Contents
Editors’ preface to the Manchester Physics Series
Preface to the Second Edition
Preface to First Edition
Flow diagram
1 THE FIRST LAW OF THERMODYNAMICS
1.1 MACROSCOPIC PHYSICS
1.2 SOME THERMAL CONCEPTS
1.3 THE FIRST LAW
1.4 MAGNETIC WORK
2 THE SECOND LAW OF THERMODYNAMICS I
2.1 THE DIRECTION OF NATURAL PROCESSES
2.2 THE STATISTICAL WEIGHT OF A MACROSTATE
2.3 EQUILIBRIUM OF AN ISOLATED SYSTEM
2.4 THE SCHOTTKY DEFECT*
2.5 EQUILIBRIUM OF A SYSTEM IN A HEAT BATH
3 PARAMAGNETISM
3.1 A PARAMAGNETIC SOLID IN A HEAT BATH
3.2 THE HEAT CAPACITY AND THE ENTROPY
3.3 AN ISOLATED PARAMAGNETIC SOLID
3.4 NEGATIVE TEMPERATURE
4 THE SECOND LAW OF THERMODYNAMICS II
4.1 THE SECOND LAW FOR INFINITESIMAL CHANGES
4.2 THE CLAUSIUS INEQUALITY
4.3 SIMPLE APPLICATIONS

4.4 THE HELMHOLTZ FREE ENERGY
4.5 OTHER THERMODYNAMIC POTENTIALS
4.6 MAXIMUM WORK
4.7 THE THIRD LAW OF THERMODYNAMICS
4.8 THE THIRD LAW (CONTINUED)
5 SIMPLE THERMODYNAMIC SYSTEMS
5.1 OTHER FORMS OF THE SECOND LAW
5.2 HEAT ENGINES AND REFRIGERATORS
5.3 THE DIFFERENCE OF HEAT CAPACITIES
5.4 SOME PROPERTIES OF PERFECT GASES
5.5 SOME PROPERTIES OF REAL GASES
5.6 ADIABATIC COOLING
6 THE HEAT CAPACITY OF SOLIDS
6.1 INTRODUCTORY REMARKS
6.2 EINSTEIN’S THEORY
6.3 DEBYE’S THEORY
7 THE PERFECT CLASSICAL GAS
7.1 THE DEFINITION OF THE PERFECT CLASSICAL GAS
7.2 THE PARTITION FUNCTION
7.3 VALIDITY CRITERION FOR THE CLASSICAL REGIME
7.4 THE EQUATION OF STATE
7.5 THE HEAT CAPACITY
7.6 THE ENTROPY
7.7 THE MAXWELL VELOCITY DISTRIBUTION
7.8 REAL GASES
7.9 CLASSICAL STATISTICAL MECHANICS
8 PHASE EQUILIBRIA
8.1 EQUILIBRIUM CONDITIONS

8.2 ALTERNATIVE DERIVATION OF THE EQUILIBRIUM
CONDITIONS
8.3 DISCUSSION OF THE EQUILIBRIUM CONDITIONS
8.4 THE CLAUSIUS-CLAPEYRON EQUATION
8.5 APPLICATIONS OF THE CLAUSIUS–CLAPEYRON
EQUATION
8.6 THE CRITICAL POINT
9 THE PERFECT QUANTAL GAS
9.1 INTRODUCTORY REMARKS
9.2 QUANTUM STATISTICS
9.3 THE PARTITION FUNCTION
10 BLACK-BODY RADIATION
10.1 INTRODUCTORY REMARKS
10.2 THE PARTITION FUNCTION FOR PHOTONS
10.3 PLANCK’S LAW: DERIVATION
10.4 THE PROPERTIES OF BLACK-BODY RADIATION
10.5 THE THERMODYNAMICS OF BLACK-BODY
RADIATION
11 SYSTEMS WITH VARIABLE PARTICLE NUMBERS
11.1 THE GIBBS DISTRIBUTION
11.2 THE FD AND BE DISTRIBUTIONS
11.3 THE FD AND BE DISTRIBUTIONS: ALTERNATIVE
APPROACH
11.4 THE CLASSICAL LIMIT
11.5 THE FREE ELECTRON MODEL OF METALS
11.6 BOSE–EINSTEIN CONDENSATION
11.7 THERMODYNAMICS OF THE GIBBS DISTRIBUTION
11.8 THE PERFECT CLASSICAL GAS
11.9 CHEMICAL REACTIONS

