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To the memory of my mother



Preface

This book grew out of the senior level lecture course I teach at Delft Univer-
sity and which I have taught in recent years at Eindhoven University and the
University of Utrecht. Numerous discussions with students and colleagues led
me to the conclusion that in spite of the existence of excellent books on the
statistical theory of fluids, there is a gap between the fundamental theory
and application of its concepts and techniques to practical problems. This
book is an attempt to at least partially fill it.

It is not intended to be a thorough and comprehensive review of liquid
state theory, which would inevitably require invoking a large number of re-
sults without actual derivation. Rather I prefer to focus on the main physical
ideas and mathematical methods of fluid theory, starting with the basic prin-
ciples of statistical mechanics, and present a detailed derivation of results
accompanied by an explanation of their physical meaning. The same ap-
proach applies to several specialized topics of the liquid state, most of which
are recent developments and belong to the areas of my own activities and
thus reflect my personal taste. Wherever possible, theoretical predictions are
compared with available experimental and simulation data.

So, what you are holding in your hands is neither a textbook nor a mono-
graph, but rather a combination of both. It can be classified as an advanced
text for graduate students in physics and chemistry with research interests
in the statistical physics of fluids, and as a monograph for a professional
audience in various areas of soft condensed matter. It can also be used by
industrial scientists for background information, and as an advanced text for
self-study.

I gratefully acknowledge the assistance of my colleagues and friends at
various stages of the work. Chap.7 on Monte Carlo methods was written
together with Tosif Dyadkin; his vision of the subject and extraordinary gen-
eral physical intuition guided me for many years. Carlo Luijten placed at
my disposal his computer programs for the density functional calculations
of surface tension in one-component systems (Sect. 9.3) and binary mixtures
(Sect.13.4.1). T would like to express my gratitude to Jos Thijssen for his
careful reading of the manuscript and for a number of very constructive crit-
icisms.



VIII Preface

In creating the book I benefited greatly from discussions with a number
of colleagues. In particular, Rini van Dongen, Bob Evans, Vladimir Filinov,
Daan Frenkel, Ken Hamilton, Gert-Jan van Heijst, Jouke Heringa, Geert Hof-
mans, Simon de Leeuw, Henk Lekkerkerker, Christopher Lowe, Carlo Luijten,
Thijs Michels, Bela Mulder, Piet Schram, Berend Smit, Vladimir Vorobiev,
and Ben Widom made many helpful comments and suggestions.

Delft, April 2001 Vitaly Kalikmanov



Contents

1. Ensembles in statistical mechanics ................... ... .. 1
1.1 Notion of a phasespace ......... ... ... ... ... ... ..... 1

1.2 Statistical ensemble and Liouville’s theorem ............... 5

1.3 Microcanonical ensemble ........ ... ... ... .. L. 6
1.3.1 Entropy . ....oooiiii e 8

1.4 Canonical ensemble . ........ ... ... .. i 11
1.4.1 Legendre transformations.......................... 19

1.5 Grand canonical ensemble ................... .. ... ...... 21
1.5.1 Barometric formula................. .. ... ... ... ... 24

2. Method of correlation functions .......................... 29
2.1 n-particle distribution function ........................... 29

2.2 Calculation of thermal averages .......................... 30

2.3 n-particle correlation function........... ... ... ... ... .. 31

2.4 The structure factor ....... .. ... ... 34

3. Equationsofstate .......... ... .. .. .. .. . 37
3.1 Energyequation............ ... ... 37

3.2 Pressure (virial) equation.......... ... ... ... o L. 38

3.3 Compressibility equation ......... ... ... .. ... ... .. ... 39

3.4 Thermodynamic consistency ........... .. .. ... .. ..... 41

3.5 Hardspheres......... .. ... .. .. . 41

3.6 Virial expansion........... ...t 44

3.7 Law of corresponding states.............. ... oL, 47

4. Liquid—vapor interface ................... ... ... ... .. ..... 49
4.1 Thermodynamics of the interface .............. ... ... ... 49

4.2 Statistical mechanical calculation of surface tension ......... 52
4.2.1 Fowler approximation ............. ..., 55

5. Perturbation approach.......... .. ... ... ... .. ... . L. 57
5.1 General remarks....... .. ... .. .. .. 57

5.2 Vander Waals theory ......... ... . ... .. ... .. ... .. ...... 57

5.3 First-order perturbation theories ......................... 62



Contents

5.4 Weeks—Chandler—-Andersen theory ........................ 65
5.4.1 Referencemodel....... ... ... ... ... .. ... . ... 66
5.4.2 Total free energy . ...ttt 70

