0

where

Nf(E1) = Si(Ei,01,Ni1)+S2(E —E1,002,N;)
= kpn[¢|(E1, 01, N1 )o(E — E1, 00,N2)] (4.51)

and kpg(Ey) = dSi(Ey,01,N1)/dE;, which may be approximated by (see
Appendix B)

2r

2 (NS ED
N|f”(E1)|g(E1)e v (4.52)

O(E,a,N) ~

where E| is the global maximum of f(E) in the interval (0, E). This maximum is
unique since Nf(E;) is the logarithm of the product of a monotonously increasing
function of Ej, ¢,(E;,1,N;) and a monotonously decreasing function of Ej,



4.5 Ideal Systems 77

¢,(E —E1,02,N;). From (4.7) it follows that

S(E,o,N) = Sl(El,Oél,Nl) + S (E —El,az,Nz) +O(InN) (4.53)
i.e., the entropy is additive. The condition of being an extremum of Nf(E;) is
written as
dS|(E N 38, (E N
< 1(E1, o, 1)) :( 2(E2, 02, 2)) 7 (4.54)
0E, E\=E, 0E, Ey—E,
with £y = E — E|. If the absolute temperature T is defined through
1 JdS(E,o,N)
S Sl S A 4.55
T JE ’ (4.55)

from which the energy equation E = E(T, c,N) follows, the extremum condition
(4.54) expresses the thermal equilibrium (equality of temperatures) of the subsys-
tems. In statistical physics, thermal equilibrium takes place in the state of maximum
probability, where the entropy is additive. Note that (4.55) and (2.19) are formally
analogous, although in (4.55) the entropy has been defined through the microcanon-
ical ensemble by (4.7). On the other hand, thermal equilibrium corresponds to the
one obtained in (2.66), although in the latter derivation it was obtained from the
extremum condition of the thermodynamic entropy.

It is convenient at this point to make the following observation. As was analyzed
in Chap. 2, the exchange of energy between two subsystems is a necessary condi-
tion for them to reach thermal equilibrium. In order for this to happen, there must
exist an interaction energy between the subsystems which, apparently, has not been
accounted for in (4.43). This is true for each mechanical state of the Gibbs ensem-
ble but, since the only restriction imposed on H; and H; is that H; + H, = E, the
different mechanical states of the subsystems have different energy in the ensemble.
Therefore, contrary to what may be suggested by (4.43), the subsystems exchange
energy and thus they reach the thermal equilibrium of (4.54).

4.5 Ideal Systems

The convolution law (4.48) is based, exclusively, on the additivity of the energy of
the subsystems. In the case of an ideal system, this law may be used iteratively to
obtain w(E, o, N) from the volume of the phase space of a single particle ®(E, o, 1).
As an example, consider a free particle of mass m in a closed region R of volume V.
If its energy is E, the volume of the phase space of the particle delimited by the
surface of energy p?/2m = E is given by
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O(E,V,1) = /dr/dp @(E———¢R()>

_v _v 32
-5 Yy, (\/ZmE) = PTG /2) (2rmE)*? (4.56)
ieldin
T Ev.1) =Y 2nm)**VE . 4.57
o(E,V,1) = 2h3F(5/2)( mm) (4.57)

In this way, from (4.48) one obtains
-E
WEV.N) = [ dE 0BV N-Do(E-E V1), (358)
0

and from the expression

o m—1_ LT (n)I"(m)
/dex (1 -x) 1_7F(n+m) , (4.59)

it may be easily demonstrated that after two or three iterations in (4.58), a recurrence
law may be derived which allows one to obtain @(E,V,N) for arbitrary N. This
function is the derivative of ¢ (E,V,N) (see (4.20)) with respect to the energy. The
interest of this result lies in the fact that the thermodynamic potential of the gas (the
entropy) may be obtained in classical statistical physics from @ (E,V,1). In Sect. 4.9
it will be shown that this result does not hold in quantum statistical physics.

4.6 Equipartition Theorem

From a classical point of view, the temperature is a magnitude associated with the
kinetic energy of the particles of a system. According to (4.55) the inverse of the
absolute temperature in classical statistical physics is the derivative of the entropy
of the system with respect to the energy. These two definitions of the same variable
may be related through the equipartition theorem.

Consider a system of N particles of mass m contained in a closed region R of
volume V. The Hamiltonian of the system is

N 2
Hy (", p".v) = 22—’ HIMY( +2¢Rr, (4.60)

where the first two terms correspond to the kinetic energy and the interaction po-
tential energy while the last one is the potential energy (4.9) that keeps the particles
inside the region. In order to simplify the notation, in this section these terms will be
denoted by Hi¢, Hi, and HE. The average value of the kinetic energy of the system
in the microcanonical ensemble (4.1 and 4.2) is given by



4.7 Equation of State 79
(Hy') = hw EVN) /drN/dp S(E—HY—HM_HE . (4.61)

From the identity

d

ﬁ@(E—AH}\?—H}\‘,“—HS):— NS§(E—AHY — HM - HY) | (4.62)
the integral / in (4.61) may be written as
- <ax /drN/de@ (E - 2H ‘“‘—H}\‘})) , (4.63)
A=1

or, alternatively, as

1:—(% / drNV3N< 2/{”[E Hin Hﬁ])) , (4.64)
A=1

where V3y (R) is the volume of the 3N-dimensional sphere of radius R. The deriva-
tive with respect to A in (4.64) may be determined from (4.13), leading to

. 3N 1
3N 1 1 N R
— 7W7w(E’V7N)/dW/dp O(E — HY — HI™ — HE)
3N ¢(E,V,N)
=21t 4,
2 w(E,V,N) (465)
Since
O(EV.N) _ (9ng(EV.N)\"'_, (9SEV.NNT_
w(E,V,N) OE ' OE U
one finally obtains
id 3
(Hy) = 5NkgT , (4.66)

2

which expresses that the average kinetic energy (kgT /2 per degree of freedom) is pro-
portional to the temperature, which is the usual notion in classical statistical physics.

4.7 Equation of State

Throughout this chapter it has been assumed that the Hamiltonian of the system is a
function of some external parameters. If one varies the external parameter o by dc,
the result is
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oH, ;
(dHn(q,p; ) = <Wda> =—Aqda, (4.67)
where A, is the conjugate variable of ¢, namely
JH, ;
Ag = <—%> . (4.68)

As was shown in Chap. 1, if ¢ is a uniform and constant magnetic field B, Agp is
the total magnetic moment of the system M while if o is the volume V, Ay is the
pressure p.

The conjugate variable of the external parameter ¢ in the microcanonical ensem-
ble may be determined as follows:

1

B 1 dHy(q,p; ) .

1 1 J

_ 1 do(E,a,N)
-~ o(E,a,N) Jdu ’ (4.69)

which can be expressed as

¢(E,a,N) dln¢g(E,a,N) (81nq)(E,a,N))1 dln¢(E,a,N)
AUC = =
o(E,a,N) da JE da

IS(E,o,N)\ ' 9S(E,0,N) _JS(E,o,N)
< OE ) F R PR *70)

which is the equation of state corresponding to the parameter o.

As it was already pointed out in Sect. 4.1 when the external parameter is inten-
sive, the entropy (4.7) is not a function of the extensive variables of the system as
it is postulated in the fundamental equation of thermodynamics. Nevertheless, the
entropy (4.7) contains all the thermodynamic information about the system (the en-
ergy equation (4.55) and the equation of state (4.70)). Consider, for instance, that o
is the magnetic field B, in which case (4.70) reads

IS(E,B,N)

M=T
JB

) 4.71)

From (4.71) and (4.55) it follows that the differential of the statistical entropy
when E and B change (at constant N) is given by

TdS(E,B,N)=dE+M-dB. (4.72)
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If the thermodynamic entropy S(E,M,N) is defined as the Legendre transform
(see Appendix A) of S(E,B,N) with respect to B (note that in order to simplify the
notation both functions § are denoted by the same letter), one has

S(E,M,N)=S(E,B,N)—M B, 4.73)

where in (4.73) B = B(E,M,N) is obtained from the equation of state (4.71).
Therefore,

TdS(E,M,N) =dE—-B-dM, (4.74)
which is the usual expression in thermodynamics and so the equation of state,

IS(E,M,N)

B=-T
oM

(4.75)

contains the same information as (4.71).

4.8 Entropy and Irreversibility

The second law of thermodynamics establishes that, in an irreversible process, an
isolated system evolves toward the state with maximum entropy compatible with
the external conditions. Consider, for instance, the free expansion of an ideal gas.
As initial condition, one has a container of volume V divided into two regions of
volume V' /2, one of which is occupied by a classical ideal gas of N particles and
energy E. If the wall separating the two regions is removed, experience shows that
the gas expands freely until it reaches a final state in which the gas occupies the
whole container. According to (4.20) and (4.27) the variation of the entropy in the
free expansion turns out to be

AS:N@(hV—m<%>)>O, (4.76)

in agreement with the second law of thermodynamics. Note, however, that (4.76)
is not a proof of the law of entropy increase. As a matter of fact, the statistical
definition of entropy (4.27) is only applicable to an equilibrium system. In order
to derive (4.76) it has been assumed that, starting from an initial equilibrium state,
which becomes a non-equilibrium state after the wall is removed, the gas expands
freely and ultimately reaches another final equilibrium state. Upon comparison of
the entropies of the initial and final states, it is found that the entropy of the final state
is greater than the one of the initial state. But this argument involves an essential
point which has not been derived, namely that the experiments show that the gas
expands when the wall is removed. If, on the other hand, the everyday experience
indicated that, starting from an initial state in which the gas occupies the volume V/,
the gas would contract freely until it occupied a volume V /2, from the definition in
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(4.27) it would follow that the entropy would diminish in the process. The second
law of thermodynamics establishes that an isolated system evolves toward a state of
maximum entropy, which in turn determines the arrow of time, as is the case of the
free expansion. This arrow of time is what has not been derived to determine the
result contained in (4.76).

Consider again the Gibbs definition of entropy (3.23), particularized to the mi-
crocanonical ensemble. Note that the probability density in phase space may be
written as

1 O(E+AE—Hy(g,p;a)) —O(E — Hy(q,p;2t))

4.77
which leads to (4.1) in the limit AE — 0 because
Ax) —
lim Q64N =0 _ 5 4.78)

Ax—0 Ax

According to (4.77) the probability density is constant in the region of phase
space in which E < Hy(g, p; &) < E + AE, and so the Gibbs entropy is given by

S=—kg(In [N p(Hy(q,p;0))]) = kgInQ(E, 00, N; AE) , (4.79)

which coincides with the definition (4.40). The interest of this result is that since
the Gibbs entropy is defined as a function of the probability density in phase space,
it may be readily generalized to a non-equilibrium system by replacing the station-
ary probability density p (Hy(q, p; ¢¢)) with the time-dependent probability density

plg,p;t), ie
S(r) = —kB/dq /dp In [*Np(q,pit)] p(g,pst) . (4.80)

The evolution equation of S(¢) is thus given by

$(r) = —kB/dq/dp {1+ [h3Np(q,p;t)]}W. (4.81)

Note that

/dq/dp gtp’ = at/dq/dpp q.pit) (4.82)

because the probability density is normalized at all times. On the other hand, from
the Liouville equation (3.18) one finds

1_/dq/dplnp q,pit) 8p(gtp, )
- /dq/dp1HP(47P§1‘){HN(O‘)7P(I)}
= [da [ aptna. pio){p(e).mp(0)} 0. (4.83)
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where it has been taken into account that p(g, p;¢) vanishes on the surface of the
phase space and that {p(¢),Inp(¢)} = 0. Therefore, when generalizing the Gibbs
entropy to a system out of equilibrium one has

S(t)=0, (4.84)

i.e., the Gibbs entropy is constant in the time evolution and so it is not possible to
derive from it the second law of thermodynamics. The reason for this is that the
first postulate of classical statistical physics associates a field (3.16) to a dynamical
function. This postulate is statistical with respect to the initial conditions and does
not contradict the laws of mechanics. As a matter of fact, the time evolution of the
field is induced by that of the dynamical function and this is in turn induced by
the Hamilton equations. Since the equations of mechanics are invariant under the
change t — —t, it is not possible to derive from them a non-mechanical evolution,
such as the one predicted by the second law of thermodynamics. On the other hand,
it must be pointed out that, while the thermodynamic limit allows one to derive
equilibrium thermodynamics (see Sects. 3.6 and 3.7), this limit is necessary but not
sufficient to justify irreversibility.

4.9 Quantum Microcanonical Ensemble

As was analyzed in Chap. 3, the density operator p of an equilibrium system com-
mutes with the Hamiltonian operator Hy(c). The additional postulate that p is a
function of Ay () is in a certain way justified because in all mechanical systems
energy is conserved (note that, as in the classical case, the density operator of an
equilibrium system depends also on the intensive parameters 7, p, and u if the
system exchanges energy, volume, and particles with the external world). When
[p,Hn(o)] = 0, it is always possible to find a basis of the Hilbert space in which
both operators are diagonal. This basis is not necessarily the one formed with the
eigenvectors of Hy (o), whose eigenvalue equation reads

Av(o)#) = EXN ()| ) (4.85)

where it has been assumed that the spectrum is discrete. Note however that, contrary
to what occurs in classical physics, one cannot define an isolated system as the one
whose energy is E, since it is conceivable that there may not exist a quantum state n
of (4.85) whose energy is such that E,(,N) (o) = E. In order to avoid this, in quantum
mechanics an isolated system will be defined as one whose energy lies between E
and E + AE, with AE < E, although the interval is assumed to be large enough

so that there exist a great number of quantum states of energies E,(,N) () such that

E < E,(LN) (o) < E+ AE. The number of these quantum states, which will be denoted
by Q(E, o, N;AE), may be written as
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Q(E,a,N;AE) = ¥ 0 (E+AE—E,(,N)(a))
~-Yo (E —E,‘,N>(a)) . (4.86)
n
The density of quantum states @(E, o, N) is defined by the equation
o(E,a,N) =8 (E—E,(,N)(a)) , (4.87)
n

and the number of quantum states whose energy is less than E, ¢ (E,a,N), is
defined as

o0(E,a,N) =Y 0 (E—E,(,N)(oc)) . (4.88)

Since the system has an energy between E and E + AE, those quantum states

of (4.85) such that E") (a) <Eor EN (a) > E + AE should not contribute to the
average value of the operator (3.28) in the statistical mixing. On the other hand, from
the different quantum states n of (4.85) with energies E < E,(,N) (a) < E+AE in
which the system may be found, there is no physical reason forcing one to be more
probable than the others. In the microcanonical ensemble of a quantum system, a
probability of zero is assigned to those states that are not compatible with the energy
of the system and the same probability to those states that are compatible. For that
reason it is postulated that the density operator of an isolated system is given by the
following expression:

0 (E—i—AE —E,(,N)(oc)) ) (E —E,(,N)(oc))
Q(E, o,N; AE)

<lflm|/5|an> = 5mn (4.89)

That is, it is a diagonal matrix in the energy representation whose only non-zero
. (N) .
elements are those corresponding to quantum states whose energy E, (o) veri-
fies E < E,(,N)(Oc) < E + AE. The probability of each of these quantum states is
QY(E,a,N;AE).
The average value of an operator d in the quantum microcanonical ensemble is
then given by

(@) = S0hlap1¥) = 33 Hlal) (Ealp %)

O(E+AE—ENM (o)) -0 (E-EN(a)
= 200l ( Q(E,a,zv;AE)( )

n

(4.90)

whose interpretation is simple: the average value in the statistical mixing is the sum
of the expectation values of the operator, (‘F;,|d|'F;,), for all the eigenstates |'¥,) of
Hy/(or) whose energy lies in the interval (E,E 4 AE), divided by the number of
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quantum states in the interval, Q(E,a,N;AE). This average gives, therefore, the
same statistical weight to all these quantum states.

Once more, if the external parameter is the volume, the intensive variables (4.90)
are functions of the energy E, the volume V, and the number of particles N (the
dependence on AE tends to zero in the thermodynamic limit). By the same line of
reasoning followed in the classical case, the entropy of a quantum system may be
defined through the following expressions:

S(E,V,N) = kzln¢(E,V,N), 4.91)

and
S(E,V,N) =kglnQ(E,V,N;AE) , (4.92)

which are equivalent in the thermodynamic limit. In the case of a fluid, the func-
tions ¢ (E,V,N) and Q(E,V,N;AE) are increasing functions of the energy and thus
the absolute temperature, defined by the thermodynamic relation (4.55), is non-
negative. Note further that, since in a quantum fluid the particles are indistinguish-
able, one only has to count the number of quantum states whose wave function has
a given symmetry (bosons or fermions). This is the reason why it is not easy to
compute ¢ (E,V,N) and Q(E,V,N;AE) even when the system is ideal. In order to
get a better insight in the complexity of ideal quantum systems, one may consider
the following example. The convolution in the case of a quantum system formed
by two subsystems that exchange energy in an additive way is again (4.48) where
o(E,a,N) corresponds now to the density of quantum states (4.87). When the sub-
systems are macroscopic, this law leads to the additivity of the entropy and to the
thermal equilibrium between the subsystems (see Sect. 4.4). Assume now that one
wants to apply this convolution law to determine the thermodynamic properties of
an ideal quantum gas of N particles contained in a closed region R of volume V, and
whose Hamiltonian operator is the sum of one-particle operators, namely

o(E,V,N) = /(;EdEl 35 (E1 _ ,(JIV—U(V))ZS (E—El _EQ(V))

~Y¥s (E—E,(,’IV*”(V)—E,S?(V)) : (4.93)

ny ny

It is clear that when combining a quantum state n; of the system of N — 1 particles
with a quantum state n, of the N-th particle, the result is not a quantum state of the
system of N particles. The reason is that the product of the wave function of the
system of N — 1 particles times the wave function of the N-th particle is not a wave
function of the system of N particles (see Sect. 1.9). Therefore, the law (4.93) cannot
be used to derive the thermodynamics of an ideal quantum gas from w(E,V, 1), as
one can do in the case of a classical ideal gas (see Sect. 4.5). The thermodynamic
properties of a quantum ideal gas, which are not as simple as those of its classical
counterpart, will be analyzed in Chap. 6.
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4.10 Absolute Negative Temperatures

In much the same way as it happens for the classical microcanonical ensemble, the
determination of the entropy of a system in the quantum microcanonical ensemble
may only be achieved in some simple cases. The reason is that one has to select
from all the quantum states of the system only those whose energy lies in the inter-
val between E and E + AE. The existence of such a restriction is what makes the
evaluation of the entropy difficult.

As a simple example, consider an ideal gas of N particles of total angular momen-
tum j under the action of a constant and uniform magnetic field B in the direction of
the z-axis. The energy of a particle is quantized according to (1.82). Therefore, the
energy of the system is given by

(N)
{m;

N
Ej,\(B)=—glgB Y mj, (4.94)
j=1

which in the case of j = 1/2 reads

(N)

N
Efy (B)=—@BY m;, (4.95)

with fl = glg/2 and 7i; = £1, states that are denoted by + and —. If the value of

the energy of the system is fixed, EEZ)} (B) = E, it is univocally determined by the
J

number of particles in each state, N, and N_, which verify the following relations:

E=—fB(N.—N_), N=N.+N_. (4.96)

Note that there exists a degeneration in the energy levels if the energy is specified
through N and N_. Such degeneration turns out to be

N!

TRTEE (4.97)

and when the numbers N, and N_ change by one unit, the variation in the abso-
lute value of the energy is 2fiB. The number of quantum states 2(E,B,N;AE) is,
therefore,

AE  N!
AE N!

~ 20B (%_MLB)!(%‘F%)!. (4.98)

Note that in (4.98) it has been assumed that the degeneration (4.97) is the same
in the whole interval (E,E + AE). The justification of this approximation is based
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on the fact that the variation of the number of particles with orientation —, AN_ =
—AN,, when the energy changes from E to E + AE, is AN_ = AE/2iB. If one
admits that AE < E = O(N), then AN_ < N_ in the whole interval.

From (4.92) it follows that the entropy per particle in the thermodynamic limit,

1
$(e,B) =TL [ﬁkBInQ(E,B,N;AE)] ,

is given by

3(e,B) = —k3{<1;x>ln (1;’“) T (1“2”“) 1n<1;’x>} : (4.99)

where e = E /N < e is the energy per particle, x = ¢/fiB, and Stirling’s approxima-
tion (4.21) has been used (Fig. 4.1).
From (4.55) it follows that the absolute temperature is given by

1_5eB) ks (1-x
T  de  2[B l1+x/)

(4.100)

Note that if 1 —x > 1 +x, the energy per particle is negative and the absolute
temperature is positive. On the other hand, if 1 —x < 1 +x, the energy per particle is
positive and the absolute temperature is negative. When x — 0_, T — oo and when
x — 04, T — —oo. Hence, the absolute negative temperatures are greater than +oo.
This peculiarity of a system of N particles of total angular momentum j is due to the
fact that the entropy S (E,B,N) is not an increasing function of the energy for all E,
since it has a maximum at £ = 0.

Consider now the definition of entropy (4.91). From (4.87) and (4.88) one has

2B
0(E,B,N) = A“—E Y Q(E'B,N;AE) (4.101)
E'<E
0.8
T ’{"; """"""""""
Fig. 4.1 Entropy per particle, 06} N N
in units of the Boltzmann : \
constant, of an ideal system of \
magnetic moments (j = 1/2) : \
placed in a magnetic field B s 04 : \
as a function of the variable \
x=e/f1B. When x > 0, the ; \
functions §(x) and s(x) are 0.2 : \
represented, respectively, \
by a broken line and by a \
dotted line. When x < 0, 0.0 . : .
-1.0 -0.5 0.0 0.5 1.0

the two functions are equal
(continuous line)
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which when N >> 1 may be written as
2B

T M B0 (4.102)

e/<e

where §(e, B) is given by (4.99). Note that in the thermodynamic limit the only term
that contributes to the sum in (4.102) is the term that makes the entropy per particle
to be maximum, namely

1
s(e,B) =TL {NkB lnq)(E,B,N)} = maxy <, $(¢/,B) . (4.103)

When $(¢/,B) increases with ¢’ (negative energies) the maximum corresponds to
e = ¢’ and both definitions of entropy coincide s(e, B) = §(e,B) (e < 0). Whene’ >0,
§(¢/,B) is a decreasing function of the energy and the global maximum is located
at ¢’ = 0. Therefore, s(e,B) = §(0,B) = kgIn2 (e > 0). When the energy is non-
negative, the absolute temperature defined through s(e,B) is positive and infinite.
This particular feature of the system of magnetic moments by which the two defini-
tions of entropy differ is a consequence of the fact that, when e > 0, the number of
quantum states does not grow upon an increase in energy (see Fig. 4.1).
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Chapter 5
Canonical Ensemble

Abstract In the previous chapter the basic concepts of the microcanonical ensem-
ble, which describes a system whose energy is constant, have been analyzed. The
entropy is the thermodynamic potential associated to this ensemble. The micro-
canonical ensemble presents two types of difficulties. The first one is mathematical
since, even in the simplest systems, determining the entropy is not a trivial issue.
The second difficulty is that the systems studied in thermodynamics are, in gen-
eral, not isolated. Note that, for instance, thermal equilibrium is attained when two
systems exchange energy. In this chapter the statistical physics of systems whose
energy is variable is analyzed.

5.1 Classical Canonical Ensemble

In the previous chapter it was shown that when a system of N; particles and Hamil-
tonian Hy, (q1, p1; &t1) exchanges energy with the external world, of N, particles and
Hamiltonian Hy, (g2, p2; @2), the probability density of the energy of the system is
given by (4.47), i.e.,

o1 (E1,0,Ni) @2(E — Ey,00,N)
o(E,a,N)

pi(Er)

Qz(E—El,(Xz,Nz;AE)

:(D](El,a],N]) Q(E(XNAE) ’

5.1

where o = (a1, 0) and in the second equality of (5.1) it has been assumed that
AE < E—E;. When N; > 1 and N, > 1, p,(E}) is a function with a very pro-
nounced maximum for a certain value Ej. In this state of maximum probability,
the temperatures are equal (see (4.54)). Assume now that N, > Nj, which is the
normal situation in an experiment in physics in which the system has much less
degrees of freedom than the external world. In this case it is to be expected that

89
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whenever p (E;) differs appreciably from zero, the energy E; is such that E; > Ej.
Although in these circumstances it would seem logical to expand the function
Q) (E—E),0,N>;AE) of (5.1) in a Taylor series around E, = E, such an expansion
converges very slowly since this function grows very rapidly with the energy when
N, >> 1 (for instance, for an ideal gas ,(E — Ey, 0y, Ny, AE) ~ (E — E; )3V2/2-1),
In contrast, the Taylor series expansion of the logarithm of this function converges
more rapidly. Therefore, let us consider the following expansion of (5.1):

In (Qz(E—El,Oéz,Nz;AE)

=—BLE1 +... 2
O (E, 000, No2 AE) ) BrEr+... (5.2)

with

AN (E», a2, No; AE
ﬁzz< n <2 (Ez, 02, Ny )> : (5.3)
Ey=E

dE,

where T» = 1/kgf3, is the absolute temperature of the external world (see (4.55)).
The probability density of the energy of the system may then be approximated
by the expression:

Q(E,02,N2;AE)

B o, Ny)e 5.4
Q(E,a,N;AE) o1 (Ey,0,Np)e (5.4)

pi(E1) =

Taking into account the normalization condition of p,(E}), (5.4) may be rewrit-
ten in the form

1

- E Np) e BaE 5.5
Zl(BZaalaNl)wl( LM 7 ©)

pi(E1) =

where -
Z(By, 001,N) =/ dEy 01 (Ey,0,Ny) e P2Er (5.6)
0

is the classical partition function of the system. Note that, except for f3,, all the
variables appearing in (5.5) and (5.6) are system variables. In what follows and for
the sake of simplifying the notation, all subindexes will be omitted, i.e.,

p(E) = o, aN)e P 5.7)

(B,a,N)

with
Z(B, a,N) :/ dE o(E,a,N)e PE | (5.8)
0

where the variables E, o, and N correspond to the system and the parameter 3 to
the external world. Note that, in view of the pronounced maximum of p(E), in
the partition function (5.8) the upper limit in the integral (the total energy of the
system) has been replaced by infinity. The ensemble described by (5.7) and (5.8)
is known as the canonical ensemble and represents a system in thermal contact
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(i.e., which exchanges energy) with another system (the external world) which has
a much greater number of degrees of freedom.
By a similar reasoning, according to (4.46),

1 Qz(E —Hl,Otz,Nz;AE)

PP = Y T AT e NAE) (5.9)

so that upon performing the Taylor expansion

1 (Qz(E —Hl,Otz,Nz;AE)

=—B,H +... 5.10
Qz(E,az,Nz;AE) ) ﬁl l+ ) ( )

imposing the normalization condition to p(g1,p1) and, finally, dropping all the
subindexes, which correspond in all cases to variables of the system except for the
parameter 3, which refers to the external world, one has

1 1

_— _°  ,-BHy(g.p)
h3NZ(ﬁ,OC,N)e , (5.11)

pla,p) =
with
L r ' —BHy (q.p;0)
Z(ﬁvaaN): M_N/dQ/dpe T (512)

where the integration of the partition function (5.12) has been extended to the whole
phase space of the system without any restriction. Note that, in order to make
the partition function (5.12) dimensionless, in both p(q,p) and Z(B,c,N) a fac-
tor 1/ 13N has been introduced. Equations (5.11) and (5.12) are the expressions of
the canonical ensemble in the phase space of the system.

An immediate conclusion that shows that the canonical ensemble is mathemat-
ically simpler than the microcanonical ensemble follows from the convolution law
(4.48). Since the partition function (5.8) is the Laplace transform of w(E,c,N),
one has

Z(B,o,N)=Zi(B,01,N1)Z2(B, a2,N2) (5.13)

i.e., the partition function of a system formed by two subsystems which exchange
energy in an additive way is the product of the partition functions of the subsystems.
Clearly, this composition law is much simpler than (4.48).

5.2 Mean Values and Fluctuations

In a system described by the canonical ensemble the energy is a random vari-
able whose probability density is (5.7). The Hamiltonian of the system, Hy =
Hy(q,p; ), is a function of the mechanical state of the system whose probability
density in phase space is given by (5.11). One thus has
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1 1 _BHy
(Hy) = Wm/dQ/dPHNE pH
11 ) .
- e <_ﬁ) /dq/dpe By (5.14)
i.e.,
1 0
(Hy) = —W (ﬁ) Z(B,o,N), (5.15)

which is known as the energy equation.
In a similar fashion, the mean square value of Hy is determined as follows:

1 9?
HY)=— (—)z ,o,N) | (5.16)
=78 \ag? ) 2PN
so that the fluctuation in the energy of the system is
d 1 dZ(B,a,N)
H3) — (Hy)? = == i 5.17
)= = 55 (e ap ) 4
or, alternatively,
d
(Hy) — (Hy)* = — 55 (Hn) - (5.18)
Note that the conjugate variable A, of the external parameter ¢ is
JHy
Ag=(——— 5.19
o < aa > ) ( )
ie.,
Ay = ! / /dp ¢~ PHN
“T pNZ /3 a,N)
1 1 d
- (=) [dq [ dpe PN 5.20
BN Z(B, o, N) <8a)/ "/ pe 620
yielding

I 9Z(B,o,N)
BZ(B,a.N) da

which is known as the equation of state corresponding to the parameter o.. Two
particular cases of (5.21) are

Aa:

(5.21)

dInZ(B,V,N) __9nZ(B,B,N)
oV . M=kl oB ’

when the external parameter is the volume V of the system or the magnetic field B.

p=kgT (5.22)
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5.3 Helmholtz Free Energy

As has been shown in the previous section, the energy equation and the equations of
state are determined in the canonical ensemble if one knows the partition function of
the system which, in this way, is a thermodynamic potential. In particular, when the
external parameter is the volume V, the independent variables 3, V, and N, are the
same as those of the Helmholtz free energy (2.26) (although in thermodynamics one
takes the temperature 7" as independent variable, in statistical physics it is common
to consider the parameter § = 1/kgT as the independent variable, but this should
not lead to confusion). In order to establish the connection between the canonical
ensemble and thermodynamics, the Helmholtz free energy F (3, o, N) is defined as

F(B,a,N) = —kgTInZ(B,ct,N) . (5.23)

Note that, since N > 1, (5.8) may be approximated by

Z(B,a,N) = /Ow dE o(E,a,N)e PE

w o [ des (e, o NP 0N (504
B JO

where e = E/N and s(e, o) are the energy per particle and the entropy per particle,
respectively, and (4.39) has been taken into account (recall the comment made on
(4.37)). The exponent of the last factor of (5.24) has a maximum at &€ and so the
partition function may be approximated by (see Appendix B)

N , 2r Rasd(x
Z(ﬁ,a,N) ~ ES/(QOC) WeN( Beé+s(&,a)/kp)+O0(InN) ’ (525)

where g(e) = —Be+s(e, o) /kp.
Therefore,

F(B,0,N) ~ N (&—Ts(& a)) + O(InN) , (5.26)

and so the Helmholtz free energy per particle in the thermodynamic limit reads
1
1By =L LF(Bam)] —e-Ts(e.). (527)

corresponding to (2.26) with & = &(j3, o), which is the value of the energy that max-
imizes the function g(e). The equivalence between the microcanonical ensemble
(entropy) and the canonical ensemble (Helmholtz free energy) occurs at the maxi-
mum of the probability density, in which the energy per particle is & The condition
for the maximum of g(e) reads
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1 [ds(e,)
= (7&: ) , (5.28)

€

i.e., the temperatures of the system and of the external world are equal at the
maximum.

5.4 Classical Ideal Gas

As a simple application, consider an ideal gas of N identical particles of mass m in
a closed region R of volume V at the temperature T = 1/kgf3. Due to the identical
nature of the particles, the one-particle partition function is the same for all of them,
and so from (5.13) it follows that the partition function of the gas is given by

Z(B,V,N) =[z(B,V,)]V, (5.29)

where Z(3,V, 1) is the one-particle partition function, namely

Z(B,V,1) /dr/dpe p?/2m+ 04 (r)] % (5.30)
and
Aol (5.31)
~ \2mmkgT ’ '

is the thermal de Broglie wavelength associated to the particle. This example shows
that, in a classical ideal gas, in order to determine the thermodynamic properties in
the canonical ensemble (the Helmholtz free energy), one only needs to compute the
Gaussian integral in (5.30). In the microcanonical ensemble the volume of the 3N-
dimensional hypersphere was required to determine the entropy S(E,V,N). Thus,
the simplification obtained with the canonical ensemble is evident.

The Helmholtz free energy (5.23) then reads

F(B,V,N) = —kgTInZ(B,V,N) = —NksTIn (%) , (5.32)

which is not an extensive variable in the thermodynamic limit. The reason behind
this anomaly has again to do with the fact that the particles of the gas have been taken
to be distinguishable (Gibbs paradox). Note that, as in the microcanonical ensemble,
the paradox may be solved in an ad hoc manner if the canonical ensemble (5.11) and
(5.12) is written as

1 1 _ .
p(q p) N'h3N 7 (ﬁ V N)e Btin(a.pV) ’ (5~33)

with | _ _
Z'(B.V.N) = v [ da [ dpe Per), (5.34)

which does not alter the average values taken over the ensemble.
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From (5.34) it follows that the partition function of the ideal gas becomes
y 1
Z*(B,V,N) = ﬁ[Z(B,v,l)]N, (5.35)

so that upon using the Stirling approximation, it follows that the Helmholtz free
energy, defined through Z*(3,V,N), is given by

F(B,V,N) = —kgTInZ*(B,V,N)

3
= NkgT (m (%) - 1) +0(InN) , (5.36)

and the Helmholtz free energy per particle f (T, p) is finite in the thermodynamic
limit

(B,V:N)

f(T,p)=TL {F 5 ]:kBT(ln(pA3)—l), (5.37)

where p =N /V < o,

5.5 Ideal Gas in an External Potential

Consider an ideal gas of N particles of mass m contained in a closed region R of
volume V at temperature 7 in an external potential ¢ (r). The one-particle partition
function is

2BV 1) = h_I% /R dr / dp e B /2m+0r(x) 6 (x)
= (%) é/Rdre*W”, (5.38)
and that of the gas is given by
Z*(B,V,N) = % (%)N (%/Rdreﬁ‘p(”)lv . (5.39)

Therefore, the Helmholtz free energy F(f,V,N) = —kgT InZ*(J3,V,N) reads

1/ vV 1
_ R _ — —Bo(r)
In <N! <A3) ) Nln(V/Rdre )

— BFlg]. (5.40)

BF(B,V,N)

Note that in order to determine the Helmholtz free energy one has to know the
value of the external potential ¢(r) at all points of the Euclidean space that are
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contained in the region R, i.e., F(f3,V,N) is a functional of ¢(r), which is denoted
by F[¢] (see Appendix C). On the other hand, the external potential induces a non-
uniform local density of particles p, (r). It can be easily seen that

N —BoOm)
py(r)= ;5(1'—1'1') :Nma (5.41)

where the average value has been determined with the canonical ensemble. In the
case of a uniform gravitation field ¢ (r) = mgz, (5.41) yields the well-known baro-
metric formula.

As the first functional derivative of F[¢] with respect to the external potential,
OF[9]/0¢(r) is defined by (see Appendix C)

SF[9]
69 (r)

6F[9) = Flo-+ 6]~ Flgl = [ drs " 30(r). (5.42)

from (5.40) one has

- JodreBlom+60(r)
BSF[(M = —Nln < fRdr/e_ﬂd)(r/)

B [odre BOW (1 —BSo(r)+...)
= —Nln( R fRdr’e*M(r/)

[edre BOT§¢(r)
Jedr e Pow) o

= —Nln (1—[3

_ uprdre PP0Se(r)
— NB T e 0 +... (5.43)

or
BEF(g] =B [ drp,(r)30(r)+ ..
ie., 5
S =P, (5.44)

where use has been made of (5.41) and (5.42). Therefore, the functional derivative of
the Helmholtz free energy with respect to the external potential is the local density
of particles.

The concept of Legendre transform may now be generalized to the case of func-
tionals, by introducing the intrinsic Helmholtz free energy functional F[p,]:

Tlp\] = Flo] - [ dro(e)p,(r). (545
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i.e., in the new functional F[p,] the local density of particles is the independent
variable. From (5.41) it follows that

¢(r) = kT <—1le(r) +1InN —In / dr’e—M(r’)) : (5.46)
R
Upon substitution of (5.46) into (5.45) and taking into account that

[ drpyr) =N
R

one obtains from (5.40)
Fp,] = kBT/Rdrpl(r) (in(p, (r)A%) — 1)+ 0 (InN) , (5.47)

where the Stirling approximation has been used. In the thermodynamic limit (5.47)
reduces to

Flp,] :kBT/drpl(r) (In(p;(r)A?) —1) . (5.48)

Note that in a homogeneous system (¢ (r) =0), p, (r)=p, the intrinsic Helmholtz
free energy functional becomes a function of the density of the gas and (5.48) re-
duces to (5.37).

It must be pointed out that, in order to derive (5.48), the existence of an exter-
nal potential inducing a non-uniform local density of particles has been assumed.
This constitutes an example of a symmetry breaking field considered in Chap. 3. As
shown in that chapter, when taking first the thermodynamic limit and subsequently
the zero-field limit, it is possible to find phases that do not have the same symme-
try as the Hamiltonian. In particular, in the study of non-uniform phases (a solid)
or inhomogeneous systems (an interface), (5.48) is the ideal part of the intrinsic
Helmbholtz free energy functional.

5.6 Equipartition Theorem

In the previous chapter the equipartition theorem in the microcanonical ensemble,
according to which the average kinetic energy per degree of freedom is equal to
kpT /2, has been derived. In order to obtain this theorem in the canonical ensemble,
consider a system of N particles whose Hamiltonian (see (4.60)) is the sum of the
kinetic energy HiY, of the potential energy Hi™, and the interaction energy between
the particles and the container H 15. Due to the additivity of the energy, the partition
function may be factorized with the result

1 7 id, pyin
Z(B,V,N) = M_N/drN/dee—ﬂ(HIﬁHNurH}@)
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= 7Z9(B,V,N)Z"(B,V,N) , (5.49)

where '
Z9B.V,N)=[z(B.V,)]", (5.50)

is the ideal partition function (5.29) and (5.30), and
Z"(B,V,N) = / drN B +HE) (5.51)

is the partition function of the interactions. The average kinetic energy of the system
is given by

<HN> /drN/deHld —ﬁ(H1d+H|nt+HR)

Nz [3 V,N)

1 d id_, yint, 7R
N S drN/d N~ BOH+H? +HN)>
BINZ(B.V.N) (aa Jae fav rmi

:_; J ld)L int
BZ(B.VN) (aaz (AB.V-N)Z (B, VN))@

so that from (5.49) one has

oy L [(d g
(Hy) = B <87L InZ (AB,V,N)) , (5.52)

or, alternatively, from (5.50)

(HY) = ]/;7<aax InZ(AB,V, 1))l=1 . (5.53)

The derivative in (5.53) may be readily evaluated since Z(8,V,1) =V /A3 leading
to the equipartition theorem:

(Hy') = %NkBT . (5.54)

Note that this result is a consequence of the factorization of the partition functions
(5.49) and (5.50).

Another interesting example is that of a system of N harmonic oscillators whose
Hamiltonian is given by the Einstein model (4.31). Since the energy is additive (ideal
system), the partition function may be factorized and the average energy, in analogy
with (5.53), is determined as

N[ 3
(Hy) =~ (ax nZ(AB, ® 1)) . (5.55)

A=1
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In this case, the partition function of a single harmonic oscillator is given by

Z(B,m,1) /dr/dpefﬁ(p [2m+mo? (r—R)?/2)

1 2 3/2
= = (—”) , (5.56)

Bmaw?
and so, from (5.55) and (5.56) one finds
(HN) = 3NkpT | (5.57)

which shows that the average energy of each one-dimensional oscillator is kgT .
As was already pointed out in the previous chapter, the equipartition theorem is a
result of classical statistical physics which has no counterpart in quantum statistical
physics. In the following sections it is shown that, when applied to radiation or to
a harmonic solid, the equipartition theorem is at odds with experimental results.
Therefore, these systems should be treated within quantum statistical physics.

5.7 Classical Theory of Radiation

Consider Maxwell’s equations for the electromagnetic field in vacuum in a closed
region R of volume V at the absolute temperature 7. If E = E(r,#) and B = B(r,?)
are the electric and magnetic fields, respectively, these equations read

10JB 1JE
VXxE=———,VxB= , V-E=0,V-B=0, (5.58)
¢ dt c ot
where c is the velocity of light in vacuum.
Since E and B are related with the vector potential A = A(r,r) through the

expressions:

B—VxA E—_ L2 (5.59)
cdt’

Maxwell’s equations (5.58) may be condensed into two equations, namely the
D’ Alembert equation or wave equation

1 9°A
VPA— 5 =5 =0 5.60
and the transversality condition:
V-A=0. (5.61)

As usual, consider plane-wave type solutions to (5.60) and (5.61), i.e.,

Ea(k)elT—on) (5.62)
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where €4(K) is the polarization vector, which is a real unit vector whose direction
depends on k. The transversality condition then reads

k-8q(k) =0, (5.63)

which indicates that, for a fixed wave vector Kk, there are two independent polariza-
tion states, since €4 (k) and k are orthogonal. On the other hand, upon substitution
of (5.62) into (5.60) one finds:

o =kc, (5.64)

which is the dispersion relation, with k = |k|.
The general solution to the wave equation is a real linear superposition of plane
waves (5.62) with coefficients ci ¢, i.e.,

4r N i(k-r— * A —i(k-r—
A= [T {eatall)d® 4o 2o (k)e KT (s.65)
k o

and so from (5.59) the fields E and B and the Hamiltonian of the electromagnetic
field may be determined, namely

1
H= 8—/dr(|E|2—|— B2 . (5.66)
T JR

If A is periodic of period L (L? = V) in the three directions of space (see below) and
one takes into account the fact that

| ) (e,
V/Rdr{ga(k)'ga/(k/)}e(k k)rZSaa/akkH

then (5.66) becomes

o\ 2 .
H=3272 (—) ckalt)ckall) (5.67)
k o c
where -
cko(t) =cae . (5.68)

Introducing the variables

Aealt) = =2 {ewalt) = ciealt)} (569)

and .
Okalt) = - {eralt) +cical0)} (5.70)

the energy of the electromagnetic field is given by

1
H=3% {Falt)+ 00k a(0)} (5.71)
k o
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which is the Hamiltonian of a system of uncoupled harmonic oscillators, since Py ¢
and Q ¢ are seen to be canonical variables, i.e.,

__9H OH
anAX’ ale)c .

Up to this stage, the result (5.71) is independent of the nature of the statistics. If
the radiation is treated classically, the average energy of each oscillator is, because
of the equipartition theorem, kg7'. In order to determine the number of oscillators,
assume that the region R is a cubic box whose side is L and that the vector potential
is periodic, of period L, in the three directions of space. The number of oscillators
for which the modulus of the wave vector & lies between k and k + dk is, therefore,

Po = Opo = (5.72)

Vv Vv
k)dk = ——=Ank*dk = —k*dk 5.73
pk)dk = o 5k dk, (5.73)
(note that, due to the periodicity condition, this result coincides with the one derived
for the number of quantum states for a free particle (1.66)).

It is important to realize that, for each oscillator with wave vector Kk, there are
two independent polarization states, as has been deduced from the transversality
condition. Starting from the dispersion relation (5.64) and from (5.73) one finds that
the total number of oscillators with angular frequency between @ and @ +d® is
given by
L 5

Vv
p(w)dwzzmgw do = 0’do . (5.74)

m2e3

The average energy of the radiation in this interval of frequencies is, therefore,
v 2
e(w)do = 5=kpTodw, (5.73)
pale

and so the heat capacity of the radiation Cy is given by

JE

o=
VT oT

aJd [ Voo
2 " dwe(w :k—/ dow? = oo, 5.76
oT /o ( ) B w23 Jy ( )
an anomaly known as the ultraviolet catastrophe. This result, as will be shown later
in Sect. 5.14, is a consequence of the application of the equipartition theorem.

5.8 Classical Theory of Solids

The crystalline structure of a solid of N atoms, whose position vectors are r;
(j = 1,2,...,N), is determined by its potential energy Hi™(r"), which is a sum
of pair potentials (1.4). From a classical point of view, the state of minimum energy
of the solid corresponds to a configuration in which the atoms are localized at the
equilibrium positions R; (j = 1,2,...N) of a Bravais lattice. This static image of the
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structure of a solid is inadequate because the atoms experience deviations with re-
spect to their equilibrium positions. If u; = u;(R;) = r; — R; denotes the displace-
ment vector of atom j with respect to its equilibrium position, the potential energy
may then be written as

N
HiM (N 2 (IR —Rj+u;—uj]) . (5.77)

NI'—‘
\\Mz

When the relative displacements of the atoms u; —u; are small compared with the
lattice constant, the potential energy (5.77) may be expanded in a Taylor series up
to second order (an approximation called the “harmonic approximation’), namely

) =13 3 VIR
2 J
i=1li#j=1
1y X IV (IR, —R}|)
+Zi§;i#§;l(m_uj)' JR;JR; (),

which does not contain the linear term because the equilibrium configuration is a
minimum of the potential energy and which may be rewritten as:

HIM (V) = Hint RN+ 2 2 u—u) - UR—R;)-(w;—u;), (5.78)
l Li#j=1

where H, Ii\}“(RN ) is the potential energy when the particles are at their equilibrium
positions and U(R) is the second-order tensor,

I’V (R])

V(R —
e T T

(5.79)

with R* the Cartesian components of R.
After development of the products in the harmonic term of (5.78) one finds

u-D(R;—R;)-u;, (5.80)

W
M=

HiP(e) = H(RY) +

i 1

Lj

where the displacement tensor D(R) has been defined through (note that in (5.80)
the double sum includes the terms i = j, which do not appear in (5.78))

D(R) = 8ro S UR') — U(R), (5.81)
R/

which has the following properties:

D(R) =D(-R), D"(R)=D"(R), Y DR)=0. (5.82)
R
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If one adds to (5.80) the kinetic energy of the atoms, of mass m, the corresponding
Hamilton’s equations read (note that the mechanical state of the system is described
by the momenta p; and by the displacement vectors u;)

) N
;= %, pi=— D(Ri—R))-u;, (5.83)
j=1
or, alternatively,
N
mﬁiZ—z‘@(Ri—Rj)~Uj, (584)

j=1
which are the equations of motion of the displacement vectors u;.

It is worth noting the analogy between the Hamiltonian (5.67) of the electromag-
netic field in vacuum and the harmonic term in the potential energy of the solid
(5.80), which are both positive definite quadratic forms. In the solid, since the dis-
placement tensor is real and symmetric, it is always possible to find a coordinate
transformation in which the transformed tensor is diagonal. In this coordinate sys-
tem, the Hamiltonian is the sum of the potential energy at the equilibrium positions
and of a set of 3V one-dimensional uncoupled harmonic oscillators (normal modes).
The average energy of the solid is thus given by

E = HM™RY) 4+ 3NkpT , (5.85)

since the average energy of each normal mode is kg7T'. Hence, the heat capacity of
the solid Cy turns out to be

Cy = g—i = 3Nkg (5.86)
which is independent of the temperature (Dulong—Petit law). This result is a good
approximation at high temperatures, but the experiments indicate that at low tem-
peratures Cy ~ T>. Note that the possible deviations from the Dulong—Petit law
when anharmonic terms are included should be relevant at high temperatures, since
one would expect that under such conditions the relative displacements of the atoms
should increase. From the previous argument it follows that the Dulong—Petit law is
incorrect at low temperatures because of the application of the equipartition theorem
and is not due to the harmonic approximation considered for the atomic oscillations.

5.9 Quantum Canonical Ensemble

In the previous two sections, it has been shown that the application of the equipar-
tition theorem to the energy of the electromagnetic radiation in vacuum and to the
solid in the harmonic approximation leads to results that are completely at odds
with the experimental findings. Therefore, in this section the quantum statistical
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treatment of a system that exchanges energy with the external world, i.e., the quan-
tum canonical ensemble, is discussed.

The derivation of the canonical ensemble from the microcanonical ensemble in
classical statistical physics was based on the fact that the energy was additive and
that the system had much fewer degrees of freedom than the external world. In this
way, from the probability density (4.1), which is uniform on the energy surface, the
probability density (5.11) was obtained in which the weight of the different mechan-
ical states is proportional to e BHN(@:P:®) where Hy(q,p; o) is the Hamiltonian of
the system and 7 = 1/kgf the temperature of the external world. Since the con-
cepts that allow one to derive one ensemble from the other are also valid in quantum
mechanics, from the quantum microcanonical ensemble, in which all the quantum
states of the Hamiltonian operator (4.85) whose energies E,(,N) (a) lie in the interval
between E and E + AE have the same probability (4.89), one obtains the quan-
tum canonical ensemble, in which the density operator is proportional to e Phn (@)
where Hy(ct) is the Hamiltonian operator. Hence, one postulates that the density
operator p of a system of N particles that exchanges energy with the external world
at the temperature T = 1/kgf} is diagonal in the energy representation and that its
elements are given by

. Smn
P = (Eulp|¥Fn) = m -pE" (@) ; (5.87)

where n indicates the quantum state that corresponds to the eigenvector |'¥,) and

whose energy is E,(lm (). The normalization condition (3.30) of the density operator
implies that

Z(B,o,N) = Ze—ﬂE(M (5.88)

where the sum extends over all quantum states of the eigenvalue equation (4.85).
Equations (5.87) and (5.88) define the quantum canonical ensemble, where Z(j3, o,
N) is the quantum partition function. Note the analogy between (5.12) and (5.88). In
the first case, one integrates over all the mechanical states in the phase space of the
system whereas in the second the sum is over all the quantum states of the eigenvalue
equation of the Hamiltonian operator. Note also that the partition function (5.88) is
the Laplace transform of the density of quantum states (4.87), namely

Z(B,,N) = /Odew(E,a,N)e—ﬁE
=X [CaEs (BB @) e b

(N)
=Y e PE @) (5.89)

As pointed out in Sect. 4.9, the convolution law for the density of quantum states
cannot be used to determine the thermodynamic properties of an ideal quantum gas
from w(E,V,1). For this reason, the partition function (5.89) of a quantum ideal gas
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does not factorize as the product of one-particle partition functions and hence there
is no equipartition theorem in quantum statistical physics (see Sect. 5.6).

Note, finally, that the expressions for the average energy (5.15), the energy fluc-
tuation (5.17), and the equation of state (5.21) of a classical system may be used
for a quantum system provided the partition function is determined with (5.88). For
instance, consider the average value of the Hamiltonian operator which, according
to (3.28), with Hy = Hy (o), reads

(Hy) = Y (FalHnp W) = D D (Fal AN |Fon) (Frn | P F)

1 J
= ~zg.am (o) 0.0 520

which coincides with (5.15).
Similarly, the Helmholtz free energy of a quantum system is defined by (5.23)
when the partition function is determined using (5.88).

5.10 Ideal Quantum Systems

Consider a system of N particles defined by a Hamiltonian operator Hy () which
is the sum of one-particle operators (see Sect. 1.9), i.e.,

19 (o) . (5.91)

'MZ

HN(Ot)

j=1

If the particles are identical, the operators A (t) = H; (o) have the same eigen-
value equation, which will be written as

1(0)[0) = €i(@)]6,) . (5.92)

where it has been assumed that the spectrum of H () is discrete. Once the eigenval-
ues €;(ot) are known, the quantum state of the system is completely characterized
when the occupation numbers of the particle quantum states are specified. For a
given configuration {n;} the energy of the system is given by

EQ) (o 2 niei( (5.93)

and so the partition function may be written as
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Z(B,a,N) =Y "e PTimeil@) (5.94)
{ni}

that is a sum over all configurations {n;} which, due to the conservation of the
number of particles, satisfy the following condition:

Sni=N. (5.95)

This restriction has been indicated with an asterisk in (5.93) and (5.94).

The evaluation of (5.94) is not simple due to (5.95). Further, one must also bear
in mind that for bosons and fermions (indistinguishable particles) only those quan-
tum states having a well-defined symmetry have to be considered. Indeed, while for
bosons the wave function is symmetric under the permutation of any pair of particles
and the occupation numbers may take any integer value 0 < n; < N, for fermions
the wave function is antisymmetric under the exchange of any two particles and
the occupation numbers may only take the values n; = 0,1 due to Pauli’s exclusion
principle.

As will be analyzed in the next section, there is, however, one specially inter-
esting case in which (5.94) may be exactly determined in spite of the restriction
(5.99).

5.11 Maxwell-Boltzmann Statistics

Consider a system of identical distinguishable particles, i.e., particles that may be
numbered. Note that, in this case, the mere specification of the particle occupation
numbers #n; is not enough to determine the quantum state of the system. For in-
stance, let ny = 1,n, = N — 1,n; = 0(i > 3). Since the particles are distinguishable,
the quantum state of the system will only be completely specified once one knows
which particle is in the energy state £ () (the first one, the second one, etc.). There
are, therefore, N possible quantum states that correspond to this configuration. Since
all these states have the same energy, the fact of considering distinguishable parti-
cles introduces a degeneration of the energy levels of the system when these are
specified by the occupation numbers ;. In general, given a configuration {n;} the
degeneration of the quantum state of the system is given by

N!
[ini!’

and so the partition function turns out to be

(5.96)

N!
— IV BYimEi(a)
Z(B,a,N) {;} H,»ni!e
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_ z ( —Bei(a) )n' (e_BSr(OC) )n, o (5.97)

n
{my ™%

It is seen that (5.97), when the numbers n; satisfy the condition (5.95), is
Newton’s expansion of the multinomial:

Z(B,o,N) = (e*ﬁﬁ(“)+...+e*ﬁ€r<“>+...)N: Z(B,o, DIV, (5.98)

where

Z(B,a,1) ze Ber(a (5.99)

is the one-particle partition function. Note that (5.98) is the quantum equivalent of
the classical statistics of an ideal system (5.29). As will be analyzed in the next chap-
ter, the Maxwell-Boltzmann statistics (5.98) is, under certain conditions, a good ap-
proximation to the quantum statistics (bosons and fermions), in which the particles
are indistinguishable. In contrast with these quantum statistics, in the Maxwell—
Boltzmann statistics the thermodynamic properties of an ideal system of N particles
may be obtained from the one-particle partition function Z(j3, ct, 1).
The average value of the occupation number in a particle state r is given by

1 N!
_ * _BZlnl :( )
<nr>—Z(B a N)Z ot " : (5.100)

which may be written as

Ne=Berlo) . (N—1)!
Z(ﬁ,a,N){n} m!...(n,—1)...

x (e_ﬁel(a) )"‘ (e—ﬁer<a> )'”7l ..
NeBer()
= Z(B,a,N)

where, once more, use has been made of Newton’s expansion of the multinomial.
According to (5.98), one finally obtains

(ny) =

(B, o, )N, (5.101)

eiﬁgr(a)

which is known as the Maxwell-Boltzmann statistics. Note that the average occu-

pation number of a particle quantum state is proportional to the Boltzmann factor
—Ber(a)
e .
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5.12 Maxwell-Boltzmann’s Ideal Gas

In order to determine the thermodynamic properties of an ideal quantum gas in the
Maxwell-Boltzmann statistics, one has to evaluate the partition function (5.99) of a
free particle. As shown in Chap. 1, the one-particle quantum states are specified by
three quantum numbers, ny,ny, and n;, that may take the values 0,£1,42,... The
energy of a particle of mass m contained in a cubic box of side L in a quantum state
Ny, Ny, N, is given by

272 K2

8”);7”}'7”2 (V) mvz/';

(n? —|—n +n?), (5.103)
where the volume of the box, V = L3, is the external parameter. The partition func-
tion of a free particle is, therefore,

ﬁ V 1 Z Z Z 7ﬂ2ﬂ2h2(n%+n'%+n§)/mvz/3 . (5104)

Ny=—00Ny=—00;=—00

The expression in (5.104) may be evaluated approximately when the volume of
the box is large. To that end, note that the components of the wave vector ky, ky,k;
are quantized, namely k, = 2nn, /L, ky = 2nn, /L, k; = 21tn, /L. These components
vary, in modulus, by 27z/L when each of the quantum numbers changes by one unit.
If L is large, this variation tends to zero and the components of the wave vector may
be considered as continuous variables so that one has

V n0O0 oo oo
Z(B.V.1) =g /%dkx L dk, L dk.e PR (5.105)

and the Gaussian integrals may be readily evaluated to obtain

Vv
Z(B,V,1)= ek (5.106)
where A is the thermal de Broglie wavelength (5.31). Note that in classical statis-
tical physics, Planck’s constant is arbitrarily introduced in the determination of the
one-particle partition function. In this way, the classical partition function of a free
particle (5.30) coincides with (5.106). In the latter case, however, Planck’s constant
comes from the solution of Schrodinger’s equation for the free particle in the box.