A MATHEMATICAL RESULTS
A.1 STIRLING’S FORMULA
A.2 EVALUATION OF
A.3 SOME KINETIC THEORY INTEGRALS
B THE DENSITY OF STATES
B.l THE GENERAL CASE
B.2 THE SCHRÖDINGER EQUATION
B.3 ELECTROMAGNETIC WAVES
B.4 ELASTIC WAVES IN A CONTINUOUS SOLID
APPENDIX C Magnetic systems*
APPENDIX D Hints for solving problems
Bibliography
Index
Conversion Factors

Copyright © 1971, 1988 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England
Telephone (+44) 1243 779777
Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wileyeurope.com or www.wiley.co.uk
Second Edition 1988

Reprinted November 1989, November 1991, October 1993, April and December 1994, July 199
March and November 1996, November 1997, October 1998, September 1999, October 200
September 2002, December 2003, November 2004, October 2005, October 2006, July 2007, June 200
February 2009, August 2010

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system o
transmitted in any form or by any means, electronic, mechanical, photocopying, recording, scannin
or otherwise, except under the terms of the Copyright, Designs and Patents Act 1988 or under th
terms of a licence issued by the Copyright Licensing Agency Ltd, 90 Tottenham Court Road, Londo
W1T 4LP, UK, without the permission in writing of the Publisher. Requests to the Publisher should b
addressed to the Permissions Department, John Wiley & Sons Ltd, The Atrium, Southern Gat
Chichester, West Sussex PO19 8SQ, England, or emailed to permreq@wiley.co.uk, or faxed to (+44
1243 770571.

This publication is designed to provide accurate and authoritative information in regard to the subje
matter covered. It is sold on the understanding that the Publisher is not engaged in renderin
professional services. If professional advice or other expert assistance is required, the services of
competent professional should be sought.
Other Wiley Editorial Offices
John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA
Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA
Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany
John Wiley & Sons Australia Ltd, 33 Park Road, Milton, Queensland 4064, Australia
John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809
John Wiley & Sons Canada Ltd, 22 Worcester Road, Etobicoke, Ontario, Canada M9W 1L1
British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library
ISBN 978-0-471-91532-4 (HB)
ISBN 978-0-471-91533-1 (PB)

THE MANCHESTER PHYSICS SERIES
General Editors: D. J. SANDIFORD; F. MANDL; A. C. PHILLIPS
Department of Physics and Astronomy, University of Manchester
PROPERTIES OF MATTER

B. H. FLOWERS and E. MENDOZA

OPTICS Second Edition

F. G. SMITH and J. H. THOMSON

STATISTICAL PHYSICS Second Edition F. MANDL
ELECTROMAGNETISM Second Edition I. S. GRANT and W. R. PHILLIPS
STATISTICS