5.5 Song and Mason theory ...... ... ... ... ... .. ... 70

5.6 Perturbation approach to surface tension .................. 75

5.7 Algebraic method of Ruelle ............ ... ... ... ..... 77

Equilibrium phase transitions................... ... ... ... 83

6.1 Classification of phase transitions......................... 83

6.2 Phase equilibrium and stability conditions ................. 86

6.3 Critical point .. ....... .. 89

6.4 Universality hypothesis and critical exponents.............. 90

6.5 Critical behavior of the van der Waals fluid ................ 95

6.6 Landau theory of second-order phase transitions............ 97

Monte Carlo methods ............ .. ... ... ... ... ... ... 103

7.1 Basic principles of Monte Carlo. Original capabilities
and typical drawbacks ....... ... ... il 103

7.2 Computer simulation of randomness ...................... 106
7.2.1 Rejection method ......... ... ... ... . L 109

7.3 Simulation of “observations of random variables”
for statistical ensembles .. ........ ... . it 112

7.4 Metropolis algorithm for canonical ensemble ............... 114

7.5 Simulation of boundary conditions
for canonical ensemble ......... .. ... L 116

7.6 Grand ensemble simulation ........... ... .. .. .. ... ... 117
7.6.1 Monte Carlo with fictitious particles ................ 119

7.7 Simulation of lattice systems .......... .. ... ... ... 125

7.8 Some advanced Monte Carlo techniques ................... 128
7.8.1 Superfluous randomness

to simulate microcanonical ensemble . ......... ... ... 129
7.8.2 Method of dependent trials —
eliminating unnecessary randomness ................ 129

Theories of correlation functions.......................... 133

8.1 General remarks. .. ....ouit i 133

8.2 Bogolubov—Born—Green—Kirkwood-Yvon hierarchy ......... 133

8.3 Ornstein—Zernike equation . ........ ... .. .. ... ... .. ... 137
8.3.1 Formulation and main features ..................... 137
8.3.2 CloSUIS. . ottt et e e e 140

8.3.3 Percus—Yevick theory for hard spheres .............. 141



10.

11.

12.

13.

14.

Contents

Density functional theory .......... ... .. .. ... .. .. .....
9.1 Foundations of the density functional theory ...............
9.1.1 Idealgas ...... ... i
9.1.2 General case . ....... ...
9.2 Intrinsic free energy. ... ...t
9.3 Surface tension . ........... ..o
9.4 Nonlocal density functional theories............ ... .. .. ...
9.4.1 Weighted-density approximation ...................
9.4.2 Modified weighted-density approximation............

Real gases ............ . i
10.1 Fisher droplet model .. ..... .. .. ... ... . . . . ..
10.1.1 Fisher parameters and critical exponents ............

Surface tension of a curved interface......................
11.1 Thermodynamics of a spherical interface ..................
11.2 Tolman length . ... ... .. .. . .
11.3 Semiphenomenological theory of the Tolman length .........

Polar fluids ......... ... . . e
12.1 Algebraic perturbation theory of a polar fluid ..............
12.2 Dielectric constant . . ......ovtit it e
12.2.1 Extrapolation to arbitrary densities.................

12.2.2 Comparison of the algebraic perturbation theory
with other models and computer simulations.........

MIXEULES . . oot
13.1 Generalization of basic concepts ........... ... .. ... ... ..
13.2 One-fluid approximation............. ... . . ...
13.3 Density functional theory for mixtures ....................
13.4 Surface tension ... ... v

13.4.1 Density functional approach ......... ... ... ... ..

13.4.2 One-fluid theory....... ... .. ... ... . ... ... ..

Ferrofluids . . ... ... ...
14.1 Cell model of a ferrofluid ........ ... ... ... .. . ... ...
14.2 Magnetic subsystem in a low field.
Algebraic perturbation theory.............. ... ... ... ...
14.2.1 Equation of state............ .. .. . . .. L.
14.3 Magnetic subsystem in an arbitrary field.
High-temperature approximation .........................
14.3.1 Properties of the reference system ..................
14.3.2 Free energy and magnetostatics ....................
14.4 Perturbation approach for the solvent ........... ... ... ..



XII

Contents

Empirical correlations for macroscopic properties of argon,

benzene and n-nonane ............ ... ... ... ... ... 239
Angular dipole integrals ......... ... ... ... ... ... ...... 241
De Gennes—Pincus integral ............................... 243

Calculation of vp and vy,

in the algebraic perturbation theory ...................... 245

D.1 Calculation of yp . ..o oo 246

D.2 Calculation of yp ... 248
D.2.1 Shortrangepart: 1 < R<2 ....... ... ............ 248

D22 Longrangepart: 2< R<0O0...ociviiiinnninn. .. 249

E. Mixtures of hard spheres ................................. 251
E.l Pressure........ .o 251

E.2 Chemical potentials............... .. ... .. ... ... ... 252
References....... ... . .. . . 253