It is easy to show, using (5.98) and (5.106), that in the Maxwell-Boltzmann
statistics the equation of state of the ideal gas is p = pkpT and that the average
energy per particle is e = 3kgT /2, in agreement with the equipartition theorem.
On the other hand, the Helmholtz free energy (5.23) is not extensive. Such a re-
sult is logical since in the Maxwell-Boltzmann statistics particles are considered
to be distinguishable. Therefore, to avoid this anomaly, it is necessary to introduce
the Gibbs factor 1/N! when determining the partition function of the gas, namely
Z*(B,V,N) = [Z(B,V,1)]N/N!. This correction does not alter the equation of state
and the energy equation of the gas.
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5.13 Brillouin’s Paramagnetism

Consider a system of N distinguishable particles of mass m, charge e, and total angu-
lar momentum j in a magnetic field B. These particles might be, for instance, atoms
placed on the Bravais lattice of a solid, so that the Maxwell-Boltzmann statistics
may be applied to such a system. To simplify the calculations, it will be assumed
that the system is ideal while the kinetic energy of the atoms will not be considered.
As was pointed out in Chap. 1, the interaction energy of the total angular mo-
mentum j with the field B is one of the 2 + 1 values given by the expression

en(B) = —gugmB, (m=—j,—j+1,....7—1,j), (5.107)
where g is the Landé factor, 1z = efi/2mc is Bohr’s magneton, and B = |B|. The
partition function of an atom

J .
Z(B,B,1) Z ePstsmB = N gl (5.108)
m=—j m=—j

is the sum of the terms of a geometric series with x = BglzBj, i.e.,

e2i+x/j B sinh ((l + %)x)
i1 sinh (%) '

Since Z(B,B,N) = [Z(B,B,1)]", the total magnetic moment of the system turns

out to be

dnZ(B,B,1)
JdB
where B (x) is the Brillouin function defined as

1 1 1 x
Bj(x) = (1+2])Coth<<1+2—j>x) —z—jcoth<2]) . (5.111)

In Fig. 5.1 the Brillouin function is represented for j = 1/2, in which case
By 5(x) = 2coth(2x) — cothx = tanhx, j =1 and j = 3/2. Note that Bj(x) ~ 1
(x> 1) and that all the curves pass through the origin. The latter feature shows
that, in the absence of a magnetic field, the magnetic moment of the system is zero
(paramagnetism).

These limiting cases may be derived straightforwardly from (5.108). Consider,
first, that x > 1. The partition function of an atom may then be written as

Z(B,B,1)=¢* (5.109)

M = NkgT = NgupjB;(x) (5.110)

Z(B.B,1) Z eI — ot (1+e—x/f+e—2x//+...) ~et (5.112)

m=—j

or, alternatively,
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Fig. 5.1 The Brillouin func- 1.0 ——
tion Bj(x) for j = 1/2 (con- o= T
tinuous line), j = 1 (broken - /,,_-""
line), and j = 3/2 (dotted 08} S0
line) / .,."
/
06} ,
B; S
oaf [,
¥
s
0.2 %
0.0 .
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X
InZ(B,B,1) ~x, (5.113)
so that the equation of state (5.110) becomes
M>~Nglgj (x>1). (5.114)

This result leads to the conclusion that if the magnetic field is intense or the temper-
ature is low (g zB > kgT) all the magnetic moments will orient in the direction of
the field.

When x < 1, the exponential in (5.108) may be expanded up to second order to
obtain

J J
IR

1 2
Z(B,B,1) = <1—|—)—C,m—|——x,—2m2+...>
m=—j m=—j J 2]
x J
=2j+1|1 = 5.115
(1+)+2(2+12; SENCAEN)
since
j
Zm:O.
m=—j
Therefore,
InZ(B,B,1) ~In(2j+ 1)+ 5311 +1 2m21,m (5.116)

where the approximation In(1 +x) ~ x (x < 1) has been used. Since

Zm

m=—j

FJU+1DE2i+1),
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it follows that the equation of state (5.110) reduces in this case to

1 i(j+1
M nu) YtV ey, (5.117)
3 kgT
which can be cast in the form
my = xB (5.118)

where my = M/V is the magnetic moment per unit volume,

JjG+1)
kgT

xX= 3p(gu3) (5.119)

is the magnetic susceptibility, which is inversely proportional to the absolute tem-
perature (Curie’s law), and p = N/V is the density. An immediate conclusion of the
theory of Brillouin is that since an ideal system of magnetic moments is paramag-
netic, a necessary condition in order for the ferromagnetic phase to exist is that there
must be interactions between the magnetic moments (see Chap. 9).

5.14 Photon Gas

When analyzing the classical radiation it was shown that the energy of the electro-
magnetic field in vacuum may be written as an infinite sum of terms each of which
is the Hamiltonian of a one-dimensional harmonic oscillator. When these oscilla-
tors are treated classically, the application of the equipartition theorem leads to an
infinite heat capacity of the radiation. Consider now the quantum treatment of these
oscillators. As was discussed in Chap. 1, the energy of an oscillator of angular fre-
quency m; may take the following values:

8,’(&),’) :niha),-, (ni:0,1,2,...) s (5.120)

where n; is the number of photons in the state of frequency ; (see Sect. 1.8) and
the zero-point energy has not been accounted for. Note that in order to specify the
quantum state of the radiation, one has to fix an infinite set of variables n; and that
the energy of this state is given by

Epy({o:}) Znhw,. (5.121)

The fundamental difference between (5.93) and (5.121) is that, in the latter, the
numbers n; do not have to comply with the restriction (5.95); in other words, there
is no conservation of the number of photons. The quantum partition function of the
electromagnetic radiation in the vacuum contained in a volume V at the absolute
temperature 7T is, therefore,
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Z(B’V) — 2 e—BZ,-n,»hw,» _ H i e—ﬂnihwi _ Hlﬁ , (5.122)
[ !

{ni} i =0

or, alternatively,

nZ(B,V)=—YIn (1 —e—ﬁhwt‘) , (5.123)

where the sum in (5.123) extends to all photon states.

It is convenient to point out at this stage that in the quantum theory of radiation it
is shown that the photon is a boson of spin 1 and zero rest mass, so that its energy is
€ = pc = hkc = ho. Although in principle the photon has three possible spin states,
only two of them are independent, corresponding to the two states of polarization of
the electromagnetic wave. The sum over the photon states in (5.123) extends to the
oscillator states with any polarization (5.74), so that in the limit V — oo, one has

InZ(B,V) :—%/0 do »> 1n(1—e*ﬁhw) . (5.124)

Integrating by parts in (5.124) leads to

2V [(kgT\*

nz(B.v) = s () €4). 65.125)
where 1
1 = X

is the Riemann function (& (4) = n*/90). From (5.125) it follows that the equation
of state and the energy equation of the electromagnetic radiation are given by

2

=" (kgT)*, 5.127
P= s keT) o127
and 5
Vv
E=——(kgT)*, 5.128
s < T) 6129

which implies that the heat capacity Cy is finite.
One may compare the classical and quantum treatments of the radiation by com-
puting the average number of photons in a photon state, namely

1

m) = 7579 > npePrimho: (5.129)

{ni}

Due to the factorization of the different terms in (5.129) and (5.122), one has

)= (1 =€) 3 me o, (5.130)
nr=0
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and, since the first term in the series (5.130) is zero, the sum may be evaluated in
the following way:

oo

S= i nye Phom: — Y, (me+ 1)e~Phorm+1)

ny= my=0
— e*ﬂhwr <S+ i eBhwrmr>
my=0
_ o, (S+ ! _> (5.131)
- oo ) '
ie.,
1
S = 9
(e —T)(1 — P
ie.,

1

() = —groy 7 (5.132)

which is known as Planck’s statistics.

In the limit V — oo, one may determine from (5.132) the average energy of the
radiation in the frequency interval between w and w + d®. To that end, one has to
take the product of the number of photon states in that interval (5.74), V o*dw /n*c3
times the energy of the photon, @ times the average number of photons in the
interval (5.132), to obtain

1
7'L'2C3 W‘T—l . (5133)

Vv
e(0)do = —5— w’*doho
e
Integration of (5.133) over the whole interval of frequencies leads to (5.128).
Note, however, that in the limit of low frequencies or high temperatures (fiiw < 1)
the fraction in (5.133) may be approximated by 1/B%w®, and so in this limit

1%
e(w)do ~ kaTa)zda) (Bho < 1), (5.134)

which results from multiplying the number of photon states in the interval by the
classical average energy of the oscillator kg7 (see (5.75)). This equation shows that
the classical result is only a low-frequency approximation to the Planck statistics
so that if extrapolated to all frequencies it leads to an infinite heat capacity of the
radiation.

It is seen that (5.133) may be expressed in terms of the variable x = Bl as

h3 3
re e(0)dw = ——dx (5.135)

e—1
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Fig. 5.2 Energy density of the 2.0
radiation eg(x) = x> /(e* — 1)
as a function of the variable
x = Bho (continuous line). 15}
The curve has a maximum at
x = 2.821. The broken line is

the classical result e (x) ~ x*
ult e (x) =~ x e 10l I

051

0.0 . .
0 4 8 12

which is represented in Fig. 5.2. The function ep(x) has a maximum at x = 2.821,
which implies that the angular frequency at which e(®) reaches its maximum grows
proportionally to the temperature (Wien’s displacement law).

5.15 Phonon Gas

In the Hamiltonian of a solid in the harmonic approximation, the term correspond-
ing to the deviations of the atoms from their equilibrium positions is a positive
definite quadratic form. As is well known, the time evolution of the 3N deviations
may be described by means of a set of 3N normal modes that satisfy equations of
motion of the harmonic oscillator-type. When these oscillators are treated classi-
cally, upon application of the equipartition theorem one obtains the Dulong—Petit
law. The quantum study of the harmonic oscillations in a solid is, therefore, similar
to the one just carried out for the electromagnetic radiation. Once more, the energy

of each oscillator is given by
8,’(&),’) :niha),-, (ni:0,1,2,...) s (5.136)

where n; is the number of phonons in the state of frequency ;. The partition func-
tion of the phonon gas is then

3N o
Z(ﬁ,V, 3N) — z e—ﬂZ?ﬁ. niho; _ H z e Pnino;
{n;} i=1n;=0

3N 1

- 5.137
i131 1 — e~ Bhoi ( )
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where neither the potential energy at the mechanical equilibrium nor (as in the case
of the photon gas) the zero-point energy of the oscillators have been considered.

There are two fundamental differences between the photon gas and the phonon
gas. The first one has to do with the fact that in the solid the number of oscillators
is 3N, while that of the electromagnetic radiation is infinite. The second one is that
in the solid the exact form of the dispersion relation ®; = w;(k), where k is the
modulus of the wave vector, is not known exactly.

The average energy of the phonon gas is given by

B P 3N pho _3N ho;
E_%Ziln(l—e )_;73ﬁhwi_l’ (5.138)

which in the high temperature limit BA®; < 1 may be approximated by

3N

h(!),’
E~ = 3NkgT . 5.139
Z{(l—i—ﬁhwi—i—...)—l i (5.139)

This is the result that one would obtain using the equipartition theorem and which
leads to the Dulong—Petit law (5.86).

A simple approximation of (5.138) may be obtained if one assumes that all the
oscillators have the same frequency wg (quantum Einstein model), so that

h(l)E
and, therefore, )
Or /T

where the Einstein temperature has been defined as O = hwg /kp. Since Of is
unknown, it may be taken as a free parameter in (5.141) so that this expression fits
the experimental data. The results obtained in this fashion indicate that, although the
heat capacity of the solid in the Einstein model has a qualitatively correct behavior,
it decreases at low temperatures as

) 2
Cy ~ 3Nkg <TE> e Cu/T (5.142)

when 7' < Of, whereas the experimental results indicate that in this limit Cy ~ T3
(Fig. 5.3).

Finally, in order to establish the Debye theory, consider again the equations of
motion of the displacement vectors u; in the harmonic approximation (5.84). If one
seeks for plane wave solutions, namely
(5.143)

3

é(l (k)ei(k-Rifwaﬂ
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where €, (K) is the polarization vector, which is a unit vector whose direction de-
pends on K, upon substitution of (5.143) into (5.84) one finds

D(Kk) - 24(k) = mo? (K)2q (k) (5.144)

where '
D(k) =Y D(R)e ¥R =D(—k). (5.145)
R

Note that (5.144) is the eigenvalue equation of the operator D(k), whose eigen-
vectors are &, (k) and its eigenvalues mo?2 (k). From (5.145) it follows that D (k) is a
real tensor, even in k. The tensor is, moreover, symmetric since D*V(R) = DV#(R).
For a fixed wave vector k, let €4 (k) (. = 1,2,3) be a set of orthonormal eigenvec-
tors:

Ea(k)-Ex(K) =040 - (5.146)

Note that, in contrast with the case of the electromagnetic radiation, in a solid the
transversality condition does not hold so that, once the wave vector k is fixed, there
are three independent states of polarization.

In order to obtain an adequate description of the heat capacity of the solid at
low temperatures, consider the tensor D (k). According to (5.138) the most impor-
tant contribution when 7 — 0 (8 — o) corresponds to the low frequencies @ or,
as shown in what follows, to the small wave vectors. Therefore, (5.145) may be
approximated by

==Y DR)(k-R)*, (5.147)

where k = k/k is the unit vector in the direction of k. The first two terms of the
expansion (5.147) are zero, the first one because of (5.82) and the second one due
to the fact that
Y DR)-R=0, (5.148)
R

since D(R) = D(—R).
With this approximation, the eigenvalues of (5.144) may be written as

0g (k) = cq(k)k (5.149)
where cq (ﬁ) are the square roots of the eigenvalues of the tensor

1 i 2
“5 > DR)(k-R)*. (5.150)
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In an isotropic medium it is always possible to choose one of the directions of
the vectors € (k) in the direction of k (longitudinal mode), so that the other two po-
larization vectors are orthogonal to k (transverse modes). Note that the dispersion
relation (5.149), which is valid when k — 0, is analogous to one of the electromag-
netic radiation in the vacuum (5.64). In the case of the radiation, c is the velocity of
light, while in (5.149) ¢, (k) is the velocity of the longitudinal or transversal sound
wave.

Assume that, as in the case of radiation, periodic conditions are imposed to
(5.143) in a cubic box of side L, so that the number of phonon states whose modulus
of the wave vector lies between k and k + dk is (5.73). For the longitudinal wave,
the number of phonon states with angular frequency lying between @ and @ +dw®
is, therefore,

V1,
p(0)do = Wgw do, (5.151)
while for the transverse wave it is
V1,
w)dw=2—— 0°dw 5.152
pt( ) znzcg ’ ( )

where ¢; and ¢; are the velocities of the longitudinal and transversal sound waves.
The total number of phonon states is given by

vV 1 vV 1 1
p(w)dw = 2_7r2c_fw2dw+22—7r2c_fw2d —3?—3(»251@, (5.153)
where ¢ has been defined as 3 ! 5
E_3£c_?+§' (5.154)

Since there are 3N phonon states, one must impose an upper frequency limit, @p,
referred to as the Debye frequency, such that

271:2 3/ dow*=3N, (5.155)
ie.,
w3, = 6m’pe’ (5.156)

where p = N/V is the average density of the solid. The average energy of the phonon
gas is, according to (5.138),

3V ®p ho
= do o ——— 5.157
271263 /0 ePho 17 ( )

and hence

3VES Bhop &
Cy = B3 / dxx*—— 5.158
Y omen b e ( :
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Fig. 5.3 Specific heat at

constant volume, cy /kg,

of a crystalline lattice as

a function of x = T /O

(Einstein’s theory, dotted

line) and x = T /Op (Debye’s

theory, continuous line). The cy/kg
broken line is the classical

result

or

(5.159)

T\? réo/T &
Cy = 9Nkp | — dxxt———
Y B(%) /o RCED

where the Debye temperature, ©p, has been defined as kpgOp = hiwp.
At low temperatures (T < Op) the upper limit in the integral may be replaced by
infinity and since
oo & 47[4
dxxt ——— = —
/0 e 12T 15
one finally finds for the specific heat at constant volume cy = Cy /N

_lart (T
cy = 5 B @D .

(5.160)

This equation has an adjustable parameter, the Debye temperature, in a similar way
as in the Einstein model and the law cy ~ T3 is the one obtained in the experiments
(see Fig. 5.3). A typical Debye temperature is of the order of 10?K (Table 5.1). Note
that if 7 < ©p quantum effects are important, while if 7 >> ©p the classical result
(the Dulong—Petit law) is obtained.

Table 5.1 Debye temperature ©p in Kelvin for some elements

©p (C)5)
Li 400 Al 394
Na 150 Si 625
K 100 As 285
Cu 315 Fe 420
Ag 215 Ni 375
Au 170 Pt 230

Source: N. W. Ashcroft and N. D. Mermin, Solid State Physics, Saunders, Philadelphia (1976)
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Chapter 6
Grand Canonical Ensemble

Abstract In this chapter, the grand canonical ensemble describing a system that
exchanges energy and particles with the external world is introduced. The density
fluctuations at the critical point and the ideal quantum boson and fermion gases are
presented as key applications of this ensemble.

6.1 Classical Grand Canonical Ensemble

When two closed systems of volumes V| and V,, which together constitute an iso-
lated system of energy E and volume V = V)| 4V, exchange energy in an additive
way, E = E| 4 E», the probability density of the energy of a subsystem is, according
to (5.1),

®1(E1,Vi,Ni) 02(E — E1,V2,N>)
o(E,V,N)

pi(Er) = ; (6.1)

where the numbers of particles, N; and N, (N = N; + N,), are constant for each
subsystem.

If the subsystems may also exchange particles, where in what follows they will
be considered to be all of the same species, the question immediately arises as to
what the probability density, denoted by p,(E;,N;), for the subsystem to have an
energy E; and a number of particles N; will be. Note that in (6.1) N and N, are
numbers that do not indicate which particles belong to one or the other subsystem.
From a classical point of view, the mere specification of these numbers is not enough
to determine the state of each subsystem, i.e., if the N particles of the total system
are numbered, which is always possible in classical mechanics, the state of the sub-
system will only be completely determined when one knows which particles belong
to it. Since one wants to determine the probability density that the subsystem has
any N particles and (6.1) is the same for each group of N; particles, p(E1,N;)
is the expression (6.1) times the number of possible ways to distribute N particles

121
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among the subsystems in groups of Ny and N, particles (since the groups are mutu-
ally exclusive), namely

N!  i(E\,Vi,Ny) 02(E — E{,V2,N —Ny)
E{.Ny) = 6.2
PiELN) = S o(E,V,N) (62

in which the combinatorial factor corresponds to the degeneration of the states of
the subsystems due to their characterization through the numbers Ny and N, (note
that this kind of combinatorial factor already appeared in Chap. 5 in the study of the
Maxwell-Boltzmann statistics). The above equation may be written as

o7 (E,Vi,N) 05(E — E,Vo,N —Ny)

E|,N)) = 6.3
pi(E1,Ny) o (E,V.N) ) (6.3)
or, alternatively,
i Qi (E—E,Va,N—Ny;AE

pi(ELN) = i (£ Vi) 2L T EV.N.AD) Lo e

where |
o*(E,V,N) = mw(E,V,N), (6.5)
Q*(E,V,N;AE) = o*(E,V,N)AE , (6.6)

and it has been assumed that £ — E; > AE.

Note that (6.1) and (6.3) are similar, with the difference that in the latter the
functions 0 (E,V,N) are divided by N!, following (6.5). Recall that both in the mi-
crocanonical and in the canonical ensembles the factor 1/N! was introduced in an
ad hoc manner to avoid the Gibbs paradox. In the case of a classical subsystem that
exchanges particles, this factor arises naturally for the reasons stated above. The
normalization condition for p, (Ej,N;) reads

N E
> [ aEip(ELN) =1, 6.7)
Ny=0"0

which expresses the fact that the probability that the subsystem has any energy and
any number of particles is one.

Note that since the probability density (6.3) is the product of a monotonously in-
creasing function, @} (Ej,V;,N;), and a monotonously decreasing function, w}(E —
E1,V2,N—Ny),of Ny and E1, p, (E1,N;) has a maximum at Ny and £,. When N > 1,
1 < Ny < N, and E| < E, which is the normal situation in an experiment in which
the system (subsystem 1) is macroscopic and much smaller than the external world,
one should expect that wherever p,(E;,N;) differs appreciably from zero, the en-
ergy E, and the number of particles N, be such that E, > E; and N, > Nj.

The probability density (6.4) may be approximated by taking the Taylor expan-
sion of the logarithm of Q3 (E — E;,V»,N — N; AE) around the point £, = E and
N> = N, namely
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In <Q;(E—E1,V2,N—N1;AE)

=—[p-E Ni+... .
Q5 (E.V2,N.AE) ) BoEr+ BotiaNi+ ... (6.8)

with
81nQZ*(E2,V2,N2;AE)

2 IN, E>=E.N,=N

where Th = 1/kp3, (see (5.3)) and p, are the temperature and the chemical potential
of the external world, respectively. Note that (6.9), which defines the chemical po-
tential in classical statistical physics, may be written from (4.40) (recall that if the
external parameter is the volume and the particles may be permuted, the function
Q(E,V,N;AE) has to be replaced by Q*(E,V,N;AE)) as

=-T— 6.10
u N (6.10)
which is precisely (2.19).
With the approximation (6.8), the density probability (6.3) leads to
QJ(E,V,,N;AE) _ N

E|,Ny) = 22 ) G (Ey, V), Ny ) e Pabr 6.11
pl( 15 1) Q*(E,V,N,AE) wl( 1, V1, l)e o) ( )

where the fugacity z has been defined as
=P, (6.12)

If the normalization condition (6.7) is taken into account, one obtains the follow-
ing expression,

1
E\,N) = ——— @' (E,V,N; ) e P21 N 6.13
pi(E\,Ny) Q(ﬁz,V1,22)w1( 1,V1,N1) e 5, (6.13)
where
N N -E
0By, Vi,22) = Y. zz'/o dE, o' (Ey,Vi,Ny) e P2t (6.14)
N|:0

is the classical grand partition function of the system. Observe that, except for f3,
and z;, all the variables appearing in (6.13) and (6.14) correspond to the system. In
what follows, to simplify the notation, the subscripts will be dropped to write

1

R —BE
p(E,N) Q(ﬁ,V,z)w (E,V,N)e PEN | (6.15)
with . _
0(B.V,2)= Y, zN/ dE o*(E,V,N)e PE | (6.16)
N=0 7O

where the variables E, V, and N correspond to the system and the parameters 3 and z
to the external world. Note that, due to the pronounced maximum of p (E,N), in the
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grand partition function (6.16) the upper limits in both the sum and the integral have
been replaced by infinity. The ensemble described by (6.15) and (6.16) is called the
grand canonical ensemble, which is the ensemble that represents a system in thermal
contact (that exchanges energy) and chemical contact (that exchanges particles) with
another system (the external world) which has a much greater number of degrees of
freedom.

Note that the classical grand partition function may be written as

oo

Q(B,V,2)= Y NZ*(B,V.N), (6.17)

N=0

which is a series in the fugacity whose coefficients are the partition functions of N
particles (with Z(3,V,0) = 1):

Z*(B,V,N) :/OwdEa)*(E,V,N)e‘ﬂE. (6.18)

This is indeed (5.8) in which the phase volume w(E,V,N) has been replaced by
®*(E,V,N). Note that in the grand canonical ensemble the factor 1/N! appears
because the probability density p(E,N) refers to any number of particles N.

Consider now the probability density in the phase space (4.46) of a subsystem
that exchanges energy with another subsystem. If one assumes that the subsystems
may also exchange particles, the probability density p (g1, p1,N1) for the subsystem
1 to be in a state (g1, p1) and containing any N; particles is, by the same kind of
arguments leading to (6.3) from (6.1), the probability density (4.46) multiplied by
the combinatorial factor N!/N;!N,! (once more, the Hamiltonians are denoted by
H; and H; in order to simplify the notation), namely

. N! 1 (L)z(E—Hl,Vz,N—Nl)
TN IN, ! B3 o(E,V,N)

p1(q1,p1,Nt)

1 Qi(E—H,Vo,N—Ni;AE)

N 6.19
NN QF(E\VN:AE) (©6.19)
which may be approximated using a Taylor series expansion as
Q}(E —Hy,V2,N — Ni;AE)
1 2 » V2, _ By N N 20
< Q3 (E,V2,N;AE) BoHy +BotipNi+... (6.20)

i.e., a result analogous to (6.8). Upon substitution of (6.20) into (6.19), imposing the
normalization condition

N .
3 /dm/dplpl(ql,pl,zvl): 1, 6.21)
N=0
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and, finally, dropping the subscripts, all of them corresponding to the variables of
the system, except for the temperature 7, (or the parameter f3,) and the chemical
potential 11, (or the fugacity z») of the external world, one has

1 1

p(q,p,N) = szlve_ﬁHN(%Pév) , 6.22)

with

> 1 .
Q(B.V.2) = X oy [da [ape e, 623)
N=0 .

where the integral in (6.23) extends over the whole phase space of the system with-
out restriction and the upper limit of the sum has been replaced by infinity. Note
that (6.23) may be written as (6.17) with:

1 .
Z'(B.V.N) = oy / dq / dpe PiN(@PV) (6.24)

which, in contrast to (5.12), includes the factor 1/N! (see also (5.34)).

6.2 Mean Values and Fluctuations

In a system described by the grand canonical ensemble, the energy and the number
of particles are random variables whose probability density is (6.15). The Hamilto-
nian of a system of N particles, Hy = Hy(q, p;V), is a function of the mechanical
state (¢, p) whose probability density is (6.22). Therefore,

=T )
) = 5573 ZZNN!h3N/dq/deNe BHy

N=0

1 i 1 P )
T 0(B.V.2) IZ'OZNNWN (‘Tz) /dq/dpe prin, (6.25)

ie.,

1 0
(Hn) = 0BV (ﬁ) 0(B,V,z2), (6.26)

which is known as the energy equation.
Similarly, the mean quadratic value of Hy is obtained as follows:

oy 1 9>
<HN> - Q(B,V,Z) (8[32) Q(ﬁaV7Z) y (6.27)
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The fluctuation of the energy of the system is given by

P) 1 90(B,V,
(Hy) — (Hn)* = 55 <Q(/3,v,z) Q(gﬁv Z)> , (6.28)
ie.,
(Hy) — (Hn)* = _%<HN> : (6.29)

which is analogous to (5.18). Note, however, that the average values in the grand
canonical ensemble are functions of f3, V, and z, while the average values in the
canonical ensemble are functions of 3 , V, and N. This point is addressed in more
detail below.

Since in the grand canonical ensemble the number of particles is a random vari-
able, its average value is given by

1
=g B s [ 40 [

1 0
:m< 0z >N o N'hSN/dq/dPe Hy, (6.30)

ie.,
1 d
In a similar way one has
20 1 8) < (9)
W)= g (52 (e3:) 2. (032
and the fluctuation in the number of particles turns out to be
2 An2 i( 1 aQ(Bavvz))
(NT) = ()" =25 AR : (6.33)
ie., 5
2 _ a2 .2
(V) = (V) = 25-(N) (634)

The pressure, which is the intensive variable corresponding to the external pa-
rameter V, is obtained as the average value of the dynamical function —dHy/dV
with the average performed with the probability density (6.22):

_ 1 hd 1 aHN .
" CQ(B.V.z) I\Z‘OZNNgh3N/dq/dPWe
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_ 1 - 1 0 sy
~ BO(B.V.2) ,Z‘OZNNWNW/‘Z‘]/CZPE : (6.35)

or, alternatively,

_ 1 Jd0(B,V.z)
P=BoB.v) v

Note that (6.36), p = p(B,V,z), is not the equation of state of the fluid p =
p(B,V,(N)). Since in the grand canonical ensemble the fugacity is an independent
variable, all the average values are parametric functions of z. In order to obtain,
for instance, the equation of state p = p(3,V,(N)), one has to eliminate z from the
equation for the average number of particles (6.31), i.e., z = z(B,V,(N)), and then
substitute this result in (6.36), p = p(B,V,z(B,V,(N))). This is not a simple process
as will be shown throughout this chapter.

(6.36)

6.3 Grand Potential

As indicated at the beginning of this chapter, the probability density (6.15) has a
pronounced maximum for a value of the energy £ and the number of particles N.
The conditions for the extremum of p (E,N) are given by

<aln.Q*(E,v,N;AE)> y — (6.37)
JE E=EN=N
and
(81nQ*(E,V,N;AE)) YBu=0, (6.38)
JON E=EN=N

which express, according to (4.55) and (6.9), the thermal equilibrium (equality of
temperatures) and the chemical equilibrium (equality of chemical potentials) be-
tween the system and the external world. These equilibrium conditions take place at
the state of maximum probability and so, as a consequence of the existence of this
maximum, the series in the fugacity (6.17) may be approximated by the dominant
term, namely

0(B,V,2) ~NZ*(B,V,N), (6.39)

where N(B,V,z) and E(J3,V,z) are the solution of the system of equations (6.37)
and (6.38). Multiplying by kgT and taking the logarithm, one has

ksTInQ(B,V,2) ~ Nu + kT InZ*(B,V,N) = Nu—F(B,V,N), (6.40)

where F(8,V,N) is the Helmholtz free energy. If one defines the Landau free energy
or grand potential 2(f3,V,z) as
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Q(ﬁ,V,Z) = _kBTan(ﬁ,V,Z) ) (641)
from (6.40) one obtains
Q(B,V,Z)QF(ﬁ,V,N)—N,U, (642)
which is the thermodynamic relation (2.36) evaluated at N. In the thermodynamic
limit QY.
) 7Z
TL [T] =f(B.p)— 1, (6.43)

where f(B,p) is the Helmholtz free energy per particle and p = (N)/V is the av-
erage density (note that due to the maximum of probability (N) = N). From (6.36)
it follows that since p and B are intensive variables, in the thermodynamic limit
InQ(B,V,z) has to be a homogeneous function of degree one in V, i.e.,

p . [mQO(B,V,2)
kB—T =TL {7‘/ } , (6.44)
or, alternatively,
Q(B, V,Z)] P
TL | —————2 | = —=, 6.45
[ ™) o (049

which is (2.39). Note that the fact that in statistical physics the independent variables
are 3 and z (instead of the thermodynamic variables 7 and ) should lead to no
confusion.

6.4 Classical Ideal Gas

As a simple application, consider the classical ideal gas in the grand canonical en-
semble. The grand partition function of the gas is given by

Q(B,V,z) = Z zNN' (B,V, )N = eZ BV (6.46)
where use has been made of (5.35). Therefore,
74
nQ(B,V,z) =zZ(B,V,1) =7z (6.47)

because, according to (5.30), Z(B,V,1) =V /A3.
The equation for the average number of particles (6.31) reads

Vv

(N) =227, (6.48)
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from which it readily follows that z = p A3, where p = (N)/V is the average density
of the gas and hence
w=kgTIn(pA?). (6.49)

The solution to the system of parametric equations is in this case trivial and so
substitution of the value of the fugacity z = pA3 into ( 6.26), (6.29), (6.34), and
(6.36) leads to

(Hy) = %<N>kBT , (6.50)
(Hy) = (Hy)* = 14—5<N> (ksT)? (6.51)
(N?) = (N)* = (N}, (6.52)
and
p = pksT . (6.53)

Note that (6.50) is a generalization of the equipartition theorem, where N is re-
placed by (N). The energy fluctuation (6.51) is greater in this case than the one cor-
responding to the canonical ensemble, 3N (kpT)?/2 assuming that (N) = N, since
when the number of particles fluctuates (something that does not occur in the canon-
ical ensemble) these fluctuations also contribute to the energy fluctuation. Note that
(6.51) and (6.52) show that the relative fluctuations

(H)—(Hy)? 5 (N —(N)? 1

S LT/ M T LR T (©3%

tend to zero in the thermodynamic limit. On the other hand, (6.53) is, as is well
known, the equation of state of the classical ideal gas.
6.5 Classical Ideal Gas in an External Potential

Consider now a classical ideal gas in a one-body external potential ¢ (r). From
(6.46) and (5.38) the grand partition function Q (8,V, z) reads

1 _
an(ﬁvvaz) = ZF /dr e Bo(r) , (655)
R
and, hence, the grand potential Q (f3,V,z) = —kgTInQ(f,V,z) can be written as

BQ(B,V,2) = —% /dreﬁ"(r> =BQ[u , (6.56)
R

which is a functional, denoted by Q [u], of u(r) = u — ¢ (r), with u = kgT Inz the
chemical potential. The external potential ¢ (r) induces a non-uniform local density
of particles p,(r):
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N
r) = <Z 8(r— r;)> = %eﬁ"@ , (6.57)
i=1

which is the barometric formula for the density distribution in the presence of an ex-
ternal field. It is seen from (6.57) that there is a one-to-one correspondence between

p(r) and u(r).

From (6.56) one has
ﬁag _ ——/dl’ e r)+ou(r)] eBu(r))
:—F/dre () B §u () + .. (6.58)
R
i.e., the first functional derivative of the grand potential reads

5Qu]
Su(r)

=—p,(r). (6.59)

From (6.57) it follows that

1 1
8pi(r) = 5 (emu<r>+6u<r>] _ eﬂu(r)) — ﬁFeMr)gu () + ...

=F / dr'p; (r) 8 (r—r') Su (r') + .. (6.60)
R
ie., s
51;1(3)‘) =Bpi(r)d(r—r), (6.61)
yielding .
% =—Ppi(r)8(r-r) <0, (6.62)

i.e., Q[u] is a concave functional of u (r).
Now define the intrinsic Helmholtz free energy functional F[p] as the Legendre
transform of Q [u]:

’J"[pl]:.Q[u]+/dru(r)p1(r), (6.63)

where u (r) in (6.63) is the solution of (6.57), i.e.,

u(r) =kgTln(p; (r)A?) . (6.64)
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An elementary calculation leads to

Fp,] :kBT/dr py () (In(p, () A3) — 1) | (6.65)
R

As will be shown in the next chapter, the equilibrium local density p, (r) of an
open system in an external potential ¢ (r) can be obtained by a variational principle.
For an ideal gas the demonstration is simple. Indeed, define the functional

AP =[]~ [dru()p m), (6.66)

R

and observe that when p (r) = p, (r), (6.63) and (6.66) yields A [p,] = Q [u], i.e.,
the functional reduces to the grand potential. The first functional derivative of (6.66)
at constant u (r) is

6A[p,]
6p (r)

which, after (6.64), vanishes at the equilibrium local density p (r). Moreover, the
second functional derivative is given by

=kgT In(p; (r)A*) —u(r) , (6.67)

8’Alp S(r—r
APy 8 (6.68)
6p; (r)6p, (1) pi(r)
i.e., A[p,] is a convex functional of p, (r). In summary, the equilibrium local den-
sity p, (r) minimizes the functional A [p,] for a fixed external potential « (r). In the
next chapter it will be shown that this variational principle also holds for interacting
systems.

6.6 Two-Particle Distribution Function

Consider a system of interacting particles in a one-particle external potential ¢ (r).
The Hamiltonian is

vy =y P
%W%)—EM+WM)
N pZ ) N
= D o H () + X 0 () (6.69)
j=1 =

which is the sum of the kinetic energy, the interatomic potential energy, and the
energy of the one-particle external potential. Observe that in (6.69) the interatomic
potential energy may consist of pair, triple, etc. interactions. The grand partition
function is
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i 1
0(B.V.9= 3 i [ exp[-Buw ()], (6.70)
- R

where the elementary integration over the momenta has been performed. For sim-
plicity, denote by p, (r) the dynamical function that represents the local density of
particles (4.69), i.e.,

)
M=

pi(r)=) 8(r—rj). (6.71)

1

~.
Il

Since z = P! one finds
N N
Nu= 30 () = [dr X 8(—x)) (-0 ()
=1 A=
- / dru(r)p, (r) , (6.72)
R

and the grand potential Q (8,V,z) = —kgTInQ(B,V,z) = Q [u], which is a func-
tional of u (r) = u — ¢ (r), can be written as

o &1
o—BQl _ Ngom l eIy (v [u]) | (6.73)
where
Iv (*V:[u]) =exp | -B H]i\}“(rN)—/dru(r)ﬁl(r) . (6.74)
R

This result is a straightforward extension of that obtained for the ideal gas. Observe,
however, that for interacting systems the two first functional derivatives of Q [u]
yield different distribution functions. The first functional derivative of (6.73) is

?sf([ru)] = =P i Wlazv / ™ by (0) Iy (V3 [u]) (6.75)
N=0""" R
ie., 50
5u ([ru)] == (p1(m) =—pi(r), (6.76)

where p; (r) is the non-uniform local density of particles (one-particle distribu-
tion function) induced by the external potential. A further differentiation of (6.75)
leads to

5°Q[u o 1 R o
W(s”() = —BeP Y oy / de By (1) py () Iy (rVs[u))

N=0



6.7 Density Fluctuations

ie.,
G2 g5 05, ()= (5, () By () <0,
Ou(r)du(r)

i.e., Q[u] is a concave functional of u (r).
From (6.71) one has

05~ S Zown) )

i=1

et {$te-n)

(3 3 se-msien),

j=1j#i=1

where the contributions i = j and i # j have been separated, yielding

(P (®)p, (r)) = p(1)8 (r—1') +p, (r.1')
with p, (r,r’) the two-particle distribution function defined as
N N
po(rx)=(> > 8(r—r)s(r'—r;) ).
J=1j#i=1
From (6.76), (6.78), and (6.80) one obtains

66[;1(1(‘3) =B [p2(rr) +p (1) (r—1) —p(r)p, (r')] .
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(6.77)

(6.78)

(6.79)

(6.80)

(6.81)

(6.82)

It is seen, by comparison of (6.82) and (6.61), that for an ideal gas p, (r,r) =

py(r)py ().

6.7 Density Fluctuations

The fluctuation in the number of particles in the grand canonical ensemble is given
by (6.34) and, as has been indicated in Sect. 6.2, it is a function of 3, V, and z. This
fluctuation, as will be shown shortly, is related to the isothermal compressibility

coefficient of the system. To that end, consider the identities:
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and
<%\’/>>w T <%>m (3_‘;>ﬂ,<zv> ’ o

where, to be more precise, the variables that remain constant in each partial deriva-
tive have been indicated by a subscript. Note that if (N) = (N)(,V, p), since f and
p are intensive variables, in the thermodynamic limit (N) has to be a homogeneous
function of degree one in V, so that

(5, e

where p is the average density of particles. On the other hand, from (6.31) and (6.36)

it follows that
(), (3, 58)
aZ BV aZ BV 8\/ B.z

J 8an(ﬁ,V,Z))
— kpT [ == oMER,V,2)
o (5v), ()

TL

= kT <M> , (6.86)
av Bz
and since B and z are intensive variables
TL |z (8_p> =kpT TL [@} =kpgTp . (6.87)
aZ BV \%4

Using (6.83) and (6.87), it is found that (6.34) may be expressed as

(N?) — (V)

TL{ W)

] = pksTxr , (6.88)

where the isothermal compressibility coefficient y is defined by

1 /oV
=—— | — . 6.89
xr 4 < dp > B.(N) (©-59)

Equation (6.88) expresses the fluctuation in the number of particles with respect
to the average value as a function of the temperature, the average density, and the
isothermal compressibility coefficient of the system. Note that in the thermodynamic
limit y; = x4(T,p), and hence if the system is a fluid, either a vapor or a liquid
phase, where  is finite



6.8 Correlations at the Critical Point 135

TL {M] <oo. (6.90)

<N> T,p

An important exception to this result takes place at the liquid—vapor critical point,
since the critical isotherm 7; has an inflexion point (see Chap. 9) at p = p,., where
P, is the critical density, i.e., y (7, p.) = o=. Therefore, at the critical point,

(N*) = (N)* .
TL {7% Lp_ , (6.91)

and the density fluctuations become observable in a phenomenon called “critical
opalescence” (i.e., during the dispersion of light, the resulting fluctuations of the
index of refraction of the fluid make it to acquire a milky appearance).

6.8 Correlations at the Critical Point

The density fluctuations of a fluid may also be analyzed taking a different approach.
Consider again the dynamical function (6.71):

N
Z r—r;) (6.92)

Assume that the fluid is formed by N particles contained in a closed region R
of volume V at temperature T. Let R C R be an open region of volume V’. The
dynamical function number of particles contained in R', N (q,p; v’ ), is, according to
(6.92):

N(g,p;V'") = /erSr r;), (6.93)

whose average value in the grand canonical ensemble turns out to be
N
(N)yr :/ dar{ ¥ 8(r—r)) :/ drp,(r), (6.94)
R/ le ; R/
where

r):<§6(r—rj)> , (6.95)
j=1

is the local density of particles.

In order to determine the fluctuation in the number of particles in R’, one has to
compute the square of (6.93) and take the average over the grand canonical ensem-
ble, namely
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. . N
(N?)yr = / dr / a' (33 8(r—rj)8(r —17) (6.96)
R JR j=1i=1

or, using (6.80)

(N*)y) = /R/ drpl(r)+/R,dr/R/dr/p2(r,r/) : (6.97)

In the thermodynamic limit V — e, N — oo with p = N/V < o, the fluid is
invariant under any translation or rotation, so that for every vector a one has:

pi(r)=p(r+a),

and

po(r,r') = py(r+a,r +a).

From the first equation it follows that the local density of particles is uniform
(independent of r) p, (r) = p and from the second equation it follows that the two-
particle distribution function only depends on the relative position r —r’. Due to the
invariance under rotations, p,(r,r’) has to be a function of the scalar [r —r'|, i.e.,
P, (r,r') = p,(Jr —r'|). Therefore, (6.97) may be written as

(N?)yr — (N)3, = pV’+p2/ dr/ dr' h(jr—r'|), (6.98)
R IR
where the total correlation function /(r) has been defined by

p>h(r) = p,(r) —p*. (6.99)

Finally, in the thermodynamic limit (N)y:/V’ — p and from (6.98) it follows that

(N?) — (V)2
(N)

where the integral extends over the whole Euclidean space and the change in no-
tation from A (r) to h(r;T,p) is analyzed in the following. From the comparison of
(6.100) with (6.88) one has

TL[ }: 1+p/drh(r;T,p), (6.100)

1+p/drh(r;T,p) = pksTx(T.p) (6.101)

which is called the compressibility equation and is one of the most important equa-
tions in equilibrium statistical physics. Before examining the interest of (6.101), one
must provide an interpretation for the total correlation function A(r; T, p).

Note that from the definition of the two-particle distribution function (6.81), it
follows that this is the marginal probability density of finding any two particles
of the fluid at points r and r’ of the Euclidean space, since the average contains
the product §(r —r;)8(r' —r;), which implies that the variables r; and r; are not
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integrated over in the statistical average (see Appendix B). In (6.81) the integration
is over the position of the remaining particles of the fluid, as well as over the mo-
menta of all the particles including the j-th and the i-th. On the other hand, the fluid
is in equilibrium with the external world of temperature 7" and chemical potential
since the average is over the grand canonical ensemble. Since in the thermodynamic
limit u = u(T,p), the two-particle distribution function in (6.81) should be written
in this limit as p,(|r —r’|; 7, p). This is the notation that has been used in (6.101).
Although this function is extremely complicated one may still make some simple
considerations about it.

In the first place, note that in the thermodynamic limit the individual probability
density of finding any one particle at a point r of the Euclidean space, a quantity de-
noted by p(r), is a constant (it cannot depend on r). Hence, in the thermodynamic
limit it follows that p, (r) = p, which is the average density of particles. As seen in
Sect. 6.6, in an ideal fluid p, (|r —1’|; T, p) = p?, which expresses that the marginal
probability density of finding any two particles of the fluid at r and r’ is the product
of the individual probability densities, i.e., in ideal systems the coordinates of the
particles are statistically independent random variables. In an ideal fluid, therefore,
h(r;T,p) = 0 and from (6.101) it follows that x,(T,p) = (pkgT)~!, which is a
result that may be easily derived from the equation of state p = pkpT .

From the statistical independence in an ideal fluid one concludes that in a fluid
with interactions p,(|r — ¥'|;T,p) # p?, i.e., the interaction creates a correlation
between the particles. One would expect that p, (|r—r’|; T, p) — p? when [r — /| —
oo, because in statistical physics one considers short-range interactions (see Chap. 3),
and thus there should be no correlations between the particles if they are very far
away from each other. Therefore, one defines the total correlation function i(r; T, p)
through (6.99), which satisfies the condition

rlgn h(r;T,p)=0. (6.102)

Another point to bear in mind is that, although the interactions in a fluid create
correlations between the particles, in order to derive (6.101) no specific form for the
interaction potential has been required and so the compressibility equation is valid
for all classical fluids, with the only restriction that the interaction potential has
to be of short range. Note further that in its derivation it has been assumed that the
density of the fluid p is uniform, which does not allow the use of the compressibility
equation in the liquid—vapor coexistence region (see Chap. 11).

Once these considerations have been made, the importance of the compressibility
equation should be clear. Note that when the fluid is in the vapor phase or in the
liquid phase y (7, p) # = and, as a consequence, the integral of the total correlation
function is finite. Because the particles have a finite size (see Chap. 7), h(r;T,p) =
—1(r < 0), where o is the diameter of the particle, as follows from (6.99), since
the probability of finding two particles at a distance less than the diameter is zero
p,(rT,p) =0(r < o). Hence

/drh(r; T,p) = 4n/°°drr2h(r; T,p) < oo, (6.103)
0
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which implies that h(r; T, p) is short ranged, in the sense that it must tend to zero at
least as fast as ¥~ to avoid the divergence of the integral at the upper limit.

On the contrary, at the critical point, y (T, p,) = =, the integral of the correla-
tion function diverges at the upper limit:

/drh(r; T..p,) = 47r/ drPh(rTop,) = o, (6.104)
0

which implies that i(r; Tz, p,.) is of infinite range (for instance, a function of the type
of r~1). Therefore, at the liquid—vapor critical point the correlations are of infinite
range even if the interaction potential is of short range. This result is fundamental
in the study of the thermodynamic properties of a fluid in the vicinity of the critical
point, usually referred to as “critical phenomena” (see Chap. 10).

6.9 Quantum Grand Canonical Ensemble

As has been analyzed in the classical case, the probability density in the phase space
of a system that exchanges energy and particles with the external world, of tempera-
ture 7 and fugacity z, is proportional to the factor Ve PHN(@PV) where Hy(q, p;V)
is the Hamiltonian of a system of N particles contained in a closed region R of vol-
ume V. For the derivation of the grand canonical ensemble from (6.1), the additivity
of the energy and of the number of particles has been taken into account as well as
the fact that the system is much smaller than the external world. Since these concepts
are also valid in quantum mechanics, it is postulated that the density operator of a
quantum system of N particles, whose Hamiltonian operator is Hy(V), is propor-
tional to Ve PHN V), where N is the number of particles operator, which commutes
with Hy(V). Tt is assumed, therefore, that the density operator is diagonal in the
energy representation and that its elements are given by

P = (FulP ) = (ﬁvz)zNe pE V) (6.105)

where n denotes the quantum state of a system of N particles which corresponds to

the eigenvector |'F,) and whose energy is E,(,N) (V). From the normalization condition
of the density operator (3.30) it follows that the quantum grand partition function
0(B,V,z) in (6.105) is given by

0(B.V.2) = Z ZNZe—ﬂE Z NZ(B,V,N), (6.106)

where Z(3,V,N) is the quantum partition function (5.88), whose sum extends to all
quantum states of the eigenvalue equation of the Hamiltonian operator (4.85).

The expressions for the average values and the fluctuations derived for a classical
system (see Sect. 6.2) may also be applied to a quantum system, although in this
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case the grand partition function must be evaluated using (6.106). Note that since
the quantum partition function contains only those states whose wave function is
either symmetric or antisymmetric, there is no Gibbs paradox in quantum systems.

6.10 Bose-Einstein and Fermi-Dirac Statistics

Consider an ideal gas of N particles of mass m contained in a closed region R of
volume V at temperature 7. The partition function of the gas is, according to (5.94),
given by

Z(B,V,N)= Y Te PTimelV) (6.107)
{ni}
where the energies €;(V) of the particle quantum states are given by (1.63), namely
212 h?
(V)= mV2/3(n —|—n +n ) (ny,ny,n; =0,£1,...), (6.108)

a result obtained by dividing the Euclidean space in cubic boxes of side L and vol-
ume V = L? and imposing periodicity, with period L, of the wave function in all
three directions of space. In (6.107) the asterisk indicates that the occupation num-
bers of the particle quantum states n;, which may take the values n; =0, 1 (fermions)
andn; =0,1,2,... (bosons), must satisfy the condition

Y ni=N (6.109)

and it is this restriction which does not allow one to determine the partition function
explicitly.
The grand partition function of the gas is given by

0(B,V,z) Z Nz(B,V,N) = i Ny e PrimElV) (6.110)
N=0  {m}

which is a series in the fugacity z whose coefficients are the partition functions
Z(B,V,N). In principle it does not seem likely for one to be able to sum a series
whose coefficients are unknown. Note, however, that the restriction (6.109) that
appears in each of the coefficients of the series is irrelevant in the evaluation of
Q(B,V,z) since summing over N, which may take any value between zero and in-
finity, is equivalent to summing over all the occupation numbers without restriction.
In this way, (6.110) may be written as

O(B,V,2) = Y, Zitie PLimeilV) 6.111)
{ni}
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where the numbers n; are now independent variables (which do not have to satisfy
the condition (6.109)), and so the grand partition function may be factorized as

follows: ny
oB.v.2) =[I3, (ze*ﬁgt‘(‘/)) , 6.112)
where the product extends to all one-particle quantum states.
For fermions (n; =0, 1) from (6.112) it immediately follows that

0(.v.2) =TT (1+zP¥) . (6.113)

i

For bosons (n; =0,1,2,...) the sum over the occupation numbers in (6.112) is,
for each of the one-particle quantum states of energy €;(V), that of a geometric pro-
gression of infinite terms and of ratio ze P& (V) According to (6.108), the energies
of the one-particle quantum states are positive, except for that of the ground state
which is zero. In order for the series to converge, one has to impose, therefore, that
z < 1, which guarantees that the ratio is less than one. With this condition, the grand
partition function for the boson gas may be easily determined yielding

Q(ﬁ,V,Z)=H<;> (z<1). (6.114)

f 1— Ze_ﬁsi(v)

If one takes the logarithm of expressions (6.113) and (6.114), the two resulting
equations may be condensed into one that reads

nQ(B,V,2) =03 In (1 i eze*ﬁfm) , (6.115)

where 0 = 1 for fermions and 6 = —1 for bosons, in which case the fugacity has
to be less than one. From (6.115) and (6.31) it follows that the average number of
particles of the gas is given by

ze—B&V)

which is a sum that extends over all the one-particle quantum states, so that the
average number of particles (n;) in a quantum state i of energy €;(V) turns out to be

ze—B&iV) 6
<ni>_W7 (6.117)
which particularized to 6 = —1 and 0 = 1 gives rise to the Bose—Einstein and to the

Fermi-Dirac statistics, respectively.
Note that from (6.115) and (6.36) it follows that the pressure of the gas is given
by
dei(V)
=— y— 6.118
p=—2 ()= (6.118)

i
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where use has been made of (6.117). From (6.108) one has

dei(V) B i '
v —3V8,(V) , (6.119)
and hence 5 5
p= W 1. <n[>8[(V) 3y <HN> (6120)

a result which is independent of the statistics.
For the sake of comparison, consider an ideal gas in the Maxwell-Boltzmann
statistics. The partition function of the gas is given by

1

Z*(B,V,N) = m[Z(ﬁ,V,l)]N, (6.121)

where
Z(B,V,1) ze—ﬂs (6.122)

is the one-particle partition function. The grand partition function of the gas is,
therefore,

0(B,V,z) = zN Z(B,V, )N = ZBV) (6.123)
N'
from which it follows that

(Ny=2Z(B,V, 1) =zY e PalV) | (6.124)

i.e., the average number of particles in a quantum state in the Maxwell-Boltzmann
statistics turns out to be
(ni) = ze PV (6.125)

Note that if 7 < 1, the denominator of (6.117) may be approximated by one and
the two quantum statistics reduce to (6.125). Therefore, one calls this approxima-
tion the classical limit according to which the quantum gases may be studied with
the Maxwell-Boltzmann statistics. In the limit of infinite volume, the one-particle
partition function is V /A3, so that from (6.124) it follows that the classical limit
z < 1 may be expressed as

A’ = M 3/2<<1 (6.126)
PA™ =P\ StmkgT ’ ‘

where p = (N)/V is the average density of particles. Note that if v=1/p is the
volume per particle of the gas and « is the side of the cube a® = v, the inequal-
ity (6.126) may be written as a > A, which expresses that the average distance
between particles is much greater than the thermal de Broglie wavelength. In this
case, quantum effects are not important and the boson and the fermion gases may
be treated as if they were a Maxwell-Boltzmann gas, whose study is rather simpler.
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This condition is met, the greater is the temperature of the gas and the smaller is the
density, although one must keep in mind that these two thermodynamic variables
are combined in (6.126).

6.11 Virial Expansions in the Classical Limit

The Bose-Einstein and Fermi—Dirac statistics reduce to the Maxwell-Boltzmann
statistics in the classical limit z < 1, when the denominator of (6.117) may be ap-
proximated by one. This corresponds to considering only the first term in the series
expansion (14+x)"!' =1—x4x>—x3..., withx = 6z¢ P#() When including more
terms, one obtains a series in the fugacity. Consider, first, the equation of the average
number of particles (6.116), which may be written as

(N) =Y ze PeilV) (1 — 0ze PalV) 4 )
=zYy e PalV) g2y e 2PeiV) 4 (6.127)

In the thermodynamic limit, the one-particle partition function is Z(,V,1) =
\% /A3, and thus it follows that

1 Vv
—2Bei(V) _
Ze Bei(V) — TR (6.128)
l
so that (6.127) reads
1
pA =z 9m22+... (6.129)

Since z < 1, this equation may be solved by iteration, i.e.,

1
— AA3 2
z=pA +623/Zz +...

= pA3+6#(pA3)2+..., (6.130)
where in the term in z2, the fugacity, has been replaced by its value at the pre-
vious order, 7 = pA3. When considering more terms in the series of (6.127), the
fugacity is given by a series in the density, whose first two terms are the ones ob-
tained in (6.130). This type of expansion (see Chap. 7) appears in classical statistical
physics when there exists interaction between the particles. In this way, it is shown
that an ideal quantum gas has a similar behavior to the one of a classical gas with
interactions.