R. J. BARLOW

SOLID STATE PHYSICS Second Edition

J. R. HOOK and H. E. HALL

QUANTUM MECHANICS

F. MANDL

PARTICLE PHYSICS Second Edition

B. R. MARTIN and G. SHAW

THE PHYSICS OF STARS Second Edition A. C. PHILLIPS
COMPUTING FOR SCIENTISTS

R. J. BARLOW and A. R. BARNETT

Editors’ preface to the Manchester Physics Series

The Manchester Physics Series is a series of textbooks at first degree level. It grew out of ou
experience at the Department of Physics and Astronomy at Manchester University, widely share
elsewhere, that many textbooks contain much more material than can be accommodated in a typic
undergraduate course; and that this material is only rarely so arranged as to allow the definition of
shorter self-contained course. In planning these books we have had two objectives. One was
produce short books: so that lecturers should find them attractive for undergraduate courses; so th
students should not be frightened off by their encyclopaedic size or their price. To achieve this, w
have been very selective in the choice of topics, with the emphasis on the basic physics together wi
some instructive, stimulating and useful applications. Our second objective was to produce book
which allow courses of different lengths and difficulty to be selected, with emphasis on differe
applications. To achieve such flexibility we have encouraged authors to use flow diagrams showin
the logical connections between different chapters and to put some topics in starred sections. Thes
cover more advanced and alternative material which is not required for the understanding of latt
parts of each volume.
Although these books were conceived as a series, each of them is self-contained and can be use
independently of the others. Several of them are suitable for wider use in other sciences. Eac
Author’s Preface gives details about the level, prerequisites, etc., of his volume.
The Manchester Physics Series has been very successful with total sales of more than a quarter of
million copies. We are extremely grateful to the many students and colleagues, at Manchester an
elsewhere, for helpful criticisms and stimulating comments. Our particular thanks go to the autho
for all the work they have done, for the many new ideas they have contributed, and for discussin
patiently, and often accepting, the suggestions of the editors.
Finally, we would like to thank our publishers, John Wiley & Sons Ltd, for their enthusiastic an
continued commitment to the Manchester Physics Series.

D. J. Sandifor
F. Man
A. C. Phillip
February 199

Preface to the Second Edition

My motivation for producing this second edition is to introduce two changes which, I believe, a
substantial improvements.
First, I have decided to give much greater prominence to the Gibbs distribution. The importance o
this formulation of statistical mechanics is due to its generality, allowing applications to a wide rang
of systems. Furthermore, the introduction of the Gibbs distribution as the natural generalization of th
Boltzmann distribution to systems with variable particle numbers brings out the simplicity of i
interpretation and leads directly to the chemical potential and its significance. In spite of i
generality, the mathematics of the Gibbs approach is often much simpler than that of othe
approaches. In the first edition, I avoided the Gibbs distribution as far as possible. Fermi–Dirac an
Bose–Einstein statistics were derived within the framework of the Boltzmann distribution. In th
second edition, they are obtained much more simply taking the Gibbs distribution as the starting poin
(For readers solely interested in the Fermi–Dirac and Bose–Einstein distributions, an alternativ
derivation, which does not depend on the Gibbs distribution, is given in section 11.3.) The shift i
emphasis to the Gibbs approach has also led me to expand the section on chemical reactions, both a
regards details and scope.
Secondly, I have completely revised the treatment of magnetic work in section 1.4, with some of th
subtler points discussed in the new Appendix C. As is well known, the thermodynamic discussion o
magnetic systems easily leads to misleading or even wrong statements, and I fear the first edition wa
not free from these. My new account is based on the work of two colleagues of mine, Albert Hillel an
Pat Buttle, and represents, I believe, an enlightening addition to the many existing treatments.
I have taken this opportunity to make some other minor changes: clarifying some argument
updating some information and the bibliography, etc. Many of these points were brought to m
attention by students, colleagues, correspondents and reviewers, and I would like to thank them all—
too many to mention by name—for their help.
I would like to thank Henry Hall, Albert Hillel and Peter Lucas for reading the material on the Gibb
distribution, etc., and suggesting various improvements. I am most grateful to Albert Hillel and P
Buttle for introducing me to their work on magnetic systems and for allowing me to use it, for man
discussions and for helpful comments on my revised account. It is a pleasure to thank David Sandifor
for his help throughout this revision, particularly for critically reading all new material, and Sand
Donnachie for encouraging me to carry out this work.
January 1987

FRANZ MAND

Preface to First Edition

This book is intended for an undergraduate course in statistical physics. The laws of statistic
mechanics and thermodynamics form one of the most fascinating branches of physics. This book wil
I hope, impart some of this fascination to the reader. I have discarded the historical approach o
treating thermodynamics and statistical mechanics as separate disciplines in favour of an integrate
development. This has some decisive advantages. Firstly, it leads more directly to a deepe
understanding since the statistical nature of the thermodynamic laws, which is their true explanatio
is put in the forefront from the very beginning. Secondly, this approach emphasizes the atomic natur
of matter which makes it more stimulating and, being the mode of thought of most working physicist
is a more useful training. Thirdly, this approach is more economical on time, an important factor i
view of the rapid expansion of science.
It is a consequence of this growth in scientific knowledge that an undergraduate physics course ca
no longer teach the whole of physics. There are many ways of selecting material. I have tried
produce a book which allows maximum flexibility in its use: to enable readers to proceed by th
quickest route to a particular topic; to enable teachers to select courses differing in length, difficul
and choice of applications. This flexibility is achieved by means of the flow diagram (on the insid
front cover) which shows the logical connections of the chapters. In addition, some sections a
marked with a star and some material, insufficient to justify a separate section, is printed on a tinte
background. Material distinguished in either of these ways may be omitted. It is not needed lat
except very occasionally in similarly marked parts, where explicit cross-references are always given.
My aim has been to explain critically the basic laws of statistical physics and to apply them to
wide range of interesting problems. A reader who has mastered this book should have no difficultie
with one of the more advanced treatises or with tackling quite realistic problems. I have limite
myself to systems in equilibrium, omitting irreversible thermodynamics, fluctuation phenomena an
transport theory. This was partly for reasons of time and space, but largely because these topics ar
hardly appropriate for a fairly elementary account. For this reason also, I have not discussed th
foundations of statistical physics but have based the theory on some simple intuitively plausib
axioms. The ultimate justification of this approach lies in its success.
The development of statistical physics which I have given is self-contained, but the level o
sophistication presupposes some previous acquaintance with the kinetic theory of gases, with th
elementary descriptive ideas of atomic physics and with the rudiments of quantum theor
Fortunately, very little of the latter is required.
Over the past ten years I have given various undergraduate and postgraduate courses on statistic
physics at Manchester University. In its present form, this book developed out of a course given t
second-year undergraduates in physics, chemical physics and electronic engineering. This course of 2
lectures, of 50 minutes each, approximately covered the unstarred sections of the book, as well as th
material of chapter 5 and of sections 7.5, 7.7, 11.4 and 11.5, * omitting all material printed on tinte
background. In addition, students were expected to solve about 20 problems. The answers we
corrected, returned together with sample solutions, and discussed in class.
The problems and hints for solving them form an important part of the book. Attempting th
problems and then studying the hints will deepen the reader’s understanding and develop his skill an
self-confidence in facing new situations. The problems contain much interesting physics which mig

well have found its way into the main body of the text.
This book was preceded by a preliminary edition which was used in my lecture course and was als
distributed fairly widely outside Manchester University. I have received many comments an
suggestions for improvements and additions from readers. I also had many stimulating discussion
with students and colleagues at Manchester. As a result the original text has been greatly improved.
would like to thank all these people most warmly; there are too many of them to thank them all b
name. However, I would like to express my appreciation for their help to Professor Henry Hall and t
Dr David Sandiford who read the whole manuscript and with whom I discussed difficult and obscu
points until—temporarily at least—they seemed clear. Not only was this intellectual pursuit of gre
benefit to this book, but to me it was one of the joys of writing it.
May, 1970