If one proceeds in the same way as in (6.127) with the logarithm of the grand
partition function (6.115), since In(1 +x) =x—x>/2 +x3/3 + ..., one has
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nQ(B,V,z) =6, (926ﬁ8i(v> - %zzefzﬁs"(v) +. )

=y (zeMV) - %ezze”ﬂff(V) +. ) , (6.131)

so that in the thermodynamic limit

vV 1., 1V
an(ﬁ,V,Z)—zF—EOZ T ERERE (6.132)

The equation for the pressure is given by

A3 1
LY.

pA~ )
kT 25/22 +..., (6.133)

so that upon substitution into (6.133) of the value of the fugacity derived from
(6.130) one obtains the virial expansion of the pressure, namely

1
p:pkBT<l+9mpA3+...> . (6.134)

Note that if one only considers the first term, the result is the equation of state for
the classical ideal gas p = pkpT . From the second term it follows that

1

3
A (6.135)

B, (T)=16
where B, (T) is the second virial coefficient (see the next chapter), which is posi-
tive for fermions and negative for bosons. In classical statistical physics, the second
virial coefficient is positive when there is a repulsive interaction potential between
the particles and negative if the potential is attractive. Therefore, quantum effects
induce a “non-ideal” behavior of the boson and fermion gases. This fact is also re-
flected in the London—Placzek relation (see R. Balescu, Equilibrium and Nonequi-
librium Statistical Mechanics, J. Wiley, New (1975)) which expresses that the total
correlation function (see (6.99)) of a quantum ideal gas is given by

ze BV /2m

h(V;TaP):_O 1—|—GZ€_Bp2/2m

/ dp P/ , (6.136)

which is negative for fermions and positive for bosons (note that the fraction in
(6.136) is the average number of particles in a one-particle quantum state of mo-
mentum p). It has been already stated in Sect. 6.8 that for a classical ideal gas
h(r;T,p) = 0. Since the Bose-Einstein and Fermi-Dirac statistics reduce to the
Maxwell-Boltzmann statistics when 6 = 0, note that the absence of correlations
in a classical ideal gas is also contained in the London—Placzek equation. Observe
further that due to Pauli’s exclusion principle, if a fermion is in a quantum state,
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it is not possible to find another fermion in the same state, something that creates
a negative correlation (p,(r;T,p) < p?) between fermions which, classically, may
be interpreted as if the particles interacted through a repulsive interaction potential.
Since for bosons, on the contrary, the correlation is positive (p, (r; T, p) > p?), parti-
cles may accumulate in the same quantum state, which in classical statistical physics
may be interpreted as if there was an attractive interaction potential between bosons.

Since quantum effects in the limit z < 1 appear as small corrections to the clas-
sical ideal behavior, one would expect their importance to be greater in very dense
systems or at low temperatures. These cases are analyzed in the following sections.

6.12 Boson Gas: Bose-Einstein Condensation

The average number of particles for a boson gas is, according to (6.116), given by

—Bei(V)
4 r o ze
(N) = +; T (6.137)

1—z

where the sum extends to the quantum states of energy €;(V) # 0, while the term
z/(1 —z) is the contribution of the ground state. Note that at zero temperature
(B = o) this is the only non-vanishing term in (6.137), which may be easily in-
terpreted since, as the energy of the gas has to be a minimum, all the particles accu-
mulate in the ground state. When the temperature is increased, at constant average
density, the quantum states of energy €;(V) # 0 begin to be populated with parti-
cles that at 7 = 0 were in the state of minimum energy. In order to examine what
happens at a temperature T # 0 one has to bear in mind that, since &;(V) ~ V~2/3,
in the thermodynamic limit these quantum states form a continuum and the sum in
(6.137) may be replaced by the integral of the function, multiplied by the density of
quantum states (1.67), namely

1—z

om\? ze Be
<N>:—+27rV<h2> /()dsﬁm. (6.138)

In (6.138) the lower limit in the integral, €1, has been replaced by zero since €| ~
V~2/3_ an approximation which is exact in the thermodynamic limit. Since z < 1, this
integral may be written as a series in the fugacity. To that end, expanding (1 —x)~! =

2;":0)(4 and integrating with respect to €, one obtains

o \%4
N)=1—+73 Z 77 =T T a8 (6.139)

where

o z?
; = (6.140)
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Assume that the conditions of density and temperature are such that z < 1 (classi-
cal limit). If the fugacity is increased, z < 1, this also increases the two contributions
to (N) in (6.139), because the functions z/(1 —z) and g3/,(z) grow monotonously
with z. Note, however, that

Iz |

and so in the thermodynamic limit (6.139) reads

1
p= F&/z(z) (z<1), (6.142)

i.e., only the particles in the states €;(V) # 0 contribute to the average density p of
the gas. Increasing z in (6.142) at constant average density decreases the temperature
of the gas. Since g3/(z) has as an upper bound the Riemann function {(3/2), where:

0-27

1
— (6.143)
q'

from (6.142) it follows that the gas may be cooled up to a critical value of the
temperature T;(p) defined by:

pAZ(P)=¢(3/2), (6.144)
where §(3/2) ~2.61238, and
A(p) = ——T (6.145)
\P)= 2nmksT,(p) '

At temperatures below T;(p), the particles begin to accumulate in the ground
state and equation (6.142) must be modified. Indeed, if there is a non-zero fraction
of particles in the ground state, i.e.,

LA, (6.146)

where 0 < A <1, one has

R
_1+A<N>_1+ﬁN>’

(6.147)

so that, in the thermodynamic limit, (6.139) reads:

1
p=pot356/2) (=1), (6.148)
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where
1 z
=TL |-— ~1 6.149
po=TL|y 5| =) (6.149)
is the average density of particles in the ground state and z ~ 1 denotes the value of
the fugacity of the gas (6.147). In (6.148) one has further accounted that

q
| 1
TL | Y —— <71> ] ={((3/2). (6.150)
L=1 g7\ 1+ Ny
Equations (6.142) and (6.148) may, therefore, be written as
1
383/2(2)7 T>T(p)
p= (6.151)

po+15(/2),  T<T(p)

where T,(p) is defined by (6.144) and (6.145).

If there exists a critical value of the temperature T;.(p), finite and different from
zero, below which a non-zero fraction of particles accumulates in the ground state,
one says that the boson gas experiences a Bose—Einstein condensation at the temper-
ature T.(p). If T > T,(p) the gas is in a disordered phase, characterized by the fact
that there are no particles in the ground state. When 7 < T;(p) the ordered phase
(particles in the ground state) and the disordered phase (particles in states €;(V') # 0)
coexist. The transition may be characterized by an order parameter (the fraction of
particles, Ny /N, in the state of minimum energy) which, according to (6.144) and
(6.151), may be written as

Po_, G2 _, Allp)
p pA3 A3
or, alternatively,
3/2
Po _ < r >
—=1- , (6.152)
p T.(p)

which is a maximum at the absolute zero of temperature, decreases as 7T is increased
and vanishes for T = T,.(p). Note that an essential point in the derivation of (6.151)
has been the application of the thermodynamic limit. In a finite system, (6.141) is
not valid and for any temperature there is a non-zero fraction of particles in the
ground state, i.e., T,(p) = eo.

The first experimental observation of Bose—Einstein condensation took place in
1995, i.e., 61 years after its theoretical prediction. The greatest problems were asso-
ciated with the difficulty of obtaining very low temperatures (close to the absolute
zero) and finding a boson system with very weak interactions such that it would
behave as an ideal gas (the system must not crystallize at such low temperatures
nor be a liquid, such as helium). Through a combination of optical and evaporation
techniques, in 1995 temperatures of the order of 1 nK were obtained, which allowed
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the observation of condensation in a system of 2000 8’Rb atoms. Since at those tem-
peratures the atoms tend to adhere to the walls of the container, it is necessary to
confine them using magnetic fields and hence to study the Bose—Einstein conden-
sation in an external potential, which modifies the critical behavior of the gas (see
V. Bagnato, D. E. Pritchard and D. Kleppner, Phys. Rev. A 35, 4354 (1987)). Thus,
the order parameter Ny/N in a harmonic potential mw% /2 of frequency wy vanishes
according to the following law:

%:1_<T0(TN)>3’

when T < Ty(N), where Tp(N) is a critical temperature given by

1/3
kpTo(N) = hao (%) ,

and {(3) is the Riemann function. In Fig. 6.1 the experimental values of the order
parameter in the Bose—Einstein condensation of 3’Rb as a function of temperature
are represented. Note that the results are accounted for by the theoretical predictions
for an ideal boson gas in a harmonic potential. Afterward, condensation has also
been observed in dilute gases of alkaline atoms. All these results represent the first
macroscopic manifestations of quantum effects in an ideal gas with Bose—Einstein
statistics.

6.12.1 Specific Heat

It is well known that in phase transitions (see Chap. 9) some thermodynamic vari-
ables are discontinuous or diverge at the transition. Note that the partition function

Fig. 6.1 Order parameter,
No/N, as a function of T /Ty
in the Bose—Einstein con-
densation of an ideal boson
gas in a harmonic potential
whose critical temperature is
Ty = To(N) (continuous line).
The points refer to the exper-
imental values in a system of
forty thousand atoms of 8’Rb
at 280 nK

Source: J. R. Ensher, D. S.
Jin, M. R. Matthews, C. E.
Wieman and E. A. Cornell,
Phys. Rev. Lett. 77, 4984
(1996) o

No/N

15
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of an ideal quantum gas (6.107) is a sum of exponentials, which are analytic func-
tions of 3, and hence of T (T # 0). This sum extends to the occupation numbers
n; of the one-particle quantum states, with the restriction (6.109). If N is finite, the
partition function is a sum of a finite number of terms and hence an analytic function
of T (T # 0). Only if N — oo it is possible to predict a phase transition since, in this
case, there are no analyticity theorems on the sum of an infinite number of analytic
terms. As was already indicated in Chap. 3, only in the thermodynamic limit is it
possible to demonstrate the existence of a phase transition.

In the grand canonical ensemble the number of particles is not an independent
variable since it has been replaced by the fugacity. In this ensemble, therefore, the
existence of a phase transition when V — oo may only be shown when for a critical
value of the fugacity, z., some thermodynamic variables are not analytic in z. In
the Bose—Einstein condensation z. — 1 which, according to (6.146), corresponds to
(N) — oo.

In order to analyze the behavior of some thermodynamic variables at the transi-
tion, consider the expression for the logarithm of the grand partition function of the
gas, namely

an(vaaZ) = —1[1(1 _Z)
32 e
_onv (i—’?) /O de/Eln [1 —ze—ﬁﬂ _(6.153)

where the sum over states €;(V) # 0 has been replaced by an integral in the limit
of infinite volume. Expanding the logarithm in (6.153) in a series, In(1 —x) =
— g X! /g, and integrating with respect to €, one has

14
InQ(B,V.2) = —In(1 —2) + ~585/(2) - (6.154)

From (6.26) it follows that the average energy per particle e = (Hy) /(N) is given
by
e = kT — g5 (2) (6.155)
—2BPA385/217 .

which when particularized to z < 1 and z ~ 1 can be written as

/
or () samp TR

X\ %) TGy s
c = .

3 T \*?¢(5/2)

E“T<nm0 tapy TP

where §(5/2) ~ 1.34149 and use has been made of (6.144). The average energy per
particle is, therefore, a continuous function at T = T.(p ), where it takes the value
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From an experimental point of view, the specific heat ¢y = de/dT is a more rel-
evant thermodynamic variable than the energy since it can be experimentally mea-
sured. As shown in what follows, cy is also continuous at 7 = T,(p). The method
used in this derivation may be readily generalized to higher order derivatives of the
energy with respect to the temperature. In this way it is shown that the derivative
dcy /T is discontinuous at T = T,.(p ), which is a macroscopic manifestation of the
Bose-Einstein condensation.

Consider, first, the specific heat cy at a temperature below the critical tempera-
ture. From (6.156) one has

(6.157)

~—

15 T \*?¢(5/2)
cy = —k , (6.158)
e (nm) £6/2)
for T < T.(p), so that when T — T.(p) — 0, i.e., when T approaches T,(p) from
below then: 15 §(5/2)

Note that, according to (6.151), when T > T,(p) the fugacity of the gas is a
function of the temperature, and so after taking the derivative of the energy equation
(6.156) the result is

3/2
oy — Ek]g( T )) 8s5/2(2)

\Tp) e
3 T \? 1 9gs5p)
*5"”(@@)) Z6/2) o (6160

and since zdg,(z)/dz = g4—1(z), the derivative of the last term of (6.160) reads

dgs;a(z)  0gspa(z) dz 83)2(2) 0z
or 9z dT  z OT

(6.161)

On the other hand, after derivation of (6.151) with respect to the temperature one

has

3 3 d&p@d) 8@ dz
—ompad = TED QD 22 (6.162)

From (6.160) and (6.162) it follows finally that

15 ( T )3/2g5/z(2)_gk g3/2(2)
$P\Lp)) TG 4 a0

where the fugacity is a function of 7'/T;(p) which is obtained from the solution of
(6.144) and (6.151) i.e.,

oy = , (6.163)
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T 3/2
s =0 (2 6164
At the transition (z — 1) g; /z(z) diverges and the last term in (6.163) vanishes,
ie.,
_ 15 0(5/2)
(V)1 (p)+0 = 7 kB £G/2) (6.165)

and from (6.159) it follows that ¢y is a continuous variable at T = T.(p).
By a similar argument, one may determine dcy /T from ( 6.158) and (6.163),
with the result

(55),,.0= (57)
IT )10 \9T ) 1p)10

27 s . (8228 1) )
54672 I . (6.166)
/2 (p)23}< {81/2(2)}3

In order to obtain the limit appearing in (6.166), the following approximation for
the functions g;(z) when 2/ is an odd integer and z — 1 (z < 1) may be used (see
J. E. Robinson, Phys. Rev. 83, 678 (1951)):

ga(z) =T (1—=1)(=Inz “+2 C(1—s)(—Inz)*, (6.167)

where I' (1 —I)I"(1) = ncosec(nl). From (6.167) it follows that

m<&p@&ﬂx@>:c@m>
{81/2(2)}3 L

which leads to

8cv> <8CV) 3 5 kB
T - \or , (6.168)
<‘9T o0 \9T ) 1150 16n{C( Y0

i.e., the derivative of the specific heat is discontinuous at the transition, as shown in
Fig. 6.2.

6.12.2 Equation of State

Consider now the equation of state (6.120). From (6.155) one has

ksT
p= ng/z(Z), (6.169)
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Fig. 6.2 Specific heat, cy /kp 2.0
(continuous line), of an ideal

boson gas as a function of

T/T., where T, = T.(p) is 15
the critical temperature. The

broken line is the classical

result (Dulong—Petit law) cylks 1.0+

0.5}

0.0 0.5 1.0 15 2.0
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which may be written as

kgT
ng/z(z), z<1

p= (6.170)
kgT
—5 i/, a1

Note that from the first of these equations it follows that p = p(z,T). Since,
according to (6.142), in the disordered phase z = z(T, p), in such a phase the pressure
p=p(T,p),T) = p(T,p) is a function of the density and of the temperature. From
the second equation of (6.170), on the contrary, it is seen that when the ordered phase
and the disordered phase coexist, p = p(T). Observe that if the gas is compressed at
constant temperature, according to (6.142) the transition from the disordered phase
to the coexistence region takes place at a critical specific volume v.(T') defined by

A3
ve(T) = , (6.171)
£(3/2)
and so the equation of state is given by
kgT
FgS/Z(Z)a v>v(T)
p= (6.172)

LU/, v

The isotherms in the (v, p) plane of the Bose—Einstein gas are similar to those of a
first-order transition. Comparing (6.172) with Fig. 2.10 it follows that the disordered
phase of the Bose—Einstein gas at a temperature 7y is the region v > v.(Tp) and that
the binodal region is v < v.(Tpy). The specific volumes of the binodals of Fig. 2.9
at the temperature Ty are, therefore, vi = v.(Ty) and v, = 0, which is independent
of temperature. Note that since v.(T') ~ T—3/2, when the temperature is increased,
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Fig. 6.3 Compressibility 1.2
factor Z = pv/kpT of an ideal
boson gas as a function of T )
v/ve, where v, = v (T) is the
critical specific volume. The osl
broken line is the classical ’
result
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the width of the binodal region in the (v,T’) plane decreases. Since the binodals
coincide at the critical point (v¢, T;.) (see Fig. 2.15) this happens in the Bose—Einstein
gas when T, = oo and v, = 0. Such a result shows, therefore, that it is not possible
to pass in a continuous way from the disordered phase to the completely ordered
phase, in which all the particles are in the ground state.

In Fig. 6.3 the compressibility factor Z = pv/kgT of an ideal boson gas is repre-
sented as a function of v/v.(T), i.e.,

85/2(2) N
83/2(1)’ >velT)
Z= (6.173)
§(5/2) v
sy W

where, in the first of these equations, the fugacity is a function of v/v.(T') which is
obtained by solving the following equation:

8320 =£6/2)" (6.174)

6.13 Fermion Gas

Consider the properties of an ideal fermion gas at the absolute zero of tempera-
ture 3 = oo. Since no two particles may be found in the same quantum state, due
to Pauli’s exclusion principle, the state of minimum energy of the gas is obtained
when, starting from the ground state, the quantum states of lower energies are filled
until all particles have been accommodated. Note that if in the expression for the
average occupation number of a one-particle quantum state corresponding to the
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Fermi—Dirac statistics,
ze—B&i(V)

= T e (6.175)

(ni)
the fugacity z is replaced in terms of the chemical potential i, z = eP#, namely

1
according to (6.176) when 8 = oo, if £;(V) < p then (n;) = 1, whereas if €;(V) > u
then (n;) = 0. Since in the grand canonical ensemble z = z(T,p) and hence u =
Ww(T,p), at the absolute zero of temperature all those quantum states whose energy
is less than the Fermi energy pr = u(7 = 0,p) are occupied.

Before deriving the expression for (i, one should point out that one of the most
important applications of the Fermi—Dirac statistics is based on assuming that the
conduction electrons in a metal form an ideal gas. If the spin of the electrons is
included, in the absence of a magnetic field each translation state is doubly degener-
ated. In this way, in the thermodynamic limit, the equation for the average number

of particles reads:

2m

3/2 oo
<N>:47rV(ﬁ) /Ode\/Ef(s—u,T), (6.177)

where use has been made of the density of quantum states (1.67) and the Fermi
function f(& — i, T) has been defined as (Fig. 6.4)

1

fle—p,T)=

Since at the absolute zero of temperature, the Fermi function reduces to a step
function, one has

Fig. 6.4 Fermi function of an

ideal fermion gas f(e —u,T) f
as a function of the energy

€ at the absolute zero of
temperature f(€ — iy, T =

0) = O(up — &) (broken

line) and at a temperature

T < T, where Tf is the

Fermi temperature of the ideal
fermion gas (continuous line)
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o\ 32 e
(N)T= 0—47rV(h’;1> /0 deeO(up —¢), (6.179)
whose integration is immediate, yielding
hZ 3 2/3
Hp =5~ (%) , (6.180)

where p is the average density.

Observe that even at T = 0 the average energy of the gas is not zero. Its value
may be obtained from (6.26) or, alternatively, by multiplying the density of quantum
states by the energy and by the average occupation number of a quantum state,
namely

32
(Hy) = 47rV( > /d883/2f(8 w,T), (6.181)

which at the absolute zero of temperature may be written as

o\ 32
(Hy)7= o—4nV( m) / dee’?O(up —e). (6.182)
Once more, the integration in (6.182) is immediate and the result may be written,
using (6.180), in the following way:

- %HF, (6.183)

where e is the average energy per particle. From (6.120 ) it follows that the pressure
at the absolute zero of temperature is given by

2
po= gPﬂF . (6.184)

In order to determine the thermodynamic properties of a fermion gas when T # 0,
one may write (6.177) in terms of the variable x = (e — u) as

3 < \V B,U—l—x
AT = — dx———. (6.185)
ﬁ —Bu e +1

The integral I in (6.185) may be split as

= [ VBl +x +/ VBuA+x

_;m e*+1 er+1

5 N
:/0 My Bu—x x+/ VButx (6.186)

e 41 ef+1
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and since | |
=1— 187
e +1 417 (6.187)
one has
Bu Bu . /Bu—
I:/ dx\/B,u—x—/ dxM
0 0 er+1
+/ dxYPutx (6.188)
0 e +1
ie., )
1=3(Bu)?+h+h, (6.189)
where ;
u _ _
5= [P g YBrta- VBu - x (6.190)
0 e+ 1
and
VBu+x
L= / ax VT 6.191)

Assume now that 1 > 1 (this hypothesis will be justified a posteriori), in which
case the last integral in (6.189) is negligible. For instance, if By = 10, one has
L =5.3x 10", while the first term of the r.h.s. of (6.189) is ~ 6 x 102. On the
other hand, if one adds and subtracts to the numerator of /; the first term of the
Taylor series expansion of \/fB 1 +x — /B — x, one has

L=hL+1L, (6.192)

with

B X X
13—/0” d (Vﬁwx VBu— x‘ﬁ)’ (6.193)

and
(6.194)

= /B / Yot 1
For B = 107 the result is I3 = 7.1 x 107, while the value of Bu in the upper
limit of the integral in (6.194) may be replaced by infinity. Due to the fact that

/dx r
0 er+1

2
_ %(5u)3/2 = i (6.196)

12 Ba

(6.195)

it then follows that
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Observe that for B = 10%, I; = 0.0822538 while the last contribution to (6.196) is
0.0822467, which proves the validity of the approximation.
Using (6.196) the equation for the average number of particles (6.185) reads

2
32 _ 32 T~ 1
uy u (1+ 2 (ﬁu)z—i—...) , (6.197)

where use has been made of the expression for the Fermi energy (6.180). This equa-
tion may be solved by iteration as

o1 23 1 —2/3
= 1+ —— 5+ ... ~ 14+ — —+ ...
H “F< 8 (Bu)? ) “F< 8 (Biiy )2 )

- (1_”_2 1 ) (6.198)
=T R ) |

since u does not differ much from py and (1 +x) 9~ 1 —gx (x < 1).
If the Fermi temperature 7F is defined as

Up = kpTr , (6.199)

then (6.198) may be rewritten as

w2 [T\

which is an approximate expression for the chemical potential of the gas at the
temperature 7. Since the Fermi temperature of a typical metal is of the order of
Tr ~ 10* K (Table 6.1), (6.200) indicates that at room temperature, 7 ~ 102 K,
the temperature correction is of the order of 104, which leads to the conclusion
that, to a good approximation, the electron gas may be studied as if it were at the
absolute zero of temperature (in this case Bu ~ B = 10%, which is the numerical
value used in the previous approximations). Nevertheless, it is necessary to include
this small correction in order to determine the specific heat of the gas. To that end,
consider (6.181) which, with the change of variable (€ — i) = x, reads

47 Bt
A3 = —/ Ay PRI 6.201
Bep N3 P (6.201)

where e is the average energy per particle when 7' # 0. The integral in (6.201) may
be approximated by the same method that was followed in the equation for the
average number of particles with the result

oo 3/2 2 2
/_ﬂudx% = g(ﬁu)5/2+%\/ﬁu+... . (6.202)
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Table 6.1 Fermi temperature 7r in Kelvin for some metals

Tp x 1074 Tr x 1074
Li 5.51 Al 13.6
Na 3.77 Fe 13.0
K 2.46 Mn 12.7
Cu 8.16 Zn 11.0
Ag 6.38 Sn 11.8
Au 6.42 Pb 11.0

Source: N. W. Ashcroft and N. D. Mermin, Solid State Physics, Saunders, Philadelphia (1976)

Within this approximation (6.201) reads

5/2 2
u 5w 1
= - 14+ ——+... 6.203
¢ e°<up> <+ s (e ) (0209

which may be solved by iteration, if one takes into account (6.200), i.e.,
5/2

ex~ep|l— n—z I 2 + / I+ 5—7[2 r 2 +
~ € 2 TF cen 3 TF cee
e[ 12 (I L) (12 (LY
~ € 24 TF cen 3 TF cee

52 /T \?
= 1+ — | =— . 204
eo<+12(TF>+ ), (6.204)

from where it follows that the specific heat cy is given by

2 2
cv:eos%%% - %kg (%%) , (6.205)
which tends to zero proportionally to 7. Note that at room temperature, the specific
heat of the electron gas is much smaller than that of the classical ideal gas, namely
3kp/2.

At low temperatures, the specific heat of the metal is the sum of the contributions
of the electron gas (6.205) and of the lattice (5.160), namely
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c/T

0 5 10 15
T2
Fig. 6.5 Experimental values of cy /T (in J/Kmol K?) of metallic Ag as a function of T2 (in K?).

Source: W. S. Corak, M. P. Garfunkel, C. B. Satterthwaite and A. Wexler, Phys. Rev. 98, 1699
(1955)

2 4 3
- T 12 T
_ = = 2
cy = kg v2 F+ 5 ( D) , (6.206)

where v is the number of conduction electrons per atom. Note that if 7T = 10*K,
Op = 10K, and v = 1, defining a temperature T; by the equation

T 121t [T\’
2 Tr 5 Op)’

one finds Ty = 1.45K. This result shows that, in order to observe experimentally the

term cy ~ T due to the conduction electrons, the solid has to be cooled to very low

temperatures. Note that (6.206) is the equation of a straight line in the (Tz,cv /T)
plane. This is the behavior observed experimentally, as shown in Fig. 6.5.
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Chapter 7
Classical Systems with Interactions

Abstract In the ideal systems considered in the previous chapters the Hamilto-
nian Hy(q, p;) and the Hamiltonian operator Hy (o) are, respectively, a sum of
one-particle dynamical functions and of one-particle operators (kinetic energy and
harmonic oscillators). Real systems are characterized by the fact that, besides the
kinetic energy, Hy (g, p; &) and Hy(a) also include the potential energy, which de-
scribes how the particles, atoms or molecules, interact with each other. As has been
shown throughout the text, ideal quantum systems are more complex than classical
ideal systems. This complexity is also greater in systems with interaction and so
from here onward only classical systems will be considered.

Since, in general, the interaction potential in real systems is not known exactly,
it is rather common to introduce the so-called reference systems in which the poten-
tial energy of interaction is relatively simple, while their thermodynamic properties
are nevertheless similar to those of real systems, and so they provide a qualitative
description of the latter.

Along this chapter some approximate methods for the determination of the free
energy of an interacting system are considered. In the last section, a brief summary
of the so-called numerical simulation methods is provided.

7.1 Thermodynamic Integration

Consider a real classical system of N particles in equilibrium with the external
world at temperature 7, whose Hamiltonian is H = Hy(q, p; &), where o denotes
one or several external parameters (note that in this section the Hamiltonian is de-
noted by H instead of Hy). As analyzed in Chap. 5, the thermodynamic poten-
tial in the canonical ensemble is the Helmholtz free energy F = F(f, &, N), with
B =1/ksT.Let H* = HY(q, p; o) and F* = FO(3, &, N) be the Hamiltonian and the
Helmbholtz free energy of a reference system whose thermodynamic properties are
qualitatively similar to those of the real system. Consider a family of Hamiltonians
H(A) = Hy(q, p;a|A) which depends on a parameter A (0 < A < 1), such that

163
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H(A=1)=H and H(A = 0) = HY, like, for instance,
HA)=H"+A(H—H"). (7.1)

The Helmholtz free energy F(A) = F(B, o, N|A) associated to the Hamiltonian
H(A)is

o BF() _ MLN / dg / dpePHR) | (7.2)

since F(A) = —kgT'InZ(A), where Z(1) = Z(B,0,N|A) is the partition function
corresponding to the Hamiltonian H (A ). Upon derivation of (7.2) with respect to A

one has
IFA) —pray _ 1 o 9HA) pry

an ¢ T / dq/ LV (7.3)

or, alternatively,
JdF(A) <8H(A)>
= , (7.4)
oA ey A

where | |

{a);, = N Z(%) /dq/dpa(q,p)e"m{M ; (7.5)

is the average value of the dynamical function a(g, p) in the canonical ensemble of
Hamiltonian H ().
Note that since F(A = 1) = F and F(A = 0) = F?, the identity

1 JdF (L)
_ 0
F=F —I—/O dA 32 (7.6)
may be written, according to (7.4), as
1 dH(A)
_ 0
F=F +/Od?t< 3 >)L. 7.7)

If this equation is particularized to the linear path (7.1), the result is
1
F:Fo—i—/ dA (H—H"), (7.8)
0
and so from the mean value theorem,
1
/ d\ (H-H"), =(H—H"); , (7.9)
0

it follows that
F=F'+(H-H; . (7.10)
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Observe that, although the Helmholtz free energy of the system may not be ex-
pressed as an average of a dynamical function, since it is a thermal variable, accord-
ing to (7.10) the difference in free energy between the real system and the reference
system, AF = F — F9, is equal to the average value of the difference in energy,
AH = H — HY in the canonical ensemble of Hamiltonian H (Z), where A is, in gen-
eral, an unknown quantity. From (7.8) it follows that AF may also be determined as
the integral over A of (AH),, an average value that may be computed numerically
using simulation methods whose basic principles are considered at the end of this
chapter.

7.2 Thermodynamic Perturbation Theory

Upon derivation of (7.3) with respect to A and taking into account the definition of
the average value of a dynamical function (7.5), one obtains

TE) (T ( () +n(2
(Z20) p{ (%2 (22) )} o

<(a—<a>1)2>)L >0, (7.12)

and since

it follows that

2 2
? F(;L) < <8 H(;L)> . (7.13)
oA oA 2
From (7.4) and (7.11) it is straightforward to see that the identity
IF(A) ,2F (A
- _[ h . / A a)L’Z , (7.14)

yields the inequality

IF(A) _ /OH(A) Ao RH()
oA §< oA >0+/0 aA <W>w’ (7.15)

where (...)o = (...),—o- When particularizing this equation to the family of Hamil-
tonians (7.1) and subsequently integrating between the reference system and the real
system, one has

F<F'+(H-H"), | (7.16)
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which is referred to as the Gibbs—Bogoliubov inequality. This equation expresses
that the free energy difference, F — F, has as an upper bound the energy difference,
H — H°, averaged over the canonical ensemble of the reference system. An inter-
esting feature of the Gibbs—Bogoliubov inequality is that the free energy of the real
system F may be determined approximately by using a variational principle. Thus,
if the Hamiltonian of the reference system depends on one (or several) parameter 7,
H° = HO(y), then F® = FO(y) and the best estimate of F is obtained by minimizing
the upper bound (7.16) with respect to ¥, namely

F = min [FO(y)+ (H—H"(1)),] - (7.17)

An application of this method is provided in Sect. 8.4.

Sometimes the reference system is chosen using some physical criterion that fixes
all its parameters, so it is not possible to apply the variational method (7.17). In such
acase (7.11) may be written as

I’F(A) _ /P*H(A)
1> _< or? >;L’

(7.18)

where it has been assumed that the fluctuations of dH (A1) /d A are small for every A.
With this approximation, when particularizing (7.15) to the family of Hamiltonians
(7.1) and subsequently integrating between the reference system and the real system,
one finds

F~F'+(H-H"), (7.19)

which corresponds to the first order of a perturbative expansion of F in (H — H")
around F°.

An important application of (7.19) is the van der Waals theory. For its derivation,
take the interaction potential H™™ to be the sum of a repulsive part, Hi™, and of an
attractive part, H int_If the Hamiltonian of the reference system is H® = H' + Hp int,
i.e., the one of the real system without the attractive part of the potential, (7.19) is
a first-order perturbative expansion in which Hj{“ is the perturbation. In the van der
Waals theory one then has

FeFOy <H}{“>O , (7.20)

and so if HX“ is the sum of pair potential interactions, namely

N
HM" = Z (Jri—1;]) s (7.21)

||M2

1
2
it follows that

() =3 Jax [ ar'pSirrva(r—r). (7.22)

0
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where pg(r, r’) is the two-particle distribution function (see (6.81)) of the reference
system (note that, in this case, the average is over the canonical ensemble).

If as an additional approximation correlations are neglected in (7.22), i.e., if
pI(r,r’) = p¥(r)pY(r’), where p{(r) is the local density of particles of the refer-
ence system, one has

(1), = 3 e [ phepder Wate—e') = 5 [[arplponte). 1.23)

where

- /R dr' pd(r')a(|r — 1)) (7.24)

is the mean potential at r due to the attractive part of the potential. That is the
reason why (7.23) is also called a mean (potential) field approximation. Therefore,
the Helmholtz free energy in the van der Waals theory is given by

F=F'4 - /dr/dr (Wa(lr—r)) . (7.25)

It is important to point out that in order to apply the van der Waals theory (and, in
general, in all the perturbative methods) it is necessary to know the thermodynamic
and structural properties of the reference system, e.g., F* and p(l)(r) in the van der
Waals theory. The determination of these properties is not simple and requires addi-
tional approximations, as will be analyzed in the next chapter.

7.3 Virial Expansions

The Helmholtz free energy per particle f of a fluid may be written as
f=r44m, (7.26)
where )
F9=ksT (In(pA®) - 1) (7.27)

is the ideal part (5.37) and f'" is the contribution of the interactions. At low densities
" may be expanded (in the thermodynamic limit) in a Taylor series expansion in
the density of particles p = N/V. Such a series is known as the virial expansion and
the coefficients in the series as the virial coefficients. If B}, = B}:(T) are the virial
coefficients of B 1", i.e.,

B = ZBan : (7.28)

from the thermodynamic relation,

p=p o (7.29)
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it follows that the virial expansion of the pressure p is given by

Br=p+Y Bu1p""', Buii=nB,.,. (7.30)

n=1

On the other hand, from (7.27), (7.28), and (7.30) it readily follows that the ideal
contribution, ,u‘d, and the contribution of the interactions, u™, to the chemical
potential,

p
=f+, 7.31
n=f 0 (7.31)

are, after (6.49), given by .
Bud =1 (pA?)
and
Bu™ = ZBan By, =(n+1)B},, (7.32)

which is the virial expansion of ™.

Since the determination of the virial coefficients B, is not simple, one often
considers only the correction due to the second coefficient, which may be evalu-
ated analytically for some interaction potentials. In this approximation (note that
B3* = 2B =2B),

Bp™~Byp*, BfM~Byp, Bu™~2Bp. (7.33)
In order to derive the analytical expression of B,, consider again (7.8),

1
F:F°+/ dA (H—H"), (7.34)
0

particularized to the case in which HY is the kinetic energy of the system H? = Hd,
One then has that the free energy of the interactions, F m_p_F ‘d, is given by

Fin— /0 ' <Him>l , (7.35)

where H™ = H — H'¢ is the potential energy. If ™ is a sum of pair potential inter-
actions, i.e.,

_ N
H™ = 2 (Iri — 1)), (7.36)

N1 —
HMZ

then (7.35) may be written as

) 1
=2 [an [Lar [ apyerv(e-v), (7.37)
2 Jo R JR
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where p,(r,1’|4) is the two-particle distribution function of the system whose
Hamiltonian is H(1) = H'Y + AH™ (see (6.81)), namely

p,(r,F|1) = <2 Y 8(r—r) r—rj)> . (7.38)
A

i=1li#j=1

If Z"(A) is the partition function of the interactions of the system with Hamil-
tonian H(A), after (5.51) one then has

N(

int
p,(r,r'|A4) = W/drNS r—r)8(r —ry)e PMH (7.39)
Note that, since the particles are identical, the double summation in (7.38) has been
expressed as N(N — 1) times the product of two Dirac delta functions, for instance
S(r —r1)8(r' —ry), which eliminates two integrations (there is, therefore, a term
V~2) and localizes the interaction potential V (|r; —r,|). Hence, (7.39) may be writ-

ten as:

p,(r, ¥ |1) = p? (1 - %) e PV (7.40)

where the dots denote other terms that depend on the thermodynamic variables N, V/,
and 3, on the parameter A and on r and r’ (in the thermodynamic limit such terms
form a series in the density). Note that since in (7.37) one only wants to obtain
the lowest order in the density, the terms represented by the dots in (7.40) may be
neglected in first approximation. Since

1 / 1
| aav(e—rpe s - 5/ =riT). (7.41)
0
where
f(rT)=eBV0) (7.42)
is referred to as the Mayer function, from (7.37), (7.40), and (7.41) it follows that
28 N/ Jr Jr ' ' '

The free energy per particle /™ in the thermodynamic limit then reads

Bfint — —%p/drf(r;TH—"' , (7.44)

which upon comparison with (7.33) allows one to obtain the expression for the
second virial coefficient, namely

B, =By(T) = —% /drf(r;T) . (7.45)
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Recall that, as stated in Chap. 3, in order to prove the existence of the thermody-
namic limit, the Hamiltonian must fulfill the stability condition and the weak-decay
condition. The latter implies that the pair potential interaction V(r) has to decrease
with the distance at least as r~ (€ where d is the dimensionality of space and €
is a positive constant. This condition is also required for the existence of the virial
expansions. Indeed, consider (7.45) and let r( be the range of V(r), i.e., BV (r) < 1
when r > rg. The second virial coefficient may then be written as

B, = 277:/(:0d;’}’2 (l —eiﬂv(”) = 277:/()r0 drr* (1 _e*ﬁV(r))

o / drr? (1 - e_BV(’)) . (7.46)
o
In the last integral, the exponential may be expanded in a Taylor series yielding

/mdrrz (1 —e—ﬂw’)) - /wdrrzﬁV(r)+--' : (7.47)
T 0]

0

and in order for the latter integral to be finite in the upper limit one must necessarily
have V (r) ~ r~3+&)_ When this condition is fulfilled, one says that the interaction
pair potential is short-ranged. Note that for long-ranged pair potentials B, is infi-
nite (the same result holds then for all virial coefficients) and, therefore, no virial
expansions exist. The reason is that, in these expansions, the thermodynamics of a
system of N particles (the pressure) is divided into a sequence of terms involving
one, two, three, etc. particles (the coefficients of the virial series); for instance, B;
contains the interaction of only two particles. If the pair potential is long-ranged,
this separation looses its meaning and hence all the terms in the series diverge.
It is evident that this result does not imply, for instance, that there does not ex-
ist an equation of state, it only implies that the virial expansion of the pressure
is inadequate (thus, in the Taylor series expansion of e — 1 = —x +x%/2! 4 ---
all the terms of the series diverge when x — oo, although the series is conver-
gent). As also indicated in Chap. 3, an important example of a long-ranged pair
potential is the Coulomb potential V (r) = e?/r, where e is the electric charge of
the particles. In systems of mobile charges or plasmas (note that a plasma should
have at least two types of particles to maintain the overall electroneutrality), there
exists a series expansion of fi" in the so-called plasma parameter whose coeffi-
cients are finite. The fundamental difference between a short-ranged potential and
the Coulomb potential may be envisaged through the following argument. In a
fluid whose pair potential is short-ranged, the relevant variables are the mass of
the particles m, the density p, the temperature 7', and the amplitude & and the
range ro of the potential. With these variables two dimensionless parameters may
be formed: €/kgT and prg. If prg < 1 the thermodynamic properties of the fluid
may be expanded as a series of this parameter and one obtains the virial expan-
sions. In a plasma one does not have the variables € and rg, but one has the electric
charge e (although in a plasma the different components have different charges,
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it is usual to consider the so-called one-component plasma in which particles of
charge e move in a background of continuous charge that maintains the overall
electroneutrality). In this case, one may only form one dimensionless parameter
with the variables m,p,T, and e, namely p7L3, where A is the Debye wavelength
A = V/kgT /4me?p. If pl3 > 1 the thermodynamic properties of the plasma may
be expanded in a series in the plasma parameter € = (pA*)~! < 1. The condi-
tion pl3 > 1 implies that there is a great number of particles in a Debye cube
of side A, i.e., charge electroneutrality is also maintained locally in such a way
that the effective pair potential between the mobile charges is the Yukawa poten-
tial e=*"/r, with ¥k = 1/ A, instead of the Coulomb potential (for more details, see
Sect. 8.10.2 where the effective interaction between charged particles is analyzed).
It is thus seen that the series expansions in € ~ /p are not analytic in the den-
sity and this is the reason why the coefficients of the virial series of a plasma are
infinite.

7.4 Direct Correlation Function

In the next chapters, phases of matter (e.g., solids and liquid crystals) and inhomoge-
neous systems (e.g., a liquid—vapor interface) characterized by a non-uniform local
density of particles p, (r) will be considered. As stated in Chap. 3, the standard
method to produce an inhomogeneity in a system whose Hamiltonian is invariant
under translation and rotation is to add to the Hamiltonian the contribution of a one-
particle external potential ¢ (r), also referred to as the symmetry breaking field. As
was discussed in Chap. 6 the grand potential becomes in this case a functional €2 [u]
of u(r) = — ¢ (r), where u is the chemical potential. It has been also shown there
that for an ideal gas there is a one-to-one correspondence between p, (r) and u (r)
and that Q [u] is a concave functional of u (r). These properties allowed to define
the intrinsic Helmholtz free energy functional F[p,] as the Legendre transform of
Q [u] and to formulate a variational principle in terms of the functional A [p,]. The
density functional approach thus focuses on functionals of p, (r) rather than u (r).

For a system of interacting particles, it has been found in Sect. 6.6 that Q [u] is
also a concave functional of u (r) and that the two first functional derivatives of € [u]
are related to the local density of particles p, (r) and to the two-particle distribution
function p, (r,r’). Whereas it is clear that p, (r) is univocally determined by u (r),
one can prove the less obvious result that only one u(r) can determine a specified
P (r). In this way, the equilibrium properties of inhomogeneous interacting systems
can also be formulated in terms of the Legendre transform of € [u], i.e., from the
intrinsic Helmholtz free energy functional & [p,].

Consider an open system of interacting particles in a one-particle external po-
tential ¢ (r). Since there is a one-to-one correspondence between p, (r) and u(r),
the intrinsic Helmlholtz free energy functional F[p,] can be constructed as the
Legendre transform of Q [u]:
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Fp,] :Q[u]+/dru(r)p1 (r) (7.48)
R

which, in what follows, will be split into the ideal part (6.65) and the contribution
resulting from the interactions, i.e.,

Flpil =T [ drpy (v) (In(py ()AY) = 1)+ T™[p)] . (7.49)
R

Consider now the following definitions:

B 65m’nt[p ] N 523ﬁm[P ]
AW=h ) =P e

which are functionals of the local density, i.e., ¢; (r) = ¢ (r,[p,]) and ¢ (r,r') =
¢z (r,r',[p,]). In particular, ¢, (r,r’) is known as the Ornstein—Zernike direct cor-
relation function (or, simply, direct correlation function) which will henceforth be
denoted by ¢ (r,1’).

Using the well-known properties of the Legendre transform, from (7.48) and
(6.76) one obtains

(7.50)

551p)) _,
5o ) (r) . (7.51)

The first functional derivative of (7.49) then yields, using (7.50),
kgTn(p, (r)A*) =kgTci (r) +u(r) (7.52)

which can be re-expressed as

1 X
p,(r)= Feﬁ[u(l”)JrkBTc:(l”)] ) (7.53)
For an ideal gas ¢ (r) =0, and (7.53) reduces to the barometric law (6.57). Thus,
—kgT c; (r) in (7.53) can be interpreted as an effective one-particle potential result-
ing from the interactions which, together with u (r), determines p, (r).
A further differentiation of (7.52) leads to

6(r—r)
pi(r)

Ou(r)
5p, (r')

kgT =kpTc (r,r') + (7.54)

and using the identity

o, 51,{(1') 5/)1(1'”) B /
/dr 6[)1(1'//) 5u(r/) —6(1‘—1‘) ) (7.55)

from (6.82) and (7.54) one has
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P, (r,¥)  =p (x)p, () +p,(x)p, (r)c(r,x)

+py (1) / dr'c (r.") [p, () —p, () p, ()] . (7.56)
R

By defining the pair correlation function g (r,r’) and the total correlation function
h(r,r') as

p,(r,x)=p,(r)p, () g(r,r)=p,(x)p, () [n(r,r)+1] , (7.57)
then (7.56) reads
h(r,r')=c(rx)+ /dr”c (r.x")p, (") R (x"¥) (7.58)
R

which is known as the Ornstein—Zernike equation. Observe that, as indicated in
Sect. 6.8, in (7.58) a shorthand notation for the functionals 4 (r,r’) and c(r,r’),
which moreover are functions of the thermodynamic state, has been used. For a uni-
form fluid phase of average density p, these functionals reduce to ordinary functions
of p which only depend on the modulus of the relative distance, i.e., & (|r —r/|) and
c¢(|r —r/|). The Ornstein—Zernike equation then reads in the thermodynamic limit

h(le—r[)=c(r—r')) +p/dr”c(|r—r”|)h(|r”—r’|) : (7.59)

or
h(k) = &(k) + p(k)h(k), (7.60)

where (k) and ¢(k) are the Fourier transforms of A (r) and ¢ (r), e.g.,

h(k) = / dr e ®Th(r) . (7.61)

7.5 Density Functional Theory

Define the functional

AR =T~ [dru®mp, () | (7.62)
R

which, after (7.48), yields A [p,] = Q [u] when p, (r) = p, (r). The first functional
derivative of (7.62) at constant u (r) is

54[p,]
5p, (r)

=kgT In(p, (r)A*) —kgT @ (r) —u(r) , (7.63)
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which, by virtue of (7.52), vanishes at the equilibrium density p, (r). The notation
¢ (r) in (7.63) expresses that the functional is evaluated at the local density p; ().
Further differentiation of (7.63) at constant u (r) (with the same meaning for the
notation ¢ (r,r’)) yields

CAp] _sr-r)
5000, P ) @64

At the equilibrium density the r.h.s. of (7.64) is positive:

o(r—r') el = ou(r)
CERE TTR
since 5p, () » s
Su(r) '

as has been already shown in (6.82). Therefore, A[p,] is a convex functional of
P, (r) and Q [u] is the minimum value of A [p,] at the equilibrium density p, (r),
for a given u (r). This variational principle is the cornerstone of density functional
theory.

From (7.49), A [p,] can be written as

A = kT [ axp, (x) (in (7 (1)A) - 1)
R

+I )~ [dru(o)p r). (7.66)
R

and, hence, F" [p;] plays a central role in density functional theory. It is clear that
the complexity involved in F™ [p] is the same as that of the partition function. Any
practical implementation of density functional theory then requires some explicit
approximation for the functional F"[p,]. Finally, note that the equilibrium local
density p, (r) is the minimum of A [p], i.e.,

<53"[51]>
6P 1 (1) /5,0 = p ()

which can also be interpreted as follows.

Consider a closed system of N interacting particles in a region R of volume V at
temperature 7 (canonical ensemble) in a one-particle external potential ¢ (r). In this
case, the Helmholtz free energy is a functional of the external potential F [¢] (see
Sect. 5.5) and ¢ (r) induces a non-uniform local density of particles p, (r), which
verifies following the normalization condition:

—pu+6(r)=0, (7.67)

N= /drp1 (r) . (7.68)
R
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Define the functional F[p,] as

Flol=5[p))+ [dr o ()P, (1 (7.69)

R

and assume that the r.h.s. of (7.69) is minimized with the constraint
N= / drp,(r).
R

As is well known, the result of this variational procedure can be obtained by remov-
ing the constraint using a Lagrange’s multiplier ¢ and minimizing the functional

Flo]—aN =[]+ [dro )P, (1) —p [drpy(), (.70
R R
leading to:
55[51]) - =0 7.71
(5 ey HTOM=0 .

which is (7.67). Observe that, in this case, once the solution p (r) of (7.71) is found,
the Lagrange’s multiplier must be eliminated by using (7.68).

7.6 Mean Field Theory

In the previous sections an approximation to the free energy of a system has been
obtained through variational methods, perturbative methods or as a virial series.
In this section a statistical approximation, called mean field theory, whose main
hypothesis is that there are no correlations among the N identical particles of the
system, is studied.

Consider for that purpose the joint probability density p(r") of finding the N
particles at the points rV of a closed region R of volume V at the temperature 7T,
which is normalized in the following way:

1
— [ drp()=1. 7.72
o [ ape) (1.72)
Note that p (r") is the marginal probability density of the canonical distribution, i.e.,
1 _pu
p(Y) = e PV, (7.73)

where U is the potential energy and ZV the corresponding partition function.
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If one assumes that the particles are not correlated, the probability density p(r")
may be expressed as the product of N identical factors (see Appendix B), which are
the individual probability densities, i.e.,

N .
~T1° 11()"-’> , (7.74)

J=1

where p,(r) is the local density of particles and p = N/V. From the normalization
condition (7.72) it follows that

17
V/ drp,(r)=p. (7.75)

R
In order to determine the intrinsic Helmholtz free energy functional, consider

again equa@ion (7.35). Since the local density of particles (7.75) is, in general, not
uniform, F4[p ] is the density functional (6.65), namely

T0p,) = kaT [ drp,(x)(in (p, ()A%) 1). (7.76)
Observe, further, that since the factorization (7.74) is independent of the interac-

tion, the average value (H™™), is independent of A (i.e., of the “charging parame-
ter”which adds interaction to the system in (7.1) when H O—H lcl), ie.,

! int ! 1 rN IN &
/Od7L<H ”2/0 dAW/Rd p (e 5; 2: (Jri— 1))

N N
32 2 [ dmeited [ deipe)V(n—)

:_(——>/drp1 () [ arp Wil —r)). @77

In the thermodynamic limit, the intrinsic Helmholtz free energy functional F[p,]
in mean field theory is, therefore,

Tlpi) = kT [ drp,(r)(1n (py(1)4%) ~ 1)

+= /drp1 /drp1 V(r—r']). (7.78)

For the sake of understanding why this theory is called mean field, consider the
variational principle (7.71). After taking the thermodynamic limit, let ¢ (r) — 0,
where ¢ (r) is the external potential which produces the inhomogeneity. The varia-
tional principle then yields
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ksT'In (p, (r)A®) + / dr'p (KW (r—v)) =0, (7.79)
i.e.,
Bu
pi(r) = e Pomil (7.80)

where the mean field potential ¢, ¢(r) has been defined as

O ne(1) /drp1 V(e—r]). (7.81)

Imposing the normalization condition to (7.80) one has

Bu
N:/drpl(r) ¢ /dre Bomi(r) (7.82)

and after elimination of ¢f# /A3 from (7.82) and substitution into (7.80) yields

o B )

pi(r) = NW ) (7.83)

which is expression (5.41) for the local density of particles in an external potential
¢.,¢(r). Note that (7.81) and (7.83) are self-consistent equations in the local density
p(r) and the mean field potential ¢ .(r). This (fictitious) external potential is,
according to (7.81), the average potential acting on a particle of the system due to
the pair potential V (|r —r']).

Finally, note that in mean field theory 3" [p,] reads

Fntp,] = /drp1 /drp1 V(r—r), (7.84)
and from (7.50) it is found that the direct correlation function is

c(jr=r]) =BV (r—r)). (7.85)

7.7 Numerical Simulations

A considerable part of the research in statistical physics is based on the so-called
numerical simulation methods. The purpose of this section is to provide a few sim-
ple ideas of some known methods and their relation with the general principles of
statistical physics. For a more detailed study, one should refer to some specialized
texts which have been included in the References.
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7.7.1 Molecular Dynamics

In this method, the classical trajectories of a system of N particles or molecules are
determined, hence the name “Molecular Dynamics” or “MD”. Let G, = (r" (1), p (¢))
denote the mechanical state at time 7 of a system of N particles. If a(C;) is the value
of a dynamical function at time ¢, a characteristic problem of MD consists in deter-
mining the time-averaged value of the dynamical function, @, namely

1 T
= lim — dta(C) . 7.86
a=lim = | a(C) (7.86)
As usual, to evaluate numerically (7.86) the time variable 7, which is continuous,
is replaced by a sequence of discrete values 1,..., t,,... such thatf, | =1, + At =
t1 +nAt. If T =ty = kAt, (7.86) may be approximated by

1 &
a=lim-)» a(G,). 7.87
Jim 7 3.a(C;) 787)
In practice, the sum in (7.87) is restricted to a large though finite number of terms,
each of which follows from the previous one in a deterministic way upon integration

of the equations of motion of the system. Thus, if Az is small enough, the Taylor
expansion of the position vector of the i-th particle r;(f, £ At) is written as:

ri(ty £ At) = 1;(ty) £ Atvi(t,) + %(At)zai(tn) +0((Ar)) (7.88)

where v;(#,) and a;(#,) are the velocity and acceleration of the particle, respectively,
at time t,,. From (7.88) one has

ri(tn+ At) +1i(ty — At) = 21;(t,) + (Ar)*a;(t,) + O ((Ar)*) | (7.89)
and
ri(ty + At) — ¥i(ty — At) = 2Atvi(t,) + O ((Ar)?) (7.90)
which may be written as
ri(ty + At) = 2ri(t) —xi(ty — At) + mi (At)*F;(ty) + O ((An)*) (7.91)
and 1
viltn) = 5 [ri(tn + At) — 1ty — A1) + O ((A1)?) . (7.92)

In (7.91) F;(t,) is the force acting on particle i, of mass m;, at time f, since,
according to Newton’s equations of motion, m;a;(t,) = F;(t,). This force, which
is supposed to be known, is a function of the coordinates r"(z,). Equation (7.91)
allows one to determine the position vector of the particles step by step, while from
(7.92) one obtains the velocity of the particles step by step, although in a preceding
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interval At. Once the value of the dynamical function in each instant is known, one
may compute (7.87) for a large number k of terms. This method of evaluation of
(7.87) is known as the Verlet algorithm.

From a practical point of view, the algorithm presents some inconveniences. For
instance, the interval At may neither be very small nor very large. Normally, At is
optimized so that the total energy remains constant up to a given precision. Note that
k cannot be excessively large, since this would substantially increase the computa-
tion time and, for the same reason, neither can N be very large, although only in the
thermodynamic limit does one expect that the time average and the ensemble aver-
age over the microcanonical ensemble be equal (see Sect. 3.5). Since in this limit
the intensive properties are independent of the geometry of the region in which the
system is contained, periodic boundary condition are imposed on the system in the
algorithm. It is well known that MD simulations lead to very good results, which
is probably due to the fact that all these limiting processes behave properly and are
rapidly convergent.

7.7.2 Monte Carlo Method

This is a probabilistic method, hence the name “Monte Carlo” (or “MC”), to evalu-
ate multidimensional integrals of the form

_ V—IN/RdrNa(rN)p(rN), (7.93)

which appear in the equilibrium statistical physics of systems of interacting parti-
cles. In (7.93), a(r") is a dynamical function that depends on the mechanical state
r" of the system, p(r") is a marginal probability density of a Gibbs ensemble (note
that the integration over the momenta p" may always be performed analytically so
that the ensemble averages reduce to integrals of the type of (7.93)), and V is the
volume of the region R wherein the system is contained.

If, as usual, the region R is discretized and divided into cells, the domain of
integration in (7.93), RV, is also discretized and the integral is replaced by a sum

= ;a(C) p(C), (7.94)

where C denotes a configuration r", whose probability is p(C). Note that the number
of terms in the sum (7.94) is equal to the number of cells in RY, which is finite. If one
now considers an infinite sequence of configurations {Cy,Cs,...} by the definition
of probability, one has

= lim — Z 6C Cn > (795)

k—oo k
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namely p(C) is the fraction of terms in the sequence for which C, = C, provided
the infinite sequence covers all possible configurations in a sufficiently regular way.
Substitution of (7.95) into (7.94) leads to

Za hm z 5C Cn

1 k
— lim - ), 7.
im kr;a(C) (7.96)

and so (a) may be computed as the average of a(C,) over the infinite sequence.

Note that although (7.96) and (7.87) are analogous (the fact that in (7.87) the
average is over the phase space (r",v") while in (7.96) it is done only over r" is
irrelevant), there is a fundamental difference between them. Thus, while in (7.87) the
sequence of mechanical states G, is deterministic, because C;, ., is obtained from G,
by solving Newton’s equations of motion, in (7.96) the sequence of configurations
C, is probabilistic or stochastic so that, in principle, there is no rule to determine
C,+1 from C,. On the other hand, there are two aspects to emphasize about (7.94).
The first one has to do with the fact that since in the systems analyzed in statistical
physics N or V is large, so is the (finite) number of terms in (7.94), otherwise this
sum could be evaluated directly. The second aspect is that, since in many systems
p(C) has a pronounced maximum, the contribution of the vast majority of terms of
the sum to (a) is small, and so the choice in (7.96) of a completely random sequence
C,, has no practical interest. For this reason, Metropolis et al. introduced a particular
type of sampling (“importance sampling”) which is detailed in the following. The
method may be easily understood if the formal analogy between (7.87) and (7.96) is
pursued further. Observe first that in MD all the mechanical states C;, that conserve
the energy have the same probability and that as pointed out earlier C;, ,, is obtained
from C;, by solving Newton’s equations of motion. Since, as has been stated, in the
MC method one has to assign a weight to each configuration C,,, it is necessary to
obtain some “equations of motion”that allow the determination of C,; from C,.
In the Metropolis et al. algorithm, based on the theory of stochastic processes, the
transition from C, to C,+; depends on the relative values of p(C,) and p(C,1).