F. MAND
*In the second edition, the numbers of these sections have become 11.5 and 11.6.

CHAPTER 1
The first law of thermodynamics

1.1 MACROSCOPIC PHYSICS

Statistical physics is devoted to the study of the physical properties of macroscopic systems, i.
systems consisting of a very large number of atoms or molecules. A piece of copper weighing a fe
grams or a litre of air at atmospheric pressure and room temperature are examples of macroscop
systems. In general the number of particles in such a system will be of the order of magnitude o
Avogadro’s number N0 = 6 × 1023. Even if one knows the law of interaction between the particles, th
enormousness of Avogadro’s number precludes handling a macroscopic system in the way in whic
one would treat a simple system — say planetary motion according to classical mechanics or th
hydrogen molecule according to quantum mechanics. One can never obtain experimentally a comple
microscopic* specification of such a system, i.e. a knowledge of some 1023 coordinates. Even if on
were given this initial information, one would not be able to solve the equations of motion; some 10
of them!
In spite of the enormous complexity of macroscopic bodies when viewed from an atomist
viewpoint, one knows from everyday experience as well as from precision experiments th
macroscopic bodies obey quite definite laws. Thus when a hot and a cold body are put into therm
contact temperature equalization occurs; water at standard atmospheric pressure always boils at th
same temperature (by definition called 100 °C); the pressure exerted by a dilute gas on a containin
wall is given by the ideal gas laws. These examples illustrate that the laws of macroscopic bodies a
quite different from those of mechanics or electromagnetic theory. They do not afford a comple
microscopic description of a system (e.g. the position of each molecule of a gas at each instant o
time). They provide certain macroscopic observable quantities, such as pressure or temperature. Thes
represent averages over microscopic properties. Thus the macroscopic laws are of a statistical natur
But because of the enormous number of particles involved, the fluctuations which are an essenti
feature of a statistical theory turn out to be extremely small. In practice they can only be observe
under very special conditions. In general they will be utterly negligible, and the statistical laws will
practice lead to statements of complete certainty.
Fig. 1.1. Gas exerting pressure on movable piston, balanced by external applied force F.

To illustrate these ideas consider the pressure exerted by a gas on the walls of a containing vesse
We measure the pressure by means of a gauge attached to the vessel. We can think of this gauge as
freely movable piston to which a variable force F is applied, for example by means of a spring (Fi
1.1). When the piston is at rest in equilibrium the force F balances the pressure P of the gas: P = F/
where A is the area of the piston.
In contrast to this macroscopic determination of pressure consider how the pressure actually come
about.* According to the kinetic theory the molecules of the gas are undergoing elastic collisions wit
the walls. The pressure due to these collisions is certainly not a strictly constant time-independe
quantity. On the contrary the instantaneous force acting on the piston is a rapidly fluctuating quantit
By the pressure of the gas we mean the average of this fluctuating force over a time interv
sufficiently long for many collisions to have occurred in this time. We may then use the steady-stat
velocity distribution of the molecules to calculate the momentum transfer per unit area per unit tim
from the molecules to the wall, i.e. the pressure. The applied force F acting on the piston can of cours
only approximately balance these irregular impulses due to molecular collisions. On average th
piston is at rest but it will perform small irregular vibrations about its equilibrium position as
consequence of the individual molecular collisions. These small irregular movements are known a
Brownian motion (Flowers and Mendoza,26 section 4.4.2). In the case of our piston, and generall
these minute movements are totally unobservable. It is only with very small macroscopic bodies (suc
as tiny particles suspended in a liquid) or very sensitive apparatus (such as the very delica
suspension of a galvanometer — see section 7.9.1) that Brownian motion can be observed.
represents one of the ultimate limitations on the accuracy of measurements that can be achieved.
There are two approaches to the study of macroscopic physics. Historically the oldest approac
developed mainly in the first half of the 19th century by such men as Carnot, Clausius, William
Thomson (the later Lord Kelvin), Robert Mayer and Joule, is that of classical thermodynamics. This
based on a small number of basic principles—the laws of thermodynamics—which are deduction
from and generalizations of a large body of experiments on macroscopic systems. They a
phenomenological laws, justified by their success in describing macroscopic phenomena. They are n
derived from a microscopic picture but avoid all atomic concepts and operate exclusively wi
macroscopic variables, such as pressure, volume, temperature, describing the properties of systems
terms of these. Of course, the avoidance of atomic concepts severely limits the information th
thermodynamics can provide about a system. In particular, the equation of state (e.g. for an ideal ga
PV=RT) which relates the macroscopic variables and which distinguishes one system from anoth
must be derived from experiment. But there are many situations where a microscopic description
not necessary or not practicable and where thermodynamics proves its power to make far-reachin
deductions of great generality.*

The second approach to macroscopic physics is that of statistical mechanics. This starts from th
atomic constitution of matter and endeavours to derive the laws of macroscopic bodies from th
atomic properties. This line of approach originated in Maxwell’s kinetic theory of gases which led t
the profound works of Boltzmann and of Gibbs. There are two aspects to statistical mechanics. On
aim is to derive the thermodynamic laws of macroscopic bodies from the laws governing their atom
behaviour. This is a fascinating but very difficult field. Nowadays one has a fairly gener
understanding of the underlying physics but most physicists working in the field would probably agre
that no real proofs exist. In this book we shall not consider these aspects of statistical mechanics an
shall only give arguments which make the thermodynamic laws plausible from the microscop
viewpoint.
The second objective of statistical mechanics is to derive the properties of a macroscopic system —
for example, its equation of state — from its microscopic properties. Essentially this is done b
averaging over unobservable microscopic coordinates leaving only macroscopic coordinates such a
the volume of a body, as well as other macroscopic variables, such as temperature or specific hea
which have no counterpart in mechanics and which represent averages over unobservable microscop
coordinates.
This division of macroscopic physics into thermodynamics and statistical mechanics is largely o
historical origin. We shall not follow this development. Instead we shall emphasize the unity of th
subject, showing how the two aspects illuminate each other, and we shall use whichever is mor
appropriate.

1.2 SOME THERMAL CONCEPTS

Some of the variables which were introduced in the last section to describe a macroscopic system
such as its volume or pressure, have a direct meaning in terms of mechanical concepts, e.g. one ca
measure the pressure of gas in a container by means of a mercury manometer. However, some of th
concepts are quite foreign to mechanics. Of these the one most basic to the whole of statistic
thermodynamics is that of temperature. Originally temperature is related to the sensations of ‘hot’ an
‘cold’. The most remarkable feature of temperature is its tendency to equalization: i.e. if a hot and
cold body are put into thermal contact, the hot body cools down and the cold body warms up until bo
bodies are at the same temperature. This equalization is due to a net flow of energy from the hotter
the colder body. Such a flow of energy is called a flow of heat. When this flow of heat ceases, the tw
bodies are in thermal equilibrium. The basic fact of experience which enables one to compare th
temperatures of two bodies by means of a third body is that if two bodies are each in therm
equilibrium with a third body they are also in thermal equilibrium with each other. This statement
sometimes referred to as the zeroth law of thermodynamics. To measure temperature, one can utiliz
any convenient property of matter which depends on its degree of hotness, such as the electr
resistance of a platinum wire, the volume (i.e. length in a glass capillary) of a mass of mercury, th
pressure of a given mass of gas contained in a fixed volume. For each of these thermometers one ca
then define a Celsius (centigrade) scale by calling the temperatures of the ice and steam points* 0 °
and 100 °C and interpolating linearly for other temperatures. It turns out that these differe
temperature scales do not agree exactly (except at the fixed points, of course). They depend on th
particular thermometer used. We shall see presently that this arbitrariness is removed by the secon
law of thermodynamics which enables one to define an absolute temperature scale, i.e. one which