Let W(C',t|C,t + At) be the conditional probability that if at time 7 the system
is in the configuration C’, at time ¢ + At it will be found in the configuration C. If
p(C,t) denotes the probability of finding the system in configuration C at time 7,
then

p(C,t+ At) ZW (C',t|C,t+ At)p(C 1) . (7.97)

If one subtracts from this equation the identity
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p(cat) = 25C7C/p(clat) ’ (798)
C/

and the result is divided by A¢, in the limit A# — O one finds

WED S rclop(cr). (7.99)
ot el
where
/ 1 1 / _
T(C |C)_A1}§o_m [W(C't|C,t+ A1) = 8¢ o] (7.100)

and it has been assumed that W (C’,¢|C,t 4+ At) does not depend on ¢ (stationary
process). Equation (7.99), which determines the time evolution of the probability
p(C,t), is known as the master equation or central equation.

Note that from (7.100) it follows that

W(C',t|C,t + At) = 8¢ + T(C'|C) At + O((A1)?) (7.101)
if C #C', T(C'|C) is a conditional probability per unit of time, i.e., 7(C’'|C) > 0.

Since
YW(C tCt+At) =1, (7.102)
C

from (7.101) and (7.102) one obtains

Y. 1(C'|C) =0, (7.103)
C

ie.,
T(C'|C)=-Y"T(C|C) <0, (7.104)
C

where the asterisk indicates that the sum extends over all the configurations C # C'.
If in the master equation the contributions C # C’ and C = C’ are separated, one
obtains

dp(C,t)
ot

=Y 'T(C'[C)p(C’,1)+T(CIC)p(C.1), (7.105)
C/

which, with the aid of (7.104), may be written as

dp(C,t)
ot

=" [T(C|C)p(C,t) - T(C|C")p(C,1)] . (7.106)
C/

Note that this equation expresses that the probability of configuration C changes
in time due to two terms of opposite sign. The first one is the flux of incoming
probability from configurations C' # C, whereas the second is the flux of outgoing
probability to configurations C’ # C.
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Assume that in its time evolution the system reaches a stationary or equilibrium
state:
pe(C) =1lim p(C,1) . (7.107)

—o00

In this case, from (7.106) it follows that

S T(C[C)pe(C) = X, T(CIC)pe(C) (7.108)
c c

namely in the stationary state the incoming and outgoing fluxes of probability are
equal.

One of the main objectives of the theory of stochastic processes is to derive the
stationary solution of the master equation (7.108), p.(C), from the conditional prob-
abilities per unit time 7 (C|C’) and T (C’'|C). Note, however, that since in an equilib-
rium system in order to evaluate the sum (7.94) one needs p.(C) (which is a marginal
probability density of a Gibbs ensemble), Metropolis et al. addressed what may be
referred to as the “inverse problem”, namely to derive from pe(C) the conditional
probabilities per unit time 7'(C|C’) which generate a sequence p(C,t) that verifies
(7.107). Observe that in the equilibrium statistical physics of interacting systems,
one does not know the exact weight of each mechanical state (which would imply,
for instance, that one might compute the partition function), but the relative weight
between two of them is indeed known. For example, in the canonical ensemble the
relative weight is e PAE \where AE is the energy difference of the states. Since the
solution to the inverse problem is not unique, Metropolis et al. assumed as a hy-
pothesis that for any pair of configurations C and C’ the detailed balance condition
is verified:

T(C'|C)pe(C) = T(C|C")pe(C) (7.109)

ie.,

7(C10) _ pelc)
7(CIC) ~ pelC) 71

Note that a particular solution of (7.109) is

T(C|C) = B (7.111)

This is the Metropolis scheme by which the transition from a configuration C to
a more probable one C’ (pe(C’) > pe(C)) is always accepted, whereas the transition
to a less probable configuration (pe(C') < pe(C)) is only accepted with a proba-
bility equal to pe(C’)/pe(C). In this latter case a random number ¥ (0 < y < 1) is
generated out of a uniform distribution, so that if pe(C”)/pe(C) > ¥ the new config-
uration is accepted, and if pe(C")/pe(C) < y it is rejected. Note that the probability
Y < pe(C')/pe(C) is then equal to pe(C’)/pe(C), as has been assumed in (7.111).
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In summary, if one starts from a configuration Cyp, a new configuration Cj is
built (which is normally obtained by varying slightly the position of one or more
particles) and accepted or rejected with the criteria of the Metropolis algorithm.
Upon repeating this process, a sequence of accepted configurations Cy,Cy,...,C,
is obtained that for large enough n are generated with probability p.(C). From this
sequence one evaluates (7.94) using (7.96). Observe, finally, that increasing » in a
simulation is equivalent to increasing the time variable, which is real in MD and
fictitious in the MC method.

Note that within the numerical simulation methods described in this section, in
MD the energy is constant (microcanonical ensemble) while in the MC method
the energy is variable and the relative weight of the states is that of the canonical
ensemble. The generalization of the MC method to other ensembles and of the MD
approach to out-of-equilibrium systems may be found in the textbooks included in
the References.
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Chapter 8
Phases of Matter

Abstract The objective of statistical physics is to derive the macroscopic (thermo-
dynamic) properties of matter from the laws of mechanics that govern the motion
of its microscopic constituents. Note that in this context microscopic may have dif-
ferent meanings. Indeed, although it is common to consider that matter is made
of atoms or molecules (something known as the atomic description), this is not
the only possible description. For instance, one might consider from the outset that
matter is made of electrons and nuclei (subatomic description) that interact through
Coulomb forces. Clearly, the derivation of the thermodynamic properties of matter
is much more involved when, instead of the atomic description, one uses the sub-
atomic one. The reason is that, in this case, one should analyze successively how
electrons and nuclei form atoms, how these atoms constitute molecules, and, finally,
how the macroscopic properties of matter may be derived from the molecular de-
scription. As a matter of fact, the subject of going from the subatomic description
to the atomic one does not truly belong to the realm of statistical physics (rather it
belongs to atomic and molecular physics) which usually takes as starting point the
atomic and molecular interactions.

There is yet a third description in the thermodynamic study of matter (supramole-
cular or mesoscopic description), which has sometimes been used to study systems
having such a complex molecular architecture that it is very difficult to derive the
intermolecular interactions from the atomic interactions. The properties of meso-
scopic systems are nevertheless similar to those of atomic systems, but they differ
in the relevant length scales: the angstrom in atomic systems (microscopic) and the
micron in the supramolecular ones (mesoscopic). In the last few years, there has
been a spectacular development of research in mesoscopic systems in what is called
soft condensed matter (liquid crystals, colloidal dispersions, polymers, etc.), some
examples of which are considered later in this chapter.

Due to the existence of an interaction potential between the constituents of a non-
ideal system, the latter may be found in different structures or phases whose relative
stability depends on the thermodynamic state, such as the pressure and the temper-
ature. When these variables are changed, a phase transition may occur in which the
structure of the system changes. These transitions will be studied in Chap. 9. In the
present chapter a summary is provided of some common structures of matter.
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8.1 Crystals

Consider first of all a material in the solid phase. A solid is usually formed by the
union of crystalline elements with a certain spatial order. In what follows, the case is
considered where the solid is formed by a single crystal. Although such monocrys-
talline solids exist in nature, their experimental preparation is not simple, because
they usually contain defects, in particular on their surface. To simplify the study, it
will be assumed that the monocrystal is perfect (it does not have any defects) and of
infinite volume. A perfect crystal is an example of a phase with spatial order, which
means that if one knows the average value of the position vector of a molecule, then
the average values of the position vectors of all the other molecules are specified.
If the molecules have spherical symmetry, their location in space is fixed by the
position vectors of their centers of mass {r;}, which may be written as

ri=R;+u;, (8.1)

where {R;} are the position vectors of a Bravais lattice and {u;} the displacement
vectors (see Sect. 5.8). In a solid in equilibrium (r;) = R;, where the average is
taken over a Gibbs ensemble or, alternatively, (u;) = 0. The set of vectors {R;}
defines the structure of a solid with spatial ordering, which for a crystal is a periodic
lattice. There are also some solids in which the vectors {R;} are the equilibrium
positions of a quasiperiodic lattice formed by the superposition of periodic lattices
whose lattice parameters are incommensurate. These solids are called quasicrystals
and a simple example of a quasicrystal is studied in Appendix D.

8.1.1 Crystal Structure

The structure of a solid is characterized by the two-particle distribution function,
N N
po(r,r)=(> > 8(r—r)s('—r) ), (8.2)
J=1j#i=1
which may be written as
po(r,r) = py(r)p()g(r,r') (8.3)

where g(r,r’) is the pair correlation function and p,(r) is the local density of
particles:

N
pl(r):<26(r—rj)> . (8.4)
=
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Since g(r,r’) ~ 1 when |[r—r’| > ¢ (where o is the diameter of the molecule), a
great majority of the structural properties of a crystal or a quasicrystal may thus be
derived from p, (r).

Note that the local density of particles must be a function with very pronounced
peaks in the vicinity of the equilibrium positions of the lattice {R;} and must tend
to zero when r # R ;. Since in a crystal all the vertices in the lattice are equivalent,
p (r) must have the following form:

N
pi(r)=2 o(r—R)), (8.5)
j=1

where ¢ (r — R;) is the local density around R;. In a quasicristal the vertices are
not equivalent and so in the sum (8.5) the function ¢ (r — R;) must be replaced by
functions ¢ ;(r —R;). As a first approximation, the function ¢ (r — R;) of a crystal
may be written as

or—R)) = (£) " erutrwr, 86
although it is known that ¢ (r — R ;) does not decrease as fast as a Gaussian nor has
spherical symmetry (in (8.6), ot(r — R;)? must be replaced by (r—R;)-A- (r—R;),
where A is a matrix that has all the symmetries of the Bravais lattice). Integrating
over the whole crystal (which has been assumed to have an infinite volume, so that
N — o0), one has

1
v [ =p. 8.7)

where p = N/V is the average density, which is an important parameter in the char-
acterization of a crystal.

Since a crystal is obtained through repetition of a unit cell (Fig. 8.1), of n; par-
ticles and volume v, it follows that N = Nn; and V = Nv, where N is the number
of unit cells and thus p = n; /v;. For instance, in a simple cubic (sc) lattice, whose
lattice parameter is a, vi = ¢’ and n; = (1/8)8 = 1, since each of the eight ver-
tices belongs to eight unit cells. Therefore, p = 1/a%, and so if one knows p, the
lattice parameter is determined. In a body centered cubic (bcc) lattice vi = a® and

Fig. 8.1 Unit cell of the three cubic Bravais lattices: simple cubic (sc), body centered cubic (bcc),
and face centered cubic (fcc)
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ny = (1/8)8+1=2,ie., p=2/a’, and in a face centered cubic (fcc) lattice v; = a*
andny = (1/8)8+ (1/2)6 =4, i.e., p = 4/a’ (note that in these lattices « is still the
lattice parameter of the corresponding simple cubic lattice).

In a solid p has an upper limit, which is the density at which the atoms or
molecules are in contact. When this happens, the distance between nearest neighbor
atoms is equal to the diameter of the atoms and one says that the solid reaches its
maximum packing (note that if one forces two atoms to be at distances smaller than
their diameter, the atoms ionize and the solid transforms into a different phase).
If one assumes that the atoms are hard spheres of diameter ¢ (which can, there-
fore, not interpenetrate), the density of maximum packing or “close packing” (cp)
pp may be determined in a simple way. In fact, in a simple cubic lattice when
a = o one has pcp63 = 1. Analogously, the distance between nearest neighbors
(nn) 7y, in a bee lattice is 72, = 3(a/2)?, i.e., ran = v/3a/2 and so if 7,y = G one
has p.,0° = 3v/3/4. In an fec lattice ry, = 2(a/2)?, i.e., ran = v/2a/2 and so if
ron = O one has p ., o3 = /2. Since the latter is the highest value for the close pack-

ing density that one may obtain, the fcc lattice is called a closest packing lattice
(Table 8.1).

8.1.2 Cell Theory

There exist different approximations for the determination of the thermodynamic
properties of a crystal, such as its Helmholtz free energy. The simplest one is the
cell theory of Lennard-Jones and Devonshire, which has also been applied to dense
fluids but with less satisfactory results. An elementary way of describing a solid
contained in a closed region R of volume V consists in assuming that each parti-
cle (atom or molecule) is localized in a region (Wigner—Seitz cell) R; of volume
v =V /N centered at its equilibrium position in the Bravais lattice. Notice that the
region R does not coincide with the unit cell of the Bravais lattice of the previous
section, because in the Wigner—Seitz cell the particle is at the center of the cell.
Since all the vertices of a perfect monocrystal are equivalent (which is only true in

Table 8.1 Some characteristics of the simple cubic lattice, the body centered cubic lattice, and the
face centered cubic lattice. Number of particles in the unit cell, n;, nearest neighbor distance, ryy,
referred to lattice parameter of the simple cubic lattice, a, and density of close packing, p,, of
hard spheres of diameter ¢. Also included are the close packing fraction, 1., = npcp03 /6, which
is the fraction of the volume of space occupied by the spheres at their closest packing

3

m Tin /a pcpo. Tlcp
sc 1 1 1 0.524
bee 2 V3/2 3V/3/4 0.680

fec 4 V2/2 V2 0.740
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the thermodynamic limit, where the surface effects disappear) all the cells have the
same shape. For instance, in a simple cubic lattice the Wigner—Seitz cell is a cube
of side a, i.e., v = . Since the vectors {R ;} are located at the centers of the cells
{R1}, the partition function of the interactions may be approximated in a mean field
theory as

H 1 ' int
th(ﬁavaN) = W/ dl'NeiﬂH <rN)
R

2
|

L[ quVeBeliem) (8.8)
N Jr,

with

N
H™ (N 2 (Jri—r1j]), (8.9)

l\)l>—‘
\\Mz

where V(|r; —rj|) is the pair potential interaction, €(u;) is the average potential
acting on particle j due to the interaction with the particles in the neighboring cells
(a potential which is independent of R; since all cells are equivalent), u; is the dis-
placement vector and the last multiple integral in (8.8) extends over the region Ry,
since each particle is kept inside one cell. Note that, in general, the relation between
€(u;) and V(|r; —r;|) is not evident. A case in which the approximation (8.8) turns
out to be intuitively clear is when the pair potential is that of hard spheres, namely
V(r)=-oo(r<o)andV(r)=0(r> o) (see (8.42)). As is well known, this potential
considers that the particles are spheres of diameter ¢ that cannot interpenetrate each
other, and so the volume occupied by one sphere vy = 76> /6 cannot be overlapped
by others. Therefore, this type of interaction is referred to as an excluded volume in-
teraction. Note that although in a real system the repulsive part of the potential is not
necessarily a hard-sphere one and that, in general, the potential also involves an at-
tractive part, nowadays it is possible to produce systems of mesoscopic polystyrene
spheres that interact through a hard-sphere potential (in fact, the discontinuity at
r =~ o is then less abrupt). Since these systems may form crystals when they are
suspended in an inert medium, this is the main reason that justifies the study of
crystalline solids using a hard-sphere interaction.

The major simplification involved in the approximation (8.8) is that the partition
function may be factorized in the following form:

Z™(B,V,N) = (va) , (8.10)
where
= duePe® 8.11)
1

is, for the reason explained below, the free volume per particle. Indeed, if V(r) is
a hard-sphere potential, so will be £(u), and hence from (8.11) it follows that v is
the volume of the region R where €(u) =0, i.e., it is the volume that a particle can
occupy freely in a cell when it does not overlap with neighboring particles. In order
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to determine vy one has to know how these neighboring particles are distributed
around the particle being considered. Since €(u) is an average potential, one may
assume as a first approximation that this potential has spherical symmetry, and so
if ry is the average distance between the chosen particle and its neighbors, the free
volume v is the volume a sphere of radius r; — o, namely

4
vy =37(n —0)’. (8.12)

Since the exact expression of vy depends on the form of the Wigner—Seitz cell,
the inherent approximation involved in (8.12) is that this cell has approximately
spherical symmetry (note that since the volume of the Wigner-Seitz cell and the one
of a sphere only differ by a numerical factor, this difference is irrelevant in the study
of the thermodynamic properties of the crystal).

Equation (8.12) may be expressed in terms of the average density of the crystal,
since p =1/ crf, where c is a constant that depends on the geometry of the Wigner—
Seitz cell and p, = 1/co3,ie.,

or, alternatively,
3

1/3
Vi P
L_1-| & , (8.13)

so that vy — v when p — O and vy — 0 whenp — p,.
Therefore, in the cell theory, the Helmholtz free energy per particle of a crystal
whose close packing density is p, is given in the thermodynamic limit by

1/3
F(T,p) = ksT (In (pA3) — 1) = 3ksTn [ 1 — (%) , (8.14)
cp
and hence the equation of state turns out to be given by
kgT
p= P (8.15)

- (2)"

Observe that these expressions are analytic functions of p'/3 when 0 < p < Pep-
Since the hard-sphere solid is thermodynamically unstable at low density, (8.14) and
(8.15) are only relevant when the average density of the solid is greater than some
limiting density (see Chap. 9). At high densities (8.15) is a very good approximation
for the equation of state of a hard-sphere crystal, as clearly shown in Fig. 8.2.
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Fig. 8.2 Compressibility factor, Z = p/p, in the cell theory (8.15) of a solid that crystallizes into
a face centered cubic structure (pcp 03 = V/2) as a function of pc? (continuous line). The broken
line is a simple fit (Z ~3p/(p., — p)), proposed by Hall, to the high density values of Z obtained
by Alder and Wainwright through numerical simulation (dots)

Sources: B. J. Alder and T. E. Wainwright, J. Chem. Phys. 27, 1209 (1957); K. R. Hall, J. Chem.
Phys. 57, 2252 (1972)

8.1.3 van der Waals Theory

Consider now a crystal whose pair potential is the sum of a hard-sphere potential
and an attractive potential. The Helmholtz free energy of the crystal in the van der
Waals theory F = F(T,V,N) is given by (7.25), where F* = F(T,V,N) is the free
energy of the cell theory (8.14 ). If the local density of particles of the reference
system p(l)(r) is written as (8.5), from (7.25) one has

F=F'1_ ZZ/dr/dr (r—R)o°(r —R)Va(jr—7]). (8.16)

11]1

Since in a crystal the function ¢°(r — R;) has a very pronounced peak in the
vicinity of the equilibrium position of the lattice R;, at low temperatures it may be
approximated by a Dirac delta function ¢°(r — R;) ~ §(r — R;) (classically this is
true when 7 = 0) and so (8.16) reads

1 N N
F:F0+§ZZVA(|R,~—RJ~|). (8.17)
i=1j=1

Note that the double sum in (8.17) may be replaced by N times the sum over the
equilibrium positions R; when one of the atoms of the sum over i is located at the
origin, due to the fact that in a crystal all the vertices of the lattice are equivalent.
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If the attractive potential is given by

o

Va(r) = —¢ (7) (r> o), (8.18)

where € is a parameter with dimensions of energy and » is an integer, it follows that
| "
F=F'—-Ne— Y (x—l) : (8.19)

where x; = |[R;|/o. The Helmholtz free energy per particle of the crystal is then
written as

1/3 n/3
L {p
T.0)=In(pA®) —1—3In|1- 2 —— (L) M, 320
Bf(T.p)=In(pA°) <pcp> 2t<pcp>

where one has used the fact that x; = (p/ pcp)l/ 3, introduced the dimensionless

variable t = kgT /€, and defined the Madelung constant M,, as

N\
M= (—1) , (8.21)
J=1 \Y)
some values of which (in the limit N — o0) have been included in Table 8.2 for
different Bravais lattices and indices 7.
8.1.4 Variational Theory

In some cases, the Helmholtz free energy of a crystal may be obtained, approxi-
mately, from the Gibbs—Bogoliubov inequality. Consider a solid whose Hamiltonian
is given by:

Table 8.2 Madelung constant M,, of the simple cubic, body centered cubic, and face centered cubic
lattices for different indices n

n sc bee fcc

4 16.53 22.64 25.34
6 8.40 12.25 14.45
8 6.95 10.36 12.80
10 6.43 9.56 12.31
12 6.20 9.11 12.13
14 6.10 8.82 12.06
16 6.05 8.61 12.03

Source: N. W. Ashcroft and N. D. Mermin, Solid State Physics, Sawnders, Philadelphia
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N 2
z L/
= 2m 2

In order to apply the variational method (7.16), one has to look for a simple refer-
ence system for which the upper bound of the Gibbs—Bogoliubov inequality may be
evaluated analytically. If one takes as the reference system the Einstein solid (4.31)
of Hamiltonian:

N
Z V(lri—rj]) . (8.22)

||Mz

H® = 2 (5—’{”+ ;mw (r; R.,-)2> , (8.23)
j=1

the partition function Z° may be readily evaluated, since all the integrals are

Gaussian, leading to
1 T\ 3N/2
2=5w(y) (8:24)

where o = Bm®? /2 and A is the thermal de Broglie wavelength. The free energy
of the Einstein solid is thus given by

2
FO— §NkBTln(a2 ) . (8.25)

Note further that, upon application of the equipartition theorem, one has

N1
Y ~me*(r;—R))?) = ENkBT , (8.26)
= , 2

and hence

| —
\\Mz

N
3
<H_H0>0 = < Z (Iri —xj[) > _ENkBT
j=1 0

= /dr/dr pS (e, )W (r—r|) — §NkBT (8.27)

where pg (r,r’) is the two-particle distribution function (8.2) of the reference system.
Since the Einstein solid is an ideal system, p9(r,r’) = p9(r)pY(r’), where p{(r) is
the local density of particles, whose analytical expression may be derived from (8.4)
and (8.23) with the result

N
p(r) = (g)3/2 3 R (8.28)

) 5

which is a sum of normalized Gaussians of parameter ¢, in agreement with (8.6).
Note that the higher the frequency of the oscillators or the lower the temperature,
the Gaussians become narrower and the particles become more localized around the
equilibrium positions of the atoms in the lattice, as follows from (8.28) since:
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3 3kt
T 200 mw?

((rj—R))*), (8.29)

These fluctuation are usually connected to the nearest-neighbor distance in the lat-
tice rpy through the so-called Lindemann ratio L:

[ 3
L= o (8.30)

Empirically it is known that a crystal melts when L = 0.15.
The Gibbs—-Bogoliubov inequality (7.16) reads in this case

o < ot (%27 1)

b3 [ar [ arpwpt v (e —r)

2
_ 3Nk <ln (ﬂ> _ 1)
2 T
11 oo
+§W/dk|l31(k)| V(k), (8.31)
where
pUK) = [dre ™pd(r), V()= [dre V(). (8.32)

are the Fourier transforms of the local density of particles and of the pair potential,
respectively. From (8.28) one has

N .
POk) = e K /4y oikR; (8.33)
j=1
which in turn implies
, . NN
EHOTE D I Wiy (8:34)

j=li=1

Since in a perfect crystal all the atoms are equivalent, the double sum in ( 8.34)
may be replaced by N times the sum over the equilibrium positions R, when one
of the atoms involved in the sum over i is located at the origin, namely

- 12 —ik-R;
PI(K) > =Ne ¥ /2%y 7kR; (8.35)

N
j=1
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and so (8.31) is written as

Fla) < %NkBT (m (O‘T"z) - 1)

11 X > I
N= / dke /200 KR (1) (8.36)
2 (2m)3 Z‘l (k)

_|_

As an application, consider that V(r) is the Yukawa potential of amplitude € and
range 1/x:

Vin=e—-. (8.37)

in which case the integral in (8.36) may be determined analytically yielding (f (o) =

F(a)/N):
Bf(o) < % {ln (“*'iA2> - 1]

1 1/20(* 1 —x; (l—a*xj)
+—e —e Yerfc | ———
4t g’ Xj vV2o*

1 1/206* 1 X l + a*xj'
yrie ; v eierfc , (8.38)

V2ot

where x; = kR, o = /K%, t = kgT /¢, erfc(x) = 1 — erf(x), erf(x) being the
error function, and the sum extends over all the shells of a Bravais lattice which
are at a distance x; of the origin of coordinates. Upon minimization of f(o)
w.rt. o for given values of the temperature, 7', and of the density, p, one finds
o*(T,p), and so the Helmholtz free energy per particle of the solid is f(7,p) =
Fle(T,p)).

The interest of this result is that (8.37) models the effective pair potential inter-
action between charge-stabilized colloidal spheres suspended in a solvent which,
in a first approximation, is the Derjaguin—-Landau—Verwey—Overbeek (DLVO) po-
tential (see Sect. 8.10.2). When the point particle limit of the DLVO potential
is taken, a simple Yukawa pair potential is obtained. It is this limiting situation
that many of the computer simulations have considered. This colloidal system
may crystallize in a bec or in a fcc lattice. Results for the compressibility fac-
tor Z = Bp/p, where p is the pressure, of a crystal of point particles interacting
through the Yukawa potential and which crystallizes in a bcc lattice are shown in
Fig. 8.3.
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Fig. 8.3 Compressibility factor, Z = fBp/p, obtained from the variational method of a crystal of
point particles that interact through the Yukawa potential ( 8.37) as a function of the parameter A
(A3 = k3/p) at the temperatures 1 = 6.3 x 10~* (continuous line) and t = 1.4 x 1073 (broken line).
This system crystallizes into a bec lattice and the dots are the values of MC simulations

Source: E. J. Meijer and D. Frenkel, J. Chem. Phys. 94, 2269 (1991)

8.2 Fluids

Under given conditions of pressure and temperature, a material may be found in a
phase which is invariant under any translation or rotation (this is only rigorously
true in the thermodynamic limit, where the surface effects disappear). In contrast
with a crystal, in such a phase the particles are distributed randomly in space. When
the interaction is of the excluded volume type, one says that the material is in a fluid
phase. If the interaction also contains an attractive part, one similarly refers to a fluid
as being the homogeneous and isotropic phase in which the effects of the repulsive
part of the potential dominate over those of the attractive part (for more details see
Sect. 8.2.4 and Chap. 9).

8.2.1 Dense Fluids

The virial expansion up to second order (see Sect. 7.3) is inadequate even for moder-
ately dense fluids. Since it is not simple to determine the virial coefficients of order
higher than two, one may adopt empirical criteria to sum the virial series. In this
section two examples are considered.

Recall that the perturbative methods are based on the choice of a reference system
which in the van der Waals theory (7.25) is that whose Hamiltonian is the sum of the
kinetic energy and the repulsive part of the interaction potential. The free energy per
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particle, £, of the reference system in the second virial coefficient approximation
(7.33) is thus given by:

Bf'=Bf+Bap, (8.39)

where B; is the second virial coefficient of the repulsive part of the interaction po-
tential. In the case of a repulsive square-well (SW) potential of amplitude € and
range O, i.e.,

V(r)=¢e0(c—r), (8.40)
the second virial coefficient is given by

By — 27”03 (1 —e*ﬁS) . (8.41)

When € — oo, the potential (8.40) is the hard-sphere potential:

0, r< 0O
V()= { oo (8.42)
in which case
= 4vy, (8.43)

where vy = 763 /6 is the excluded volume around each particle due to the hard-
sphere potential (the volume of a sphere of diameter ¢). Since the hard-sphere po-
tential prevents the spheres from overlapping, its effect is more important the denser
the fluid is.

Consider two empirical approximations to sum the virial series of a hard-sphere
fluid. In the first approximation, one starts from the virial expansion of the pressure
at low densities Bp = p(1+4 Bap +---), namely

~_ P
Br= (8:44)

since Bop < 1. Extrapolating empirically (8.44) to high densities, one has

Bp=

2 Byp)" (8.45)

n=0

11— BzP
which in turn implies that B,,.; = B3. With this approximation and since

z

= —In(1—x), (x< 1),

:|><§

the free energy per particle due to the repulsive part of the interaction potential, fi™,

is given by
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B =Y (Bap)' = ~In(1 ~Bsp). (8.46)
n=1
Observe that in this approximation due to van der Waals, the pressure tends to in-
finity when p — B; ! i.e., when the fraction of the volume of the Euclidean space
occupied by the spheres (the packing fraction n = pvg) is 1 = 0.25. This result is
incorrect since, as was analyzed in Sect. 8.1.1, the maximum packing fraction in
a system of hard spheres is that of a crystal whose structure is the one of a face
centered cubic lattice (1), = 0.740).
Another empirical approximation is due to Carnahan and Starling and is based on
the values of the virial coefficients of a hard-sphere fluid. The analytical expression
of the first three coefficients is known, B, = 2163 /2,

By 5 By 1 1 89
B2 =3 B = 32401 (219\/§+4131arcos(\/§)> 280’
and of the remainder, their numerical value up to Bjg. This is an exception, since for
most pair potentials analytical or numerical results are known only for B, and Bs.
The proposal made by Carnahan and Starling for the virial coefficients B, of a
hard-sphere fluid is
By

By =n(n+3) (7> , (8.47)

which, as shown in Table 8.3, provides an excellent approximation to the exact
values and to those obtained by numerical integration.
If one takes into account that

Y A= a (x< 1),

3
n=1 I—x

and

< n __ a < n __ X
ng‘lnx —xarg‘lx = =g (x< 1),

Table 8.3 Virial coefficients b, = B,/(B2)"~! of the hard-sphere fluid obtained from the
Carnahan-Starling (CS) equation and from analytical or numerical integration techniques (NI) for
different values of n

n ba(CS) by(NI)
3 5/8 5/8

4 028125 0.28695
5 0.109375 0.110252
6 0.039063 0.038882
7 0.013184 0.013024
8 0.004272 0.004183
9 0.001343 0.001309
10 0.000411 0.000404

Source: N. Clisby and B. M. McCoy, J. Stat. Phys. 122, 15 (2006)
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the free energy f}m is given by

int __ - n n_n(4_3n)

where 1 = pvy is the packing fraction. The pressure p of the hard-sphere fluid is,
therefore,

(8.48)

Br _1+n+n’*-n’

p (I=m)* 7
which is known as the Carnahan—Starling equation of state.

Observe that (8.49) diverges at 1 = 1, which is an unphysical value for the pack-

ing fraction since the spheres cannot occupy the whole volume of the system. This
divergence, however, is not important because the numerical simulations show that
when 1 ~ 0.5 the hard-sphere fluid crystallizes in a fcc lattice (see Chap. 9). There-
fore, the hard-sphere fluid at high density is metastable with respect to the solid and
the Carnahan—Starling equation ceases to be relevant. The compressibility factor of
the Carnahan—Starling and the van der Waals equations of state (8.46) and the one
that is obtained by approximating the equation of state by n = 2,3,...,10 terms of
the virial expansion are displayed in Fig. 8.4.

(8.49)

8.2.2 Fluid Structure

As was analyzed in Sect. 6.8, the local density of particles p, (r) of a homogeneous
phase is uniform (independent of r) so from (8.7) it follows that

30 : : : :

0 0.2 0.4 0.6

n

Fig. 8.4 Compressibility factor, Z = fp/p, of the Carnahan-Starling equation of state (continuous
line) as a function of the packing fraction 1. The dashed lines are the results obtained from the virial
series when this series is approximated by n = 2,3,...,10 terms. Note that, in these latter cases, Z
increases with n
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pi(r)=p, (8.50)

where p = N/V is the average density of particles. On the other hand, the two-
particle distribution function (8.2) may be written as

po(r,x') = p2g(lr —r';T,p) = p*[1 + h(jr —¥'|:T,p)] (8.51)

since the pair correlation function, g(r;7,p), and the total correlation function,
h(r;T,p), depend on the modulus of the relative distance, of the density p, and
of the temperature T (see Sect. 6.8).

In contrast with a solid, where the great majority of the structural information
is contained in the local density of particles (8.5) and (8.6), the pair correlation
function g(r; T, p), or the total correlation function i(r; T, p), contains all the infor-
mation about the structure of a fluid. One may then obtain the thermodynamic prop-
erties of the fluid from the knowledge of these structural functions; for instance,
the compressibility equation (6.101) shows that, if the total correlation function
h(r;T,p) is known, the isothermal compressibility coefficient can be determined
and, after integration of the latter, also the equation of state.

The pair correlation function g(r;p) of a hard-sphere fluid is shown in Fig. 8.5.
This function has a similar behavior for fluids whose interaction contains a repulsive
part, not necessarily of the hard-sphere type, and an attractive part. The main dif-
ference is that in the case of the hard-sphere fluid this function does not depend on
temperature. Note that g(r;p) = 0 (r < 0) since the probability of finding two par-
ticles at a distance smaller than the hard-sphere diameter is zero. On the other hand,

1f \L./ ]
0 , , ,

0.0 0.5 1.0 1.5 2.0 2.5
ro

Fig. 8.5 Pair correlation function, g(r;p), of a fluid of hard spheres of diameter ¢ as a function of
the variable /o for 1 = mpc /6 = 0.49. The continuous line is the solution of the Percus—Yevick
equation and the dots are values obtained by MC simulations

Source: J. P. Hansen and 1. R. McDonald, Theory of Simple fluids, 2nd ed., Academic Press, London
(1986)
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as was already analyzed in Sect. 6.8, g(r;p) — 1 (r > o). Moreover, the range of
g(r;p) (and, therefore, of h(r;p)) is of the order of several hard-sphere diameters.
Hence, in the theory of fluids, the direct correlation function ¢(r; T, p) is introduced
because its range is smaller than that of 4(r; T, p). This function is defined through
the Ornstein—Zernike equation (7.59):

h(r;T,p)=c(r;T,p)+p /dr’c(r/; T,p)h(|r—1'|;T,p), (8.52)
or, alternatively,
h(k;T,p) = &(ks T, p) + pe(k; T, p)h(k; T, p) , (8.53)

which relates the Fourier transforms of both functions.
Note that from the compressibility equation (6.101) one has

W0:T,p) = /drh(r; T.p) = ksTxy(T.p) — % , (8.54)

which shows that the integral of the total correlation function diverges at the criti-
cal point because Y1 (7., p.) = o, i.e., h(r; T, p,) is long-ranged. From (8.53) and
(8.54) it follows, on the other hand, that

1 1

e — (8.55)
p p*ksTxr(T.p)

¢(0;T,p) :/drc(r;T,p) —

and so at the critical point &(0; T, p,.) = 1/p,, i.e., ¢(r; Tz, p.) is short-ranged.

It is important to point out that the Ornstein—Zernike equation defines ¢(r;T,p)
so that, apart from the information obtained through (8.55), this function is as
complicated as h(r;T,p). In order to determine one or the other, an approxi-
mate “closure relation” is required. The best known is the Percus—Yevick closure
given by

o(nT,p)= (1 —eBV(’))g(r; T.p). (8.56)

Note that for the hard-sphere potential (8.42), it follows from (8.56) that ¢(r;p) =0
(r > 0), where 0 is the diameter of the sphere, i.e., in this approximation ¢(r;p) has
the range of the potential. If, on the other hand, one defines the function y(r;7,p)
by the equation

y(rT,p) = eﬁv(r>g(r; T,p), (8.57)
from (8.56) one has

o(rT,p)=y(rT,p)f(rT), (8.58)
where f(r;T) is the Mayer function (7.42), and the Ornstein—Zernike equation

transforms into a non-linear integral equation for y(r;T,p) which, in the case of
hard spheres, reads
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y(rip) = 1—P/dr/y(r’;P)@(G—r/)y(lr—r’l;P)@(lr—r/l —0)
+p/dr/y(r’;p)@(0'—r’). (8.59)

This equation may be solved analytically (see J. P. Hansen and I. R. McDonald in
the References) and its solution (note that ¢(r;p) = —y(r;p) (r < 0)) is

clx;m) = <—a—6nbx— %nax3> O(l—x), (8.60)
where x = r/0, 1 = npo3 /6, and

(1+2n)2 1+ 1n)’

Taking all these results to (8.55), one obtains

1 1+4n+4n2
_ , (8.62)
pksT x7(T,p) (1—m)*

whose integration with respect to p allows one to determine the equation of state:

Bp _1+n+n?
p o (I-mp
which is known as the Percus—Yevick compressibility equation of state (PY-c).

Note that the equation of state of a fluid may be obtained in the canonical ensem-
ble with the aid of the expression p = kgTdInZ(B,V,N)/dV,ie.,

(8.63)

p:kBT% [m /R drNeﬂH;?t(rN)} : (8.64)

where H ll\}“(rN ) is the potential energy of interaction (8.9). Assume that the region
R is a cube of side L (V = L3) and consider the integral

ALY = [ arVe PR (8.65)
L3
One then has

ALY = A A oBHMY) _ p3N /L dxVe PN (8.66)

where the change of variable r; = Ax; (i = 1,2,...,N) has been made and Ax" =
AXq,...,AXy. After derivation of the first and the third terms of (8.66) with respect
to A, particularizing the result for A = 1 and dividing by 3V, one finds
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. N N int
V) =pA(W) = 0B [V S X =V (- e PR .67)
R i=li#j=1

where p = N/V and the prime indicates a derivative with respect to the argument.
From (8.64) and (8.67) it follows that

1
p = pkpT — — dr/ dr'le —'|V'([r—/|)p, (r,1') (8.68)
6V Jr  Jr
where p, (r,r’) is the two-particle distribution function. In the thermodynamic limit,
from (8.51) and (8.57), one has

Bp

L 1= gbp [ dreV ()s(nTp)

1 /
= 1+gp/drry(r;T,p)f (r;T), (8.69)

which is known as the virial equation of state.
Since for hard spheres f'(r;T) = §(r — @), from (8.69) the Percus—Yevick virial
equation of state of a hard-sphere fluid (PY-v) is found:

Bp

2

(I1—m)?

Note that although both the compressibility equation (8.54) and the virial equation
of state (8.69) are exact, when an approximation is introduced to determine the
structure of a fluid (for instance, the Percus—Yevick closure relation), the equations
of state derived from each of them turn out to be different. This fact is known as
the “thermodynamic inconsistency” of the virial and compressibility routes to the
equation of state. The differences between (8.63), (8.70) and the Carnahan—Starling
equation of state (8.49) (which is an excellent approximation to the simulation re-
sults) are shown in Fig. 8.6. Note that although the equations are practically iden-
tical at low densities ( < 1), at moderate densities (11 > 0.3) the discrepancies
are appreciable. This indicates that the Percus—Yevick closure relation is a good
approximation only if the hard-sphere fluid is moderately dense.

(8.70)

8.2.3 Fluids and Glasses

Up to this point, the equation of state of the hard-sphere fluid has been obtained from
the sum of the virial series for the pressure, assuming that the virial coefficients obey
a given law (Carnahan-Starling equation), or through the Percus—Yevick closure
relation. Since, in general, this kind of information is not available for more complex
systems, a third approximation is considered in this section.
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0.0 0.2 0.4 0.6

Fig. 8.6 Compressibility factor, Z= p/p, of a hard-sphere fluid as a function of the packing frac-
tion 1. The continuous line is the Carnahan—Starling equation of state, the broken line corresponds
to the PY-c equation of state, and the dotted line corresponds to the PY-v equation of state. The
dots indicate the results of numerical simulations

Source: B. J. Alder and T. E. Wainwright, J. Chem. Phys. 27, 1209 (1957)

A simple idea, due to van der Waals, is that, since the thermodynamic properties
of a fluid of hard spheres of diameter ¢ reduce to those of an ideal gas when o — 0,
the Helmholtz free energy of a hard-sphere fluid may be approximated by the one
of an ideal gas (5.36) in which the volume V is replaced by the “free volume” V;,
which is the volume accessible to the N spheres. If vog = ©6> /6 is the volume of
a hard sphere, the accessible volume is bounded by the region of V which is not
occupied by the N spheres, namely Vy <V — Nvy. Therefore,

. . \%
F(T,V,N) = F'(T,V;,N) = F'Y(T,V,N) — NkgT In <Vf> . (8.71)
Since v
< 1=pr+0(p?) (8.72)
the inequality (8.72) may be written as an equality:

v
A (8.73)

14 Po

where p, is a constant satisfying p < p, < V2/03, because V¢ has to be positive.
In the thermodynamic limit the Helmholtz free energy per particle is, therefore,

£(T,p) = ksT [In (pA%) — 1] —kBT1n< - pﬁ) , (8.74)
0
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and so the pressure of the hard-sphere fluid in the van der Waals approximation is
given by:
pkgT
=75 -

Po

(8.75)

Note that the derivation of this equation of state is simple and that (8.75) has a
certain parallelism with the equation of state of the cell theory (8.15). As has al-
ready been pointed out, p,o° < pcp63 = /2, which is the density of maximum
packing of the most compact crystalline structure. The reason is that if py = p,
the fluid and solid phases cannot exchange their stability, i.e., at any density the free
energy of the fluid (8.74) would be smaller than that of the solid (8.14), and there
would be no phase transition, contrary to what is observed in the simulations. As
will be seen in the next chapter, an equilibrium disordered structure may only ex-
ist when 0 < po‘3 < 0.943, while in order for an equilibrium periodic structure of
hard spheres to exist it is required that 1.041 < po‘3 < /2. It must be mentioned,
however, that the accessible structure at high densities need not necessarily be a
crystal. As a matter of fact, a method of great practical interest in order to avoid
crystallization of a fluid consists in rapidly increasing the pressure in such a way
that the particles (in this case the hard spheres) do not have time to reorganize and
stay trapped in a disordered structure which, therefore, is not a phase in thermody-
namic equilibrium (see Chap. 13). The density of maximum packing of this kind of
structure, “random close packing” (rcp), is pmp63 ~ 1.203 (a result obtained from
the simulations) although this value depends on how one constructs the packing.
The structure obtained in this fashion in systems whose interaction is not necessar-
ily that of hard spheres (note that in such a case the same result may also be obtained
by abruptly decreasing the temperature) is called a glass phase (since ordinary win-
dow glasses are obtained using this method) which, as has already been mentioned,
is not an equilibrium phase as the ones studied in this chapter. In a glass phase the
time the system takes to reach equilibrium or relaxation time may be of the order of
centuries. The most evident manifestation that the glass phase is an “intermediate
phase” between the fluid and the crystal is that, in spite of being a disordered phase,
its thermodynamic properties may be described using an equation of state which is
similar to the one of cell theory, namely

p= pkiBT (8.76)

1/3
_(.r
l (pGC)

instead of an equation of state of equilibrium fluids such as (8.75).

The free energy of the solid, glass, and fluid phases of a hard-sphere system
is represented in Fig. 8.7. The solid and glass phases are described using the cell
theory, i.e., (8.15) and (8.76), while the fluid phase is described within the van der
Waals approximation (8.75) with p063 =~ 0.946 (see Chap. 9). Note that the glass is
stable with respect to the fluid in the interval 0.943 < po® < 1.203, although it is
metastable with respect to the solid in the whole density range.




206 8 Phases of Matter
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Fig. 8.7 Reduced free energy F* = BFo>/V of the solid (continuous line), glass (dotted line) and
fluid (broken line) phases of a system of hard spheres of diameter o as a function of po?. For the
sake of clarity, the figure has been divided into two parts: a0 < po3 <0.2.b 0.2 < po? < 1.4

8.2.4 Vapor and Liquid

In the previous sections the focus has been on a fluid with a repulsive interaction
which, when abrupt enough, may be approximated by a hard-sphere potential. In
real atomic fluids the interaction potential contains both a repulsive and an attractive
part. The origin of the former are the repulsive forces between the electron clouds,
while the latter arises due to the attractive forces of electric polarization (either
permanent or induced) of these electronic clouds.

A simple example of this type of pair potential which adequately describes the
thermodynamic properties of simple fluids is the Lennard-Jones (LJ) potential:
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V(r) = 4e {(%)12— (%ﬂ , (8.77)

which contains two parameters: ¢, which is the distance at which V(r) =0 and —¢,
which is the value of the potential at the minimum r,, = 2!/G. The term 1/r'?
describes in a conventional way the repulsion, while the term 1/79 is obtained from
the induced dipole-induced dipole van der Waals interaction.

Two widely employed pair potential models in statistical physics are of the form
V(r) = Vr(r) 4+ Va(r), where Vg(R) is the hard-sphere potential (8.42), o is the
diameter of the sphere and V4 () is either the square-well potential,

Va(r)=—¢€[G(c+6—r)—O(c—7)], (8.78)

where € and 0 are, respectively, the depth and the width of the well, or the inverse
power potential,

Va(r) = —¢ (%) (r> o), (8.79)

where € is a parameter with dimensions of energy and » an integer. These potentials
have been represented in Fig. 8.8 and the values of the parameters for the Lennard-
Jones and square-well potentials of some simple fluids are gathered in Table 8.4.
These data are obtained from the comparison of the numerical and experimental
values of the second virial coefficient in a certain interval of temperature.

Since, in general, the attractive interaction is weak, it may be treated using per-
turbation theory. As has been analyzed in Sect. 7.2, the Helmholtz free energy per
particle may then be determined using the van der Waals equation (7.25), which for
a uniform phase reads, in the thermodynamic limit,

3 T T T
|
|
2 |
|
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\
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Fig. 8.8 Lennard-Jones potential (broken line), square-well potential (continuous line), and inverse
power potential with n = 6 (dash-dotted line). The hard-sphere diameter in the last two potentials
has been taken to be equal to the variable o of the Lennard-Jones potential and the width of the
square-well & = 79/55 has been chosen in such a way that the area of the well is equal to the
integral of the negative part of the Lennard-Jones potential (represented are V (r) /€ versus r/o)
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Table 8.4 Parameters of the Lennard-Jones (LJ) and square-well (SW) potentials obtained from
the comparison of numerical and experimental values of the second virial coefficient in a cer-
tain interval of temperature. The parameters o and €/kp are expressed in angstroms and Kelvin,
respectively

é/c c e/kp
Ar LJ 3.504 117.7
Ar SW 1.70 3.067 93.3
Kr LJ 3.827 164.0
Kr SW 1.68 3.278 136.5
Xe LJ 4.099 222.3
Xe SW 1.64 3.593 198.5

Source: A. E. Sherwood and J. M. Prausnitz, J. Chem. Phys. 41, 429 (1964)

f(T.p)=f2T.p)+ p/drvA (8.80)

and so if the free energy of the reference system f°(T,p) is approximated by (8.74)
then one has

F(T.p) = ksT (ln(pA3)—1)—kBT1n< _p£> Cap. 88D
0

where a is a positive constant (since V4 (r) < 0) which measures the cohesion be-
tween the particles induced by the attractive part of the potential:

a= —% /drVA(r) . (8.82)

A remarkable fact about (8.81) is that the relative contribution to the Helmholtz
free energy coming from the attractive and repulsive parts depends on temperature.
According to this, once the density p is fixed, there exists a value of the temperature,
Tp, for which both contributions compensate, i.e.,

ap
n(1-4)

When T = Ty the free energy is that of an ideal system, even though there is interac-
tion between the particles. If T > Ty the deviation with respect to the ideal behavior
is due mainly to the repulsive part of the potential, while if 7 < Ty it is the attrac-
tive part of the potential that contributes most to the non-ideal behavior. As will be
analyzed in the next chapter, at low density the free energy (8.81) describes at high
temperature the fluid phase of the previous sections and at low temperature the gas
or vapor phase, which is the natural continuation of the fluid phase. At low temper-
ature and high density, on the contrary, (8.81) describes a new disordered phase in

kpTo = — (8.83)
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which the attraction is essential and which is called the liquid phase. As has been
indicated, in the vapor phase the repulsion dominates over the attraction whereas in
the liquid phase the opposite happens. Since both phases are described by the same
free energy, it is possible to go from one phase to the other in a continuous way.
That is the reason why the title of the thesis of van der Waals is “On the continuity
of the liquid and gas phases.” In that thesis he derived the equation of state,

_ pksT
P=1py P

(8.84)

which is called the van der Waals equation of state, to study the liquid—vapor transi-
tion. This equation may be derived using (8.81), with p, = 1/b, and the thermody-
namic relation p = p2df/dp .

8.3 Mixtures

Although the systems analyzed so far are formed by particles of a single species,
it is well known that many systems in nature are a mixture of various components.
According to the fundamental equation of thermodynamics, the internal energy E of
a multi-component system is a function of the entropy S, of the volume V (assum-
ing that this is the only external parameter), and of the numbers of particles of the
different species {Ny }, namely E = E(S,V,{Ny}). All the thermodynamic infor-
mation contained in this equation may be taken over to the Helmholtz free energy
F =F(T,V,{Ny}) through a Legendre transformation (see Appendix A).

8.3.1 Binary Mixtures

In the description of a mixture, we may use as intensive variables the partial densi-
ties p, = N /V that verify the condition ¥, p, = p = N/V, where p is the total
density and N = ¥, Ny, or the number fractions x,, = Ny /N, that verify ¥, xo = 1.
Therefore, in the thermodynamic description of a mixture one must clearly specify
the variables that are used. The case of a disordered phase, which is later particular-
ized to the binary mixture case, is analyzed in this subsection.

The Helmbholtz free energy (5.36) of an ideal system in the thermodynamic limit,

NA3
NkBT (1[1 (T) — 1) y

may be generalized to the case of a mixture as
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i NoA
F'YT,V,{Ng}) = kBTZNa <ln ( "‘V ) 1)
= kBTVzpa ( n(pa a) - 1)
o
=kpTNY xq (Inxg +1n (pAj) — 1) (8.85)
o
where Ay = h/\/2nmqkpT is the thermal de Broglie wavelength of species o.

Similarly, the virial expansion up to second order, (7.33) and (7.45), can be gen-
eralized for a mixture as

F™(T,V,{No}) = ksTV Y. ¥ P uP /bary - (8.86)
oy
ie.,
By =Y Yaxybay . (8.87)
oy
with
bay:——/dr —Bve(r —1) , (8.88)

where V%7 (r) is the total interaction potential between particles of species o and .

An interesting problem consists in determining whether a mixture is thermody-
namically stable or metastable with respect to the system of the separate species,
i.e., whether the free energy of the mixture is smaller or greater than the sum of the
free energies of each of the components. In order to simplify the equations, consider
a binary mixture in the second virial coefficient approximation. The Helmholtz free
energy of the mixture is according to (8.85) and (8.86), given by

2 2
F(T,V,Ni,Ny) =kgTV Y p, (m (Pata) -1+ pybay> , (8.89)
a=1 =1

so that the free energy per particle f(7,p,x) = F(T,V,N;,N2)/N, where N = N; +
Ny, p =N/V, and x = x; is the number fraction of one of the components (x, =
1 — x), turns out to be

F(T,p.x) = kgTx (Inx+1n (pA) — 1)
+kgT (1 —x) (In(1 —x) +1In(pA3) — 1)
+kgTp (¥*b11 +2x(1 —x)bia+ (1 —x)*bn) | (8.90)

where one has used the fact that by, = by;.

The free energy per particle of component 1, if considered separately at the same
density and temperature as those of the mixture is, according to (8.90), f(T,p,1),
while that of component 2 is f(7,p,0). If the “free energy of mixing” is defined by
the expression
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Fmix(TﬂvalﬂNZ) = Nf(T,p,x) _le(Tvpa 1) _NZf(Tapao)a
then the free energy of mixing per particle f™* (7, p,x) is given by

fmix(Tvpvx) = f(Tapvx) _xf(Tapa 1) - (1 _x)f(TvpaO) . (891)
From (8.90) it follows that

F™X(T, p,x) = kgT {xInx+ (1 —x)In(1 —x)}

+kpT px(1 —x) (2b1y — b1y — b)) . (8.92)

The first term in the r.h.s. of (8.92) is the ideal contribution to the “entropy of
mixing”, while the second one is the contribution of the “energy of mixing” in the
second virial coefficient approximation. Note that the interaction term does not de-
pend separately on the variables b;;, but only on the coefficient,

b= —=({bn1—b1a} +{bn—b12}), (8.93)

1

2
i.e., on the asymmetries between the different species and, therefore, such a mixture
is called regular. If f™X(T,p,x) is negative for certain values of T,p, and x, the
mixture is the thermodynamically stable phase. It may occur that when modifying
one of these variables f™*(T',p,x) becomes positive and the mixture then will be
metastable with respect to the pure phases. One says then that in the mixture a
demixing phase transition takes place (cf. Chap. 9).

8.3.2 Colloidal Suspensions

Colloidal suspensions are multi-component systems composed of mesoscopic col-
loidal particles dispersed in a molecular solvent which often contains other smaller
particles as well, i.e., polymers, ions of a dissociated salt, etc. The statistical treat-
ment of such mixtures is generally complicated because the widely separated length
and time scales between the colloids and the remaining constituents inhibits a treat-
ment of all the components on an equal footing. Indeed, a typical linear dimension
of a colloidal particle is of the order of um, whereas a typical atomic radius is of
the order of nm. This large difference in size has important physical consequences.
First, characteristic timescales for the motion of the colloidal particles are much
slower and one typically observes the system to evolve at macroscopic timescales
in contrast with the rapid motion of the small particles. From the experimental point
of view, the size of a colloidal particle, which is of the same order of magnitude as
the wavelength of visible light, allows to analyze the structure of a colloidal fluid
by light-scattering experiments, instead of the traditional neutron-scattering exper-
iments which have to be performed in the case of atomic fluids. Also, colloidal
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crystals exhibit a rigidity against mechanical deformations which is many orders of
magnitude smaller than their atomic counterparts, i.e., they are “soft” solids which
can be easily “shear-melted.” Moreover, as indicated above, a melted colloidal crys-
tal will take a macroscopic time to recrystallize, opening up the possibility of a
detailed study of the crystallization kinetics.

For equilibrium systems, when the colloids are monodisperse, i.e., all particles
have the same size, a colloidal suspension can often be viewed as a one-component
system of “supramolecules” described by an “effective” Hamiltonian. This effective
Hamiltonian results from tracing out in the partition function the degrees of freedom
of the remaining, microscopic, constituents, and, hence, it depends on the thermo-
dynamic state of the mixture. In order to illustrate this concept, let us consider a
binary mixture of Ny large particles of mass M; and coordinates RV, and N, small
particles of mass m; and coordinates r’2, in a region R of volume V and being at
temperature 7. The full two-component potential energy is

U (RNl ,I'Nz) =Un (RNI) +Urp (RN' ,I'Nz) + Us»p (er)
=U; +Up+Un, (8.94)

where Uj; (Uy;) contains the interactions between the large (or small) particles,
while Uj, describes the interactions between the large and the small particles. If
the goal is to eliminate the small particles from the picture, the partition function of
the mixture can be written, by first performing the elementary integration over the
momenta of both components, as

Z(ﬁ, V,N] 71\/2) — % / dRNl efﬁ [Ull (RNI )+AF([3,V,N] -,N2;RN1 )] , (895)
Al N JR

where AF (B,V,Ni,N;RM) has been defined by

PAFANMRN) = L [ gt AR )l )] (596
Aé 2N>! JR

with Aj (Az) denoting the thermal de Broglie wavelength of the large (or small) par-
ticles. Note that this formal transformation of the partition function of the mixture
allows to identify the r.h.s. of (8.95) as the partition function of a one-component
system of large particles described by an effective potential energy:

UST (B,V,N1,Ny; RM) = Uy, (RV) + AF (B,V,Ny,Na; RY)
= Uy +AF . (8.97)

The effective potential energy (8.97) consists of the direct interactions U; and a
free energy term AF which indirectly includes the effects of the small particles. An
important difference with respect to atomic systems, where the interactions are de-
termined by the electronic structure, is that in colloidal systems the effective interac-
tions depend on the thermodynamic state, here 3,V, Ny, and N,. A change, say, in the
temperature or in the composition of the mixture modifies the effective interactions
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which can thus be controlled externally. As a matter of fact, the complexity of the
mixture, with different size scales, is conserved in the exact effective potential en-
ergy (8.97) because (8.95) and (8.96) are merely formal transformations of the par-
tition function of the mixture. Moreover, effective colloidal interactions are not nec-
essarily pairwise additive, even if the underlying interactions in (8.94) are strictly
pairwise. However, in order to take advantage of the well-known methods developed
in statistical physics for atomic systems, one has always to resort to approximations
in order to express AF in terms of effective pair potential interactions which depend
on the intensive thermodynamic variables, here Ve ([R—R'|;B,p4,p5), where p,
and p, are the number densities of the components. Two well-known examples of
effective pair potentials will be introduced below. In general, problems with the pair
potential picture are to be expected only at very high concentrations of colloids.

Further, it has to be emphasized that, even in the pair potential approximation,
AF contains a term which does not depend on the coordinates of the large parti-
cles, i.e.,

AF = Fy(B,V,N1,N2)
1
2

7 Mz

N
21 eff(}R R/} B, Plvpz) . (8.98)

The term Fy (B,V,N1,N,) must be extensive in the thermodynamic limit, and,
therefore, can be written as V fy (B, p,,p,) where fo (B,p,p,) is some function of
its arguments. For this reason, V fy (B,p,,p,) is known as the volume term. The
first-principles determination of Ve ([R—R'|;B,p;,p,) and fo (B,p,.p5) is gen-
erally a formidable task which can be solved only approximately in most cases.
The lack of dependence of the volume term on the coordinates of the large particles
moreover implies that the average of any dynamical function (e.g., the pair corre-
lation function) in unaffected by this term, i.e., the volume term plays no role in
the structure of the one-component effective system. Nevertheless, the volume term
affects the phase diagram and the thermodynamic properties, because of its depen-
dence on the intensive variables f3,p,, and p,. Finally, observe that the foregoing
arguments can be easily transposed to other multi-component systems and also to
different Gibbs ensembles.

8.3.3 Asakura—QOosawa Potential

The addition of a non-adsorbing polymer to a suspension of colloidal particles dis-
persed in a solvent can cause an effective attraction between the particles by the
depletion mechanism. This phenomenon can be interpreted in terms of a volume
restriction whereby the exclusion of polymer particles between two neighboring
colloidal particles produces a net attraction between them (see Fig. 8.9).

Consider that the suspension is in equilibrium with a reservoir containing solely
the solvent and the polymer molecules. If p and pg denote the pressure of the system
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Fig. 8.9 Depletion mechanism. Two large hard spheres of diameter o in a sea of small spheres
of diameter 0" The spherical shell with thickness 07/2 surrounding each large sphere is called the
depletion layer. When the depletion layers do not overlap (upper case), there is an isotropic osmotic
pressure acting on each large sphere. When the depletion layers overlap (lower case), there is an
unbalanced osmotic pressure driving the large spheres together

and of the reservoir, the osmotic pressure difference 7 is given by 7 = p — pg. Let
us assume for simplicity that the colloidal particles and the polymer molecules can
be considered as hard spheres of diameters ¢ and ¢’ (6 > ¢’), respectively. On an
isolated colloidal particle the polymer suspension exerts an isotropic osmotic pres-
sure 7. But if two colloidal particles approach each other so that the center-to-center
separation r is smaller than 6 + ¢’, polymer molecules will be excluded from a well-
defined region between the particles (the depletion region). The resulting effect is
an unbalanced osmotic pressure driving the particles together. Integration of this os-
motic pressure over the portion of available surface area of the two particles gives
rise to the following effective pair potential between two colloidal hard spheres:

oo, r<o
Veff(r;ﬂ) = VAo(r; 77.7), o<r<o+o (8.99)
0, r>o+0’

In (8.99) Vao(r;IT) = —wQ(r; 0 + ¢') is the Asakura—Oosawa depletion poten-
tial, with Q(r; 6 + ¢’) denoting the volume of the overlapping depletion zones, i.e.,
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3 3r P
Q(r;x):—<l—2—x 2—x3

S ) (x=0+0). (8.100)

The effective pair potential (8.99) consists, therefore, of a hard-sphere repulsion
and an attractive contribution. The range of the attractive part can be monitored by
modifying ¢’ (the radius of gyration of the polymer, see Sect. 8.5.1) while the depth
is controlled by 7 (i.e., by the polymer concentration).

8.3.4 DLVO Potential

Consider colloidal particles with ionizable groups on their surface. When they are
dispersed in a polar liquid such as water, some of the ionizable groups dissociate
and the colloids acquire an electric charge. Since the discharged counterions remain
near the charged colloidal particles, the result is the formation of an electric double
layer surrounding the particles composed of the counterions and the ions of any salt
added to the suspension (Fig. 8.10).

When two colloidal particles approach each other, the overlap of these double
layers causes an effective repulsive force between the particles. Let us assume that
each colloidal particle is a hard sphere of diameter ¢ which carries a charge —Ze,
where e denotes the magnitude of the electronic charge, uniformly distributed over
their surface. Let us also assume that the remaining components in the suspension
are point particle microions (counterions of charge +e and fully dissociated pairs of
monovalent salt ions of charge +e¢) and that the solvent is a continuum of dielectric
constant €. The point particle microions screen the Coulomb repulsion between the
colloids in such a way that the resulting effective pair potential between two charged
hard spheres is

©o r<o

Vere(r; ) = { /

VDLVO (V; K'), r>0o (8101)

where Vpyo (r; k) is the Derjaguin-Landau-Verwey-Overbeek (DLVO) potential:

® Cg) © o0 = 5@ © g
0 2o 0,0
®
Fig. 8.10 Two colloidal parti- <::I @ @ @ I::>
cles of charge —Ze in a sea of @ @ @ @ @ @
microions of charge +e. The © ® ® ® ® ®
overlap of the electric dou- @ @ @ @

! ® ® O O
ble layers causes an effective @ @ @ @ @ @ @
repulsive force between the
coliloidal particlest t @ @ @ @
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2
7202 eK‘O’/Z e Kr
VbLvo(r; k) = ( : (8.102)

1+ Kkoc/2
In (8.102) k is the Debye screening parameter:

, 4me?
K- =
EkBT

(zp+2p,) (8.103)

with p (p,) denoting the number density of the colloids (salt). The effective pair
potential (8.101) consists, therefore, of a hard-sphere potential and a repulsive state-
dependent contribution. The range and depth of the DLVO potential can be con-
trolled externally by modifying the intensive thermodynamic variables p,p,, and 7.

8.4 Liquid Crystals

Many systems in nature are formed by non-spherical molecules whose interaction
cannot be described by a central pair potential. Sometimes the anisotropy of the
molecules plays absolutely no role and so such systems may be treated with the
methods that have been described in Chap. 7. In other cases, such as a system with
molecules very elongated in one direction, the molecular anisotropy manifests it-
self at a macroscopic scale in the form of phases with anisotropic properties. These
phases, which are specific of very oblate or prolate molecules, are called mesophases
since they have a degree of order which is intermediate between the one of the
(disordered) fluid phase and that of the (ordered) crystalline phase. Two of these
mesophases are the nematic phase and the smectic phase. In the former, which is
invariant under all translations, the molecules have a degree of orientational or-
der, since they tend to align along a common axis called the nematic director. In
the latter, which is invariant under certain translations, the molecules are situated
on parallel planes and they may have moreover some degree of orientational or-
der within the planes and, sometimes, also between consecutive planes. Since these
mesophases have both properties of the liquid phase (such as fluidity) and of the
crystalline phase (such as birefringence), they are also called liquid crystals.

In this section only the simplest mesophase is considered, namely a nematic lig-
uid crystal. Note that in order to describe an elongated molecule, on top of the
position vector of the center of mass r, one needs a unitary vector u in the direction
of the elongation. For instance, if the molecule is cylindrical u has the direction of
the axis of the cylinder and if it is ellipsoidal, the direction of the principal axis of
the ellipsoid. In what follows it will be assumed that the molecule has symmetry of
rotation around u (like, e.g., an ellipsoid of revolution) and that the directions u and
—u represent the same state of orientation. In a system of N identical molecules,
since the centers of mass are distributed uniformly in space, the nematic phase may
be considered as a mixture of molecules with different orientations or unit vectors,
where each species of the mixture corresponds to one orientation. Let p (u) be the
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average density of molecules with orientation u, which is normalized in the follow-
ing way:

/dupl(u) _p, (8.104)
with
1 2 T
/du~~~=—/ do dfsinf... (8.105)
4r Jo 0

where (0,¢) are the polar angles of u and p = N/V . If the mixture is described
with the second virial coefficient approximation (8.89), the variational Helmholtz
free energy functional of the nematic phase may then be written as

ﬁ?(TVN BI(T.V.N:[p,]) /dupl ) [In(py(w)A?) —1]

+/dup1(u) /du’p1 W)b(u,),  (8.106)

where the sum over species has been replaced by an integral over orientations, since
u is a continuous variable, and A also includes now the orientational degrees of
freedom. In (8.106) b(u, ') is, after (8.88),

1 .
bluw) =3 / dr (e‘ﬁv(r"““)—l) : (8.107)

where V(r;u,u’) is the interaction potential between two molecules with orienta-
tions u and v, and r is the relative position vector of the centers of mass.

Note that F(7,V,N,[p,]) is a functional of the density p, (u) whose equilibrium
value, p, (u), is, according to (7.71), given by

In(p, ()A%) +2/du/p1(u/)b(u,u’) —Bu., (8.108)

which is a non-linear integral equation for p,(u), where the constant S should be
chosen such as to comply with the normalization condition (8.104). In order to solve
(8.108) one needs the expression for b(u,u’). In the following two limiting cases are
considered in which b(u,u’) may be obtained in an approximate manner, which in
turn allows one to determine the Helmholtz free energy.

8.4.1 Maier-Saupe Theory

In the case of a weak interaction potential, i.e., ﬁV(r;u,u’ ) < 1, (8.107) may be
approximated by

b(u,u') ~ %ﬁ/.drV(r;u,u’) : (8.109)
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If, on the other hand, V(r;u,u’) depends on r = |r| and on the scalar products of
r,u, and u’, one may write

b(u-v')= %alPl(u-u/) , (8.110)

where P(u-u’) is the Legendre polynomial of order / and argument u - u’. The mul-
tipolar expansion (8.110) takes into account the anisotropy of the electronic clouds
in non-spherical molecules. When, as in a nematic, u and —u denote the same ori-
entational state, the series (8.110) only contains the even terms. Therefore,

/du’pl(u’)b ()= Zay/du’pl(u’)Py(u-u’) : (8.111)
=0
where L
ay = 5/ dx Py (x)b(x), x=u-u. (8.112)
-1

If, finally, one assumes that in the multipolar expansion (8.111) only the first
two terms, Py(x) = 1 and P> (x) = (3x> — 1)/2, are relevant, then the result is the
Maier—Saupe approximation,

/du’pl(u’)b (u-u) :pa0+a2/du’p1(u’)P2(u-u’), (8.113)

where use has been made of the normalization condition (8.104). As shown later on,
the dipolar approximation (8.113) is sufficient to obtain a nematic phase.

When the nematic has cylindrical symmetry, p,(u) only depends on the angle
formed by u and the nematic director n (n> = 1), and so

p,(u) =ph(x), x=u-n=cosh, (8.114)

where it has been assumed that n has the direction of the polar z-axis and k(x) is the
angular distribution of the molecules at equilibrium. From the sum rule,

1
Pi(u-u') Z,H Z Y, ™(0',97), (8.115)

where Y;"' (6, ¢) are the spherical harmonics, the integral

I= /du’p(u’)P[(u-u’)

in (8.113) reads
i

p m 2n !
= ﬂ—Hm;lYl (6,9) A d¢

"TT
x / d6'sin 8’ h(cos 6')Y, (6", ¢") . (8.116)
0
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Note that since ¥/"(0,¢) ~ €"? | the only non-zero contribution to (8.116) corre-
sponds to m = 0, and so taking into account that

[21+1
Y2(6',¢") = 14—_;Pl(cos 0') . (8.117)

l ! / / /
Izszl(x)/_ldxh(x)Pl(x). (8.118)

yields

Using (8.118), then (8.108) may be cast in the following form:
1
In A(x) + pasPs (x) / AXh(¥ )P () = C (8.119)
-1
where C is a constant and hence from the normalization condition,

1 rl
3 [ k=1, (8.120)

it follows that the angular distribution at equilibrium is given by

2P (%)

N f()l dx! et2P2 (') ’

h(x) (8.121)

where use has been made of the fact that P(x) = P,(—x) and, in turn, i(x) = h(—x).
In (8.121)

1
4= —pax [ dVh()PY). (8.122)
-1

is an order parameter (see Chap. 9) that minimizes the free energy and which is
obtained from (8.121) and (8.122), or, alternatively, from the following equation

1 Pa(x)
d q202
S = ‘192 Jo dxe (8.123)
Jo dxPs(x) et2P2(%)
where €7 = —pa,. From (8.123) it follows that
1 L iy e2P2(x) 1 5
lim &= & fim _2Jodxe =2 (8.124)

ar—0+ 2 gy—0+ fol dx P;(x) en2P2(¥) - 2f01 dxP3(x) 2 ’

and there exists a solution g, # 0 of (8.123) when &, > 2.244 (see Fig. 9.9), which
implies that the dipolar interaction (which is the one that induces the orientation)
has to be strong enough for the existence of a thermodynamically stable nematic
phase. Comparing the angular distribution (8.121) with (7.83), one concludes that
the Maier—Saupe theory is a mean field theory in which the orientational order of
each molecule is produced by the mean field potential ¢ (x) = —kgT goP>(x). This
potential is attractive (it has a minimum) when the molecules orient in the direction
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Fig. 8.11 Angular distri-
bution & = h(cos6) in the
Maier-Saupe theory as a
function of 6 for ¢, = 1 (dot-
ted line), q» = 2 (broken line),
and g, = 3 (continuous line)

of the director and repulsive (it has a maximum) when they orient perpendicularly
to the director (Figs. 8.11 and 8.12).

8.4.2 Onsager Theory

Assume now that, on the contrary, the interaction potential is that of a hard body,
namely V(r;u,u’) = o if the molecules overlap and V(r;u,u’) = 0 if they do not.
In this case, from (8.107) one has

1
b(u-u') = EE(u-u’) , (8.125)
where E(u-u’) is the excluded volume of two molecules with orientations u and w’,
whose analytical expression may only be determined exactly for some molecules of
simple geometry.

Fig. 8.12 Mean field po-
tential B¢ = B¢ (cos0) in
the Maier—Saupe theory as
a function of 6 for ¢ =1
(dotted line), gy = 2 (broken
line), and g, = 3 (continuous
line) 0
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Thus, in the case of spherocylinders (Fig. 8.13), i.e., cylinders of length L and
diameter of the base D closed at their extremes by two hemispheres of diameter D
one has, according to Onsager,

E(u-u') =8vy+2L*D\/1— (u-u)?, (8.126)

where vy = nD*L/4 + nD?/6 is the volume of the spherocylinder. In his original
theory, Onsager assumed that the spherocylinders were very much elongated (L >

D), ie.,
E(u-u’):2L2D,/1—(u-u')2+0(Lv2—°D) . (8.127)

It may be shown that in the limit of hard rods, D/L — 0, if the packing fraction
N = pvo ~ npD’L/4 — 0 in such a way that 1L /D remains finite, the second virial
coefficient approximation (8.106) is exact.

In order to determine the variational Helmholtz free energy functional (8.106),
one may consider the following approximation. As one would expect that in the ne-
matic phase, #(0) = h(cos 8) has a very pronounced maximum when the molecules
are oriented parallel (6 ~ 0 or 6 ~ 1) and (6) = h(r — 0), the function i(0), with
ph(0) = p,(u), may be written as

| e 0’2 0< o <n)2
o) L (8.128)
N(a) e 0022 pn<g<p

where N () is a constant that normalizes (8.120), namely
/2 5
N(a) :/ dOsin@e /2. (8.129)
0

When o >> 1, the maximum of 4(0) is very pronounced and the Helmholtz free en-
ergy may be evaluated asymptotically. Thus, with the change of variable y = ot6> /2,
the normalization constant may be approximated by

Fig. 8.13 Spherocylinder,
i.e., a cylinder of length L
and diameter of the base D
closed at its extremes by two L
hemispheres of diameter D

e
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N(a) = 5/0 dye™
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— [ dyer (1= )~ = 8.130
o | dve ( - ) — (8.130)

where the upper limit or? /8 has been replaced by infinity.
The entropy contribution in (8.106) is given by

R

/@mmmqmmma_gzpm@ﬁyJ)

1 T
_|-§p/ d6'sin0h(0)Inh(6) ,
0
(8.131)
with

1 /= "7/2
E/ desineh(e)lnh(e):/ d0'sinOh(6) Inh(6)
0 0

_ /O'n/zde sin6 (0) (—lnN(oc) - locez)

2
= —InN(a) + ﬁa%N(a)
~ha-1, (8.132)
while the contribution of the second virial coefficient is
1 / dup, (u) / du'p, (W)E(u-w) = p? [dvo + L2DI(e)] (8.133)
) 1 1 0 ) .

with
/2 /2
I(a):/ d@sin@/ 46/ sin @' h(0)h(6')1/1 —cos2(6— ') . (8.134)
0 0

Since o > 1 in (8.134) it is only necessary to consider 6 ~ 0 and 6’ ~0,ie.,
sin@ ~ 6, sin@’ ~ 0" and cos(6 — 0') ~ cos O cos 6, and hence

V1 —cos20cos26’ ~ \/1 —(1-6%)(1-672)~\V6>+06".

With the changes of variable y = 06> /2 and y' = 06?2, (8.134) may be approxi-
mated by
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2 [ e /
(o) ~ 1/5/ dye_)’/ dy'e™\/y+y.
0 0

Since
oo , o ! e —u \/ﬁ y
/ dye y‘/y—l—y/:e)/ due \/ﬁ:\/§+76rfc(\/§)e)v
0 y
one has
o 1 3
[Caver (ﬁ+ VE erte (5) ) -NE
0 2 4
ie.,

(o) = %, /% . (8.135)

The Helmholtz free energy (note that upon parameterizing 2(6) according to
(8.128), the functional (8.106) becomes a function of ) then reads

BF(V,N; )

v =p (In(pA®) — 1) +4vpp* +p(lnar — 1)

3
+§L2Dp2‘ /% , (8.136)

2
o==2 (§L20p> . (8.137)

which has a minimum at

2\4

For apvg = 5, with avg = 7rL2D/4, the minimum is located at o = 35.81, which
justifies the asymptotic development (¢ >> 1) of this section.
Substituting (8.137) into (8.136) one finds:

2
ﬁF_(“/”N) = pIn (pA%) +4vgp® + pln (g <%L2DP) ) , (8.138)

which is the Helmholtz free energy of a nematic phase of spherocylinders with a
high degree of orientation in the Onsager theory.

8.5 Polymers

Except for the section dedicated to liquid crystals, throughout this chapter only sys-
tems of particles (atoms, molecules, colloids, ...) with spherical symmetry have
been considered. In nature there exist very long molecules which, because they
are flexible, cannot be studied as hard bodies of fixed geometry but rather as de-
formable tubes or strings. Such giant molecules are called polymers when their
atomic structure may be represented as a periodic repetition of a certain group of
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atoms referred to as the monomer. For instance, polyethylene is a molecule with a
structure CH3z —(CH,),—CHj3 which contains many ethylene groups (CH, = CHy),
with a large degree of polymerization, n. The typical value of n lies in the range
10> < n < 10°, although in some polymers of biological interest, such as DNA
(n~107), this number may be even larger (n ~ 10%).

8.5.1 Radius of Gyration

In this section, the simplest case of a polymer solution, constituted by the mixture
of N4 polymers of the form A| —A,—--- —A, (n > 1) and a solvent of Np (small and
spherical) molecules of type B, is considered. For simplicity, it will be assumed that
the monomers Ay (k= 1,...,n) are identical spherical molecules of type A separated
by a fixed distance b that represents the chemical bond (A-A) between two consec-
utive monomers. It will be further assumed that the structure of the polymer is a
linear flexible chain with a fixed positional order along the chain, although the bond
between A;_| and Ay can rotate around the bond between Ay and Ay ;. In a real so-
lution, the different polymers have, in general, different degrees of polymerization
and thus the solution is referred to as polydisperse. In what follows it will be admit-
ted that the solution is monodisperse (i.e., n is fixed) and very dilute (N4 < Np), so
that one can neglect the polymer—polymer interactions. The properties of the solu-
tion may then be determined from the behavior of a single polymer. Note that since
n > 1, one may apply the methods of statistical physics even to a single chain in
the solution. Let ry,...,r, be the position vectors of the » monomers of a polymer
(Fig. 8.14), which may be characterized by its mass and its length. If each monomer
has a mass my the mass of the polymer is nmy4. Concerning its length, two types
of measures may be considered. Let by = r;| —ry be the vector in the direction
of the k-th bond, whose modulus is constant, |bg| = b, although its orientation may
change. Consider the dynamical function

n—1
R=Yb=r,—1, (8.139)
k=1
-7 b1
\
bl i \/\
K Zlﬁ/ \
' /|'2 /II -7 -
ry! . r
1,' , I3 _ n
Fig. 8.14 Schematic repre- HE AP o
sentation of a linear polymer
. 0¥

chain of (n— 1) segments
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which is a vector whose length measures the end-to-end distance of the polymer. In
an isotropic solution, the probabilities of R and of —R are equal, and so (R) = 0. In
spite of that one may associate to (8.139) a measure Ry related to the fluctuation of
R, that is R(% = <R2>. If, as a first approximation, one assumes that the bonds are not
correlated (by - b;) = 8;;(by) - (b;) = 84;b%, one has

n—1
Ri=Y (b;)=(n—1)b*, (8.140)
k=1
namely
Ry = \/nb, (8.141)

because n — 1 ~n for n > 1, which in the language of polymer physics is expressed
by saying that Ry grows (“scales”) as 1/n. Note that since n > 1, in polymer physics
one frequently analyzes how the variables depend on the degree of polymerization n.
The scaling law (8.141) is a first example.

From (8.139) to (8.141) it follows that this measure of the length of a polymer
is that of a random walk of n — 1 steps of the same length, b. In reality, this walk
is not completely random for two main reasons. The first one is that in a polymer
there exists interaction between consecutive bonds, (by - by 1) # 0, and thus the
term (b -b;) is not zero, but a decreasing function of |k —|. It may be shown,
however, that this effect does not modify the scaling law Ry ~ /n, which may then
be expressed as Ry = \/n be, where b, is an effective bond length b, # b. The second
and most important reason is that the random walk has to avoid the superposition
of bonds since they cannot cross, i.e., around each bond there is a volume excluded
to any other bond. When the two effects are combined, the scaling law that one
obtains is

Ry =n"be , (8.142)

where the Flory scaling exponent v ~ 0.588 (a value close to 3/5) is not the classical
exponent, 1/2, of (8.141). It must be pointed out that the numerical value of this
exponent has not been obtained from (8.142), since R cannot be measured directly,
but from a similar equation involving a different measure of the size of the polymer,
called its radius of gyration R,. Consider the correlation function of an isolated
polymer chain

go(l‘) = <% i i 5(I'—I'ij')> y (8143)
i=1j=1

where r;; = r; —r;, whose Fourier transform,
1 n n .
do(k) = <Z D e—'k'w> , (8.144)
i=1j=1

may be measured in X-ray scattering experiments. In an isotropic solution gy(k) =
8o(k), where k = |Kk|, so that the expansion of (8.144) when k — 0 reads
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. 1
= 3(0) (1 — KR+ .. ) . (8.145)

where it has been assumed that k has the direction of the z -axis. Equation (8.145)
is known as the Guinier formula. In (8.145) Ry is the radius of gyration:

R=2 liiz ! liiz 8.146
§72 ﬁi:lj:IZij T2 ;izljzlrij 7 (8140

(note that to obtain the last equality use has been made of the isotropy of the solu-
tion) which may also be written as

R} = % <i(r[ - r0)2> : (8.147)

i=1

where ry is the center of mass vector of the polymer, i.e.,
1 n
rg= — r;. 8.148
0 n Z,l j ( )

From the experimental determination of gy (k), one may obtain in the limit k — 0
the value of the radius of gyration R, of an isolated polymer which is known to obey
the scaling law:

Ry =n"be , (8.149)

where v ~ 0.558 is the scaling exponent. Note that since, according to (8.147), Rf,
is the average value of the sum of the quadratic deviations of the position vectors of
the monomers with respect to rg, the volume of the sphere, 47rR§, /3, is in a certain
way a measure of the spatial extension of the polymer.

8.5.2 Flory—-Huggins Theory

The thermodynamic properties of a dilute polymer solution can be determined, in
first approximation, from the regular solution theory (see Sect. 8.3.1) or Flory—
Huggins theory. Note that if the solution contains N4 polymers and, therefore,
nN4 monomers, the former are indistinguishable, although the n monomers of each
polymer are distinguishable because they are ordered along the chain. Hence, a
solution of N4 polymers and Np solvent molecules (which are assumed to be identi-
cal and thus indistinguishable) contains N = N4 + Np “particles” but Ny = nN4 + Np
molecules. The thermodynamic properties of the solution are, therefore, extensive
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with respect to Ny instead of N (the Helmholtz free energy per molecule, F /Ny, is
finite in the thermodynamic limit). Since Ny —N = (n— 1)N4 > 1 this difference is
important. The free energy of the solution is, according to (8.89), given by

F(T,V,Na,Np) = ksTVp,(In (p,A3) — 1)
+kgTVpy(In (ppAz) — 1)

~V(piasa+ ppass+2p P paas) ; (8.150)

where it has been assumed that the interaction potentials V*¥(r) are weak and at-
tractive (BV*(r) = BV,7(r) << 1), namely

bon/—__/dr Y —1 —ﬁ/d vV (r) = —Bagy,

where v
oy = —E/drVAay(r) (8.151)

are positive constants that measure the cohesion energy due to the attractive inter-
actions (VAay(r) < 0) between the different species. Note that although in polymers
there must also exist a repulsive interaction, this is not considered explicitly in this
theory because the excluded volume effects are much more complicated in this case
than for simple fluids (see below).

In (8.150) py =Na/V, pg = Ng/V and A4 and Ag are, respectively, the thermal
de Broglie wavelengths of the polymers (assumed to be spherical and of mass nmg,
where my, is the mass of the monomer) and of the solvent molecules (which have
also been assumed to be spherical and of mass mp). Recall that the properties of the
mixture are independent of A4 and Ap. Using the notation

¥ F(T,V,Ny,Np) Ny ] Nr
=——, X=EXxpa=n—, xp=1—x4, =5
Ny A Ny B A, P %

where x4 is the number fraction of monomers (not that of polymers) in the solution,
paaa = n*ean /2, pasp = neap/2, and pagp = £pp /2, where the parameters €qy are
molecule—molecule interaction energies (positive since the interaction is attractive),
then (8.150) may be cast in the form

BAT.p.x) =2 (1n(pAd) +1n (2) ~1)
+(1—x) (In (pA3) +1In(1 —x) — 1)

1
~5B (FPean+ (1 —x)epp+2x(1 —x)eap) ,  (8.152)

and so the free energy of mixing per molecule is given by
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: 1
Bf™(T,x) = ;xlnx—l— (I —=x)In(1 —x) + xx(1—x), (8.153)

where y is the Flory—Huggins mixing parameter:

1
xX= EB(EAAHBB—%AB) . (8.154)

Note that y is independent of the density and inversely proportional to the tem-
perature. In order to stress the importance of the 1/n term in (8.153), consider the
equation of state (the osmotic pressure) of the solution. The osmotic pressure 7 is
defined as the difference in pressure between the polymer solution and the pure sol-
vent when both phases, separated by a membrane which is only permeable to the
solvent, are in equilibrium. The condition for equilibrium of the solvent on both
sides of the membrane is

ug(T,p+m,x) = ug(T,p,0), (8.155)

where (T, p,x) is the chemical potential of the solvent in the polymer solution,

namely
dG(T, p,Na,Np)

T,p,x) = , (8.156)
nuB( p ) aNB
where G(T, p,N4,Np) is the Gibbs free energy of the solution

G(T,p,Na,Ng) = F(T,V,Ny,Ng) + pV , (8.157)

with F(T,V,Na,Ng) given by (8.150). If instead of N4 and Np one chooses as in-
dependent variables Ny and x, namely F(7,V,Nr,x), from (8.156), (8.157), and
(8.152) it follows that

JF (T,V,Nr,x IN
,LlB(T,p,)C) = ( ( d )) < T)
T.px Na

8NT aNB
N (8F(T,V,N,x)> ( ox )
ax T.p.Nr 8NB Ny
p aNT)
L2 == . 8.158
p( )., (8.158)
Since
(B) o () -
JNp Ny ’ JNp Ny Nr’
and

(aF(T,V,NT,x))
ONT Tpx
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one can write

_ af(T.p.x) p
,UB(T,p,X) - f(Tvpax) _XT + E
mix a mix T,x
+£(T.p.0) +§ , (8.159)
ie., 4
T=p Gw —fmiX(T,x)> , (8.160)
dx
so that from (8.153) one finally obtains
n = pkgT Gx—x—xxz—ln(l—x)) . (8.161)

When x < 1, performing a Taylor expansion of the term inside the brackets of
(8.161) leads to

1 1 1
m = pkgT (;x—k <§—x>x2+§x3+~--> : (8.162)

i.e., to dominant order
1 Ny
T~ pkBT—x = —kgT s (8.163)
n 1%

which indicates that the solution behaves as an ideal gas, a result known as the van’t
Hoff law.

In the case of a polymer solution (n >> 1), this law is modified due to the small-
ness of 1/n, yielding

n:pkBT<<%—x)x2+éx3+---) , (8.164)

a result that may be easily tested experimentally since it does not depend on
the degree of polymerization. The osmotic pressure 7 of solutions of poly(c-
methylstyrene) of different molecular weights in toluene as a function of the con-
centration c is presented in Fig. 8.15. Note that when the molecular weight (M ~ n)
increases all the curves tend to a universal curve independent of M. The same result
follows from (8.162) since when n > 1 the osmotic pressure is given by (8.164)
which is independent of n.

Note, further, that at the 6-temperature for which 2y = 1, the quadratic term in
(8.164) vanishes and the osmotic pressure is given by

1
T~ gpkBex3 (T=0), (8.165)
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Fig. 8.15 Osmotic pressure 7 of solutions of poly(c-methylstyrene) of different molecular weights
M (in units of the molecular weight of the monomer) in toluene at 25°C as a function of the
concentration ¢. The molecular weight Mx 10~* is 7.08 (triangles), 20 (inverted triangles), 50.6
(circles), and 182 (squares). The units are 7t/c (cm) and ¢ (g cm3). The curves are only drawn to
guide the eye

Source: 1. Noda, N. Kato, T. Kitano and M. Nagasawa, Macromolecules, 14, 668 (1981)

whenever n > 1. From (8.164) and (8.165) it follows that the polymer solution be-
haves in a qualitatively different manner than a solution of small molecules, which
corresponds to (8.162) with n = 1. One says that the polymer is in a good sol-
vent if y < 1/2, in a bad solvent if y > 1/2, and in a 6-solvent if y = 1/2. Note

0.4

0.2

0.0

~0.2 \ . . .
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 8.16 Compressibility factor Z = Br/p of a polymer solution in the Flory-Huggins theory
as a function of the number fraction of monomers in the solution x for y = 1 (dash-dotted line),

= 1/2 (broken line), and x = 1/4 (continuous line). Note that when y = 1 the osmotic pressure
is negative
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that the Flory—Huggins theory is qualitatively correct only in a good solvent or
in a O-solvent, since in a bad solvent the osmotic pressure may become negative
(Fig. 8.16). The reason is that in a good solvent the polymer prefers to form con-
tacts with the solvent molecules and “stretches,” while in a bad solvent it tends to
avoid such contacts and hence adopts the form of a “coil.” In the latter case, the
excluded volume effects, which are not accounted for in the Flory—Huggins theory,
will dominate.
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Chapter 9
Phase Transitions

Abstract In the previous chapter, some common structures of molecular systems
were studied. The number of structures of a system increases as the symmetry of the
molecules decreases. Under certain conditions of pressure and temperature, some of
these structures may form thermodynamically stable phases (their free energies sat-
isfy the stability conditions analyzed in Chap. 2). When two or more phases are
simultaneously stable, the equilibrium phase is the one with the lowest free energy,
while the others are metastable phases. When the thermodynamic conditions are
modified, the free energies of the different phases change accordingly and in some
instances the equilibrium phase becomes metastable with respect to another phase
(formerly metastable) which is now the new equilibrium phase. This change of sta-
bility is called a phase transition, whose study is the subject of this chapter.

9.1 Structural Transitions

When the phase transition takes place between two different structures, the transition
is called a structural phase transition as, for example, the order—disorder transitions
between a completely disordered phase and a partially ordered phase. Thus, in the
transition between the fluid phase and the crystalline (solid) phase, also known as
the melting—freezing transition, the fluid is the disordered phase and the crystal is
the ordered phase. The order is due to the absence of some translation and rotation
symmetry elements. Another example is the transition between the isotropic and the
nematic phases of a fluid, since the latter has a broken symmetry of rotation. Not
all the structural transitions are, however, order—disorder transitions. Thus, when a
nematic fluid with orientational order crystallizes into a completely ordered crys-
tal, both phases are ordered. Also, in the transition between a bcc crystal and a fcc
crystal, both phases are completely ordered. In conclusion, in a structural phase tran-
sition the two phases have a different degree of order due to the different elements
of symmetry that are broken. In what follows two examples of structural transitions
are considered.

233
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9.1.1 Fluid-Solid Transition

This is a universal phase transition since, no matter how complex its atoms or
molecules may be, a system always exists in a fluid and in a solid phase. In the
former, the centers of mass of the molecules and their orientations are distributed
randomly in space and the phase is, therefore, uniform and isotropic. In the latter,
the molecules are located on a periodic lattice and the structure is that of a crystal or
solid. The location of the fluid—solid transition (F-S) in the phase diagram depends
of course on the molecular interaction potential. A system of spherical molecules in-
teracting through the hard-sphere potential (8.42) which may be described in a sim-
ple way using the cell theory (Sect. 8.1.2) and the free volume theory (Sect. 8.2.4)
will be considered in this subsection. The Helmholtz free energy per particle of the
fluid phase is then given by (8.74), i.e.,

Bre(T,p)=1n(pA®) —1 —ln( - pﬂ> : 9.1
0
and that of the solid phase is given by (8.14), i.e.,
1/3
Bfs(T,p)=In(pA®)—1-3In|1- (%) . 9.2)
cp

Note that, according to (9.2), from all the possible crystalline structures, the equi-
librium phase at high density is the most compact one (for instance, a fcc phase) for
which p o o’ = \/i, where o is the diameter of the spheres.

The existence of a fluid—solid transition in a hard-sphere system was suggested
by Kirkwood and Monroe in 1941 and verified in 1957 by MD simulations. In the
case of colloidal particles (which behave approximately as hard spheres) this tran-
sition has moreover been observed experimentally (Fig. 9.1). All these results show
that p.0° = 0.943 and pSG3 =1.041, where p and p are the densities of the fluid
and solid phases at coexistence. Note that, since it concerns an excluded volume in-
teraction, the transition is independent of temperature since the interaction partition
function does not depend on 7'. This happens because the potential is infinitely re-
pulsive when the spheres overlap and zero when there is no contact between them
(see (8.42)). Since, on the other hand, the interaction energy is zero, the thermody-
namic relation F = E — T'S reduces to F = 3NkgT /2 —TS = T(3Nkg/2 —S) and
the state of minimum free energy coincides with the one of maximum entropy 7T
appearing merely as a scale factor. This is why it is said that such a transition is
entropy-driven.

Note that from (9.1) and (9.2) it follows that the Helmholtz free energy of the
hard-sphere system may be written as
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Fig. 9.1 Reduced pressure 3p/ pp of a system of hard spheres as a function of the packing frac-
tion 1. The horizontal line indicates the pressure at the fluid—solid coexistence obtained by MD.
The circles are the results of numerical simulations and the squares are the experimental values
of sedimenting polystyrene spheres with a diameter of 720 nm in a saline solution obtained from
X-ray densitometry

Source: A. P. Gast and W. B. Russel, Physics Today 51, 24 (1998); B. J. Alder and
T. E. Wainwright, J. Chem. Phys. 27, 1209 (1957)

Bf(T.p) = ln(pA3)—1—ln( _ﬁ)@(p*_m

Po

1/3
I i s Op—p), 9.3)
Pecp

where p* is the density at which the change in stability occurs, namely

. A
_Ph 1— L ) (9.4)
Po pcp
By defining the variables
1/3
=Pl = (22 9.5)
Po pcp

from (9.1) and (9.2) it follows that the conditions of mechanical equilibrium and
chemical equilibrium are, respectively, given by (see Chap. 2)

ﬂ< ali )— i 9.6)

Pep \1—xF S l-xg
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1 1
[ Po —|—ln< ali >+ :3ln< s )+ )
Pep 1 —xp 1—xp 1—xs 1—xs

Note that the density p* at which the exchange of stability takes place and the
densities at coexistence, py and pg, depend on p,, which is the highest value of
the density for which a fluid may exist and which, as analyzed in Sect. 8.2.3, is
unknown. It is clear that p063 < pcp63 = /2. On the other hand, p063 > 3/2m,
since the lowest order of the virial expansion of the pressure is Bop = 2npoc?/3 < 1.
Therefore, as a simple approximation, one may assume that p063 is the arithmetic
mean of these values, namely

and

2r

Substituting (9.8) into (9.4), (9.6), and (9.7) it follows that p*03 ~ (0.944, pFG3 ~
0.907, and p 563 ~ 1.195, respectively. The densities at coexistence are, therefore,
in good agreement with the results obtained both experimentally and by the simula-
tions. The fluid—solid transition of hard spheres analyzed in this section is shown in
Fig. 9.2.

po0° = % (i . \fz) ~0.946 . (9.8)
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Fig. 9.2 Reduced free energy F* = BFo?/V of the hard-sphere system as a function of po?>.
At p* 63 =~ 0.944 the fluid phase (F) and the solid phase (S) exchange their stability (the stable
branches have been represented by a continuous line and the metastable branches by a broken
line). The dots indicate the densities at coexistence (p 03 ~0.907, p 50'3 ~ 1.195) and the dotted
line is Maxwell’s double tangent
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9.1.2 Isotropic—Nematic Transition

When the molecules are not spherical, the fluid—solid transition of the previous sub-
section takes place in successive stages. Since the intermediate phases have, in gen-
eral, properties that are common to both the fluid and the crystal phases, they are
called liquid crystal phases. The transition between a uniform isotropic fluid which
is completely disordered (whose properties are indicated by a subscript ), and a
uniform fluid with nematic orientational order (whose properties are indicated by a
subscript V) is studied in this subsection. If the molecules are hard spherocylinders,
the transition may be studied using the Onsager theory of Sect. 8.4.2. Within the
second virial coefficient approximation, the Helmholtz free energy per particle of
the isotropic phase is given by

Bfi(T,p) =In(pA’) -1+ %p/du/du’E(u-u/) , 9.9)

which follows from (8.106) and (8.126) when p(u) = p (note that in this case the
functional reduces to a function of the density). Using (8.127) and

/du/du (u-u')? / dfsin’0 = = (9.10)

since in the scalar product u - u’ one of the vectors may be arbltrarlly chosen to be
in the direction of the polar axis, one has:

A3
Bfi(T,p)=1n <E> —1+In(apvo) +4pvo+apvo , (9.11)
0

where vy is the volume of the spherocylinder, of length L and diameter D, and the
constant a = wL>D/4vg has been introduced.

On the other hand, according to (8.138), the Helmholtz free energy per particle
of the nematic phase reads

A3 9
Bfn(T,p)=In (a_vo) +31n(apvo)+4pvo+ln<ﬁ> . 9.12)

Therefore, the density p* at which the exchange of stability occurs is given by

ap®vy—2In(ap*vy) =1+1In (2971) (9.13)

which may be solved numerically, yielding ap*vg ~ 4.256. Note that although the
Onsager theory has been derived from a low-density virial expansion, it may be
shown that in the hard-rod limit L/D — oo (a — o) if pvy — 0 and x = apvy < oo,
the theory (9.11) is exact, since the remaining terms of the virial expansion vanish
identically in this limit.

In the Onsager limit

a—o, pvg—0, x=apvy<eoo, (9.14)
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the conditions of mechanical equilibrium and chemical equilibrium between the two
phases, which follow from (9.11) and (9.12), are

x1(1 —|-XI) = 3xy, (9.15)

and

lnx1—|—2x1:3lan—|—3—|—ln(%> , (9.16)
where x; and xy are the values of x for the two phases, / and N, at coexistence.
These equations may be solved numerically yielding x; = 3.604 and xy = 5.532,
which represents a relative change of density of 38.4% at the transition. According
to (8.137) o = nxlzv /2~ 48, which justifies the asymptotic expansion ¢ >> 1. The ex-
act results of the Onsager theory are, on the other hand, x; = 3.290 and xy = 4.189,
which shows the validity of the approximation made in Sect. 8.4.2. The isotropic—
nematic transition of this section in the Onsager limit is shown in Fig. 9.3.

Note finally that the packing fractions at coexistence of the isotropic phase,
N; = x;/a, and of the nematic phase, Ny = xy/a, decrease with L/D as

3,604 5532
nI_L/D7 nN_L/Da

which is the qualitative behavior found experimentally as shown in Fig. 9.4.

Fig. 9.3 Reduced free energy fxf of a system of hard rods as a function of x = apvy in the Onsager
limit. At x* ~ 4.256 the isotropic (I) and nematic (N) phases exchange their stability (the stable
branches have been represented with a continuous line and the metastable branches by a broken
line). The dots indicate the densities at coexistence (x; ~ 3.604, xy =~ 5.532) and the dotted line is
Maxwell’s double tangent
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Fig. 9.4 Volume fraction ¢ at coexistence of the isotropic and nematic phases of a suspension of
poly(bencyl-L-glutamate) in dioxane as a function of the estimated value of L/D. These molecules
behave approximately as long rods and so ¢ ~ D/L. The circles correspond to the nematic phase
and the squares to the isotropic phase. The lines have been drawn to guide the eye

Source: P. G. de Gennes and J. Prost, The Physics of Liquid Crystals, Clarendon Press, Oxford
(1993)

9.2 Isostructural Transitions

The phase transitions that take place between two (ordered or disordered) phases
with the same symmetries are called isostructural transitions. In this section two
examples are considered.

9.2.1 Liquid—Vapor Transition

The best-known isostructural transition is probably the liquid—vapor transition in
which both the dilute phase (the vapor, V) and the dense phase (the liquid, L) are
uniform and isotropic. Since the two phases are disordered phases and they only
differ in density, both are described by the same Helmholtz free energy. Thus, in the
van der Waals approximation, the free energy per particle is given by (8.81)

ﬁf(T,p):ln(pA3)—1—1n(1—pﬂ> —Bap . (9.17)
0

Since a > 0, the free energy pf(T,p) is not always a convex function of the
density and at low temperatures (Fig. 9.5) it is formed by two convex branches
separated by a concave branch along which the system is unstable. In this case, from
the method of the double tangent construction of Maxwell analyzed in Sect. 2.8.3,
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Fig. 9.5 Reduced free energy Bxf of the disordered phases (vapor, V, and liquid, L) in the van
der Waals approximation as a function of x = p/p, for r = kgT /ap, = 0.2. The convex branches
(continuous lines) are separated by a concave branch (broken line) where the system is unstable.
The dotted line is Maxwell’s double tangent and the points indicate the coexistence densities at that
temperature (xy = 0.036 y x;, = 0.729)

it follows that there are two solutions py,(T') and p, (T') having the same pressure
and chemical potential.
Introducing the variables
T T kpT
xvsz( )’ xL:PL( )’ t:B—,
Po Po apo
from (9.17) it follows that the conditions for mechanical equilibrium and chemical
equilibrium are p(T,xy) = p(T,x1) and u(T,xy) = u(T,x.), where

(9.18)

_ * _l 2
Bp(T,x) =py (1—x tx> ; 9.19)
and
_ 3y _ X 1 2
Bu(T,x) =1In(pyA°) 1+ln<1_x>+ o (9.20)

Note that since the pressure in each phase has to be positive, one has

xv(l—xv)<t, XL(I—)CL)<t, 9.21)

and since xy < xz, from (9.21) it follows that when t — 0 then xy ~ O(t) — 0
and x;, ~ 1 —O(t) — 1. As the temperature is increased, the width of the transition
x, — xy decreases until, for a certain critical value . = 8/27, x;, = xy =x. = 1/3, as
shown in Fig. 9.6. The behavior of the liquid—vapor transition in the vicinity of this
“critical” value of the temperature is analyzed in Sect. 9.6.2.
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Fig. 9.6 Binodals in the (x,#) phase diagram of the liquid—vapor (L-V) transition in the van der
Waals theory, with x = p/p, and r = kT Jap,. When t =1, = 8/27, the binodals coincide at
x.=1/3

9.2.2 Solid-Solid Transition

An isostructural transition may also take place between two ordered phases. Con-
sider, for instance, the Helmholtz free energy per particle of a crystal in the van der
Waals theory (see Sect. 8.1.3):

1/3 n/3
_ 3 - (P (P
BF(T,p) =In(pA%) —1—3In |1 <pcp> - <pcp> M,. (9.22)

At low temperatures, the free energy (9.22) is not necessarily an increasing func-
tion of the density and so van der Waals loops similar to those of the liquid—vapor
transition appear. If p(T') and p(T') are the coexistence densities of the expanded
solid (E) (the one with the smaller density) and of the condensed solid (C) (the one
with the greater density) and one introduces the variables

T 1/3 T 1/3
:<p_<>> :<p_<>> | 023
pcp pcp

the conditions of mechanical equilibrium and chemical equilibrium are p(7,xg) =
p(T,xc) and u(T,xg) = u(T,xc), where

1 1
_ 3 E—_——_
Bp(T.x) = peyx (l — g™ M,,) , (9.24)



242 9 Phase Transitions

1.1 T T

1.00

Fig. 9.7 Binodals in the (x,) phase diagram of the isostructural expanded solid- condensed solid
(E-C) transition of a face centered cubic lattice. The continuous line corresponds to the van der
Waals theory for an inverse power potential with an index n = 50 and the broken line is the result
of MC simulations for an attractive Yukawa potential with (see text) ko = 67

Source: P. G. Bolhuis, M. H. J. Hagen and D. Frenkel, Phys. Rev. E 50, 4880 (1994)

and

Bu(T,x) = In (pCpA3) —1+3In (li_x) +ﬁ—%nx"Mn. (9.25)
In much the same way as occurs for the liquid—vapor transition, the width of the
isostructural solid—solid transition xc — xg decreases as the temperature is increased
until, for a certain critical value ?., xc = xg = x.. The binodals in the (x,#) phase
diagram of the isostructural expanded solid (E)-condensed solid (C) transition of a
fcc lattice as given by the van der Waals theory for the potential (8.18) with n = 50
(continuous line) are shown in Fig. 9.7. When ¢ = ¢, ~ 1.026, the binodals coincide
at x. ~ 0.963. The broken line is the result of MC simulations when the attractive
part of the interaction is the Yukawa potential:

Va(r) =& (Z) X119, (r>0),

with ko = 67, where 1/K is a length that measures the range of the attractive part.
In this case, the binodals coincide at x. ~ 0.937, 1. ~ 0.715.

9.3 Symmetry Breaking and Order Parameters

As was analyzed in Chap. 3, some equilibrium states have less symmetry than the
Hamiltonian of the system (which, in general, is invariant under translations and
rotations) and so they are referred to as states of broken symmetry. The different
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phases of matter may, therefore, be classified in terms of their broken symmetries.
Thus, from a completely symmetric disordered phase (uniform and isotropic), one
obtains ordered phases (non-uniform and/or anisotropic), for each element of sym-
metry that is eliminated. The sequence fluid, nematic, smectic, and crystal is an
example of the above. This method of classification may also be applied to the
transition between two phases and hence, if the phases differ in certain symme-
try elements, one says that the transition is one of symmetry-breaking. According
to this criterion, all the structural transitions, such as the order—disorder (liquid—
solid) and those of order 1-order 2 between two crystalline structures (bcc—fcc),
are symmetry-breaking transitions. The isostructural transitions, however, are not
since both phases have the same structure, with the same degree of order (fcc—
fcc) or disorder (liquid—vapor) and so it is said that these transitions conserve the
symmetry.

The symmetry-breaking transitions may, in general, be described by means of
an “order parameter,” which is a variable that quantifies the degree of order in the
phases, and so it is usually defined in such a way that it is zero for the phase with the
greater symmetry. In some cases, such as in the bcc—fcc transition, there is no phase
with a greater symmetry and so no order parameter exists (since this parameter may
only be defined when the symmetry group of one phase is a subgroup of the sym-
metry group of the other phase). Two representative examples of phase transitions
that may be described with an order parameter are analyzed in this section.

Consider a fluid with uniaxial anisotropy and assume, for greater generality, that
b(u-u') in (8.106) is written as

bi(u-u') =ap+aP(u-u'), (9.26)

where [ (I # 0) may be even or odd. For instance, / = 2 is the Maier—Saupe fluid and
I =1is the Heisenberg fluid , where Py (u-u’) = u-u' is the so-called Heisenberg ex-
change interaction. The first case has already been analyzed in (8.4.1) and the second
one provides a simple model to study the paramagnetic—ferromagnetic transition. If
the average density of molecules with orientation u is written as p | (u) = ph(x), with
x = cos 0, where h(x) is the angular distribution function, the variational Helmholtz
free energy per particle (8.106) reads (see (8.118))

1
Bfi(T,p;[h]) = %/_1 dx h(x) (In (pA3) +1Inh(x) — 1)+ pag
2
+%pa1 ( /_ 11 dxh(x)P,(x)) , (9.27)

whose equilibrium solution #;(x) (notice the change of notation with respect to
Sect. 8.4.1) is obtained by minimizing the functional, namely

1
Inhy(x) + parPy(x) /_ AR = C. (9.28)
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where C is a constant. Since In/;(x) ~ P(x), if h(x) is parameterized as

1

h(x) = —— 1) (9.29)
) Ni(q)
with .
q= —pa[/ dxX'n(x"\P () , (9.30)
-1
where N;(g) in (9.29) is obtained from the normalization condition (8.120):
1 1
Nilg) =5 [ dxet), 931
-1
the functional (9.27) becomes a function of the parameter g:
1
BA(T.piq) =In(pA%) ~ 1+ pao+ z—g* ~InNi(g) (9.32)
where
e =&(T,p)=—pa. (9.33)

Upon minimizing (9.32) with respect to g, the equilibrium value of the parameter
g, q;, is obtained from the equation

d1InN(q)
g——"r.
dq
Note that in the disordered phase (%;(x) = 1) ¢; =0, i.e., g; is an order parameter
and

g=2 (9.34)

Bfi(T.piq1=0)=1n(pA’) — 1+ pag = fi(T,p)

is the free energy of the isotropic phase (I). In the phase of lower symmetry with
orientational order, g; # 0 and the solution of (9.34) ¢;(¢;) = ¢;(T,p) is a function
of the density and of the temperature. The variational free energy difference between
the phase with orientational order and the isotropic phase,

evaluated at equilibrium,

allows one to determine the relative stability of the phases.

Note that, as a consequence of the underlying symmetries, it is possible to derive
some qualitative properties of the transition. Since P;(x) = (—1)'P,(—x), it follows
that N;(q) = N;((—1)!q), and so if I is odd N;(q) and Af;(T,p;q) are even func-
tions of g. On the other hand, if ¢g; is a solution of (9.34), so is —¢;, from which
it follows that ;(—x) # hy(x) (in fact, h;(—x) = 1/h;(x)) and, therefore, x and —x
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denote different physical states (with different probability). When [ is even, one has
Ni(—q) # N;(q), and so the series expansion of A f;(T,p;q) in powers of ¢ contains
odd and even terms. Since, on the other hand, #;(—x) = h;(x), x and —x are the same
physical state and if ¢; is a solution of (9.34), —¢; is not, in general, a solution of
this equation.

The symmetry properties N;(q) = N;(—¢g) (when [ is odd) and N;(—¢q) # N;(q)
(when [ is even) are also shared by the variational Helmholtz free energy, which
allows one to distinguish, according to Landau, two types of symmetry-breaking
transitions.

9.4 Landau Theory

In order to obtain the series expansion of (9.35) with respect to the parameter g, note
that (9.31) may be written as

" n — l 1 'l n
Ni(g) = 1+n§1 all)d’s all) =5 /71 dx[P(x)]" . (9.37)
Since
Pi(x)=x, P(x)= % (3x2 — 1),
Piy(x) = % (5x'—3x), Pi(x)= é (35x* —30x* +3),
one has
1
al)=0 (#0), ()= m7
c3(21+1)=0, c¢3(21) >0,
and

C%(l) > 264(1)5 (l = 152)5

as may be verified using the numerical values gathered in Table 9.1.

Table 9.1 Some coefficients in the expansion (9.36) for/ =1 and [ =2

=1 =2

o) 16 1/10
es(l) 0 1/105
ca(l) 17120 1/280
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In this way, the series expansion of A f(T, p;q) is given by

2
BASI(T,p;q) = —q—ch (q"+ = <ch ) (9.38)
or, alternatively,
BASI(T,p:q) = ¢ (ax(!) +as(Dg+as(D)g* +...) . (9.39)
The coefficients a;(/) (i = 2,3,4) in (9.39) are given by
1
ar(1) = 1o (), (9.40)

ie,ax(l) >0wheng <Il+1/2and ay(I) <O wheng; >1+1/2,

az(l) = —c3(l) 9.41)
i.e., a3(l) =0if [ is odd and a3(I) < 0if / is even, and
1
as(l) = Ecg(Z) —c4(l) >0. (9.42)

The values of the order parameter which make (9.39) to be an extremum are
obtained from the equation

<9ﬁAﬁ(T,P;61)

5 ) = 2ay(1)q1 +3a3(1)q} +4as()g; +---=0,  (9.43)
q q9=qi

and the extrema are a minimum when

<92ﬁAﬁ(T7P;q)

o ) =2ay(I) +6a3(l)q; + 12a4()g; +--->0.  (9.44)
q9=4

From (9.43) and (9.44) it immediately follows that there are two branches of
solutions. The first one,

=0, ax(l)>0, (9.45)

corresponds to the disordered phase and the second one,

3 3
ar(l) + 5as(a+2aa(l)g} =0, Sas(l)qi+4as(l)ai >0, (9.46)
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to the ordered phase. Note that the inequality in (9.46) is obtained by substituting the
condition of extremum into (9.44). Observe now how the symmetry of the ordered
phase affects the transition.

9.4.1 Continuous Transitions

Whenl=2n+1n=0,1,2,...), (9.46) has two solutions,

ay(2n+1)

+
= A S 2 1)<0 9.47
Don+1 2a4(2n—|— 1)7 aZ( n-+ )< ) ( )

which correspond to the same ordered phase since the free energy is an even function
of ¢2,,+1. Since the domain of stability of the ordered phase (g2,+1 #0, ax(2n+1) <
0, €2n+1 > 2n+3/2) is complementary to that of the disordered phase (g2,+1 =
0,a2(2n+1) > 0, €2p41 < 2n+ 3/2), the coexistence of phases is only possible
when the following equality is verified:

3
Expr1 = 2n+ E 5 (948)

which is the equation of a straight line (see (8.112) and (9.33)) in the (p,7T') plane,
since € ~ pf3, i.e., (9.48) is the coexistence line of the order—disorder transition.
When €5,,1 — 2n+ 3/2 from the ordered phase, qi +1 — 0, until the order param-
eter becomes zero at coexistence and the two phases become identical. Since the or-
der parameter goes to zero continuously in the transition, these symmetry-breaking
phase transitions are called, generically, continuous transitions.

9.4.2 Discontinuous Transitions

Whenl=2n(n=1,2,...), (9.46) has two solutions,

+ _ 3a3(2n)  32as(2n)as(2n)
9on = 8as(2n) <li\/1 5 2 ) ; (9.49)

which verify the following condition, obtained after elimination of a3(2n) in (9.43)
and subsequent substitution in (9.44):

12 ax(2n)
(45,)" > 2an(2n) (9.50)
If one defines
_ 32 ax(2n)as(2n) ’ ©.51)



248 9 Phase Transitions
then (9.50) may be cast in the form
1-D+V1-D>0, (9.52)

from which the following cases follow: (a) When D > 1, the solutions qécn are imagi-
nary, which is not possible since /5, (x) has to be real, (b) if 0 < D < 1, the inequality
is only satisfied by qzrn, and (c) when D < 0, both solutions satisfy the inequality but
g5, < 0, which in turn would imply that this ordered phase would be less probable
than the disordered phase. Therefore, the only physical solution for D < 1 is the
root ¢, of (9.49), and so the ordered and disordered phases may coexist in the finite
domain:

2 1 2 943(2
<—< 9a5(2n) (9.53)
dn+1 &y  4n+1 8 614(2}1)
Since the order parameter is always different from zero,
—3a3(2
g, > B (9.54)

8ay(2n) ’

this parameter changes discontinuously at the transition. Examples of this kind of
symmetry-breaking transitions have already been considered in Sect. 9.1 and such
transitions are called, generically, discontinuous transitions.

9.5 Bifurcation Theory

The results of the Landau theory are based on the series expansion (9.39) of the
variational free energy BAfi(T,p;q) in powers of the order parameter. Note that
although in the vicinity of a continuous transition (¢; — 0) the series BA f;(T,p;q)
converges, far from the transition or for a discontinuous transition (¢; # 0) the series
might not. The interest of the Landau theory is that, even if the series may not
be a convergent one, the qualitative results that follow from it are correct. To see
this, consider again (9.34) whose number of solutions, ¢; = ¢;(&;), determines the
number of phases. Since (9.34) always has as solution the trivial solution g; = 0
(the disordered phase), each solution g; ## 0 corresponds to an ordered phase. One
says then that these phases are obtained by bifurcation from the trivial solution and
hence (9.34) is called the bifurcation equation. The solutions to this equation may
be represented in the (€;,g;) plane in what is known as a bifurcation diagram, which
is analogous to the phase diagrams of Sect. 2.8.

As a first example, let [ = 1, in which case (9.31) and (9.34) read, respectively, as

1
Ni(g) = gsinhq , (9.55)
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and

1 1 1 1

2e1  q <C0thch q1 ) Q1 Ha) ©:36)
where L(g;) is the Langevin function. The solutions of (9.56) may be determined
numerically and the results are shown in the bifurcation diagram displayed in
Fig. 9.8.

Observe that when € < 3/2 the stable phase is the disordered phase (g; = 0) and
if €1 > 3/2 the stable phase is the ordered phase (g # 0), which is degenerate since
+¢; denote the same phase. When £; = 3/2 the order parameter goes to zero and
the two phases coexist and are identical. Therefore, £; = 3/2 is the bifurcation point
at which the new solution g; # 0 appears. Notice that in this case the bifurcation and
coexistence points coincide. Due to the form of this diagram the bifurcation is called
a fork bifurcation.

As a second example consider now / = 2, in which case (9.31) reads

2 3
Na(q) = \/?—qqu< f) , 9.57)

where D(x) is the Dawson function:

D(x) = / dye” . (9.58)
0

On the other hand, (9.34) reduces in this case to

4
B
2 L
L
di: O
-2t L
B
0.0 0.5 1.0 1.5 2.0 2.5

€

Fig. 9.8 Bifurcation diagram of the Heisenberg fluid (/ = 1) in the (€1,q;) plane. The curves B
and L are the solutions of the bifurcation equation (9.56) and of the Landau theory, respectively. In
the interval 0 < &; < 3/2 both curves coincide
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a2

0
2.0 2.6

Fig. 9.9 Bifurcation diagram of the Maier-Saupe fluid (/ = 2) in the (&3,¢2) plane. The curves B
and L are the solutions of the bifurcation equation (9.59) and of the Landau theory, respectively.
The broken curves indicate the non-physical solutions and the continuous curves are the physical
solutions. In the intervals 2.24 < &, < 2.5 (B) and 2.12 < &7 < 2.5 (L) the two phases are stable
and at some point within these intervals coexistence takes place

3
o Ve 1o

€2 q2 D(B%) q2 ’

whose numerical solution leads to the bifurcation diagram presented in Fig. 9.9,
which shows that if &, < 2.24 the stable phase is the disordered phase (g2 = 0),
if €5 > 2.5 the stable phase is the ordered phase (g2 # 0) and in the interval
2.24 < &7 < 2.5 both phases are stable. The bifurcation point is, therefore, £, = 2.24
and the corresponding bifurcation diagram is known as a Hopf bifurcation. The
coexistence point is obtained from the conditions of mechanical equilibrium and
chemical equilibrium of the phases. Note that, in this case, the bifurcation point and
the point of coexistence do not coincide.

The qualitative results obtained from the bifurcation diagrams are similar to the
ones of the Landau theory, although there exist quantitative differences. For in-
stance, in the Landau theory the bifurcation point when / = 2 is found at &, =
70/33 ~ 2.12 (instead of at &, ~ 2.24) and the order parameter changes from
zero to ¢» = 5/2 ( instead of ¢, ~ 1.45). Therefore, the Landau theory provides
a simple and qualitatively correct description of the symmetry-breaking phase
transitions.

(9.59)



9.6 Ceritical Points 251

9.6 Critical Points

As was indicated in Chap. 8, the different phases of matter may be classified by
their broken symmetries; for instance, the disordered phase (which has the same
symmetries as the Hamiltonian), the intermediate phases or mesophases (in which
one or more symmetries are lacking), and the completely ordered phase (in which
all the symmetries are broken). In a similar fashion, a transition between two phases
may be classified as structural (with symmetry breaking) or isostructural (without
symmetry breaking), depending on whether or not the phases differ in their elements
of symmetry.

From an experimental point of view it is common to classify phase transitions as
transitions with a latent heat (Ip # 0) or without a latent heat (/p = 0), since it is
easier to measure /g than to determine a change of symmetry. Recall that according
to the Clausius—Clapeyron equation (2.75), when Iy # O the first derivatives of the
Gibbs free energy (s = —du/dT, v= du/dp) are discontinuous (s| # 52, V| 7 v2).
For that reason Ehrenfest introduced a classification that is determined by the conti-
nuity of the thermodynamic potential. According to Ehrenfest, a phase transition is
of order n if the first derivative of the thermodynamic potential that is not continuous
is an n-th derivative. In this way, if [p # 0 the transition is of first order and if /[p =0
it is, at least, of second order. However, it should be pointed out that the Ehrenfest
thermodynamic classification is not always equivalent to the classification based on
symmetry-breaking. Hence, a symmetry-breaking transition is of first order when it
is discontinuous and it is at least of second order when it is continuous. On the other
hand, a transition that conserves symmetry is of first order, save at some isolated
thermodynamic points where it may be of a higher order. In this section the transi-
tions without a latent heat, i.e., the ones which are not of first order, are examined
more thoroughly. Every point of the thermodynamic (7, p) plane that corresponds
to a phase transition in which /y = 0 is called a “critical point.”

9.6.1 Isolated Critical Points

As has been analyzed previously, in a phase transition that conserves symmetry,
the projection of the Helmholtz free energy per particle f(7,v) on the isothermal
plane may be formed by two stable branches separated by an unstable branch (see
Fig. 2.11). For instance, if at a temperature 7,

>0, 0<v<V,
<0,y <v<V (9.60)
>0,V <v

9*f(T,v)
ov?

where v = v{(T) and v, = v4(T), then a phase with v < v, may coexist with a
phase with v > v/|. Since the variation of the specific volume at the transition,
Av =v| — vy, is Av > V| —v} > 0 (see Fig. 2.11), the transition is discontinuous.
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It may happen, however, that upon changing the temperature, the difference vj — v}
decreases and vanishes for a certain value 7 = T.. Since, according to (9.60), the
derivative 92 f(T,v)/dv? changes sign at v} and v} at that temperature, one then
has that 92 f(T,v)/dv? = 0 at T = T,. Note further that, according to the construc-
tion of Maxwell’s double tangent (see Sect. 2.8.3), when 7' = T, one has Av =0
(v1 = vy = v,, where v, is the critical volume), and so at the critical temperature 7
the discontinuous transition becomes continuous. In order to analyze the stability of
this special thermodynamic state, consider the convexity condition of f(T,v) in the
interval vo < v < vy (see Appendix A and Fig. 9.10):

ST Avi+(1=A)vp) <Af(Tvi) +(1=A)f(T,v2), (0<A<1), (9.61)

which expresses the fact that the function f(7',v) has as an upper bound, the straight
line joining the points (vz, f(T,v2)) and (vi, f(T,v1)).

If v, <V',V < vy and Vv =V" 4 € (¢ — 0), the convexity condition in the interval
between v' and V" is written as

PV £28) < Af(TV' &)+ (1—A)F(T,V) . (9.62)
Expanding in Taylor series both sides of the inequality, one has (v =v")
< d"f(T,v) SR 9" f(T,v)
Zl H(ils)” —5 < A Zl — (+¢) —S (9.63)
or, alternatively,
< 3" f(T,v)
0< — (A =A")(xe)" : 9.64
2,5 (A=A e =50 (9.64)
f
Fig. 9.10 Graphical repre-
sentation of a convex function
f(v)inaninterval vy <v <vj.
Note that f (continuous line)
has as an upper bound the
straight line (broken line) that :
vy vy v

joins both points
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Since A > A" (n > 2) and (+€)" may be positive or negative, the inequality is satis-
fied when the first non-zero derivative is even and positive. If this occurs for n = 2,
one obtains the usual convexity condition

I*f(T,v)

ov?
Since at the critical point (9%f(T,v)/dv?). = 0 (where the subscript ¢ indicates
an expression evaluated at 7 = T and v = v,), at this point the inequality (9.64) is

satisfied only when the third derivative vanishes and the fourth one is positive. Thus,
the Helmbholtz free energy is convex at the critical point when

(awa,v))C:Q (83f(T,V))C:07 (84f<Tav>)C>o, (9.66)

o2 3 vt

>0. (9.65)

The solutions to the first two equations (9.66), i.e., {T, v} are called critical states
and in them the discontinuous transition becomes continuous. Generally, this takes
place at an isolated point (T, p.) of the coexistence curve p = p(T), called the
critical point (see Fig. 2.15).

9.6.2 Liquid—Vapor Critical Point

The first two conditions (9.66) applied to the liquid—vapor transition of Sect. 9.2.1
read:

1 22X, 1 1
0 —— =0 9.67
(1—x)% 1 To(1=x)? 1. ’ ©-67)
where x. = p./pg. P = Py (I) = p(I¢), and 1. = kgT,/ap,. The unique solution
of (9.67) is (see Fig. 9.6):

1 8
) e ==, .
X 3 77 (9.68)
and so from the equation of state,
1 1
p = pkT <— — —x) , (9.69)
1—x ¢

one has that the compressibility factor, S p/p, at the critical point is independent of
the model (i.e., of p,, and a):
Bere 3 _ o475 (9.70)
p. 8
where p. is the critical pressure. This behavior agrees qualitatively with the ex-
perimental results, although for the majority of simple fluids B_.p./p. =~ 0.294.
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Therefore, if (8.84) is written in terms of the reduced variables p = p/p¢, p =p/p.»
and T =T /T, one has:
8pT .,

p=——3p°, 9.71

r=3-; p 9.71)
which is independent of the characteristics of the fluid, i.e., of the particular values
of p¢, p.. and T... For that reason, if two fluids have the same reduced variables it is
said that they find themselves in “corresponding states.”

If in the vicinity of the critical point (5 = 1, p = 1 and T = 1) one writes p =

1-8p,p=1—68p,and T =1 — 8T, this leads to

(9.72)

As  Av 0, T>T.
3kp/2  dve |\~ (8T, T=T.—0

i.e., the discontinuity in Av and As tends to zero when T — T — 0. Experimental
and numerical results show that Av ~ (§T)P where B ~ 0.35, which differs from
the value B = 1/2 of (9.72), and so the van der Waals theory does not provide an
adequate description of this “critical exponent” (see Chap. 10).

Note, further, that although at the critical point the liquid—vapor transition is con-
tinuous, some thermodynamic variables are discontinuous at the transition, as for
instance the isothermal compressibility coefficient y r,

—6pST) Y, T=T.+0
XT:{( peOT) + 9.73)

(12p.8T)"!, T=T.—0

which diverges when T ~ T, with an amplitude that is discontinuous, while the
constant pressure specific heat ¢,

(9.74)

“1+(38T)", T=T.—0

cp 142(=98T) 23, T=T,+0
3kp/2 !

diverges with an amplitude and a critical exponent, which are both discontinuous.
In both cases, the “critical exponents” of the van der Waals theory also differ from
those experimentally determined. It thus follows that, in spite of its simplicity, the
van der Waals theory provides a qualitatively but not quantitatively correct descrip-
tion of the liquid—vapor transition, including its critical point.

9.6.3 Solid-Solid Critical Point

The first two conditions of (9.66), applied to the solid—solid transition of Sect. 9.2.2,
read:

3 —2x nn+3
e 79
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and

22—x.) n*(n+3) el
- M, =0, 9.76
(1—x.)3 o, ¢ ©.76)

where x> = Pe/Peps Pe = Pc(Te) = pg(Te), and i = kT /€. The unique solution to
(9.75) and (9.76) is given by

1

nlnt3) (1 x)?
6 " 3-2x
The compressibility factor, Bp/p, at the critical point is

Bpe  4(n+1)? /n2+16(n+1)—n—4 ©79)

Pe n+3  (/n2+16(n+1)—n)?’
which is a function of the index n. Therefore, there is no “corresponding states” law
as in the case of fluids. The values of x. and ¢, of a fcc lattice for different indices n
are shown in Table 9.2.

The isostructural solid—solid transition has been recently obtained using simula-
tion methods (see Fig. 9.7). This transition is thermodynamically stable in systems
in which the range of the attractive part of the interaction potential is small compared
with the range of the repulsive part. For instance, in the case of a square-well attrac-
tive potential of width 0, i.e., Vo(r) = —€[@ (0 + 8 —r) — O (0 —r)], the solid-solid
transition is stable when 0 /6 < 0.07. This kind of interaction potential is not char-
acteristic of atomic systems for which the range of the attractive part is greater than
that of the repulsive part (see Fig. 8.7 and Table 8.4) and the transition will not be
observed (it is metastable). However, the transition could be observed experimen-
tally in colloidal suspensions. Assume, for example, a mixture of hard spheres of
diameters ¢ and 0’ (6" < 0). If the density of the large spheres is low, the osmotic
pressure exerted by the fluid of small spheres on each large sphere is isotropic. At
high density, in contrast, if the distance r between the centers of two large spheres is
such that r < 0 + o', the small spheres cannot penetrate inside the region between
the two large spheres and, since the osmotic pressure is unbalanced, this leads to

(9.78)

Table 9.2 Critical values x. and 7. of the isostructural solid—solid transition of a crystal whose
structure is the face centered cubic lattice for different indices n (see Fig. 9.7)

n X t.

50 0.963 1.026
100 0.981 1.052
150 0.987 1.062

200 0.990 1.067
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an effective attraction of range ¢’ between the two large spheres. For this reason,
in a colloidal suspension of particles of two different sizes, the transition might be
observed upon reduction of the size of the small particles (see Sect. 8.3.3).

9.6.4 Consolute Critical Point

Many mixtures have a liquid—vapor critical point similar to that of a one-component
system. Furthermore, in mixtures a demixing phase separation can also take place
and lead to a critical point known as the consolute critical point. In order to simplify
the study of this transition, consider the regular solution theory of Sect. 8.3.1 applied
to a binary mixture of particles of the same mass m; = my (A} = A» = A). Equation
(8.90) may then be written as

Bf(T,p,x) =In(pA”) — 1+ Bfo(x)+pB(x), (9.80)
where
Bfo(x) =xInx+ (1 —x)In(l —x), (9.81)
and
B(x) = x*by1 +2x(1 —x)b1a+ (1 —x)?bps . (9.82)

Since normally the phase separation is studied at constant pressure (the atmo-
spheric pressure), the adequate potential, instead of f(7,p,x), is the Gibbs free
energy per particle g(T, p,x) defined as the Legendre transform:

8(T.p.x) = f(T.p,x) +§ , (9.83)

where in (9.83) p = p(7T, p,x) is obtained by solving the implicit equation p =
p2df(T,p,x)/dp, namely
Bp=p+p°B(x), (9.84)

whose positive solution is

p(T,p,x) = %(x)( 1+4[3pB(x)—1) . (9.85)

From (9.80) and (9.83-9.85) it follows that:

Bs(T,p,x) =In (%) +Bfo(x) +ln( 1+4BpB(x) — 1)

++/1+4BpB(x)— 1. (9.86)
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Note that, in a binary mixture, the Gibbs free energy is given by
g(Tvpvx) =Xl (T,p,X) + (1 _x):UZ(Tvpv 1 _x) ) (987)

where 1, and U, are the chemical potentials of the two species. On the other hand,
the Gibbs—Duhem relation (2.16) at constant pressure and temperature reads

8,ul(T,p,x) a,uz(T,p,l—X) _
x o +(l—x) 90— =0, (9.88)
and so from (9.87) and (9.88) one obtains
dg(T,p,x
BT (. p.) —a(Tp1 ). (9:89)

If x" and x”” denote the number fractions of species 1 at coexistence, the conditions
for chemical equilibrium are

.ul (Tvpvxl) = nul (Tvpvx”)a UZ(Tapax/) = ,uz(T,p,X”) ) (990)
where, after (9.87) and (9.89),

24(T. p,
1, (T, p,x) = g(T, p,x) + (1 —x)% , (9.91)
and
a T7 9
Uy (T, p,x) =g(T,p,x) —x% . (9.92)

Note that if BpB(x) < 1 from (9.85) it follows that, as a first approximation,
p(T,p,x) ~ B p, which does not depend on x, in which case from (9.80) and (9.83)
one finds

Bg(T,p.x) = In(BpA?) + Bfo(x) + BpB(x)
=In (ﬁpA3) + Bp (xb11 + (1 —x)b2)

+Bf™(T, Bp.x), (9.93)

where f™X(T, Bp,x) is given by (8.92), in which p has been replaced by fp. From
(9.93) it follows that (9.90) reads

x//(l _x/)> :4ﬁpb(-x -X )7 (994)
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and

/
In (11_—;,) = 2Bpb(x¥ — ") +x"), (9.95)
where the coefficient b is given by (8.93).

The phase separation diagram of a binary mixture in the (x, 8 pb) plane is shown
in Fig. 9.11. The consolute critical point (x., B,.p.b ) is obtained, by the same argu-
ments used to derive (9.66) now particularized to the Gibbs free energy per particle,
from the following system of equations:

9°g(T, p,x) 9°g(T, p,x)
— "] =0 — "] =0 9.96
(axZ)c’(aﬁ)C’ 020
i.e.,
1 1
— —4B,.pb=0, (9.97)
Xe  1—x
1 1
——+—-—==0 9.98
x2 + (1—x.)? ’ ( )
yielding
1
Xe =17, B.pcb=1, (9.99)

which implies that b has to be positive, namely 2b1, > by + bo».

14

1.2}

Bpb

10t

0.8 . . .
0.0 0.2 0.5 0.8 1.0

X

Fig. 9.11 Phase separation diagram of a binary mixture in the (x, 8 pb) plane, where x is the num-
ber fraction of one of the components and pb is the reduced pressure. The coordinates of the
consolute critical point are x, = 1/2 and B, p.b =1
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Note that, according to (9.93), the consolute critical point (9.96) is obtained with
the approximation p(T, p,x) ~ Bp from the free energy of mixing f™*(T, Bp,x).
For that reason, applying the same kind of study to a polymer solution in the Flory—
Huggins theory, from (8.153) it follows that

1 1
— —2x.= A
nxc+ I x X.=0, (9.100)
and
1 1
—+—==0 9.101
nx2 + (1—x.)? ’ ( )
i.e.,

N _ ! 1+1 ’ (9.102)
xC_1+\/ﬁ7 Xc_z \/ﬁ ’ .

which implies that the critical concentration of the polymer x. decreases with n,
while the critical temperature 7, ~ x;l increases, results which have been verified
experimentally (Fig. 9.12).

9.6.5 Critical Lines

As has been analyzed previously, in a phase transitions with symmetry breaking, two
cases may occur. In the case of a discontinuous transition, i.e., when the free energy
is not an even function of the order parameter, the transition is always of first order
since the order parameter changes from g; = 0 to ¢; # 0 at the transition (see (9.54)).
On the contrary, when the free energy is an even function of the order parameter, g; is
continuous at the transition (which is thus called a continuous transition) and in such
a transition critical points may exist, i.e., points of coexistence for which As =0
and Av = 0. To see this, consider once more the Landau theory or the bifurcation
theory of Sects. 9.4 and 9.5. In a continuous transition the contribution of the order
parameter to the Helmholtz free energy difference A f;(T,p) (see (9.39) and (9.47))
is given by

_1a0)
2a4(l)’

with [ = 2n+ 1. Since at the coexistence between the ordered and the disordered
phases ay (1) = 0, one has that A f;(T, p) and its first derivatives (with respect to p or
T), which are denoted indistinctly as Af/(T,p), BASf/(T,p) = —ax(1)d5(1)/as(l)
(since a4 (!) is a constant) vanish at coexistence. Therefore, A f;(T, p) does not con-
tribute neither to As nor to Ap and coexistence is produced at the critical point
(As =0 and Av = 0), although the second derivatives may be discontinuous (like,
for instance, cy). The transition is, at least, of second order in the Ehrenfest sense.

BASi(T,p) = (9.103)
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Mx 1074
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Fig. 9.12 Experimental values (indicated by points) of the critical temperature 7;. (K) and critical
concentration of polystyrene ¢, (volume fraction) of a polystyrene—methylcyclohexane solution
as a function of the molecular weight M of the polymer (in units of the molecular weight of the
monomer). The /ines have been drawn to guide the eye

Source: T. Dobashi, M. Nakata and M. Kaneko, J. Chem. Phys. 72, 6685 (1980)

At the critical point, the continuous transitions have a similar behavior to that of
the isostructural transitions. For instance, the order parameter qzin 41 tends to zero as

3
Tpi1 ~ \Emi =23, (9.104)

when one approaches the transition from the ordered phase, although the Landau
theory (as all mean field theories) does not adequately describe the critical expo-
nent in (9.104). The main difference in critical behavior between phase transitions
with or without symmetry breaking is appreciated in a (p, T') phase diagram. For the
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transitions that conserve the symmetry, the critical behavior in the (p, 7T') plane usu-
ally takes place at an isolated point of the plane like, for example, in the liquid—vapor
transition and in the isostructural solid—solid transition (see Figs. 9.6 and 9.7). The
same occurs in the (7', p) plane (see Fig. 2.15). The transition is continuous at the
critical point and discontinuous everywhere else. For the transitions with symmetry-
breaking the critical points are the solutions to the equation g(p,7) = 0, namely

1 3
Eani1 = —Epﬁ/dernH(r) =43, (9.105)

which in the (p, T') plane form a curve called a critical line. In every point of this line
the transition is continuous and at least of second order. For instance, when £ = 3/2
this critical line is the Curie line of the paramagnetic—ferromagnetic transition.

9.7 Summary

Let A and B be two phases whose symmetry groups are G4 and Gp, respectively.
As a summary of the general characteristics of the phase transitions analyzed in this
chapter, one may make the following considerations.

1) G4 =Gp
The two phases have the same symmetry group and so the transition is called an
isostructural transition (that conserves symmetry). There is no order parameter
and the transition is discontinuous (of first order in the Ehrenfest sense), except
at isolated points. For example, the liquid—vapor transition.

2) G4 # Gp
The two phases have different symmetry groups and so the transition is called a
structural transition (with symmetry breaking). Here two cases may occur.

a) The symmetry group of one phase is not a subgroup of the symmetry group
of the other phase, and so there is no order parameter and the transition is
discontinuous (of first order in the Ehrenfest sense). For example: the fcc—bcc
transition.

b) The symmetry group of one phase is a subgroup of the symmetry group of
the other phase, G4 C Gp. The transition may be described with an order
parameter g and it is

bl) discontinuous (of first order in the Ehrenfest sense) if the free energy is
not an even function of g. For example, the isotropic—nematic transition.

b2) continuous (at least of second order in the Ehrenfest sense) if the free
energy is an even function of g. For example, the paramagnetic—
ferromagnetic transition.
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9.8 Triple Points

Up to this point, the coexistence between two phases and the transition from one
phase to the other have been considered. Since a system may find itself in more than
two phases, the derivation of the resulting phase diagrams requires the study of all
the binary coexistences.

9.8.1 Ordinary Triple Point

Consider a system that may be found in three different phases whose Gibbs free
energies per particle are u,(T,p) (i = 1,2,3). There are, therefore, three possible

0>

Pt

Ty T

Fig. 9.13 Stable parts (continuous lines) and metastable parts (broken lines) of the coexistence
lines 1-2, 2-3, and 3-1 in the (7, p) plane, intersecting at the triple point (7;, p;). Since the co-
existence lines are obtained from the intersection of convex surfaces u; = u;(7, p), the angles 6;
formed by the stable parts are such that 8; < & (i = 1,2,3)
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transitions described by the following coexistence lines in the (7, p) plane: u, (7,

p) = Uy(T,p), Uy (T,p) = u3(T,p), and u3(T,p) = p, (T, p). It is possible that
these three lines intersect at a point (7, p; ),

,uvl(Ttapt):uz(napt):“3(71t7pt)7 (9106)

which is called the triple point and in which the three phases coexist. Assume, first,
that the three transitions are discontinuous in the vicinity of (73, p;).

The intersection of these lines is shown in Fig. 9.13. On crossing the triple point,
each line changes from being stable (continuous line) to being metastable (broken
line). If, as usual, only the stable parts are represented, the angles formed by the
coexistence lines are less than 7.

The phase diagram of an ordinary triple point (the three transitions are discon-
tinuous) in the (v, T) plane is represented in Fig. 9.14. The specific volumes at the
triple point have been denoted by vy, v, and v3. Examples of ordinary triple points
are the solid—liquid—vapor triple point (see Fig. 9.16) and the triple point fluid-bcc
solid-fcc solid in charged colloidal particles interacting with a repulsive Yukawa
potential.

9.8.2 Critical Endpoint

Assume now that in the vicinity of the triple point the transitions 1-2 and 1-3 are
discontinuous while the transition 2-3 is continuous. The resulting phase diagram
in the (v,T) plane is shown in Fig. 9.15 and the corresponding triple point is called
a critical endpoint (v = v3). An example of a critical end point is the paramagnetic

1+2 2+3

A Vo V3 vV

Fig. 9.14 Phase diagram in the (v, T') plane of an ordinary triple point in which three phases coexist
(1,2, and 3) at the specific volumes v; # v, # v3. All the transitions are discontinuous. Note the
discontinuity in the slopes of the binodals for 7 = T;
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1+2 /

1+3

Vi

V)= V3 v

Fig. 9.15 Phase diagram in the (v,T') plane with a critical endpoint in which three phases coexist

(1,2, and 3) at the specific volumes v| and v, = v3. The transitions 1-2 and 1-3 are discontinuous
while the transition 2-3 is continuous. Note the change in curvature of the binodals for 7 = T;

liquid—ferromagnetic liquid transition in a fluid in which the attractive part of the
isotropic interaction dominates over the anisotropic Heisenberg interaction.

9.8.3 Bicritical Point

Another special case is obtained when two of the three transitions are continuous.

1+3

Vi=Vy=Vs v

Fig. 9.16 Phase diagram in the (v,7") plane with a bicritical point at which three phases coexist
(1,2, and 3) at the specific volumes v; = v, = v3. The transitions 1-2 and 2-3 are continuous while
the transition 1-3 is discontinuous. Note the continuity of the slopes of the binodals for 7' = T;
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1+3

\

V1=V =V3

Fig. 9.17 A particular case of Fig. 9.16 in which the transitions 1-2 and 2-3 merge. Note that the
transition 1-3 is discontinuous below the temperature 7; and continuous above it. This point is then

called a tricritical point. Note the discontinuity in the slopes of the binodals for 7 = T;

If the transition 1-3 is discontinuous, the phase diagram in the (v,T) plane is

shown in Fig. 9.16 and such a triple point is called a bicritical point (vi = vy = v3).
An example of a bicritical point is the paramagnetic liquid—ferromagnetic liquid

transition in a fluid in which the anisotropic Heisenberg interaction dominates over

the attractive part of the isotropic interaction.

9.8.4 Tricritical Point

Finally, it may occur that the continuous transitions 1-2 and 2—3 merge in the vicin-
ity of the triple point, as is shown in Fig. 9.17. In this case the transition 1-3 changes
from being discontinuous to being continuous at the triple point, which is then called

a tricritical point.
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Chapter 10
Critical Phenomena

Abstract As was already seen in Chap. 9, there may exist particular thermodynam-
ical states where a discontinuous (first-order) phase transition becomes continuous
(second-order) or where the order parameter of a continuous phase transition van-
ishes (Fig. 10.1). Such a thermodynamical state is called a critical state, or a critical
point (CP), and its variables will be distinguished here by a subscript c. In the im-
mediate vicinity of a CP, there occur a number of peculiar (static and dynamic)
phenomena which are designed collectively as “critical phenomena.” During the
last four decades considerable progress has been made in the understanding of these
phenomena. In this chapter some of the new ideas which emerged from these studies
are summarized and explained in the simpler context of the present textbook. More
complete studies can be found in the References.

10.1 Classical Theory

Consider the behavior of the thermodynamic potentials, e.g., the Helmholtz free en-
ergy per particle f (7,v), in the vicinity of a critical point. Until now it has been
always assumed that the thermodynamic potentials are analytical, i.e., that they can
be expanded in a power series around any thermodynamic state, including the criti-
cal state. The expansion of f(7,v) around the CP (7¢,v.) will then read:

o oo n+k v
=3y | (%) (8v)"(8T)F, (10.1)

1!
a0i=0 n'k!

where 6v = v — v, and 6T = T — T, measure the distance between the thermody-
namic state and the CP defined by

2 3
(a J;(;,v)l:()’ <%)C:o, (10.2)

269
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(b)

Fig. 10.1 a An upper CP terminating the coexistence curves (binodals), 7 =T (v), of a discontinu-
ous phase transition, such as the L-V transition. The coordinates of this CP in the (v, T)-plane will
be denoted by (v, T;). b Behavior of the order parameter ¢ versus a control-parameter € = & (T, v)
for a continuous phase transition (see Sect. 9.4.1). The value €. = £ (T, v.) for which ¢ vanishes
corresponds to a CP

It is easily shown that these equations are equivalent to the more familiar

definition p () P (Tv)
p T,V _ p T7V —
(B0 o (D) s
in terms of the pressure p (T,v) = —df (T,v) /dv, or
u(T,v)\ _ Pu(Tv)\
(T)C—O, <T C—O, (10.4)

in terms of the chemical potential u (T,v) = f(T,v) —vdf(T,v)/dv. As in most
parts of this textbook, the language of the one-component fluid is used for illus-
tration purposes, but the same discussion can be performed for any other system
(mixtures, magnetic systems, etc.) exhibiting a CP although, in fact, most of the
CP-literature (cf. References) is usually presented in the language of the magnetic
systems.

10.2 Critical Exponents

The CP can be approached along different thermodynamical paths, e.g., along the
coexistence curve, along an isotherm or along an isochore (Fig. 10.2).

If T = T(v) denotes the coexistence curve (binodals) in the (v,T)-plane
(Fig. 10.1), then the CP, T. = T (v.), is found by following this curve until its
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Fig. 10.2 Different ways to T
approach the CP: along the

critical isotherm 7' = T, along

the critical isochore v = v,

along the coexistence curve =0
T=T(v)

extremum is reached, i.e., when (d7T (v) /dv), = 0. Therefore, in the vicinity of
the CP one finds

2 v
TO) =T (v)+ (‘9 T ()

2\ o )C(5V)2+0((5V)3), (10.5)

a behavior that will be rewritten compactly as (8T) .., ~ (8v)%, where 8T and
Ov are the distances to the critical point and the subscript reminds that (67),,,,
is measured here along the coexistence curve T =T (v), hence (67 ) o =T (V) —
T (ve). The relation (67 ) e, ~ (6 v)? states that in the classical theory the shape of
the coexistence curve is parabolic in the vicinity of the CP. For later use, this relation
will be rewritten more generally as

(8T) oo ~ (V)P (10.6)

coex

where 3 is the so-called critical exponent, which in the above classical theory takes
on the value § = 1/2.
If, similarly,

6p :p(Tav)_p(TL‘va‘)

is followed along the critical isotherm 87 = 0, (10.3) implies

1 (a3p(T, V)

P(Tev) = p(Teve) + 5 T) \(5\1)3—!—0((5\1)4), (10.7)

or, (8p)sy—o ~ (8v)3. This relation will be rewritten more generally as

(8P)gsr—o ~ (8v)°, (10.8)
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where O is a new critical exponent whose value in the above classical theory is
6=3.
Consider next the inverse of the isothermal compressibility coefficient:
1 *f (T,v)

PPy T (109

which, after (10.2), implies that along the critical isochore §v = 0 one has

PRIV [(Pf(T) .
<T> - (W)C‘STJFO((W) ). (10.10)

or ()(} 1) P 0T, i.e., xr diverges when the CP is approached along the critical
isochore v = 0. This relation can be rewritten as

_ F|ST|"+, 6T >0
(XT1)5v=ON(6T)y:{—|6T|V,6T<0 (10.11)

where 7 is yet another critical exponent whose classical value is Y = 1. Note that to
write (10.11) it has been taken into account that this time the value of the exponent
v could depend on the sign of 87 since for 6v =0 and 8T > 0 the fluid is in a
one-phase region whereas for v = 0 and 6T < 0 the fluid is in a two-phase region,
while in (10.8) one always remains in the one-phase region when 67 = 0. However,
in order to simplify the notation, in what follows the set of two exponents (Y, ,Y_)
will be designed simply as y. More critical exponents can be introduced but since
ultimately only two of them will turn out to be independent, in what follows only
(10.6), (10.8), and (10.11) will be considered and be rewritten compactly as

(8T)coex ~ (V)P (8P)sr—o ~ (8v)°,  (x7') g0 = (6T)7.  (10.12)

coex Sv=0

Instead of relying on the above theoretical considerations for the determination
of the critical exponents, one can of course measure them experimentally. One then
finds that, when one is not too close to the CP, the above classical results (f = 1/2,
6 =3, y=1) appear to be adequate but that they become inadequate the closer one
gets to the CP. Clearly, to really measure the critical exponents a limiting procedure
is required. For instance, to measure f3 of (10.6) one can plot In(07),,,, Versus
In (6v) and measure the slope 1/ of this relation as one crosses the CP. In this way
a vast body of experimental evidence has been gathered during the past decades
which clearly indicates that the above theoretical values of the critical exponents are
in fact incorrect (cf. Fig. 10.3), justifying hereby our rewriting their definition in the
more general form of (10.12).

The experimental evidence shows clearly that the values of 1/f, 8, and y cannot
be represented by integers. The very reason why in the above classical theory the
values of these critical exponents did turn out to be integers can clearly be traced
down to the fact that in the classical theory it has been assumed that f (7, v) is an
analytic function of 67 and v in the vicinity of the CP. Another, more positive,
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T

Fig. 10.3 Measurements of the coexistence curve of helium in the neighborhood of its critical
point (circles = vapor (v > v.), triangles = liquid (v < v.)). The critical exponent 3 has a value
0.354

Source: H. E. Stanley, Introduction to Phase Transitions and Critical Phenomena, Clarendon Press,
Oxford (1971)

experimental finding has been that a given critical exponent turns out to have the
same numerical value for physically very different systems, e.g., fluids, magnetic
systems, etc. This is usually expressed by saying that while the critical exponents
take on non-classical values, their values are “universal.” Such a universality is typ-
ical of critical phenomena, or of continuous (second order) phase transitions, and
is in clear contradistinction with the results obtained for discontinuous (first-order)
phase transitions which are strongly system-dependent. To bring the theory of the
CP-behavior in agreement with these experimental observations has been a major
enterprise of the statistical physics of the last few decades. Here only the major steps
in the resolution of this enigma are summarized. More details can be found in the
specialized literature quoted in the References.

10.3 Scaling Hypothesis

The first major step forward in bringing the theory of the CP-behavior in agreement
with the experimental findings was the introduction by B. Widom in 1965 of a scaled
equation of state. To understand how this comes about, consider the behavior of
p(T,v) in the vicinity of the CP. When the CP is approached along an isotherm, the
classical theory predicts that

p(T.v) = p(T,ve) + Z <a ’;; v)) (&v)", (10.13)

or, when the isotherm is close to the critical isotherm, so that 67 is small, (10.13)
becomes up to fourth order:
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_ 82p(T,v) 1 (93]) (T,V) 2
p(T,V) = p(T,VC)+ (W)C5V5T+ E <W)C(5V) oT

1 aSP (Tv V) 3 1 a3p (T7 V) 2
+§( PR )C(‘M +§< a1 )C‘M‘m

+o ((5v)4 L(8v) (8T)?, (5v)35T) . (10.14)

Evaluating (10.14) for T =T (v) it is seen, using (10.5), that, because (07 ) oy ~
(8v)?, the second and fourth term of (10.14) are of order (8v)® while the remaining
terms are of order (6 v)4 or higher. Keeping only the dominant terms, (10.14) may

be rewritten as
Ap=H (8T,8v) = a. 6v8T +b.(8v)*, (10.15)

where

Ap = p(Tv V) _p(Ta Vc),

_(PpTw)) , _ 1 (2T
“=\Tovar )T m\T o ),

Consider now H (8v,8T) of (10.15). In the vicinity of the CP this function obeys
arelation of the form:

H (?LZST,AS\;) — A2H (8T, 6v), (10.16)

for any A > 0. Such a relation is called a scaling relation because it states that when
re-scaling the variables of H (8T,8v) as 8v — A8v and 6T — A°8T, the value
of H (8T, 8v) is restored up to a scaling factor A°. The mathematical property of
(10.16) implies that the function of two variables H (0T, 0v) can always be written
in the simpler form

s [ 8T
H(8v,8T) = (6v)° fi ((5v)2>’ (10.17)

where f; (x) is a function of a single but rescaled variable x = 67/ (8v)*, which
remains invariant under the above re-scaling transformation. To prove (10.17) it is
indeed sufficient to take A = 1/6v in (10.16). Moreover, from (10.15) it is seen
that in the classical theory fj (x) = b, + acx. Suppose now that, in order to obtain
non-classical results, one modifies (10.15-10.17) empirically as

s 8T
Ap = (6v) f<W>, (10.18)

where 6 and 3 are some (still undetermined) critical exponents and f (x) a still
arbitrary function of the rescaled variable x = 6T/ (5\/)1/ B. Bquation (10.18) is
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equivalent to the scaling relation:
H()Ll/%T,/wv) — 25H (8T, v), (10.19)
which generalizes (10.16). Since (Ap)s7_o = (8p) 57— it follows that (10.18) di-

rectly implies (10.8), provided f (0) is finite. Moreover, evaluating Ap/8v from
(10.8), and taking into account that as v — 0 one has

Ap _(op(Tw)\ (1
(ELHO B (T) - (vxr (TW))W,’ (10.20)

L 7 P (L
[ ()], oo

Evaluating now (10.21) along the coexistence curve T = T (v), where according
to (10.6) ov ~ (5T)B, it is seen that (10.21) is equivalent to

so that

1

;s K GO AO RGP (10.22)

provided f (1) is finite. Therefore, the scaled equation of state (10.18) is fully con-
sistent with the experimental observations under some fairly weak conditions on
f (x). Moreover, comparing (10.22) with (10.12) yields

y=B(6-1), (10.23)

showing that only two of the critical exponents (3,7, ) are independent. The sur-
mised non-analyticity of the equation of state in the vicinity of the CP can, according
to (10.18), now be traced back to the fact that f (x) is a function of the rescaled vari-
ablex=38T/(8v) B ie. for 8T 40, f (x) is a non-analytical function of dv. Note,
however, that the conditions imposed on f (x) are compatible with f (x) being an an-
alytic function of x. Therefore, the complete non-classical thermodynamic behavior
observed in the vicinity of the CP can be deduced from the scaling relation (10.19),
itself an empirical modification of the classical scaling relation (10.16). There re-
mains now to understand why a scaling behavior such as described by (10.19) should
hold, i.e., what is the physical reason behind this scale-invariance of the thermody-
namics in the region of the CP?

10.4 Correlation Length and Universality

Scale-invariance is rather unusual since specific physical systems usually have spe-
cific scales on which its variables change. Therefore, in the vicinity of the CP these
system-specific scales must in some sense become irrelevant. Of particular interest
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here is the fact, first pointed out by Ornstein and Zernike in 1916, that the spatial
scale of the density fluctuations will change dramatically near a CP and become ob-
servable as critical opalescence. As already seen in Sect. 6.7, at the CP the density
fluctuations will diverge (cf. (6.91)) and the total correlation function & (r;T¢,p,.)
will become long-ranged (cf. (6.104)) even for a short-ranged pair potential. In other
words, near the CP it is the spatial scale of & (r;T,p) which is important in order
to understand the phenomenon of critical opalescence whereas the spatial scale of
the system-specific pair potential becomes irrelevant. This suggested Ornstein and
Zernike to introduce a new function, the direct correlation function ¢ (r;T,p) de-
fined by (8.52) and (8.53) (see also Sect. 7.4), which remains short-ranged at the CP
(cf. (8.55)). If ¢(r; T, p) is short-ranged, then its Fourier transform ¢ (k; T, p) can be
expanded as

c(k;T,p) = /dr e KT (1T, p) :4717/ dr ¢ (riT,p) smk(kr)
0 r

=C¢(0;T,p)+ & (T,p)kK*+ 0 (K*), (10.24)

where pc(0;T,p) is given by (8.55), i.e.,
1= p(0:T.p) ! (10.25)

—pc(0;T,p) = —————, :
pkBTXT (Tap)
and
~ 2m oy 2
pcx(T,p) = —?p/ drric(r;T,p)=—R*(T,p), (10.26)
0

where R (T, p) is a system-specific length scale. Rewrite (8.53) as

1
1

l+p%(k;T7p) =

From (10.25) and (10.26) one obtains for the small-k (large-r) asymptotic expan-
sion of i (k; T, p):

R*(T,p)
E2(T.p)+ 12

where the O (k4) -terms in (10.27) have been dropped, which is meaningful provided
the range of ¢ (r; T, p) is finite, and introduced a new length-scale:

1+ ph(k:T,p) = (10.28)

§(T,p) =R(T,p)\/pksT x7 (T,p). (10.29)

From (10.28) evaluating the inverse-Fourier transform using, e.g., the calculus of
residues yields
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h(rT L ey 10.30
P (V, ’p)_47rR2(T,p) r 9 ( . )

where an irrelevant term proportional to 0 (r) has been deleted. It is seen from
(10.30) that & (T,p) determines the spatial range of i (r;T,p). Since at the CP,
R(T,p) will remain finite but y, (T, p) will diverge like (67)~7 (cf.(10.12)), one
finds from (10.29) that & (T, p) will diverge like (67)~Y with v =17y/2, i.e.,

£~ (8T, v:g. (10.31)
Therefore, near a CP, the spatial scale determined by the correlation length
E(T,p) of h(r;T,p) will dominate all system-specific length-scales, e.g., those re-
lated to the pair potential such as R (7, p) of (10.26). This, together with a vast body
of similar results (on various fluids, binary mixtures, magnetic systems, etc.) sug-
gested to L. Kadanoff in 1968 that the reason why one witnesses scale-invariant
properties such as (10.19) is that in the vicinity of a CP only those properties
which change on the largest possible scale, namely & (T,p), are important, i.e.,
& (T, p) is the only relevant spatial scale. Since the divergence of & (T, p) is system-
independent, it only depends on the existence of a CP, the CP-properties must ex-
hibit system-independent or universal features. This observation led Kadanoff to
formulate the “universality hypothesis” according to which the value of the critical
exponents will only depend on (a) d, the dimensionality of the working space, i.e.,
they are different for bulk systems (d = 3) and for surfaces (d = 2) and (b) 7, the
number of symmetry-unrelated components of the order parameter characterizing
the continuous (second-order) phase transition, or if there is no order parameter,
the number of diverging length scales. In other words, each pair (d,77) defines a
“universality class” of systems having the same critical exponents.
With respect to the first point (d) it has to be noted that in the above only (d = 3)
bulk systems have been considered, e.g., when a d-dimensional Fourier transform is
used (10.30) will become

eir/é (T‘p)

WrTop) ~ —mm

(10.32)

Whereas for the second point (7), in the above, fluid systems with only one di-
verging length scale & related to the density fluctuations were considered, hence
n = 1. When an order parameter exists, one has to consider instead the correlation
lengths of the fluctuations of the independent components of the order parameter.
Therefore, one often assimilates, in this context, a fluid system to a system having
an “effective”scalar order parameter related to the density difference between the
coexisting fluid phases. More details can be found in the specialized literature given
in the References.



278 10 Critical Phenomena

10.5 Renormalization Group (RG) Idea

The scaling hypothesis and the universality hypothesis do bring the theory of the CP
into agreement with a vast body of theoretical and experimental results. However,
they are formulated in terms of some abstract non-classical critical exponents whose
value remains undetermined. What is still lacking is a theoretical scheme to calculate
their value. Such a calculational technique was introduced in 1971 by K.G.Wilson
and is known as the “Renormalization Group”(RG) because it is similar to an earlier
technique bearing this name and used in field theory to compute the renormalized
coupling constants. This technique not only allows for the critical exponents to be
computed but also provides a more profound justification for the scaling and uni-
versality assumptions. It can thus be said to “solve” the CP-enigma. Unfortunately,
although the physical ideas involved are simple, the calculational details are very
complex. The basic idea consists in “decimating” successively all the physical infor-
mation contained in the irrelevant microscopic scales until the relevant macroscopic
scale (§) is reached. To this end the original microscopic system is, at each suc-
cessive step, transformed into a new system with less irrelevant scales. These suc-
cessive transformations form a mathematical (semi-) group which is the RG. Each
such transformation will modify the system’s parameters (the parameters setting the
scales) and this flow of parameters culminates in a set of differential equations for
the relevant parameters which is characteristic of the given RG. Evaluating finally
the “fixed points” of these differential equations allows one to describe ultimately
the system’s behavior at the macroscopically relevant scale. It will be obvious that
this technique, as formulated here, is very general and not limited to, although very
well adapted for, the study of the CP. In fact, the RG-technique can be used to study
any problem for which the physically relevant information is independent of the
system’s microscopic scales. This generality will be used here to illustrate the RG-
technique on a physical problem closely related, but not identical, to the calculation
of a critical exponent. The problem chosen to illustrate the RG-technique concerns
the calculation of the Flory exponent introduced in (8.142). Many of the steps used
in this example can easily be translated into the CP-language but the calculational
details turn out to be much simpler.

10.6 Critical Exponents and the Flory Exponent

The basic reason why the critical exponents (3,7, ) are non-classical is that the
correlation length of the density fluctuations & diverges as & ~ (8T)Y (v =17y/2)
near the CP. Therefore, & is the only relevant spacial scale for the study of critical
phenomena. Any theory which neglects fluctuations on this scale will always yield
classical exponents.

A very similar observation can be made with respect to the Flory exponent v
introduced in (8.142) and characterizing the size Ry of a linear chain of n seg-
ments. In Chap. 8 the classical value v = 1/2 of the Flory exponent was obtained but
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@ (b)

Fig. 10.4 Two configurations of a chain of ten segments with an exlcuded volume interaction
between segments: a2 and 5. b 1 and 10

its evaluation did neglect the excluded volume interactions between the segments.
When measuring the distance along the chain of segments these excluded volume
interactions will operate not only between nearby segments, i.e., at short distances,
but also between any two segments whose distance (along the chain) is compara-
ble to the total length of the chain (cf. Fig. 10.4). The presence of these excluded
volume interactions will lead thus to correlations between the position of the seg-
ments with a correlation length comparable to the total length of the chain. In the
asymptotic regime, where the number of segments tends to infinity, this correlation
length will hence diverge. In other words, the relevant scale is not the length of
a segment but the total length of the chain. Rewriting the Flory relation, Ry ~ n"
for n — oo, in the form Ry ~ (1/n)~" for (1/n) — 0, it becomes obvious that the
evaluation of the Flory exponent v is analoguous to the evaluation of the critical
exponent of & ~ (8T)~Y (v =1y/2) for 6T — 0, with 1/n playing the role of 87.
It is indeed found experimentally that the Flory exponent v, although non-classical
(v #1/2), is universal in the sense that its value does not depend on the specific
nature of the segments of the linear chain. The evaluation of the Flory exponent is
thus a good candidate for illustrating the RG-technique. Before doing so one should
nevertheless also point out a difference between the Flory exponent, Ry ~ (1/n)~",
and the critical exponent , & ~ (6T) ™", because, although the two values of v are
very close and often represented by the same symbol (as here) they are not strictly
equal. It can, in fact, be shown that these two problems do not belong to the same
universality class which, as stated, is determined by the space dimensionality d and
the number of components 7 (not to be confused here with the number of segments
n) of the order parameter. Indeed, in both cases one is interested in d = 3, but while
& corresponds to a scalar (one-component) order parameter it can be shown that
the evaluation of Ry corresponds, formally, to an order parameter whose number of
components tends to zero.
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10.7 RG-Calculation of the Flory Exponent

As in Chap. 8, one considers a linear chain of n — 1 ~ n(n > 1) identical segments
(homopolymer), each of length b, and wants to determine its average size Ry (or
volume 47R} /3) in terms of the fluctuations, namely (R) = 0, (R?) = R}, of the
end-to-end vector R but averaged now over a statistical ensemble which includes
excluded volume interactions between any pair of segments. Let thus v (not to be
confused with the specific volume) denote here the strength of the excluded volume
interaction between two segments. Moreover, since the strength of the fluctuations
of R becomes weaker when the dimensionality d of the working space increases
(see (10.32) for a similar result), a linear chain in a d-dimensional space will hence-
forth be considered since one can always return to d = 3 at the end. To perform
the RG-calculation an original method proposed by P.G. de Gennes in 1972 is fol-
lowed.

10.7.1 RG-Transformations

Starting from the original chain characterized by the triplet {n,b,v}, one first tries to
eliminate (“‘decimate”) the irrelevant (microscopic) scale b by regrouping formally g
successive segments, g being an integer larger than one, into a new “renormalized”
segment also called a blob (cf. Fig. 10.5). This transformation, say 7, of the origi-
nal chain {n, b, v} will produce a new chain characterized by the triplet {n,b1,v;},
where n; is the number of new segments, b; their length, and v; the strength of
their excluded volume interaction. One has n; = n/g < n, while b; and v; are un-
known functions of b,v, and g. Without loss of generality, these two functions will
be written in the following suggestive form:

Fig. 10.5 Transformation of a chain of six original segments into a renormalized chain of three
blobs, each consisting of two original segments
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by=bg"?[1+h(gu)],  vi=vg’[l—q(gu), (10.33)

where h = h(g,u) and g = g (g,u) are two dimensionless functions of the two di-
mensionless variables, g and u = v/b, which can be formed with {g,b,v} when
the space dimensionality is d, the strength v having the dimension of the volume
excluded to a second segment due to the presence of a segment. The suggestive
forms used here are such that all the excluded volume effects are contained in
h(g,u) and g (g,u). Indeed, when & (g,u) = 0 the new chain is expected to behave
classically, i.e., by ~ bg'/?, while when & (g,u) # 0 one expects the excluded vol-
ume effects to increase the size of the chain, hence % (g,u) > 0. Similarly, since
the new segments contain g (g — 1) /2 ~ g2 pairs of old segments, it should be ex-
pected that v; ~ vg?, although this probably overestimates the effect, hence one
writes v; = vg?[1 —q(g,u)] with g (g,u) > 0.

Applying now the same transformation T to the new chain {n,by,v;}, a twice
renormalized chain {n,,by,v,} is obtained, and iterating T k-times, i.e., applying T*
to the original chain {n,b,v}, one obtains a chain characterized by {n, by, vy} with
g =ne-1/8,

by = b_1g" 1+ h(g,u1)], ve =vi—1 &2[1 — q (g, 1)), (10.34)

and k =1,2,..., no = n, by = b, vog = v, together with u; = vk/bg. The successive
transformations, T, form a mathematical semi-group, namely T¥J7 = 7%+ which
fully characterizes the renormalization operations. Note that this semi-group cannot
be completed into a group because the inverse of T cannot be defined. Indeed, at
each transformation the smaller scale b;_; is eliminated (decimated) in favor of the
larger (g > 1) scale by and this process cannot be reversed. This semi-group will
nevertheless be designed briefly as the renormalization group (RG).

10.7.2 Fixed-Points of the RG

The basic assumption underlying the RG-equations (10.34) is that at each step of
the renormalization scheme the new chain behaves in the same way as the orig-
inal chain. This is expressed by the fact that in (10.34) the functions & (g,u) and
¢q(g,u) do not depend explicitly on &, only implicitly via u;_;. This implies a scale-
invariance of the type expected at a CP. To see this more clearly consider now the
“flow” of the dimensionless parameter u; as k increases. From (10.34) one obtains
for u;, = vk/b;f:

up = w1851 — 1 (g, 1)), (10.35)

where € =4 — d, together with

l_CI(gau)

T+ (g (1036

1—1(g,u)=
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so that, for a given value of d =4 — € and g, (10.35) determines the flow u;_| — uy
in terms of the function (g, u) defined by (10.36). When & increases, n; decreases
while by and vy increase, so that u; = v/ b;{’ may either increase indefinitely or tend
to a finite value u*. Physically, one expects the latter to be the case. The limiting
value * must then obey (10.35),

wt = ugt? 1 —1(g,u*)], (10.37)

for any g, i.e., when u; — u* the system will have reached a state which is inde-
pendent of the scale g. Note, however, that k cannot increase beyond the value k*
for which ng« = 1. Nevertheless, since n > 1 one expects k* > 1 and one often
assimilates u* to limy_,c, 1.

Any solution, u = u*, of (10.37) is called a fixed point of the RG. By construction
one has /(g,0) = h(g,0) = g(g,0) = 0, and, therefore, (10.37) always admits the
trivial fixed-point u* = 0, corresponding to the classical theory (v = 1/2). Any non-
trivial fixed-point #* # 0 must, therefore, be a solution of

1= g1 —1(g,u")], (10.38)

and, henceforth, such a solution will be assumed to exist.

10.7.3 Non-classical Flory Exponent

The problem one originally did set out to solve with the aid of the RG-technique
did concern the relation between Ry and n for n > 1, namely Ry ~ n". This relation
may be formally written as Ry = bf (n,u), where f(n,u) is unknown except that
f(n,0) ~ n!/2, since u = 0 corresponds to the classical theory. As the value of Ry is
not affected by the renormalization of the segments, one must have

RO = bf (n,u) = blf(nl,ul) = .= bkf (nk,uk), (1039)
and, therefore,
br_1f (me—1,ux—1) = bif (i, ue) (10.40)
which, using (10.34) to evaluate by /b;_1, can be transformed into
f(” ) f<—” ) ! (10.41)
Uk | = y Uk—1 . .
gk gk V21 +h(g,u1)]

Assume now that k is large enough (k > 1) so that one may approximate the
solution of uy of (10.35) by the fixed-point value u*. Then (10.41) reduces to

noL\ no, 1
f <g_k ) =f (gkl o ) S+ ()] (1042
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To solve (10.42) one may write f (ng,u*) = C (u*)n), where v is the Flory expo-
nent. Substituting this power-law into (10.42) yields

nY 1
gV gl 2[1+h(g,u)]’

(10.43)

or
1 In[l+h(gu*
y= 1 Inltthgu)] (10.44)
2 Ing
It is seen from (10.44) that for any non-trivial fixed-point u* # 0, the Flory expo-
nent v will take on a non-classical value (v # 1/2), whereas for u* = 0 one recovers

the classical value v = 1/2, since i (g,0) = 0.

10.7.4 Critical Dimension

The search for a non-classical value of v is thus reduced to the search for a non-
trivial fixed point u* # 0. The very reason why one did use a d-dimensional presen-
tation is that there exists a particular value of d for which the solution of the fixed-
point equation (10.38) becomes trivial. Indeed, for € = 0, or equivalently d = 4,
(10.38) reduces to I (g,u*) = 0, which implies #* = 0. Hence for the particular value
d = 4 the only fixed-point is the trivial one #* = 0 and the Flory exponent will al-
ways be classical. This value of d is called the critical dimension of the present RG.
Of course, experiments in d = 4 are not possible but, following a suggestion of K.
Wilson and M. Fischer (1971), one may try to evaluate v or u* by treatingd =4 — ¢
as a continuous variable and by performing a perturbation expansion for small &-
values, i.e., by expanding v in a power series in €. Theoretically there is, of course,
no difficulty in treating d as a continuous variable.

10.7.5 e-Expansion

Since for € = 0 the solution of (10.38) is u* = 0, one expects that for € # 0 but
|| < 1 (10.38) will have a solution such that |u*| < 1. For small-& one may thus
expand the basic unknowns, 4 (g,u), ¢(g,u), and [ (g,u) in a power series in u and
retain only the dominant terms, namely

h(g,u) = Chu+0O (uz) ,
q(g,u) = Cju+0 (uz) ,
1(g,u) = Cu+0 (u?), (10.45)

where Cj, C,, and C; are constants depending on g and € but not on u. Note that
from (10.36) one has C; = C, +dC,, while (10.38) becomes now to dominant order:
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1=¢2(1-Cu). (10.46)
Rewriting (10.46) as
¢lPC ur = gt* — 1, (10.47)
where g¢/2 — 1 is a small quantity which may be rewritten as
g% = 1+§1ng+0(52), (10.43)

so that the solution of (10.47) will read to dominant order in €

elng
= . 10.49
2C, ( )
Substituting (10.49) into (10.44) yields then
1 111(1 +Chu*) 1 Chu* 1 e (Cy
. ~_ =4 = 10.50
VT T g 2 g 272\ )y (10.50)

which clearly shows that v is non-classical when € # 0, and hence one expects v to
be non-classical also for the physical value € = 1 or d = 3, although it is not obvious
that the small €-expansion (10.50) can still be used when € — 1. It is known, in fact,
that the perturbation expansion (10.45) diverges when € = 1, i.e., the excluded vol-
ume effects are not small in d = 3, so why should things improve when € is small?
To understand why this is the case, some qualitative properties of the RG-equations
(10.34) are now considered.

10.7.6 Differential RG-Equations

In order to study the two basic RG-equations, namely

bisr = big 1+ h(gm)],  werr = wg®?[1 —q(g,m)], (10.51)

in more detail, one first transforms these finite-difference equations into differential
equations. Although, physically, k and g are integers, the only mathematical con-
dition used until now is g > 1. One replaces, therefore, the (finite) elementary step
(k — k+ 1) of the RG-transformation by an infinitesimal one by treating now also
g as a continuous variable and writing g = 1 + Ag, with Ag < 1. If at the step & the
length of the renormalized segment was s, then at the next step £+ 1 this length will
increase to s + As. One will thus also replace the discrete variable k by the continu-
ous variable s, namely by — b (s), and u;, — u (s), and the discrete transformation by
s+As=gs=(1+Ag)ssothat Ag = As/s represents now the infinitesimal relative
increase in the length s of the segments. In this representation, the original transfor-
mation, by — by 1, will thus be replaced by b (s) — b (s+ As) with As = sAg. Now
first rewrite (10.51) as:
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bist = b =bi (872 = 1) + byg (g, (10.52)
and

g — e = (852 = 1) — uig™ g (g,1), (10.53)
and consider the limit Ag — 0. Since

bii1 —by — b(s+As)—b(s) = As%f) +0 ((As)z) ,

the L.h.s. of (10.52) and (10.53) will be first order in As. The first term in the r.h.s.
of (10.52) and (10.53) will also be first order in As, namely

b (82 1) = b(s) (14492 1) =b() 22 +0((ag))

since Ag = As/s. The limit Ag — 0 of the second term can, however, not be taken
as such. To perform this limit first observe that for small-€ one has / (g, uy) = Cjuy +

0] (ui) , but that according to (10.47) u* will remain finite for small € only if one has

1/2 _ 1. Now introduce the new constants Cj,, etc. according to

Ci~g
C=(s"2=1)Ci, (i=haq.), (10.54)
instead of the constants Cy, etc. of (10.45). Note that in the present notation one has

u* =1/Cy, cf. (10.49), and C;,/C; = C},/C;, cf. (10.50). Returning now to (10.52)
and (10.53), it is seen that the second term is also first-order in Ag because

brg"*h (g, u) — b(s)g"/? (gs/2 -~ 1) Chu,
and

g2 1= %Ag+0 ((Ag)z) .

Therefore, dividing (10.52) and (10.53) by As = sAg and taking the limit Ag — 0
one obtains finally

db b _
dES) - % (1+&Chu(s)), (10.55)
and s o
us u(s _
G~ £y (1-Cu(s), (10.56)

i.e., two differential equations which, for g — 1 and & small, are equivalent to the
original RG-equations (10.51), except that the finite transformation g has been re-
placed here by an infinitesimal transformation g = 1 +Ag. Since (10.55) is linear in
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b (s) it can be easily integrated in terms of u (s). The basic equation is thus (10.56)
which is non-linear in u (s).

10.7.7 Stability of the Fixed Points

Using (10.49) and (10.54) one may rewrite (10.56) as
du(s) _gu(s) (1 B u(s)) ’

u*

ds — 2s

(10.57)

whose qualitative properties are now considered. The two stationary points of the
differential equation (10.57) are seen to coincide with the two fixed-points, u (s) =0
and u (s) = u* of the RG. When u is not a fixed-point, #’ (s) = du(s) /ds will have
the same sign as €u(s) (1 —u(s) /u*) because s > 0, while for s — o, 1/ (5) will
decrease as 1/s. This qualitative relation between v’ (s) and u (s), i.e., the so-called
phase-portrait of the differential equation (10.57), can thus be represented as shown
in Fig. 10.6. As seen from the figure, ' (s) changes sign when u(s) is close to a
fixed-point but the detailed behavior still depends on the sign of €. Assume, for
example, that one starts initially from a value u (s) = ug close to u* and consider
the case € > 0. If one increases s from sy to sy (s1 > s0), u(s) will change from
uo = u(sg) to u; = u(sy). From the figure it is seen that if #; > u* then u’ (s1) <0
and the differential equation (10.57) counteracts the further increase of u (s). Simi-
larly, if u; < u* then ' (s;) > 0 and (10.57) also counteracts this decrease of u (s).
Therefore, the differential equation (10.57) is such as to prevent the solution u (s)
to run away from u = u*. Hence, all the trajectories u (s), i.e., all the solutions of
(10.57) corresponding to different initial values ug, will ultimately tend to the point
u=u*. Such a point is called a stable fixed-point or an “attractor” of the differential
equation (10.57). Note that when € < 0 this behavior is reversed, i.e., all the trajec-
tories u (s) now run away from u = u*. Such a point is called an unstable fixed-point.

du du
& e>0 & e<0

T

Fig. 10.6 Phase-portrait of the differential equation (10.57). The arrows indicate the flow of u in
the vicinity of the two fixed points
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1s e>0 1/s e<0

0 u* u 0 u* u

Fig. 10.7 Solutions u (s) of (10.57) for different values uy = u (so). For convenience u (s) is plotted
versus 1/s so that the asymptotic state (s — o) corresponds here to 1/s — 0

One can thus say that the fixed-point # = u* is stable when € > 0 and unstable for
€ < 0 while, conversely, the fixed-point # = 0 is unstable when € > 0 and stable
for € < 0. This same behavior is also often represented in the flow diagram of u (s)
versus s as shown in Fig. 10.7 which represents a few trajectories u (s) here shown
versus 1 /s so that asymptotically 1/s — 0. From this figure it is clearly seen that the
solutions of (10.57) come in two families separated by a separatrix. When € > 0, this
separatrix is u = 0, while it is u = u* for € < 0. Translated in the present context this
implies that for the physically relevant values of ¢, i.e., € > 0, one may start from
any initial value, uy > 0, the asymptotic properties of the corresponding solution
u (s) will always be controlled by the non-trivial stable fixed point u = u* and hence
the Flory exponent will be non-classical. Therefore, the above calculation, based on
small positive values of € and u*, describes the correct physics, even when the final
(positive) values of € and u* turn out not to be small.

More generally, any physical problem which is dominated by long-ranged cor-
relations, and whose RG-equations have the same mathematical structure, will be
described by the same characteristic exponents, explaining hereby the high degree
of universality found between these phenomena. This also explains the widespread
use of RG-techniques in many different branches of physics.

10.7.8 Numerical Value of the Flory Exponent

As one is insured now that (10.50) contains the correct physics of this problem,
it is tempting to evaluate it for the physically relevant value € = 1. This can be
done provided one knows C;,/C; = C, /61 for g =1 and € — 0. Since these con-
stants result from the perturbation expansion (10.45), their evaluation is not more
difficult than, say, the evaluation of the second and the third virial coefficient for
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this, or a related, problem. One then finds that (C,/C;),_, = 1/8, so that (10.50)
becomes

11 )
v=3t1eet0(e) (10.58)

or, if the expansion is extended to second-order in €,

1 1 15 , 3

V=3t 1eEt st +0(e). (10.59)

Evaluating now the Flory exponent v for € =1 (d = 3) one finds from (10.58)

v =~ 0.5625 and from (10.59) v ~ 0.592, which compare well with the experimen-
tal value v = 0.588 £ 0.001. This can be viewed as a manifestation of the “un-
reasonable success of mathematics in physics” (E. Wigner) because, remember,
the radius of convergence of (10.59) is not known. While these €-expansions are
probably not convergent for € = 1, they are usually considered to be asymptotic

expansions.

10.8 Numerical Values of the Critical Exponents

As will be obvious from the above, similar €-expansions can be found also for the
critical exponents, although at the expense of more complex calculations. One then
finds to first-order in € that

3

_1 2
B‘§_2m+&8+0@)’ (1060)
B n+2 5
y_1+2m+8f+¢me), (10.61)
§=3+e+0(e?), (10.62)

for a system which is d = 4 — € dimensional and has a CP described by a 7-
component order parameter, i.e., for the universality class (d,7). For instance, for
the liquid—vapor CP one obtains by substituting € = 1 and 7 = 1 in (10.60-10.62)
that B ~ 1/3, y~7/6, and § ~ 4, which are in fair agreement with the experimen-
tal values 8 ~ 0.3265, y ~ 1.239, and 6 ~ 4.5. Note also that the Flory exponent
expression of (10.59) corresponds to (10.61), namely v = y/2, for @ — 0, a fact
first pointed out by P. G. de Gennes (1972). Observe also that (10.60—10.62) satisfy
(10.23).

The RG-idea can thus be considered to solve the CP-enigma in a satisfactory
manner although, of course, the very reason of the quantitative success of the ex-
pansions (10.60-10.62) for € = 1 remains somewhat obscure.
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Chapter 11
Interfaces

Abstract As has been analyzed in Chap. 9, in a discontinuous phase transition two
phases of different average density may coexist in equilibrium. In the various ex-
amples of coexistence considered in Sects. 9.1 and 9.2, the average densities of
the phases are uniform, i.e., the conditions of mechanical equilibrium and chemical
equilibrium at a given temperature have been derived from the free energy of each
bulk phase (in the thermodynamic limit), and so the density at coexistence changes
discontinuously from one phase to the other. For instance, in the liquid—vapor transi-
tion the densities at coexistence are uniform, p; (T') and p, ('), according to (9.18).
This is only an approximation since, as may be observed experimentally, there are
two kinds of surface effects to be considered. The first one is the effect of the walls
of the container, which is not specific to the system and which gives rise to the well-
known meniscus effects, which may be neglected at points far away from the wall.
The second effect is that, due to the gravitational field, the denser phase (the liquid)
occupies the lower part of the container, the less dense phase (the vapor) the upper
part, and the local equilibrium density p,(r) = p,(z) will change continuously (al-
beit abruptly) from one phase to the other. This profile and the discontinuous profile
of Chap. 9 are shown schematically in Fig. 11.1 Note that for the continuous profile

Py

Fig. 11.1 Schematic repre-
sentation of the liquid—vapor
local density, p;(z), as a
function of the height z.
The thermodynamic density
changes discontinuously at
z=zo from p; to py, (broken
line) while the local density
changes continuously from
p to py through the interface
(p} (z) # 0) (continuous line)

291
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p1(2) 2 pr(T) (z<20), pi(z) = py(T) (z > z0) and in the interface (z = z¢) the
gradient of the local density is p/(z) = dp,(z)/dz # 0. The consequences of the
existence of this transition region or interface between the two coexisting phases are
studied in this chapter.

11.1 Non-uniform Systems

A system like the one just described is an example of a non-uniform fluid in which
the local density of particles at equilibrium p, (r) > 0 is a function of r normalized as

/drpl(r):N, (11.1)

where N is the number of particles. Other examples of non-uniform systems (crys-
tals, quasicrystals, and liquid crystals) have been analyzed in Chap. 8. In non-
uniform systems, the intrinsic Helmholtz free energy is a functional of the local
density of particles, which is denoted by F(7,V,N;[p,]) or, in abbreviated form,
Flp,] (see Appendix C). According to the mean field theory of Sect. 7.6, if the in-
teraction potential may be written as V (r) = Vg(r) 4+ Va(r), where Vg(r) and V4(r)
are the repulsive and attractive parts of the interaction, the functional F[p,] (see
(7.78)) may be written as

Flp\] =Fp,]+Frlp,] + Falpy] , (11.2)

where _
Fp,] :kBT/drpl(r) (in(p, (r)A%) — 1) (11.3)

is the ideal part, Fg[p,] is the contribution due to Vz(r), and
1 g
Talpil =5 [ drpy(x) [ ax'p (@ Walie—r) (11.4)
If Vg(r) is a hard-sphere potential, the van der Waals theory of Sect. 8.4.2 may

be generalized to a non-uniform system (see (8.74)) and one may approximate the
functional Fr[p,] by

Trlpy] = —kBT/drpl(r) In (1 _p;)_(r)) , (11.5)
0
which implies that
Py (11.6)
Po

for all r. From (11.3) and (11.5) one has
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0o, + Falp,) = [ drTus(T.p (1)) (11.7)

where

Fus(T.p) = ksTp <ln (pA?) —1—1n<1—ﬂ)> (11.8)

Po

is the free energy density (Helmholtz free energy per unit volume) of a uniform hard-
sphere (HS) fluid of density p. Observe that the integrand in (11.7) fys(7,p,(r)) is
a function of p, (r) (not a functional) obtained by replacing the uniform density p by
the local non-uniform density p, (r) in (11.8). Since in this case F9[p ] + Fr[p,] is
the integral of a function of the local density p, (r), one says that this approximation
of the functional is “local.”

Note that, in contrast, F4 [p,] is “non-local”, since it is a functional of p (r) and
p(r'), that may be written as

Talpi) = 5 [ drp (U (r.[p) (119)

where U (r,[p,]) is the mean potential at r due to the attractive part of the potential,
ie.,

Utrlpi) = [ dr'py)Valie—r) (11.10)
Since this potential is the sum of a local contribution
Uo(e,[p1]) = pi (1) [ dr'Va(lr =) (1L.11)
and a non-local contribution
= [ {p, ()= py(®)}Vallr ). (11.12)
from (11.7), (11.11), and (11.12) one finally has
T, = [drFoT.py0) +5 [ drp (918U (o)), (1113
where
7o(T,p) = ksTp <ln (pA%) —1—In (1 . p%)) —ap?, (11.14)

is the free energy density (Helmholtz free energy per unit volume) of a uniform fluid
of density p in the van der Waals theory (see (8.81) and (8.82)).

In the study of some applications, it is useful to make a local approximation for
the non-local potential dU (r, [p,]) of the form
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sU[p,)) = [ ' Vallr /) (7'~ x)-V) py (r)

+/dr/VA(|r—r/|)% ((r’—r)-V)zpl(r)—F...

= —a;V?p,(t)+..., (11.15)
where it has been taken into account that
/ dr' (¢ —r)Va(lr—¥'|) = /drrVA(r) 0, (11.16)
and
/dr v =) —r)Va(r—r|) = /drrrVA =—ayl, (11.17)

where [ is the unit tensor and a; is a positive constant:
Lr. 2
azz—g/drr Va(r), (11.18)

which is finite as long as V4 (r) decreases more rapidly than r—> when r — oo.
Note that within the local approximation (11.15) the functional (11.13) reads

Flpi] Z/dr <70(T7P1(r))—%azpl(r)vzpl(r)> : (11.19)

and so, if Vp,(r) vanishes at the limits of integration, upon integration by parts
one has

3lpi)= [ar (FoT.py @)+ jarVp ) . (1120

which is called the square gradient approximation, since the correction due to the
gradients of p, (r) is proportional to {Vp, (r)}>.

11.2 Density Profile

In the van der Waals theory, the functional (11.13) has to be minimized to obtain
the equilibrium local density p,(r) but, due to the restriction (11.1), it is necessary
to use a Lagrange multiplier to eliminate this constraint (see Chap. 7). In this way,
if u is the Lagrange multiplier, one has to minimize, now without restriction, the
functional F[p ;] — u [ drp, (r). Therefore, consider the functional (7.66),

AP =)~ [ drpy(v)+ [ drpy (o). (11.21)
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where ¢ (r) is an external potential. The extremum p (r) of (11.21) is obtained from

<6”f [51])
SP1() ) 5, (r)=p, )

which using (11.12-11.14) may be written as

p,(r)A° >+ bp,(r) )

—u+o(r)=0, (11.22)

H=9(r)+kgT (m(

1—=bp,(r) 1—bp,(r)
+/dr’p1(r’)VA(|r— ¢) (11.23)
where b =1/p,.
Since _
d T,
pus(T,p) = 7ng( P (11.24)
p
and 97
T,
wo(T.p) = % = s (T.p) —2ap , (11.25)
(11.23) for the equilibrium profile p, (r) may be expressed in different ways as
1= () + s (Top (1) + / ar'p, (K )Walle—r), (11.26)
1= 0(0) + (T p, (1) + 8U (r, [p,]) . (1127)

or, alternatively, in the local approximation of SU (r, [p,]),

= (r)+ 1o (T,py (r) —axV2p, (r) . (11.28)

Note that when solving any of these equations, the parameter ¢t must be chosen in
such a way that the normalization condition (11.1) is verified.

As a simple application of a non-uniform system in equilibrium, consider the
liquid—-vapor coexistence with a planar interface, i.e., p;(r) = p,(z), where z is the
coordinate perpendicular to the planar interface, so that the density profile behaves
qualitatively as the continuous profile of Fig. 11.1. Note that although (11.26) is a
non-linear integral equation for p,(z) which has to be solved numerically, in the
local approximation it is replaced by the differential equation (11.28). The potential
¢(r) in (11.28) is the sum of two contributions. The first, ¢ x(r), is the one that keeps
the system inside the container and whose effect may be neglected at points far away
from the walls. The second contribution, ¢ (z), is the gravitational potential respon-
sible for the spatial separation of the phases. If this potential is weak (¢ (z) — 0), it
may be neglected in (11.28) and replaced by adequate boundary conditions. There-
fore, the equation that determines the density profile when the interface is planar is
given by

1= po(T.py(2)) —a2p(2) , (11.29)
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where a prime denotes a derivative with respect to the argument, which is an ordi-
nary second-order differential equation whose solution has to satisfy the boundary
conditions

Aim py()=pp, limp,(z) =py, (11.30)
and
lim pj(z)=0, limp/(z)=0, (11.31)
Z—>—o0 7—>00
which express that p(z) has to smoothly turn over into the liquid (z = —eo) or the

vapor (z = o) bulk phase. If this is the case then, p//(£e0) = 0, and, when z = e,
(11.29) reduces, according to (11.30)-(11.31), to

w=uo(T,pr) = uo(T,py) . (11.32)

which expresses the equality of the chemical potentials of the liquid and vapor
phases. Note that since ¢ in (11.32) is equal to the chemical potential of both
phases, this parameter may be interpreted as being the chemical potential of the
non-uniform system which, according to (11.29), is constant all over the system.
Observe that (11.29) contains two positive constants a and a,, given by (11.14) and
(11.18), which yield a characteristic length /:

r=2 (11.33)

a

which, together with the parameter b = 1/p,,, completely determines the van der
Waals theory of planar interfaces. Introducing the dimensionless variables

kgTh
x=2 =2 0w =bp,(2), (11.34)
(11.29) may be cast in the form
_ _ 1
() —wnLy) — 70" =0, (11.35)

where 1, denotes indistinctly 17, or 0y, and fi(¢, 1) has been defined as

o n n_ 2 df(t,n)
u(t,n)—ln(—l_n)Jr—l_n o (11.36)
with
Feom)y=n{m(——)-1 L (11.37)
M) =n - o :

Multiplying (11.35) by n’(x), the resulting equation may be written as

35 (Fent) - neomeney) - 5,012 =o. (1.38)
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i.e.,

Fle () = A~ 5 (0 @Y =Cuy (11.39)

where the constants Cy v are obtained from the determination of the limits x — oo,
namely

- _ Ny, 1
CLy :f(fan,v) - nL,vu(t,nL,v) =71 —Lﬁ‘iv + ;n%,v . (11.40)

Note that C;, = Cy, since —f(t,n) + Ni(¢,n) is proportional to the pressure,
which is the same in both phases. Therefore, from (11.40) it follows that the equation
for the density profile (11.39) reads

- - IfltnLy) 1

fenx)—fEnLy) — (nx) - nL,v)W ~ % n'(x)}=0. (1141

In the vicinity of the critical point (T’ < T,) the variables 17,7y, and 1(x) do not
differ much from 1. = 1/3 (see (9.68)) and the gradients of p,(z) are small, and
hence the expansion (11.15) converges whenever V4 (r) is short-ranged as indicated
in (11.18). Therefore, in the critical region all the terms of (11.41) are small. Note,
further, that the expression

AF(T,n(x)) = F(t,n(x))

_ of
- (f(r,nL,VH(n(x)—nL,v)M) . (11.42)

that appears in (11.41) is the difference between f(¢,7) evaluated at n = 7 (x) and
the Maxwell double tangent construction on this function between 71 (x) = 1, and
n(x) = ny. Since f(t,x) is the free energy density in the van der Waals theory, this
function has a loop when T' < T, and so Af(T,1(x)) > 0 when 1(x) # 1,y and

Af(T,n(x)) =0 at n(x) = 1y These results are consistent with (11.41), which

may be written as
n'(x) = £/ 2tAf(T,n(x)) . (11.43)

When T ~ T, (T < T.), Af(T,n) may, therefore, be approximated, according to the
comments below (11.42), by the function

AF(T, M) =c(n—m.)*(n—ny)*, (11.44)

where c is a positive constant. Note that with the approximation (11.44) the deriva-
tive dAf(T,n)/dn vanishes at the points n;, 1y, and (1, + 1y )/2, and hence
the constant ¢ may be determined by imposing the condition that (11.44) verifies
(11.41) for the particular value 11 = (1 + 1) /2. Upon substitution of (11.44) into
(11.43) and subsequent integration, one finds
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n) —ny
In (W) +v2ct(n, —Ny)(x—xo) (11.45)

where xg is a constant of integration whose value will be determined later on, so
that, in terms of the variables z and p, (z), eliminating 17(x) in (11.45) leads to

pl(z)zé(pL—ka) =(p.— pV)tanh< 2 ) (11.46)

where & is a new characteristic length defined by

/
| S (11.47)
b(pL—py)V2et

Equation (11.46) is the density profile of a planar liquid—vapor interface in the
van der Waals theory. Note that, due to the local approximation (11.28), p,(z) de-
creases exponentially to p; when z — —eo and to p,, when z — eo. On the other
hand, when p,(z) is obtained from (11.26) or (11.27), the density profile depends
on the particular form of V4(r) and not only of the moments of the attractive po-
tential (a and ay) as in (11.46). In spite of the approximations that have been in-
troduced, (11.46) provides a good fit for the experimental results and its form is
similar to the continuous profile of Fig. 11.1. The characteristic length &, which
diverges at the critical point, is a measure of the width of the interface. Note that
p(z0) = (p.+ pyv)/2, although the van der Waals theory does not allow one to pre-
dict the value of zg. In fact, since (11.29) depends on z only through the density
profile, if p,(z) is a solution to the equation, so is p,(z —zo) for any zo. When the
density profile (11.46) is replaced by a discontinuous profile, as done in thermody-
namics, the discontinuity is located in a plane z = zg. For this plane one generally
chooses the so-called zero adsorption Gibbs surface, which is defined by the follow-
ing equation,

/jidZ{pL‘Pl(Z)}:/z:dZ {P1(@) = pv} . (11.48)

and which implies that the areas abc and cde of Fig. 11.1 are equal, as is the case of
(11.46). Note that the choice of the Gibbs surface (11.48) to locate the interface is
an extra-thermodynamic hypothesis.

11.3 Pressure Profile

In thermodynamics, the liquid—vapor interface is viewed as a discontinuous surface
characterized by a surface tension coefficient y. In the case of a spherical interface of
radius R (a drop of liquid), the pressure profile has been represented in Fig. 11.2 and
the pressure difference p; — py is given by the Laplace equation p;, — py = 2y/R.
Note the similarity with Fig. 11.1, but with the difference that p;y — py — 0 when
R — oo, while p; — py, # 0 even at a planar interface (corresponding to R = oo).
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Fig. 11.2 Schematic repre-
sentation of the discontinuous
local pressure p(r) of a spher-
ical liquid drop of radius R PL
as a function of the distance
r to the center of the sphere.
pr and py are the pressures
of the liquid and the vapor,
respectively, whose differ-
ence is given by the Laplace
equation p; — py = 27/R,
where 7 is the surface tension
coefficient

Py p-mmmmmmmmmmm e

o e

As will be shown in this section, the real pressure profile is not discontinuous
but rather it is continuous, as shown in Fig. 11.3 (spherical and planar interfaces).
Note that in the interface the local pressure becomes negative, which gives rise to
a surface or interfacial “tension” (negative pressure). This occurs even at a planar
interface (Fig. 11.3) and so one has y # 0 even when R = oo. The pressure profile
of a planar interface is determined in this section while the determination of the
surface tension coefficient and the analysis of the relation between the planes z = z;,
and z = zo of Figs. 11.3 and 11.1 are carried out in the next section.

In order to study the pressure profile across a planar interface, consider once
more the van der Waals theory of Sect. 11.1. In the first place, it is necessary to
introduce the concept of local pressure in a non-uniform system for which, as usual,
this field is defined through the linear relation in an equilibrium system between
the “work of deformation” (or variation of the free energy) and the “deformation”
variable. The latter, up to a change of sign, is the differential change of volume
of the system which is generally obtained via an infinitesimal displacement of one
of the boundaries of the region that contains the system (at constant 7 and N).
Therefore,

(67(p1])ry = — [ dS-5u(S)p(S) (11.49)

where (8F[p,])7  is the variation of the free energy, p(S) is the local pressure act-
ing on the surface S, du(S) is the infinitesimal displacement of a surface element
dS, and the integral extends over the area A of the closed surface of the container.
Since dS is a surface element oriented in the normal direction and pointing outwards
of the system, (11.49) may be written as

(85101 )) 7y = —/A'ds(sun(S)p(S) , (11.50)

where duy,(S) is the normal component of the displacement. Note that in the case of
a uniform system, p(S) = p and du,(S) = Su, (independent of S), and so (11.50)
reduces to
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PL=Pv

Fig. 11.3 Schematic representation of the continuous local pressure p(r) of a spherical liquid drop
of radius R as a function of the distance r to the center of the sphere and of the continuous local
pressure p(z) of a planar interface as a function of the height z. p;, and py are the pressures of the
liquid and the vapor, respectively. Note that in both cases the local pressure becomes negative in
the interfacial region

(53"[p1])TN:—p/dSSun:—pASMn:—pdV, (11.51)
’ A

which is the thermodynamic relation (2.27). Equation (11.50) is, therefore, the gen-
eralization of (11.51) to non-uniform systems. Since p(S) in (11.50) is a thermody-
namic definition of the local pressure, one needs a statistical theory to determine it.
Note that if the potential that keeps the particles in the closed region @ 5(r) changes
(at constant 7 and N) by 8¢ ,(r), then upon application of (11.21) to an equilibrium

system one has
<5?MJ
S9p(r)

) =pi(r), (11.52)
TN

and thus (see Appendix C)
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(67lp 1w = [ drpy (1) 504(x) (1153
On the other hand, from (11.26) it follows that

Iys (TP (r))
ap,(r)

where 6p,(r) is the variation of the equilibrium density profile corresponding to
8¢ x(r). In order to determine the local pressure on the plane x = 0, note that a
local deformation of this plane x — x + Su,(y,z) produces a change in the density

p1(x%,y,2) — py(x+ 0un(y,z),y,z), namely

d
0p(r) = pal)f )5un(y,z), (11.55)

5¢(r) = — 8p,(r) /dr5p1 Walle=r)),  (11.54)

which after substitution into (11.53) and (11.54) yields

(851p e =~ [ anp, r) { ST O 5

+/d,8p1 A r|)} (11.56)

On the other hand, (11.50) reads

(6Fpi)ry = —/.dy/.dZSMn(y,Z)p(y,Z)a (x=0), (11.57)

and so, comparing (11.56) and (11.57), it follows that

= Ity (T J
yZ):Lwdxpl(r) “HSE)17(€)1(I.)) palf) (11.58)
« a / / /
+/_wdx%(r)/dr P (F)WVa(lr—r)) (11.59)

or, alternatively, since

P ys(T.p) _ dpns(T,p)
dp ap

, (11.60)

where pys (7T, p) is the pressure of a hard-sphere fluid, one finally obtains

[ ax2sToute)

p(»z) = 3

X
- 9
+[mdx%m/dr’pl(r’)VA(|r—r’|). (11.61)
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In order to apply (11.61) to a planar liquid—vapor interface one has, first, to create
a boundary in the infinite system. To that end, one removes the fluid contained in
the half-space x < 0 and the local pressure exerted by the half-space x < 0 on the
half-space x > 0 is determined through (11.59) with (Fig. 11.4):

pi(r)=p(2)O(x), (11.62)

where ©(x) is the Heaviside step function. Substituting (11.61) into (11.59), one
has

p(z) = pus(p;(2))

+/_:dxp1(z)5(x)/dr’pl(z’)@(x’)VA(|r—r’|), (11.63)

or, alternatively,

PE) = prs(py () +p1() [ [ py () Vall).la=2)

1 oo
= pus(pi()+5p1) [ a7 i) Villz=7), (1164
where
Vz(IX’I,Iz—z’I)Z/ dyVa (\/lx’|2+y2+(z—z’)2> , (11.65)
and .
Ville=2D) = [ axva(il.le=2). (11.66)
Vv
Fig. 11.4 In order to define x<0 x>0

the local pressure p(z) in a
liquid—vapor interface whose
local density of particles is z > oup (2)
P (z) one introduces a virtual
plane perpendicular to the
planes of constant density. p(z) <-
This plane (the plane x =0) [ .
divides the infinite system into
two parts: x < 0 (empty half-
space) and x > 0 (occupied
half-space) X
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Note that since the planar interface is invariant under translations along the y-
axis, p(y,z) is independent of y, p(y,z) = p(z), and that in the van der Waals ap-
proximation the pressure profile is completely determined by the density profile.
Finally, in the local approximation of the attractive part of the interaction, (11.64)
reads

P(&) = pus(p1(2)) ~ap}(e) — garp @) 4. (1167

where use has been made of (8.82) and (11.18), or, alternatively,

p(z) = po(p1(2) + %pl @Ho(pry) —HolP1(2))], (11.68)

where po(p) is the van der Waals pressure (8.84) and t1((p) is the chemical potential
(11.25). Note that when z — =eo, p(z) tends to po(p;) or to po(py ), while in an
interval of z around the interface, p(z) is negative, i.e., the “pressure” transforms
into a “tension” (see Fig. 11.3).

11.4 Surface Tension

As has been analyzed in the previous sections, the planar liquid—vapor interface is
characterized by the density profile p,(z) and by the pressure profile p(z). Since
P’ (z) and p'(z) are different from zero only in the interface, whose width (far from
the critical point) is of a few molecular diameters, in macroscopic theories these
profiles are replaced by discontinuous profiles. In this section the relation between
both descriptions is examined.

If one denotes by p,(z) and p(z) the discontinuous profiles (which in macro-
scopic theories replace the continuous profiles p,(z) and p(z)), one may write

P1(2) =pyO(z—z20)+p;O(z0 —2) + 0O (z—20), (11.69)
p(z) =pvO(z—z0) +prO(zp—2) — ¥8(z—zp) , (11.70)

where p; and pr (py and py) indicate the density and the pressure of the liquid
(vapor) and zj and z{, are the planes where the discontinuities are supposed to be
located. These surfaces are usually referred to as “the dividing surface” (z = zp)
and “the surface of tension” (z = z;,). In macroscopic theories a surface variable
is associated to each of these surfaces, the adsorption coefficient o to the dividing
surface and the surface tension coefficient y to the surface of tension. If (11.70) is
substituted into (11.57), one has
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(631 ra = v [, dz [ dysun(2)
20 —
20 o

—pL/ dz/ dy Su,(y,z)

+}’/7 dy Sun(y,z0)

= —pyvdVy — prdVy + vdA , (11.71)

where dVy and dV7, are the volume changes of the vapor and liquid phases due to the
deformation Su,(y,z) of the boundary surface and dA is the variation of the surface
area of the interface. This equation is the generalization to a two-phase system of
the thermodynamic relation (§F[p,])7 y = —pdV. Since

0'(x) = 8(x), x8(x) =0, x8' (x) = —5(x),

from (11.70) it follows that

7(2) = (pv—pr)dz—20) —v8'(z—2) (11.72)
namely
(z—20)p (2) = y8(z— ) (11.73)
and
(z—2)?7'(z) =0. (11.74)

Integrating (11.72—11.74) one has

oo

dzp'(z) = pv—pL =0, (11.75)
dz(z—z,)p'(z) =, (11.76)
dz(z—z20)*p'(z) =0, (11.77)

where in (11.75) use has been made of the fact that the pressures of the phases are
equal at equilibrium. From these equations it finally follows that

7=/:dzzﬁ’(z), (11.78)

and -
2y7y = / dz7* p'(2) (11.79)

which are the expressions of y and of z;, in terms of the first two moments of the
pressure profile jp(z).
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If one performs a similar calculation with the density profile (11.69), one finds

| _dzpi@=py—pu. (11.80)
/:dz(z—zo)[)’l(z) =—q, (11.81)
/_o;dz(z—zo)zf)’l (z) =0, (11.82)
from which it follows that
wlpy—pr)-a= [ dzzpi(). (11.83)
and -
APy — pp) — 2200 = /_oodzzzf)’l @). (11.84)

In thermodynamics it is usually assumed that the molecules are either in the lig-
uid phase or in the vapor phase so that there are no particles in the dividing surface,
i.e., o = 0. Note that in the case of a continuous profile p,(z), as a generalization
of (11.80) and (11.83), one may define the zero adsorption (o¢ = 0) Gibbs surface
Z = 7o by the equation

_ [dzzpi(2)
[S.dzp)(z)
which is equivalent to (11.48), while, in analogy with (11.78) and (11.79), the sur-

face tension coefficient y and the surface of tension z = z{, are defined by the follow-
ing equations:

20 (11.85)

}’Z/:dzzp’(z). (11.86)

1 [2.dz7%p'(2)

2 [% dzzp'(z) (1187

7=
Using the van der Waals theory it may be shown that with the expressions (11.85)
and (11.87) zp # 2, so that the location of the discontinuity in the macroscopic
theory depends on the variable that is being considered. The difference zo — z{), called
the Tolman length, although being small, reflects the fundamental inadequacy of the
discontinuous description of an interface.
From an experimental point of view, Y may be determined from (11.71) and the
result compared with the one obtained in (11.86). For instance, from (11.68) one
has (since dp/dp = pdu/dp)

Y= 3910 (olory) ~ olpr @)+ B ) sy
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Fig. 11.5 Dimensionless variable Y52 /¢, where 7 is the surface tension coefficient, as a function
of the reduced temperature 7 /7, of a planar liquid—vapor interface in the van der Waals theory.
The interaction potential is the potential of hard spheres of diameter ¢ plus the attractive part of a
Lennard-Jones potential of parameters € and ©. T, is the critical temperature

a result which when substituted into (11.86) allows one to obtain y. Note that, ac-
cording to (11.46), p (z) tends to zero when p; — py, — 0. From (11.86) it follows
then that y vanishes on approaching the critical point from coexistence, as shown in
Fig. 11.5.
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Chapter 12
Topological Defects

Abstract As was seen in Chap. 8 many bulk states of matter exhibit a, partial or
full, orientational and/or translational order. Until now this order has always been
considered to be perfect although, in practice, many bulk phases exhibit defects, i.e.,
domains where this order departs from the one originally postulated. Such defects
are usually very stable, because the free energy cost to remove them easily exceeds
the thermal energy, and prevent the system to reach its true defect-free equilibrium
state. In some cases they are induced by the system’s boundary conditions and are,
hence, unavoidable, i.e., they correspond to the true equilibrium state given the ap-
plied boundary conditions.

In most cases these defects correspond to an elastic deformation of the ideal
structure. In the context of soft matter, where by definition of “soft ” the elastic
constants are weak, the number of observable defect-structures is extremely large.
Defects are usually classified according to their topological nature: point defects,
line defects, etc. Whereas point defects are easily visualized, this is not the case of
the line defects because the latter are spatially extended structures. Point defects are
often encountered in crystalline structures under the form of vacancies (a crystal
node without particle) or interstitials (a particle not attached to a crystal node). The
study of point defects is presently well understood and requires no new concepts.
On the contrary, the study of line defects, which are very frequent in liquid crystals,
is much more difficult and not yet fully understood. Line defects produce a texture
in many liquid crystals and the optical observation of this texture, which is typical
of a particular type of liquid crystal, is often used as a means to identify the liquid
crystal type. By “texture” one should understand here the spatial organization of
the different line defects. Many different liquid crystal textures have been observed
but, for simplicity, only the study of line defects, and their texture, in nematic liquid
crystals will be considered here.
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12.1 Frustration

A nematic liquid crystalline phase is characterized by orientational order without
translational order (cf. Chap. 8). In the case of a uniaxial nematic, which is the ex-
ample that will be considered here, there is cylindrical rotational symmetry around
a fixed direction, indicated by the director n, together with an inversion symmetric
w.r.t. any point of the cylinder’s axis, i.e., n and —n are equivalent choices. In many
cases this ideal structure of the nematic is however topologically incompatible with
the applied boundary conditions. One then says that the nematic is “frustrated” and
in response adopts a non-ideal structure. This can be easily understood by consid-
ering a few examples. The interaction between the nematic and the boundary of the
vessel containing the nematic liquid is governed by a vessel-specific surface free
energy which is minimal for a certain contact angle, i.e., for a certain angle between
n and the normal to the boundary. When n is everywhere normal to the boundary
the anchoring of the nematic on such a boundary is designed as “homeotropic”. It
is called “planar” when n is everywhere parallel to the boundary and “mixed” in
all other cases. Fig. 12.1 shows a non-frustrated and a frustrated situation. In the
case shown in Fig. 12.1a, the lateral boundaries provide a planar anchoring while
the upper and lower boundaries are homeotropic. In such a situation the nematic
can easily adapt itself to the imposed boundary conditions and is not frustrated. For
the case of the spherical homeotropic boundary shown in Fig. 12.1b, the imposed
boundary condition is topologically incompatible with an ideal nematic structure,
i.e. the nematic is frustrated by these boundary conditions. The only way out for
the nematic is to abandon its ideal structure and adopt a new structure whereby its

< S
[— D o>

G S

—
&
—
£

Fig. 12.1 a A nematic placed at the center of a cylindrical vessel with homeotropic b.c. on the
upper and lower boundaries and planar b.c. on the lateral boundaries will not be frustrated by these
boundary conditions. b A nematic placed at the center of a spherical vessel with homeotropic b.c.
will be frustrated by the latter (b.c.= boundary conditions). For clarity only a planar section through
a symmetry axis is shown
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director adapts itself to the imposed boundary condition. As seen from Fig. 12.1b
this implies that n becomes a field n(r). Hence in the case of frustration one has
Vn (r) # 0 whereas one did have Vn (r) = 0 for the ideal structure. Frustration by
the boundary conditions results, thus, always in an elastic deformation, Vn (r) # 0,
and the ideal structure, Vn (r) = 0, will be restored only when these boundary con-
ditions are removed.

12.2 Elastic Deformations

When the deformations of n (r) w.r.t. the ideal structure are weak and macroscopic,
the corresponding free energy functional of deformation ¥, [n] can be expanded in
powers of Vn(r). Since for the uniaxial nematic this free energy functional must
be even in n(r), there can be no linear term whereas the quadratic term can be
written as

/dr (Vi (6)}Kijim (Vi1 (1)} (12.1)

i,j,l,m

where K;j;,, are (generally temperature and density dependent) elastic constants.
Because of the r — —r (V — —V) and n — —n symmetries, the summations in
(12.1) can be restricted to i = [ and j = m. Taking into account that F; [n] must be
a scalar and that by definition {n(r)}* = 1 (orn(r) - Vn(r) = 0) one finally obtains
the following Frank-Oseen expression,

5 =—K1/dr{Vn () + 5K [ dr(n(r)- (V)

4o K3/dr x {Vxn(r)})?, (12.2)

involving at most three independent elastic constants K; (i = 1,2,3). The detailed
derivation of (12.2) is most easily performed in Fourier-transform, n (k), in which
case it is seen that each of the three K;’s is associated with each of the three compo-
nents 1; (k), when n (k) is referred to a system of three orthogonal axis one of which
is taken in the direction of k. In the case where the nematic is elastically isotropic,
K| = K, = K3 = K (an oversimplification for most nematics), (12.2) reduces to

4[] = %K/dr (V-0 +{Vxnm)}?] . (12.3)

The director field n (r) which minimizes (12.3) must then be a solution of

0F,[n]
on(r)

=0, (12.4)
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or
Vn(r)=0, (12.5)

together with the imposed boundary conditions.

12.3 Schlieren Texture

The resulting director-field n (r) can have different spatial structures, corresponding
to the different “textures” of the nematic. For instance, for the case of Fig. 12.1b,
two such structures are shown in Fig. 12.2.

It is seen that in the case of Fig. 12.2a, n(r) can no longer be defined at r = 0
because n(r) is multi-valued there. Such a field n(r) is called singular at r = 0
and the origin is then a point defect. Similarly, in the case of Fig. 12.2b there is
a line defect, i.e., a line of singular points, seen in the figure as two point defects
(corresponding to the points where the section shown cuts the line defect). The field
lines, to which +n(r) is everywhere tangent, are similar to the electric field-lines
generated by a static system of charges. The defects can then also be viewed as
resulting from fictitious electric charges called “topological charges.”

When the nematic is enclosed between two parallel glass plates the director field
n = n(r) can usually be represented by Frank’s planar model (n2 = l):

ny=cosQ(x,y), ny=sing(x,y), n;=0, (12.6)

where the z-axis is taken perpendicular to the plates and ¢ (x,y) is the angle between
n(x,y) and the x-axis. For these planar configurations, (12.4) reduces for (12.6) to

(b)

Fig. 12.2 The director field n(r) for the case of Fig. 12.1b. n(r) is everywhere tangent to the
dotted field-lines. a A texture with a single point-defect at r = 0. In this case n(r) has a radial
symmetry. b A texture with a line-defect in the equatorial plane. In this case n (r) has a cylindrical
symmetry around the poles. The figure shows only a cross-section cutting the line defect in the
two point defects shown as heavy dots. When rotating this cross-section around an axis through
the poles of the sphere, the two point defects will generate a line defect
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02 02

—+=— =0 12.7

<8x2 + ay2> ¢(x,y)=0, (12.7)

i.e., the two-dimensional Laplace equation which in polar coordinates (r, 0) can be

rewritten as
19/ 0 1 02
(o (135) 732 o=, (128

where 6 is the angle between r and the x-axis (cf. Fig. 12.3). In writing (12.7) and
(12.8) it has been assumed that ¢ is small.
For r # 0, (12.8) admits a particular solution of the form

¢ () =@y+mb (12.9)

but since 6 and 6 + 27 correspond to the same point r, ¢ (6) and ¢ (6 +2x)
must correspond to equivalent directions of n, i.e., to either n or —n. Since (12.9)
implies @ (6 +2m) = ¢ (0) + 27wm, one must have either m = 0,+1,£2,... or
m==+1/2,43/2,... The resulting director field (12.6), i.e.,

ny=cos(@y+mb) , ny=sin(p,+mb), n,=0, (12.10)

represents then a disclination of strength m with the z-axis as disclination axis. A
few such examples of planar director fields are illustrated in Fig. 12.4.

The free energy associated to the deformation (12.10) of the director-field can
then be estimated (cf. (12.3)) as

0 X

Fig. 12.3 Relation between the angle ¢ (r, 0) of n(r,0) and the angle 6 of r(r, 6) with respect to
the x-axis
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m=1/2, ¢4=0 m=1/2, po =74

Febrrrreed

m=1, ¢5=0

m=-1, gg=nl2

Fig. 12.4 Director configurations, n, = cos (¢, +m®) and n, = sin (¢, +m0), for disclinations of
different strength m and constant ¢, with 6 = arctan (y/x)

Source: M. Kleman and O. D. Lavrentovich, Soft Matter Physics: An Introduction, Springer-
Verlag, New York (2003), Fig. 11.4, p. 392. [3]. Reproduced with permission

1 2 (9) 2
KL, -
2 / drr / a6 ( 96 )
! R R
~ KL, 27rm2/ dr - = KL, m’In (—) , a2.11)
re r e

where L, is the distance between the two plates, R the macroscopic size of the cell
containing the nematic and r. the radius of the region containing the » = 0 singu-
larity inside which the above considerations become ill-defined. From (12.11) it is
seen that F; ~ m?, explaining why in practice one only observes low-strength discli-
nations, usually m = £1/2 and m = +1. The resulting texture is called a Schlieren
texture.

When the cell containing the nematic is put between crossed (linear) polariz-
ers and observed with white light, a beautiful color texture is revealed. Since the
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Fig. 12.5 A Schlieren texture of a nematic phase with planar anchoring conditions. Observe how
the two dark brushes converge to a singular point representing a disclination of strength m = 41
Source: 1. Dierking, Textures of Liquid Crystals, Wiley-VCH, Weinheim (2003), Plate 11, p. 171.
Reproduced with permission

(uniaxial) nematic is birefringent, any light-ray is split into an ordinary and an ex-
traordinary ray. The ordinary ray is phase-shifted by an amount which depends on
the wavelength (hence the colors) and follows an optical path parallel to the director
field revealing hereby any defect-structure of the director field. Since this defect-
structure is very common and typical for a given type of liquid crystal, such an
observation provides a practical means to identify liquid crystal phases and their
transitions (Fig. 12.5).
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Chapter 13
Phase Transformation Kinetics

Abstract In the above, a phase transition was viewed as resulting from changing a
control parameter, such as 7" or p, across a phase boundary, say a coexistence line,
of the system’s phase diagram. In practice, such a transformation, of say a liquid
phase into a crystal phase, will however require a considerable amount of molec-
ular scale re-organization, and this will always take a finite amount of time. The
precise way in which the old (liquid) phase is transformed into the new (crystal)
phase will hence involve some dynamic (time-dependent) phenomena which can-
not be described within the equilibrium statistical mechanical framework used until
now. In the present chapter some of the kinematic aspects related to the physical
transformation of one phase into another will thus be considered. Needless to say
that a good understanding of these kinematic aspects is essential for the correct in-
terpretation of what is seen in the laboratory during a phase transition. For instance,
in some cases the transformation is so slow that the new phase cannot be formed,
during the finite time of observation, without some help from the experimentalist.
In other cases, the amount of reorganization required is so important that the system
gets arrested in a glass-like configuration somewhat intermediate between the two
equilibrium phases involved in the transition. Unfortunately, several of these aspects
are, even today, not well understood. Here, only the classical theories of nucleation
and of spinodal decomposition will be considered.

13.1 Homogeneous Nucleation

The most general mechanism of phase transformation is provided by the process
of nucleation. If one starts from an initial phase, say phase 1, without any impuri-
ties, one qualifies the nucleation as being homogeneous (the case of heterogeneous
nucleation will be analyzed in Sect. 13.2). To initiate a homogeneous nucleation
process, one transforms the state (p,T) of phase 1, from an initial equilibrium state
(pi, T;) into a final state (py,Ty), where phase 1 is thermodynamically metastable
relative to, say, phase 2. The transformation (p;,T;) — (ps,Ty), may proceed via
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Fig. 13.1 A thermodynamic p
path (i — b — f) transform-

ing the initial equilibrium

state (i) of phase 1 into a final

state (f) where phase 1 is

metastable relative to phase 2.

This path crosses the 1-2

phase-boundary at (b)

any path (cf. Fig. 13.1) of the (7, p)-plane, as long as this path crosses the 1-2
coexistence line. It may proceed in a slow quasi-static or in a rapid quench-like
manner. The only thing which counts is that in the final state, (ps,Tf), phase 1 is
metastable relative to phase 2, which is the equilibrium state corresponding to the
values (p fs Tf) of (p,T). Note that in the case where phase 1 would be unstable in
the final state, the process of spinodal decomposition would be involved, instead of
the nucleation process considered here (see Sect. 13.3). Although, during the trans-
formation, (p;,T;) — (ps,Ty). the system crosses the 1-2 phase boundary, nothing
particular happens during the crossing. Leaving the system in its final metastable
state, an evolution will eventually set in after some time. In the classical theory of
homogeneous nucleation, this evolution is described as occurring in three successive
steps. In the first step, the thermal fluctuations will produce in phase 1, an embryo
or “nucleus” of phase 2, i.e., a small amount of matter where the phase transition
1—2 took place, as a result of the random exploration of the system’s free energy
surface by the thermal fluctuations. Once the system contains several nuclei, it is ob-
served that the smaller nuclei of phase 2 disappear by retransforming into phase 1,
while the larger nuclei eventually grow in size at the expense of the remainder of
phase 1. This then corresponds to the second step of the nucleation process. When
the larger nuclei grow they eventually coalesce to form still larger ones and pro-
gressively transform all of the remainder of phase 1 into a bulk phase of phase 2.
This third step represents then the end of the evolution, the system having been,
meanwhile, transformed into its new equilibrium state corresponding to the values
(pf,Ty) of (p,T), which is phase 2.

13.1.1 Becker-Doring Theory

An attempt to describe the first step of the nucleation process is provided by the the-
ory of Becker and Doring. Since the first step occurs on the timescale of the thermal
fluctuations, no explicit time-dependent considerations will be introduced. Instead,
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an attempt will be made to continue to describe the situation using only thermody-
namic considerations, although the system is not in a true equilibrium state.

First, consider a system containing one nucleus of phase 2 surrounded by phase 1,
and describe it in the context of the so-called capillary approximation of Gibbs. It
is thereby assumed that the nucleus of phase 2 can be described in the same way
as an ordinary bulk phase, while the nucleus-phase 1 interface can be assimilated to
a geometric surface. If the system consists of N molecules enclosed in a volume V
at the temperature 7', and the nucleus contains N, molecules and has a volume V5,
the system’s Helmholtz free energy, F (T,V,N), will be moreover written as being
equal to

F(Tava) = Fl (T,V],N]) +F2 (T7V27N2) +012 (T)AIZ(VZ)v (131)

where Fy (T,V),N;) is the Helmholtz free energy of a bulk phase-1 containing
N; = N — N, molecules occupying a volume V| =V — V,, while F, (T,V,,N,) is the
corresponding free energy of a bulk phase-2 (representing the nucleus), and A1, (V3)
is the surface area of the nucleus on which a surface tension ¢, (T) is supposed to
act. Note that (13.1) is identical to the separation used to describe the equilibrium
coexistence between two bulk phases separated by an interface (cf. Chap. 11). In
what follows, one will assume the nucleus to be spherical, i.e. it is assumed that F
is minimal w.r.t. Ay, for a given V,. In practice, this is not always the case, in par-
ticular when phase-2 is anisotropic. If V, = 4R /3 and A5 (V) = 47R?, then G5
of (13.1) could moreover still depend on R but, henceforth, this dependence will
be neglected and o1, will be considered to be a function of 7 only, as indicated in
(13.1) . Finally, if the nucleus is treated as a bulk phase, one has N, = p, V>, where
P, is the (constant) density of phase 2.

Since F of (13.1) depends parametrically on V, and NV,, i.e., on R, but the value of
R is not controlled experimentally, one can let these values fluctuate and impose in-
stead the pressure p acting on V. The thermodynamic potential appropriate to these
experimental conditions will hence be the Gibbs free energy G (T, p,N) obtained
from F (T,V,N) through the Legendre transform G(7,p,N) = F (T,V,N) + pV,
with p = —dF /dV, or in the present case one obtains from (13.1)

G(T,p,N) = (F\ (T,V1,N1) + pV1) + (F2 (T, V2,N2) + pVa)

+012(T)A12 (Va), (13.2)

where N,,V,,N;, and V| are fluctuating but p and N are not. If the nucleus is in
thermodynamic equilibrium with phase 1, then the partition of the system into two
phases, at fixed T, p, and N, must be such that

G G -
(dG)r,n =0, <W) =0, (W) =0, (i=1,2). (13.3)
T.p,N T.p,N

From (13.2) and (13.3) one obtains:
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G gl
and
G . 0R dAi> (Va)
(a_vz> =0= a—vz+p+612(T)T/2, (13.5)
T,p,N
where

dA, (V. d (4nR? 2
(V) _ d(47R) =, (13.6)
dVs d(4nR3/3) R
Writing p; = —dF;/dV; (i=1,2), (13.4) becomes p; = p, i.e., the pressure in
phase 1 equals the externally imposed pressure p, while (13.5) can then be rewrit-
ten as:

2
P2=p1+§012(T), (13.7)

i.e., the pressure inside the nucleus p; exceeds (012 (T) > 0) the exterior pressure
by an amount 201, (T) /R, which depends on the radius of curvature R of the nu-
cleus. Equation (13.7) is known as the Laplace law. Finally, from N = N; + N, it
follows that

8N1)
— =—1, 13.8
<8N2 T.p,N ( )
and hence
G G
(%), = (Gw), (13
PN T,p.N
while (13.2) yields
G )a) [8F2 8A12(V2)} <8Nz>
— =t |am o () 2| | ==
<8N1>TM N, | ON, 2(T) N, INt ) 7y
=0, (13.10)

with
0A12(V2) _ dAn(V2)dVa 2
8N2 8V2 aNz sz ’
where (13.6) has been used and N, (V2) = p,V». Then (13.10) reads

(13.11)

2v
uy (T,p) =uz(T7p)+72612(T), (13.12)
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where vy = 1/p,, 4; = dF;/dN; (i = 1,2). With p = p; and (13.7) one obtains from
(13.12)

Wy (T, p1) =ty (T, p1) +va(p2—p1), (13.13)

but since p, (T, p1) — p1va = fo(T,v2) (see (2.29)), the r.h.s. of (13.13) can be
rewritten as f (7, v2) +pava = U, (T, p2), so that (13.13) becomes

Hy (Tvpl)::uZ(Tvp2)7 (13.14)

i.e., the usual condition of equality of the chemical potentials of the two phases,
provided these chemical potentials are referred to the pressure of each phase, these
pressures being different on account of (13.7). As a result of (13.14), the equilibrium
coexistence curve, say p = p(T), between phase 1 and a nucleus of phase 2 will
correspond to a solution of the implicit equation,

2
1y (T,p) =ty <T717+ 5612(T)), (13.15)

and this curve will in general be different from the coexistence curve, say pg =
po (Tp), for two bulk phases separated by a planar interface, corresponding to a
solution of

1 (To, po) = o (To, po) - (13.16)

To quantify the influence of the curvature of the nucleus on the coexistence curve,
one may write p = po+ Ap and T = Ty + AT, and when the corrections are small
one can use the approximation

W (Ty+ AT, po+ Ap) = 1 (Ty, po) — 0AT +voA p, (13.17)

where (2.35) has been taken into account, sy being the entropy per particle and v
the volume per particle. If the temperature is fixed at 7' = Tp, one may use (13.17)
with AT = 0, together with (13.15) and (13.16) to obtain

2
viAp =v; (Ap+§mz(To)), (13.18)

showing that the equilibrium pressure will be shifted by an amount

%) 2
Ap = - Ti 13.19
p (vl—vz> R612( 0) ( )

having the same sign as vi — vy = v; (Tp) — va (Tp). Similarly, if the pressure is fixed
at p = po then one obtains from (13.15-13.17)

2
—51AT = —szAT+sz0'12(To), (13.20)
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where the correction ~ (do 1 (T)/dT) AT has been neglected since it is usually
very small. Equation (13.20) shows then that the equilibrium temperature 7 will be
shifted by an amount

V2 2
AT = — - Tt 13.21
(sl—sz) z012(To) ( )

having the same sign as — (s1 —s2) = — (s1 (Tp) — 52 (Tp)). Since (see (2.75)) dpo/
dTy = (s1 — 52)/ (vi —v2), the signs of Ap and AT will be opposite whenever
dpo/dT, is positive. These shifts in the coexistence curve, resulting from the cur-
vature of the interface, are usually referred to as the Gibbs—Thomson effect. They
imply that the values of (p,T) for which the nucleus of phase 2 will be in equilib-
rium with phase 1 will in general belong to the metastable regions of the 1-2 bulk
phase diagram, i.e., p(T') # po(T).

Assume now that one starts from an initial situation consisting solely of phase 1.
Its Gibbs free energy will thus be G; (T,p,N) = Nu, (T, p). After some time, the
thermal fluctuation may be able to create a nucleus of phase 2, which when in equi-
librium with phase 1 will lead then to a final situation whose Gibbs free energy will
be G¢ (T, p,N) =N (T,p) +Napty (T, p)+ 012 (T) A2 (V2). The corresponding
change in free energy AG = Gy — G; can then be written as

AG = (Ni =N) (T, p) +Nopty (T, p) + 012 (T) A2 (V2)

=N (U (T,p) = 1 (T, p)) + 012(T)A12(V2) , (13.22)
i.e.,
47R3 2
R Au
RO ( )( Ro|Au|>’ (1529
where Ay =, (T,p) — u, (T, p), and
Ro = 2012(1). (13.24)

|Au|

is a characteristic radius. For the transformation i — f to be thermodynamically
favorable one must have AG < 0, which according to (13.23) is possible only when
Ap>0,ie., u; (T,p) > U, (T,p) or when phase 1 is metastable relative to phase 2
for the given (p, T)-values. Indeed, only when At > 0 can the volume term (~ R?)
of (13.23) compete with the surface term (~ R?), the latter being essential to the
stability of the nucleus and being always positive. Note also from (13.23) that AG,
when viewed as a function of R, has a qualitatively different behavior according to
the sign of Au (cf. Fig. 13.2).
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AG Ap<0 AG Ap>0

Fig. 13.2 Qualitative behavior of AG of (13.23) as a function of R, according to the sign of
Ap =y — o

Since N, is limited by N, one expects R to be limited by Rpyax, Where 47tRI3mx /3
is of the order of Nv,. From (13.23) or Fig. 13.2 it is seen that, when Au < 0,
AG is positive for 0 < R < Rmax and increases with R. If, on the contrary, Ay > 0
then AG is positive for 0 < R < Ry with a maximum at R = R, and negative for
Ry < R < Rmax. From (13.23) it is easily seen that R, = 2Ry/3. When AG < 0, i.e.,
for Au > 0 and Ry < R < Rmax, the transition i — f is favorable. The system can
moreover further decrease its free energy by increasing the size R of the nucleus till
at R ~ Rnax the phase transition 1 — 2 is completed. Creating such a large nucleus
(Rop < R < Rmax) by a thermal fluctuation is however a process of very small prob-
ability and this process can, therefore, not explain why a phase transformation does
occur. When AG > 0, i.e., for 0 < R < Rpax When A < 0 or 0 < R < Ry when
Au > 0, the transition i — f will involve a cost in free energy. In this case AG
is moreover an increasing function of R, for all R when Ay < 0 and for 0 < R <
R. when Ap > 0. The system can thus lower its free energy by decreasing R. One
expects thus that even if a small nucleus (for instance, 0 < R < R.) is created by
a thermal fluctuation it will disappear again after some time. There remains how-
ever the case, Ay > 0 and R, < R < Ry. Here, although AG is positive, it is now a
decreasing function of R. Hence, once such a nucleus is created by a thermal fluc-
tuation, which will involve some cost in free energy since AG > 0, the system can
only lower its free energy by increasing the size of the nucleus. When it does so, the
corresponding value of R will eventually exceed R and the growth process will con-
tinue until Ry, is reached. The only situation which is favorable to actually creating
the phase transformation corresponds thus to Ay > 0 and R 2 R,., i.e., choosing val-
ues of (p, T) for which phase 1 is metastable (i, (7, p) > U, (T, p)) and waiting for
the thermal fluctuations to create one or several nuclei of an intermediate size R >~ R,
called the critical size. In the theory of nucleation, it is thus assumed that the ther-
mal fluctuations continuously create nuclei of all sizes, with the sub-critical nuclei
(R < R.) disappearing again, while the super-critical nuclei (R > R,) are growing.
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The phase transformation process is thus related to the crossing of the free energy
barrier (AG)g_g. = 4nR%>015 (T) /3, by the thermal fluctuations.

If one imagines the initial stage of the transformation to consist of n nuclei of
phase 2 embedded in a bulk phase 1 containing N; molecules, then a first estimate
of n can be obtained from the following thermodynamic argument. If G, represents
the free energy of such a state, then the value of n which will be realized when
the nuclei are in equilibrium with phase 1, say n.,, must be such as to minimize
Gy,. If one writes G, = G| +AG, — TAS,, where G| represents the free energy of
phase 1, AG, represents the cost in free energy to create the n nuclei and AS,, the
gain in entropy of mixing the n nuclei with the N; molecules of phase 1, then the
equilibrium value of n will be the solution of dG, /dn =0, i.e.,

IAG, AS,
(o) ), 1329

To simplify (13.25), assume that all the n nuclei have the same radius R so that
AG, = nAG(R), where AG (R) is given by (13.23), and that AS,, can be approxi-
mated by the following entropy of mixing of an ideal mixture containing N; objects
of type 1 and n objects of type 2:

(N1 +n)!

AS, = kpl
BTN

(13.26)

Since one expects n to increase with Ny and N; > 1, one may use the Stirling
approximation InN! = N (InN — 1) for N > 1, to rewrite (13.26) as

AS, ~ kg(N1+n)(In(N1+n)—1)

—kg [Ny (InNy — 1) +n(Inn—1)], (13.27)
so that (13.25) yields
N, N
AG(R) = ksTn <ﬂ> ~ kzTIn (—1) (13.28)
neq I’leq
for n.y < N1, and hence
Neq (R) = Nye PACKR), (13.29)

i.e., a Boltzmann distribution relative to the free energy barrier AG (R).

13.1.2 Zeldovich—Frenkel Theory

Although the initial creation of the nuclei could be described in thermodynamic
terms, their subsequent growth or decay must involve genuine kinetic aspects. The
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latter will be described here in the context of the theory of Zeldovich and Frenkel.
In this theory, the elementary step involved in the growth or decay of the nuclei
is considered to be the attachment or detachment of a molecule of phase 1 to an
existing nuclei. This process can then be represented in the form of the following
“polymerization” reaction:

My +M, =M, (13.30)

where M), represents a nucleus containing p molecules, M; being the molecule of
phase 1 which is being attached to the nucleus M, with a frequency v,f, or being
detached from the nucleus M, with a frequency v,,. If N(p,t) represents the
number of nuclei of p molecules present at time ¢, the net flux / (p, ) resulting from
(13.30) will be

I(p,t)=V,N(p+1,1)=V N (p,t). (13.31)
When the reaction (13.30) reaches ‘“chemical” equilibrium, the net flux in
(13.31) is zero and the corresponding equilibrium distributions N°? (p) will satisfy

Vo N(p+1)=ViN (p), (13.32)

which allows us to eliminate v, or v:; in favor of the N? (p), and to rewrite (13.31)
as

N(p—|—1,t)_N(p,t)
N (p+1) Ne(p)]

If the reaction (13.30) is viewed as a stochastic process, the time evolution of
N (p,t) will be given by the master equation (7.105), which can be rewritten here as

I(p,t) = v, N (p) (13.33)

IN(p.t)
ot

=" [T |pNP 1) = T(plp")N(p.1)], (13.34)
P/

where N (p,t) /Nr is the probability to observe a nucleus containing p nuclei, and

Nr =Y N(p.1) (13.35)
p

is the total number of nuclei. Note that since the latter is here a conserved quan-
tity, Nr is independent of time and (13.34) is equivalent to (7.108). In (13.34), the
T (p'|p) are the transition probabilities per unit time associated with the frequency
with which the process p’ — p occurs. Since, according to the one-step process
described by (13.30), one must have p’ — p = &1, and

vy =T(plp+1), v, =T(p+1|p), (13.36)

itis seen that (13.32) is equivalent to the condition of detailed balance (7.109), while
(13.34) can be rewritten here as
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IN (p,t)
ot

=T(p+1p)N(p+1,0)+T(p—1|p)N(p—1,1)

~T (plp+1)N(p,t) =T (plp—1)N(p,t), (13.37)
or

JdN (p,t)

= [V,N(p+1,0)=V N (p,1)]

- [v;_lN(p,t) — Vi N(p— l,t)}

=1(p,t)—I(p—1,1). (13.38)

Now, if p is large enough (p > 1), one may treat p as a continuous variable and
use the result

flp+Ap)—f(p) _9f(p)

~ 13.39
Ap op ( )
valid for |Ap/p| < 1, and any smooth function f (p), to rewrite (13.38) as
ON (p,t) dI(p,t

ot~ dp

where |[Ap/p| = 1/p < 1 has been used. When p is considered as a continuous
variable, (13.40) is nothing but the continuity equation, which expresses the conser-
vation of Ny = [dp N (p,t), with I (p,t) being the flux conjugated to N (p,t). In
this case (13.33) becomes:

1(p,t) = VN (p) — {N(p’t)} . (13.41)

so that, according to (13.40), N (p,7) must be a solution of the following Fokker—
Planck equation:

ON(p,t) 0 § d [N(pt)
o :a_p{vw(")ﬁ{wp<p>]}’ (1342

i.e., a diffusion equation in p-space,

IN(p,t) _ 9 [, ON(pt)| _ 0
[D” ap }_E[APN(I’J)L (13.43)

ot dp

with a diffusion coefficient D, = v} and a friction coefficient A ,:

d 1
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To evaluate (13.44), one uses (13.29), N°/ (p) = neq (R), where the change of
variables from R to p is given by p =47nR3p, /3, so that A, = —v,y [0BAG (p)]/dp,
with AG (p) given by (13.23) expressed in terms of p instead of R. Equation (13.43)
then becomes

IN(pt) 9 [, dN(p,t)] 2 9AG(p)
ot _ap[DP op ]+ap[DpN(Pat)ﬁ | (13.45)

i.e., the Zeldovich—Frenkel kinetic equation for N (p,¢). This equation is difficult to
solve, but clearly shows that the evolution of N (p,7) is governed by the competition
between a diffusion process which is purely kinetic, D, = v:,’, and a friction process
which is controlled by the thermodynamic force, —dAG (p) /dp, which changes
sign (cf. Fig. 13.2) at p = p,, with p. = 47R3p, /3.

In order to avoid having to solve (13.45), the method of absorbing boundary
conditions will be applied to the present nucleation problem. One, therefore, as-
sumes that once a nucleus has reached the characteristic size p > pg, or R > Ry
(cf. (13.24)), where AG (p) < 0, it will evolve spontaneously and uncouple from
the polymerization reaction (13.30). If this is the case then (13.30) will be unable
to reach equilibrium, but will reach eventually a stationary state characterized by
the fact that the larger nuclei (p > po) are constantly being withdrawn from the
reaction (13.30). Such a stationary state will be characterized by a distribution,
IN (p,t)/dt=00rN (p,t) =N°(p), but N’ (p) # N4 (p), and according to (13.40)
by a flux, I(p,t) = I1° (p), such that d1° (p) /dp =0or I° (p) = I° £ 0, i.e., the sta-
tionary flux must be independent of p. This flux can be identified with the nucle-
ation rate, i.e., the rate at which the nuclei cross the p = p. < pg barrier. According
to (13.41) this nucleation rate will be given by

0 __ e a No(p)
. 0 d [N(p)
I p
___Z , 13.47
DpN¥ (p) dp [N“’ (p)} ( )

Integrating (13.47) up to a value p, formally p = e but physically sufficiently
large to apply the boundary condition, one obtains

= 1 N°(p) ( N°(p) )
° ap = — 13.48
/p PD Nea(p) ~ Nea(p)  \Nea(p) ), (1349

where lim,, ... (N’ (p) /N“¢ (p)) = 0. Indeed, since the nuclei with p > py are ab-
sorbed (withdrawn), one expects N (p) < N°@ (p) for p > py, and since AG (p) is
negative for p > po, one expects N (p) ~ e BAY(P) to be much larger than N° (p)
for p > po. On the contrary, when p — 0, one expects (13.30) to be only weakly per-
turbed so that N° (p) ~ N°¢ (p) for p < p, or lim,_o (N° (p) /N“/ (p)) = 1. Using
these boundary conditions, (13.48) implies
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oo 1 -1
= {/ d ’7] , (13.49)
o P DyNea(p)

and

. 1
¥~ [, @ st L ] 00

i.e., an expression for N (p) and I° in terms of the kinematic factor D, and of
the equilibrium distribution N°7 (p) containing the Bolztmann factor e PA%(P)_ For
instance, if the nucleation barrier AG (p) is very pronounced around p = p, (cf.
Fig. 13.2), one may evaluate the nucleation rate from (13.49) as

oo 1 eBAG(pe) oo
[ / ~ —BlAG(pc)—AG(p)]
g /o WP o Na(p) = Dy, /o dpe (133D

or, expanding AG (p) around AG (p.) up to second order in p — p,, one obtains

10~ D, N (pe) 1/ Bﬂ“ (13.52)

where 2a = — (9*AG (p) /8p2)pc > 0. Hence, from (13.52) the nucleation rate I° is
seen to be the product of a purely kinematic factor, D), and a purely thermodynamic
factor, N°? (p.). To obtain a substantial nucleation rate it is hence not sufficient to
be in a thermodynamically favorable situation, one must also have a kinematically
favorable case. For instance, when (13.52) is analyzed as a function of the temper-
ature 7, it is found to be a sharply peaked function of the type shown in Fig. 13.3,
where T, is different from the bulk phase coexistence temperature at which Ay of

IO

Fig. 13.3 Schematic behavior
of the nucleation rate 1° of
(13.52) as a function of 1/T
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(13.23) vanishes. Hence, for most values of T, the nucleation process appears to be
blocked (1° ~ 0), while for 7 ~ 7, it almost explodes. Therefore, the nucleation
process is usually described as a process of “all or nothing.”

13.1.3 Avrami Theory

In the late stage of the nucleation process, the respective growth processes of the
supercritical nuclei (p > p.) hinder each other, the nuclei coalesce and phase 2
gradually fills the available volume by a complicated hydrodynamic process which
depends on the details of the experimental set up. Avoiding the latter aspects, one
usually describes the late stage of the nucleation process in terms of the theory of
Avrami, which only takes into account the steric aspects of this hindrance. Let V5 ()
be the volume occupied by phase 2 at time ¢, and ¢ (t) = V2 (¢) /V the corresponding
volume fraction. Moreover, let V; (¢) be the volume which phase 2 would occupy at
time ¢ if each nucleus could continue to grow without being hindered by the other
nuclei, and let ¢ (#) =V, (¢) /V be the corresponding fictitious volume fraction. The
theory of Avrami is based on the assumption that, during the late stage of the evo-
lution of the nucleation process, d¢ (t) /dt and d¢ (t) /dt will remain proportional
to each other. Since, however, d¢ (¢) /dt must vanish when, ultimately, V, (1) — V,
whereas d¢ (t) /dt is unbounded, one also assumes d¢ (¢) /dt to be proportional to
1— ¢ (), and one writes

a9 (1) _ 10
P —-em =,

(13.53)

i.e., Avrami’s equation, which implies In (1 — ¢ (¢)) + ¢ (t) = C, but since ¢ (t) =0
must imply ¢ () = 0, one has C = 0 and hence

o(t)=1—e 0. (13.54)

Although some attempts to compute ¢ (t) do exist (which is easier than comput-
ing ¢ (1)), most experimental results are usually fitted to (13.54) by using Avrami’s
phenomenological law

o (1) =Kt", (13.55)

where K is a constant and n the, so-called, Avrami exponent of the nucleation pro-
cess. One then usually finds 1 < n < 4, with often a non-integer n-value.

Summarizing, the theory of homogeneous nucleation considers the 1 — 2 phase
transition to proceed in three successive stages:

(1) Creation of nuclei of phase 2 in the midst of a metastable phase 1. This process
is expected to occur on a timescale characteristic of the thermal fluctuations, the
latter having to cross a free energy barrier (13.29) related to the creation of the
nucleus-phase 1 interface.
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(2) Growth of the nuclei whose size is super-critical (R > R.). This process is oc-
curring on a kinetic timescale (l / vj) and leads to a nucleation rate I° (13.52)
which is a complicated, non-exponential, function of the temperature 7.

(3) Coalescence of the growing nuclei, which invade the whole of the available
volume V. This process is occurring on a hydrodynamic timescale and leads to
a volume fraction ¢ (r) (13.54 and 13.55) which is a non-exponential function
of the time .

In practice, these three stages are often seen to overlap, i.e., one stage begins
before the previous stage has ended.

13.2 Heterogeneous Nucleation

From the preceding theory of homogeneous nucleation one gets the (correct) im-
pression that it is difficult to produce a phase transition via this process. This
conclusion, however, is in sharp contrast with the widespread occurrence of phase
transitions in nature, the explanation being that the latter usually proceed via the pro-
cess of heterogeneous nucleation. Indeed, the theory of homogeneous nucleation as-
sumes that one starts from a system containing only phase 1, whereas most systems
will contain moreover impurities, the system being then heterogeneous with respect
to its composition. These “impurities” can be dust particles, foreign ions, boundary
surfaces made of a different material, etc. Since to initiate a nucleation process one
has to first form a nucleus of a super-critical size, one easily realizes that when this
nucleus is created around a dust particle, which has already a considerable size, this
will greatly facilitate the formation of large nuclei, i.e., nuclei whose interfaces have
a small curvature. This difference between homogeneous and heterogeneous nucle-
ation is even more spectacular when the dust particle is charged. Consider hence
that one introduces into a clean system a foreign ion of charge e (with e a posi-
tive number) and radius a. The only modification to the Becker—Doring expression
(13.23) of AG = G — G; will amount then to adding to the system’s free energy G
an electrostatic contribution G°. In the initial state where only phase 1 is present,
the electrostatic contribution of the ion will be

2 L 2
€1 , e 1 & /1 1
Gez—/d E :—/d—:— -—=, 13.56
! 87rv r(E; (r)) 2€1 Ja 2 2¢e; (a L ( )

where € is the dielectric constant of phase 1, the ion has been placed at the origin
so that |E; (r)| = e/e1r? is the amplitude of the electric field in phase 1, and for
facility it has been assumed that V is a sphere of radius L. In the final state, phase 1
contains a nucleus of radius R which contains the ion. It is possible to show that the
corresponding electrostatic contribution,

< — g—;r/dr(El (r))z—I—;—;/dr(Ez(r))z, (13.57)
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will be minimal when the ion is located at the center of the nucleus, in which case
the electric field inside the nucleus will have an amplitude [E, (r)| = e/&,7* with &5
being the dielectric constant of phase 2, and (13.57) becomes

2 L 2 R
e 1 e 1
G4 = —/ dr— —/ dr—
! 281 R rrz +282 a rrz

2 2
e 1 1 e 1 1
=— (=== — | -—== 13.58
2¢; (R L)+282 (a R)’ ( )
where L > R > a since the nucleus surrounds the ion. The electrostatic contribution
AG® = G} — Gf to AG will then read

/1 1 1 1
AGC=—=—|———)[=== 13.59
2 <81 82) (a R)7 ( )

leading to a total AG (cf.(13.23)),

47R3
3

/1 1 1 1
R (R I - 13.
2 (81 82) (a R)’ (360)

and, therefore, the sign of the electrostatic term will be determined by the relative
magnitude of the dielectric constants of the two phases. In particular, if phase 2 is the
more condensed phase one will have €, > €; and the electrostatic term of (13.60)
will be negative, opposing the effect of the surface tension term, hereby greatly
facilitating the nucleation process. Note that one can now have AG < 0 even when
Au <0, provided the electrostatic term is large enough. This effect is exploited in
Wilson’s cloud chamber which is filled with a weakly under-saturated vapor. Hence,
since A < 0 homogeneous nucleation is excluded but as soon as an ion, for instance
a charged elementary particle, enters the chamber, the electrostatic term of (13.60)
makes AG negative allowing nucleation to proceed spontaneously. The particle’s
trajectory becomes then visible as a track formed by the nuclei of liquid droplets.
Putting the chamber in external electric and magnetic fields, a study of this track
(trajectory) allows then a determination of the particle’s charge and mass, i.e., an
identification of this elementary particle. A similar process also explains why it often
rains after a thunderstorm, the water vapor condensing on the many ions formed by
the thunderstorm. In conclusion, the nucleation process, which is a rare event in the
homogeneous case, becomes a frequent event in the presence of natural or artificial
impurities.

AG = — PrAU+4RR*G 15 (T)
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13.3 Spinodal Decomposition

In the preceding sections it has been seen how the new phase 2 nucleates in the midst
of the old phase 1 when the latter is in a metastable state. An alternative scenario
is possible for phase transitions which involve unstable states. As already noticed
in Chap. 2, an isostructural phase transition can give rise to a van der Waals loop,
in which case the coexistence region will contain an unstable region, delimited by
two spinodal lines. In such a case, one can first transform the old phase 1 from a
stable initial state into a final state inside the spinodal region. Since in the spinodal
region the thermodynamic state of phase 1 is unstable, it will immediately undergo a
transformation, which is called a “spinodal decomposition,” of the old phase 1 and,
which will result in the creation of a new stable state, the new phase 2. This scenario
is different from a nucleation but in order to realize it the transformation from initial
to final state must proceed sufficiently rapidly. Indeed, between the spinodal and the
binodal there is always a region where phase 1 is metastable and where a nucleation
could start. To avoid this, one has to transform the initial stable state of phase 1
rapidly into an unstable state, so that along the intermediate metastable states the
nucleation has no time to proceed. Such a rapid transformation of the initial into
the final state is called a “quench.” Although the spinodal decomposition process is
more easily observed in mixtures, it will, for simplicity, be illustrated here for the
case of the liquid—vapor transition of a one-component system.

Assume then that one starts from an initially uniform fluid state of density p;
and temperature 7; and that one subsequently quenches the system into a state
(p,T) where the fluid is unstable. Suppose, moreover, that during the whole pro-
cess the system’s temperature is kept fixed at the value T = T;. Since at (p,T) the
system is unstable, its density will immediately start to evolve in time and space
p — p,(r,t)=p+0p,(r,t), where p, (r,0) = p and Jp (r,t) represents a spatial
fluctuation:

%/dr 8p, (r,1) =0, (13.61)
\%4

which for ¢ > 0 structures the system at constant average density p. Although the
state (p, (r,z),T) is a non-uniform non-equilibrium unstable state, one first tenta-
tively estimates its intrinsic Helmholtz free energy functional ¥ [p,] from the square
gradient approximation of Chap. 11. The fluctuation p — p +6p, (r,t) will be ther-
modynamically acceptable if it lowers the system’s free energy (11.20), i.e., when

Aff[pl] = /dl' |:7(T7p1 (r,t))—?(T,p)—F%az {V6pl (rvt)}z ) (13.62)
1
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is negative. In the early stage of the evolution process, one may consider 6p (r,?)
to be small and (13.62) can be rewritten as

27
2/d [8 £ Tp {6p, (r,2 )}2+a2{V5pl(r,t)}2 , (13.63)

where (13.61) eliminates the linear term and the higher-order terms have been ne-
glected on account of the smallness of 6p, (r,#). Since for the unstable state (p,T’)
the free energy density f (T, p) is no longer convex, one has 9> f (T, p) /dp> < 0 and
it follows from (13.63) that AF [p,] < 0 provided the non-uniformity Vép, (r,?) is
not too strong (remember that a; > 0). For instance, if 5p (r,t) ~ T §p, (¢), then
(13.63) implies that AF [p] < 0 provided k < k., where the critical wavenumber k.
is given by

1.9°f(T,p)

2 _
ke = ap 8p

c

>0, (13.64)

and it has been taken into account that §p (r,7) must be real. Hence, the system
will accept any long-wavelength spatial modulation (k < k.) of its density. The uni-
form fluid phase will thus transform into regions of high (liquid-like) density and
low (vapor-like) density separated by an interface. The form of these regions still
depends on the applied boundary conditions but their characteristic size will always
be given by A. = 27 /k., which is an intrinsic wavelength. Once formed, these re-
gions will moreover evolve in time as a result of the system’s instability. The latter
evolution of 8p, (r,7) is usually described in terms of the following generalized
diffusion equation:

23, (), 65(p)
o MV Sy

where M is a phenomenological coefficient describing the mobility (diffusion) of
the non-uniform domains of high and low density. In conjunction with the above
square gradient approximation (13.62) for ¥ [p,], (13.65) reduces to

ddp, (r,t) oo (If(T.p, (r,1))
ot _MV< dp, (r,t)

which is usually referred as the Cahn—Hilliard equation. When 6p (r,7) is small
(13.66) reduces to

dép, (r,1) Pr(Tp) 2\ o2
L =M (5 ey V258p, (r,1), (13.67)

(13.65)

—a;V*6p, (r,t)) , (13.66)

so that for 8p, (r,7) ~ ® T’ §p, (0), one obtains

0, = Mk (k2 — k), (13.68)
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showing that the stable domains (k < k.) will grow exponentially in time (@, > 0).
Once this initial growth has reached a stage where 0p, (r,?) is no longer small,
one has to return to the full non-linear equations, and the later stage of the spinodal
decomposition will then evolve according to an hydrodynamic process, not unlike
the one encountered in the late stage of the nucleation process. One then finds that
the size of the domains grows (a process called coarsening) like 7'/3, a result known
as the Lifshitz—Slyozov law. In practice, one also often finds it necessary to include
higher-order gradients terms into F[p,], as a result of the steepening of the inter-
faces between the domains. In the end, the high-density domains will merge and
evolve toward a single domain, separated by a single interface from the low-density
region, when the phase transition is completed and the system has reached a stable
two-phase coexistence equilibrium state.

13.4 Glass Transition

As it has been seen above, the process of homogeneous nucleation is difficult to ini-
tiate. This then raises the question of what will happen to the system when one tries
to bypass the very possibility of nucleation. Consider, therefore, a third scenario
where one starts from a stable initial state of phase 1 and rapidly quenches it into
a new state where phase 1 is metastable. In other words, one now applies the rapid
quench method, which was used in the spinodal decomposition scenario to avoid the
nucleation process, to a situation where nucleation is the only process available to
produce a phase transition. To reinforce the absence of nucleation, assume that the
target phase 2 has a broken symmetry and, to fix the ideas, one may consider phase
1 to be a liquid and phase 2 a crystal. In this case, the creation of a nucleus, in partic-
ular of a small anisotropic crystal, will require a considerable amount of molecular
re-organization. To further prevent this, assume moreover that one has performed a
deep quench, for instance to a temperature which is so low that the molecular mo-
tions are considerably inhibited. After such a rapid and deep quench of, say, a liquid
phase, the latter will hence be kinematically arrested, i.e., its molecules will only
be able to execute small oscillations (like in a crystal) around the positions these
molecules did have initially, i.e., positions characteristic of a liquid configuration.
Although the final state of the system is thermodynamically metastable, any fur-
ther evolution, in a finite time, has now become impossible, the system being in a
non-equilibrium stationary state. Assume now that the corresponding temperature-
quench did proceed at a constant speed b, i.e., T (t) = T; — bt with T; = T (0), and
that one measures the specific volume v = 1/p of this metastable liquid as a func-
tion of the temperature, like one would do for an equilibrium situation. Compare the
results for three different speeds by, b1, and b, and assume that bg is so small that
nucleation can proceed, while b corresponds to a rapid quench for which nucleation
is excluded, and b; to an even more rapid quench. From the results, schematically
shown in Fig. 13.4, one may conclude the following with respect to v as a function
of T'. For the case b = by, there are two equilibrium phases with the liquid being the
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Fig. 13.4 Schematic repre-
sentation of the evolution of
the specific volume v with the
temperature T (1) = T; — bt,
for three values of b, with
by < by < by. Here T cor-
responds to the equilibrium
phase transition temperature
and T, with T, (by) < T, (b1),
to the thermodynamic glass
transition temperature

T, Tb) Tb) T T, 7

stable phase for 7o < T' < T; and the crystal being the stable phase for 7y < T < Tp,
while at the liquid—crystal coexistence temperature (for the given pressure) Ty there
is a discontinuity in v signaling the phase transition.

For the case b = by, v is continuous everywhere but dv/dT exhibits a discon-
tinuity at 7 = T, T, being called the thermodynamic glass transition temperature,
because for Ty < T < T, the system is said to be in a glass phase. Note that nothing
particular has happened at T = Ty indicating hereby that the nucleation process was
indeed inhibited. The liquid phase is still the stable phase for 7o < T < T; but is
called supercooled in the region T, < T < Tj. Note also that the values of dv/dT are
very similar for the two cases. Finally, the case b = b, is similar to the case b = by,
except for the fact that 7, is a decreasing function of b. To avoid this sensitivity of
T, to b, one often introduces a conventional glass transition temperature TA’ defined
as the temperature for which the shear viscosity reaches the (conventional) value of
103 poise. One then finds that Tg/ is much less sensitive to the value of b than is the
case for the thermodynamic glass transition temperature 7,. One should, however,
not be confused by the terminology being used here: the glass transition is a kine-
matic transition, not a true equilibrium phase transition. The latter being always a
transition between two equilibrium states, whereas the glass phase is a metastable,
hence, non-equilibrium state. Therefore, although the glass phase will remain stable
on any human-like timescale, some of its properties may still very slowly evolve.
One then says that the glass phase is aging. Nowadays, most of the new materials
(plastics, ceramics, metallic glasses, etc.) are in fact glass phases, but the nomen-
clature used refers, of course, to the way in which window glass is being produced.
The glass transition is hence a central topic in what is called, at present, materials
science. It is a difficult topic which mixes in a subtle way the equilibrium and non-
equilibrium aspects of the general theory of phase transitions. Needless to say that
a detailed study of the glass transition is beyond the scope of the present book.
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Appendix A
Legendre Transformations

A.1 Case of One Variable

In order to introduce the concept of Legendre transformation, consider an analytic
function y = y(x), whose derivative is p = y(x) (in what follows, a prime denotes
a derivative with respect to the argument). If one eliminates x from this equation,
x = x(p), and then substitutes in the original function the result is y = y(x(p)) =
y(p), which is a first-order differential equation whose general solution contains
an arbitrary integration constant. Since only for a certain value of the integration
constant one recovers the function y = y(x), the functions y = y(p) and y = y(x) are
not equivalent. In spite of this, it is possible to find a transformation of the function
y = y(x) into another equivalent function in which p is the independent variable.
To that end, note that a curve is defined either by the set of points (x,y) such that
y = y(x), or by the envelope of the curve. The latter is formed by the set of points
(p,¥0), where yy is the ordinate at the origin of the straight line whose slope is
p =Y (x), which is the tangent to the curve at the point x. Since the equation of the
tangent to the curve that passes through the point (x,y) is given by

y=yo+px, (A1)

the curve is completely characterized by the function yy(p), namely

Yo(p) = y(p) = px(p) , (A2)
where x(p) is obtained when one eliminates x from the equation
p=yx), (A3)

and y(p) is the function:
y=y(p)=y(p). (A4)

The transformation (A.2) by which the function y = y(x) is replaced by the func-
tion yo = yo(p), in which the derivative of the original function is the independent

337



338 A Legendre Transformations

variable, is known as a Legendre transformation and the function yo(p) is referred
to as the Legendre transform of the function y(x).
Differentiating (A.2) one has

dyy =dy— pdx—xdp = —xdp (A.5)

so that
x=—=y(p). (A.6)

The inverse Legendre transform of the function yo(p) is obtained when one elim-
inates the derivative p = y'(x) from (A.6), and so y(x) may be expressed, according
to (A.2), as

y(x) = yo(y' (x)) +xy'(x) , (A7)

which is the original function.
Note that from (A.3) and (A.6) it follows that

and since

one finally obtains
Yo (p) =—1. (A8)

It may be shown that the Legendre transform exists and is unique when the func-
tion y(x) is convex or concave. A function y(x) is convex when y”(x) > 0 and con-
cave when y”(x) < 0. From (A.8) it follows that the Legendre transform of a convex
function is a concave function and vice versa. Some simple examples of convex
functions on the real axis are y(x) = x> and y(x) = ¢, whose Legendre transforms
are, respectively, yo(p) = —p?/4 and yo(p) = p(1 —In p). The Legendre trans-
form of the function y(x) = Inx, which is convex on the real positive semiaxis, is
yo(p) =—(1+Inp).

It may happen that in some interval x; < x < x5, y”(x) does not exist. In such cases
one may use the following (more general) definitions of convexity and Legendre
transform. If x; = kx; 4+ (1 —k)xy (0 < k < 1) is an arbitrary point of the interval
(x1,x2), the function y(x) is convex in the interval when

y(xg) < ky(xp)+ (1 —k)y(x2) , (A.9)

which expresses that y(x) lies below the straight line joining the points (x1,y(x1))
and (xp,y(x2)) (Fig. A.1).
If y'(x) exists, (A.9) is equivalent to

y(x) > y(x0) + (i — x0)y' (x0) , (A.10)

i.e., y(x) lies above the tangent to the curve at xg, for all x; # xo (Fig. A.2).
Finally, if y”(x) exists, (A.10) is equivalent to
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Fig. A.1 A convex function
¥ (x) in the interval (x1,x2).
Note that y(x) lies below the
straight line joining the points
(a,y(a)) and (b,y(b)) for any
xi<a<b<x

In the general case, the Legendre transform of y(x) and its

defined as

yo(p) = miny (y(x) —xp) ,
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b

<

y'(x) >0.

y(x) = max, (yo(p) + px) ,

(A.11)

inverse yo(p) are

(A.12)

where x and p are the conjugate variables of the transformation. Note that p = y'(x)
and x = —y{(p), when the derivatives do exist.

Fig. A.2 A differentiable
convex function y (x) in the
interval (x1,x»). Note that

¥ (x) lies above the tangent to
the curve at a (or b) for any
X <a<x

[ R ]
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A.2 Case of n Variables

The concepts developed for one variable may be extended to the case in which
y=y(x1,...,x,) is a function of n variables. If

Ay(x1y. .. y%xn)
8xk

Pk = (k=1,...,n), (A.13)
different Legendre transforms may be defined, depending on the partial deriva-
tives (A.13) that one wants to have as independent variables in the transforma-
tion. Let s < n be these variables. The partial Legendre transform of the function
y(x1y. . xn) = y({xs}s {xu—s}), in which {x;} denotes the set of variables that are
going to be replaced by their derivatives {p,} in the Legendre transform and {x,_}
denotes the set of variables that are not affected by the transformation, is defined by
the following equation:

Yo({pshi{xn—s}) = y({ps}: {xn—s}) — i prx({psh {xn—s}) , (A.14)
k=1

where x; ({ps}; {xn—s}) is obtained by eliminating the variables x; (k=1,...,s) from
(A.13) in terms of the derivatives {p,} and of the remaining n — s variables {x,_s},
and y({ps};{xn—s}) is the function:

Y({ps}ti{xn—s}) = y({xs({psts {n—s}) }s {xn—s}) - (A.15)
Differentiating (A.14) one finds

s n s
dyo=dy— Y [prdxi+xedpi] = Y, pidxi— Y, xidpy (A.16)
k=1 i=n—s k=1
so that 5
__ PolpshiPn-s)) , (k=1,....5). (A.17)
Ik

The inverse Legendre transform of the function yo({ps};{xn—s}) is obtained
when one eliminates the derivatives py = pr({xs};{x4—s}) from (A.17), in such a
way that y may be derived from (A.14) as

Y({xst{xn-s}) = yo({xs }s {oon—s}) + i api({xshs {xa-s}) , (A.18)
k=1

which is the original function with

Yo({xs}s {xn—s}) = yo({ps({xs}s s D) }s {o0n—s1) - (A.19)
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A.2.1 Some Examples

The Lagrangian Ly(q,q) = Ln(q1,---,93n,41,- - -,43n) of a system of 3N degrees
of freedom is a function of the coordinates gy, ..., g3y and of the generalized veloc-
ities ¢y, ...,q3n (see Chap. 1). The equations of motion of the system or Lagrange
equations are

— — = =1,... . A2
dt( 5 S =0 (=1 3) (A20)
The generalized momenta are defined as

[ aq[ )

and the Hamiltonian Hy(q, p) = Hy(q1,- - -,43N,P1,- - - » P3n ), With a change of sign,
is the Legendre transform of Ly(g,q) when the generalized velocities are replaced
by the generalized momenta, namely

—Hy(q,p) = Ln(q,9) — Zp,qz. (A22)

Differentiating (A.22) one has

3N
—dHy(q,p) = . (pidqi — 4idpi) , (A.23)

i=1
where use has been made of (A.20) and (A.21). Therefore,

_9dHy(g,p) . dH(q,p)

i = , i = , (i=1,...,3N), (A.24)
Ipi P qi ( )

which are the Hamilton equations (see Chap. 1).

The fundamental equation of thermodynamics (see Chap. 2) of a one component
system whose only external parameter is the volume is E = E(S,V,N), where E is
the internal energy, S is the entropy, V is the volume, and N is the number of parti-
cles. The intensive parameters temperature, 7', pressure, p, and chemical potential,
U, are the derivatives:

JoE JoE JoE

T:ﬁ’ p:_W’ 'UZW. (A.25)

Throughout the text different partial Legendre transforms of the fundamental
equation appear. Three of these transforms or thermodynamic potentials are the
Helmholtz free energy

F(T,V,N)=E(S,V,N)—TS, (A.26)
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where in (A.26) S = S(T,V,N) is obtained from the solution of the first of the im-
plicit equations in (A.25), the Gibbs free energy

G(T,p,N) =E(S,V,N)—TS+pV , (A.27)

where in (A.27) S = S(T,p,N) and V =V (T, p,N) are obtained from the solution
of the first two implicit equations in (A.25), and the Landau free energy or grand
potential

Q(T,vV,u)=E(S,V,N)—TS—uN , (A.28)

where in (A.28) S = S(T,V,u) and N = N(T,V, i), are obtained from the solution
of the first and the third implicit equations in (A.25).
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Appendix B
Random Variables

B.1 One-Dimensional Random Variable

One defines a one-dimensional continuous random variable X, which is assumed to
take values on the real axis, by its probability density py (x), which is a non-negative
function that satisfies the normalization condition:

/_depx(x): L. (B.1)

The probability P[x; < x < x3] that the variable takes values in the interval [x},x;]
is given by

Plx; <x<x]= /x2 dxpy(x), (B.2)
x]

so that (B.1) expresses that the probability that X takes any value on the real axis
is one. Note that the random variable has been denoted by a capital letter and its
possible values by the same small letter.

If X is a random variable, one defines the moment of order n, (X"), as

(X" = / dxx’ py (x), (B.3)
and the average value of a function f(X) by

OO0V = [ dxfe)px() B.4)

The first moment is thus the average value of the variable. The dispersion or
fluctuation of the random variable, 0')2(, is defined as

ox = (X — (X)]?) = (X*) = (X)* > 0. (B.5)
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Consider a real function ¥ = f(X) of the random variable X, whose probability
density is py(x). Y is a random variable whose probability density py (y) may be
determined as follows. The probability that Y takes values in the interval [y,y + Ay]
is the probability that X takes values on the real axis, such that y < f(x) < y+ Ay,
namely

pr()Ay= [ dxlO(+ay- () ~OL— fW)px(x), (B

and so dividing by Ay and taking the limit Ay — 0, one has

pr(y) = [ _dx8(y—f(x))px(x): ®.7)
When the probability density p y(x) is of the form

Px(x) =D pub(x—xa), (pn>0), (B.8)

where the sum extends over a finite or numerable infinite set of points of the real
axis, one says that the random variable is discrete. In (B.8) p, is then the probability
that the random variable takes the value x, and the normalization condition (B.1) is
expressed as

Y pn=1. (B.9)

B.1.1 Some Examples

A continuous random variable X is Gaussian when its probability density p (x) is:

Py () = — e (X)/20%, (B.10)

\/2mo%

where (X) is the average value of the variable and 6% its dispersion. Observe that in
the case of Gaussian random variables all the moments can be expressed in terms of
the first two moments. When (X) = 0 and ox = 1, one says that the random variable
is a normal Gaussian random variable in which case the moments of odd order are
zero, by symmetry, and the moments of even order are given by

1 ° 2 2" 1
2ny _ 2n ,—x/2 _ _
(X" T /_oodxx e —ﬁF (n+2>, (B.11)

where I'(x) is the Euler gamma function.
The Fourier transform of the Gaussian distribution (B.10) is
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px(k) = / dxe py (x) = ¢ k) K0x/2, (B.12)

an expression that will be used later on.
A discrete random variable X is binomial, when the probabilities p,, are given by
W= (n=0,1,...,N), (B.13)

N,
P(1—p

Pn= n!(N—n)

where N is an integer and p a real number O < p < 1. The average value and the
dispersion of the binomial distribution (B.13) are (X) = Np, 6% = Np(1 — p).

A discrete random variable X is a Poisson random variable, when the probabili-
ties p, are given by

1
p,,:;l”e*’t, (n=0,1,...), (B.14)

where A is a positive real number. The average value and the dispersion of the
Poisson distribution (B.14) are (X) = A, 6% = A.

B.2 Approximation Methods

Throughout the text one finds probability densities of random variables which have
the form

1
pX(x) = Z(N) eNf(X)7 (B15)

where f(x) is an analytic function on the real axis and N an integer, N > 1. The
constant Z (N) in (B.15) is obtained from the normalization condition (B.1), namely

Z(N) = / " dxN W, (B.16)

Assume now that f(x) has a single maximum at xo, i.e., f’(xo) =0 and f”(xo) <
0. If N > 1, the function

a(x) EeN[f(x)_f(XO)]’ (B.17)

has a very pronounced peak in the vicinity of xo and tends to zero exponentially as
one gets away from it. An approximate expression for a(x) may then be obtained
by performing a Taylor expansion of the function f(x) — f(xo) that appears in the
exponent up to second order, leading to

a(x) ~ o~ NI (x0)] (x=x0)? /2 (B.18)

Integrating with respect to x, one has

oo A 1 277:
d ~ | dxe N 00lex0)?/2 — [T B.19
| _dvate)= [ _axe TN
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and hence

N 2 Nf(xo)
Z(N) ~ TS (B.20)

The probability density (B.15), is, according to (B.18) and (B.19), given by

Nf" (xo)| e—N\f"(XO)\(X—Xo)Z/z’ (B.21)

px(x) =~ o

which implies that X is a Gaussian random variable of average value xy and disper-

sion:
2 1

oy=———.
XN (xo)
If one considers more terms in the Taylor expansion of the function f(x) — f(xo)
in (B.17), expanding the resulting exponentials, except the Gaussian, one obtains

(B.22)

o 21 1
. dxa(x) = m |:1 +0 <N2 ):| (B23)
and hence 1
1\171_IEONIHZ(N) = f(xp)- (B.24)

Note that, by the same type of arguments, if b(x) is a smoothly varying function
in the neighborhood of x(, one has

/oo dxb(x)a(x) ~ b(xg) /oo dxa(x), (B.25)
i.e.,
)N |2 N1 (o)
/ dxb(x N|f’/(x0)|b(x0)e o), (B.26)

B.3 n-Dimensional Random Variable

An n-dimensional random variable (Xj,...,X,) is defined by the joint probability
density py,  x, (x1,...,%,), which is a non-negative function that satisfies the nor-
malization condition,

/ dx; / dxnpy, x, (X1, %) =1, (B.27)

and which, when integrated over a region R", is the probability that the n-dimensional
variable takes values in that region. When it may lead to no confusion, the joint
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probability density is denoted by p, (x1,...,x,) and even by p(xy,...,x,). This last
notation is the one used in the text.

The marginal probability density py = x (x1,...,x5) of asubset of s < n variables
is defined as

ley X xla X / dvarl / d-xnpxly X .X1, X ), (B.28)

whose normalization is, according to (B.27),

/ dx / dxspPy,  x,(X15..,x5) = 1. (B.29)

The first and second moments of an n-dimensional random variable are defined
as

/ dxi .. / dxnXjPy, . x, (X1, Xn)

= /_wdxjx.,-pxj(xj), (B.30)

and

= / dx,'/ dxjx,'xijhXj(x,',xj). (B31)
From (B.30) and (B.31) an n x n matrix may be defined whose elements are
C(Xi, Xj) = (XiX;) — (Xi)(X;), (B.32)

The diagonal terms are the dispersions 67 = (X?) — (X;)? and the off-diagonal terms
are called the correlations.
The random variables X1, ..., X, are called statistically independent when

Px, . x, (X1, pr xi), (B.33)

in which case (X;X;) = (X;)(X;) (i # j) and the correlation between any pair of
variables is zero.

Consider two continuous random variables X; and X, whose joint probability
density is py, x, (x1,x2). The probability density of the random variable ¥ = X; + X,
may be determined using a similar reasoning to the one considered in (B.6), namely
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py(y)Ay = / dxy / dx2 [0(y+Ay —x1—x2) —O(y—x1 — x2)]

X Px, x,(*1,%2). (B.34)

Dividing (B.34) by Ay in the limit Ay — 0, one has

pr() = [ dxi [ dndy—xi—x)py ()

= [ dxipy, ey —x), (B.35)

so that if X; and X are statistically independent variables,

py(3) = [ dxipy, (1)py, (1), (B.36)

i.e., the probability density of the sum of two independent random variables is the
convolution of the individual probability densities. Taking the Fourier transform of
(B.36), one has

Py (k) = Py, (k)px, (k). (B.37)

Consider N continuous random variables X, ..., Xy statistically independent and
identical (the individual probability density py (x) is the same for all of them) of
average value (X;) = 0 and dispersion 6%. Note that the restriction on the average
value is not important, since if this is not zero one may take as random variables
X; — (X;). Consider the random variable

Y = L(X1 +--+Xn) (B.38)

VN

of zero average value and dispersion G% = 6)2(, as may be verified by squaring (B.38)
and taking the average value, since (X;X;) =0 (i # j).

Let py (k) and Py (k) be the Fourier transforms of the probability densities py (y)
and py(x). One then has

) (kN
Py (k) = [PX <ﬁ)] - (B.39)
Since
k © kK*o% 1
e () = [ oo =153 w0 (n ). @

it follows that

3 Ko% 1\
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which in the limit N — oo reads

N L ¥
1\1]1_120py(k)—1\1]1_120 {1— N +0<W)} =e " X7 (B.42)
where use has been made of the definition of the number e. According to (B.12),
Y is a normal Gaussian random variable. Note that to arrive at this result it has not
been necessary to specify the particular form of p (x) and it has only been assumed
that the random variables are identical and independent. This result is known as the
central limit theorem.
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Appendix C
Functional and Functional Derivative

C.1 Definition of a Functional

Consider first a function of n variables F(p,...,p,), where p, =p(x;) i=1,...n)
is the value of the function p(x) at a point x; in the interval in which the func-
tion is defined (in what follows it will be assumed that this interval is the whole
real axis). The function F(py,...,p,) is an application that associates a number
F(py,...,p,) to any set of values p,,...p,. As a generalization of the definition
of a function of n variables, the concept of a functional of a function arises as the
limit of F(p,...,p,) when n tends to infinity in such a way that the {p;} cover the
whole curve p = p (x). In this way a functional associates a number to a curve.
Consider, for instance, the integral

Flp] = /j;dxp(x) o~ ZpiAxi, (C.1)

which associates to each function p(x) a number F[p] (whenever the integral ex-
ists). Note that the functional dependence is denoted by a bracket, instead of by a
parenthesis as in the case of a function, and hence two observations are pertinent
here. The first one is that, since F[p] is not a function of x, the notation F[p(x)],
which may lead to confusion, is not adequate. The second one is that F[p] is not a
function of a function, which is denoted by a parenthesis. For example, if p(x) = x
and g(x) = x>+ 1, one has g(p(x)) = (p(x))?+ 1, which is a function of the function
p(x), not a functional of p(x).

C.2 The Functional Derivative

The differential of F(p,,...p,) when the variables {p;} change from p; to p,+dp;
is
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L JF
aF =3 PP 4 (C2)
i=1 Ip;
which may be written as
- 1 aF(plavp)
dF = ) Ax; ———"dp,, C3
,»:21 AT o) pi (C3)

where Ax; = x;+1 —x;. Consider now the limit n — o, Ax; — 0 of (C.3). When some
mathematical conditions are met, this sum may be written in the aforementioned
limit as the integral

SF[p] = / dx‘gi—g 5p(x), (C.4)

where dp(x) is the increment of the function p(x) (as the limit of {dp,}), 6F|[p]
is the increment of the functional (as the limit of dF'), and one has defined the
functional derivative 6 F[p]/dp(x) as the limit of

LaF(plv"'vpn)

Note that, in much the same way that the functional dependence is denoted by a
bracket, the symbol 0 is reserved for the functional increments. Observe also that
the functional derivative is a functional of p(x) (due to the limit 7 — o) and a
function of x (due to the dependence on Ax; — 0) and that the dimension of the
functional derivative is not the one of the partial derivative, due to the factor 1/Ax;.

C.3 Some Examples

The next are a few simple applications.
(a) From the identity

5p(x) = / ¥ §(x—x)8p(x), (C5)

where 6 (x) is the Dirac delta, it follows that from the comparison of (C.4) with (C.5)
one has

50 s
5oL~ 00— (C.6)

(b) Note that the rules of functional derivation are similar to the ones of the
derivation of functions. For instance, given the functional

Flp] = /dxlnp(x), (C.7)
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the increment of the functional §F[p] = F[p + 8p] — F[p] when the function in-
creases by 0p (x) is

/dxln X) +8p(x) /dxlnp

_ /dxln [1+5pp(§§)] :/dx[‘gpp(g) +] (C.8)
ie.,
o,

This result may also be obtained by functional derivation of (C.7), using the rules
for the derivation of functions and (C.6), namely

SFlp] /5mp
5p /dxlnp /d

op(x)
N /dx/p(lx’) ?311))((;) - /dXIp( 7 8(=x)
:E%y (C.10)
In this way, if g(x) is a function independent of p(x), one has
5ot | 4EP() =), 1
5o [ AT = ngllp 1)
% /dx/g(x/)P(X')lnP(X') = g(0)[Inp(x) +1] (C.13)

(c) Consider a system of particles contained in a closed region R of volume V in
an external potential ¢ (r). The Helmholtz free energy F[¢] is a functional of ¢ (r)
(note that this is a generalization of the one-dimensional problem). The functional
derivative with respect to the external potential is the local density of particles p, (r)
(see Sect. 5.5):

pir) = : (C.14)
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In the case of functionals, the Legendre transformation has to be modified due
to the definition of the functional derivative. The intrinsic Helmholtz free energy
functional F[p,] is defined as

- [ drowp, ), C.15)

where ¢ (r) in (C.15) is a function of the local density of particles that is obtained
from the solution of the implicit equation (C.14).
The variation of (C.15) is

65(p,) = 8F10]— [ drlo(x)3p, () +p, (r)59(x)) (C.16)
and since
SF[¢) = / a0 5 w) (C.17)
R 00(r) ’
from (C.14), (C.16), and (C.17) it follows that
631p)) =~ [ dro(r)sp, (v) (C.18)
R
i.e.,
39[p,]
= . C.19
(P(I') 6[)1(1') ( )

Therefore, the first derivative of the intrinsic Helmholtz free energy functional with
respect to the local density of particles is the external potential with a change of sign.
Equations (C.14) and (C.19) show that ¢ (r) and p,(r) are the conjugate variables
(fields) of the functional Legendre transformation (C.15).
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Appendix D
A Quasicrystalline Lattice

As has been indicated in Sect. 8.2, in a crystal the particles (atoms or molecules)
oscillate around the equilibrium positions of a periodic lattice (a Bravais lattice).
In 1912 von Laue suggested that crystals might behave as diffraction lattices for
X-rays, so that if the wavelength of the rays were comparable to the average distance
between the atoms, it should be possible to determine the symmetries of the lattice
through diffraction experiments. Some symmetries are forbidden in a crystal (as
shown below), and hence with the observation in 1984 of crystals with symmetries
that do not correspond to periodic lattices, but to quasiperiodic lattices, the study of
this kind of “crystals,” called quasicrystals, was initiated.

D.1 Forbidden Symmetries of Periodic 2D Lattices

Consider a periodic lattice, that for simplicity will be assumed to be two-dimensional,
formed by the vertices of regular polygons that produce a tiling covering the plane
(infinite). Since not all regular polygons may cover the plane, it is clear that there
must exist forbidden symmetries in periodic lattices. This may be demonstrated with
the following reasoning. If the regular polygon has n sides (n > 2), the angle that
form the segments that join the center of the polygon with the vertices of one side
is 27/n (Fig. D.1) and the axis perpendicular to the plane that passes through the
center of the polygon is a symmetry axis of order n. Assume now that the axis per-
pendicular to the plane that passes through one vertex has a symmetry of order g,
i.e., that the angle formed by the side of the polygon and the segment that joins one
vertex with the center is 7/g. One then has (see Fig. D.1) 21 /n+27/q = m, namely
1/n+1/g=1/2, or, alternatively, g = 2n/(n — 2). Note that the only interesting so-
lutions to this equation are those for which n and ¢ are integers. Therefore, if n = 3
(triangles) then ¢ = 6, when n = 4 (squares) g = 4, if n = 5 (pentagons) g = 10/3,
which is not an integer, and when n = 6 (hexagons) g = 3. For n > 6 there are no
solutions with ¢ being an integer, since when n — oo one has ¢ — 2,1i.e.,3>¢g > 2
if 6 < n < o and there is no integer between 2 and 3. As a consequence, the only
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periodic lattices in the plane correspond to n = 3,4, and 6, with a symmetry of order
q = 6,4, and 3, respectively. The symmetries ¢ = 5 and g > 6 are forbidden.

To construct a periodic two-dimensional lattice one may adopt the convention by
which the vertices (x,y) of the lattice are represented by complex numbers z = x+1iy.
Consider, for instance, the triangular lattice (n = 3, ¢ = 6) and let

. 1 \/§
— 27[1/6 I o Dl
/0= 2 4iTE, (D.1)
be a root of the equation @® = 1. The vertices of the triangular lattice are given by

the set of complex numbers

()

{a} = {ki + o}, (D.2)

where k| and k; are integers (kj,k; =0,%+1,£2...). Note that in this lattice the side
of the triangle has been taken equal to one. If the side of the triangle is a, the set of
complex numbers defining the lattice is, instead of {z }, {az }.

D.2 A Quasiperiodic 2D Lattice

This convention established for a crystal may now be generalized to a quasicrystal.
Thus, consider the set of complex numbers,

{za} ={z1 +22&}, (D.3)

."'=.‘_‘7r/ q alq /

\'"“a__. 27iin

Fig. D.1 Angles formed by
the segments that join the
center of a regular polygon
of n sides with the vertices of
a side of the polygon and by
one of these segments and one
of the sides of the polygon
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where

_ 2m/12:£ 1 D4
E=e¢ 5 +1i 3 (D.4)
is a root of the equation 512 = 1. Note that & is a vector oriented along a forbidden
direction of a two-dimensional lattice. In (D.3 ) z; = k; + k@ and z, = k| + ko are
two arbitrary elements of the set of complex numbers (D.2), namely

{za} = {1 + o+ K&+ Kot} (D.5)

where ky,ky, K}k = 0,41,42,...and ©f = ™/ = —/3/2+i/2 (note that » =
E* and w& = &°).

Observe that while (D.2) is a periodic lattice in real space, (D.5) is a periodic
lattice in complex space, i.e., the number of dimensions of space is duplicated from
two to four. In the first case, k| and k, are the “coordinates” of each point of space,
which in the second are k17k27k’1, and k’2 This interpretation refers, of course, to
abstract mathematical spaces, which does not prevent (D.5) from also representing
points in the space (x,y). For this to be so, one needs to “project” this space of
dimension four onto a two-dimensional lattice. The way to perform this projection
is not unique and, for instance, the quasicrystalline lattice of Fig. D.2 corresponds
to points {z4} that satisfy the following conditions:

(Re Zd)

cos[(2k+1)m/12] Mr <1, (D.6)

cos(m/12) (Imza) = Gae12)

where z; =Rezg;+ilmzz and k=0,1,2,3,4,5. Note that the lattice is not periodic,
but rather a superposition of two periodic lattices, of periods @ and &, and an “in-
terference” term @&. If the values of @ and & or the conditions (D.6) are modified,

Fig. D.2 Part of the infinite
quasiperiodic lattice con-
structed as indicated in the
text
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one obtains different quasiperiodic lattices, although not all of them are of inter-
est in physics. The example of the quasiperiodic lattice of Fig. D.2 is observed in
quasicrystals and may be seen to correspond to a “mixture” of triangles and squares.
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