independent of the experimental arrangement used for measuring the temperature. The physic
meaning of the absolute temperature is revealed by statistical mechanics. It turns out to be a measu
of the energy associated with the molecular, macroscopically unobserved, motions of a system.
Above we considered temperature equilibrium. More generally, let us consider an isolated system
This system may be in a state containing all sorts of pressure differences, temperature gradient
inhomogeneities of density, concentrations, etc. A system in such a state is of course not i
equilibrium. It will change with time as such processes as pressure equalization, thermal conductio
diffusion, etc., occur. Left to itself, the system eventually reaches a state in which all these pressur
gradients, etc., have disappeared and the system undergoes no further macroscopically observab
changes. We call such a state an equilibrium state. Of course, this is not static equilibrium
Sufficiently refined experiments will show up the thermal motions, a typical example being Brownia
motion. The time that a system requires to reach equilibrium depends on the processes involved. I
general there will be several mechanisms, as we have seen; each will possess its own characterist
relaxation time. After a time long compared to all relaxation times the system will be in equilibrium.
On the other hand there are frequently situations where the relaxation time for a particular process
very long compared with the time for which a system is observed. One can then ignore this proce
altogether. It occurs too slowly to be of any consequence. In many cases the relaxation time is fo
practical purposes infinite. Consider a binary alloy, for example /3-brass which consists of Cu and Z
atoms in equal numbers. At sufficiently low temperatures, the stable equilibrium configuration of th
atoms is one where they are ordered in a regular mosaic-like pattern in the crystal lattice. No suc
ordering occurs at high temperatures. The two situations are schematically illustrated for a two
dimensional model lattice in Figs. 1.2(a) and (b). If such an alloy is rapidly cooled from a high to
low temperature, the atoms get ‘frozen’ into their instantaneous disordered pattern. This is
metastable state but the rate of migration of the atoms at the low temperature is so small that fo
practical purposes the disorder will persist for all times.
Fig. 1.2. Schematic two-dimensional model of a binary alloy: (a) in ordered state, (b) in disordered
state.

I n β-brass the Cu and Zn atoms each form a simple cubic lattice, the two lattices being
interlocked so that each Cu atom is at the centre of a cube formed by 8 Zn atoms, and vice
versa. There is an attractive force between the Cu and Zn atoms. At low temperatures this
attraction dominates over the comparatively feeble thermal motion resulting in an ordered
state, but at high temperatures the thermal agitation wins. The ordering shows up as extra
diffraction lines in x-ray diffraction, since the two types of atom will scatter x-rays differently.

We have discussed relaxation times in order to explain what is meant by equilibrium. Th
calculation of how long it takes for equilibrium to establish itself, and of non-equilibrium processe
generally, is extremely difficult. We shall not consider such questions in this book but sha
exclusively study the properties of systems in equilibrium without inquiring how they reache
equilibrium. But we shall of course require a criterion for characterizing an equilibrium state. Th
second law of thermodynamics provides just such a criterion.
The description of a system is particularly simple for equilibrium states. Thus for a fluid not
equilibrium it may be necessary to specify its density at every point in space as a function of tim
whereas for equilibrium the density is uniform and constant in time. The equilibrium state of a syste
is fully determined by a few macroscopic variables. These variables then determine all oth
macroscopic properties of the system. Such properties which depend only on the state of a system a
called functions of state. The state of a homogeneous fluid is fully determined by its mass M, volum

V, and pressure P. Its temperature T is then a function of state determined by these, i.e.

(1.1)
Eq. (1.1) is called the equation of state of the fluid. Of course, we could have chosen oth
independent variables to specify the state of the fluid, for example M, V and T, and found P from E
(1.1).
In our discussion of a fluid we tacitly assumed the characteristic property of a fluid: that i
thermodynamic properties are independent of its shape. This makes a fluid a very simple system
discuss. More complicated systems require a larger number of parameters to determine a unique sta
and lead to a more complicated equation of state. This mode of description of a system breaks down
its state depends not only on the instantaneous values of certain parameters but also on its previou
history, i.e. in the case of hysteresis effects such as occur in ferromagnetic materials or the plast
deformation of solids. In the former example the magnetization is not a unique function of the applie
magnetic field (Fig. 1.3); in the latter, the strain is not a unique function of the applied stress (Fi
1.4).*
Fig. 1.3. Hysteresis in a ferromagnetic material.

Fig. 1.4. Stress-strain relationship in a solid showing the hysteresis loop.

In general the equation of state of a substance is very complicated. It must be found fro
experiment and does not allow a simple analytic representation. The perfect (or ideal) gas is a
exception. For real gases, at sufficiently low pressures, the pressure and volume of a fixed mass of ga
are very nearly related by

(1.2)
at a given temperature. An equation such as (1.2), relating different states of a system, all at the sam
temperature, is called an isotherm. A perfect gas is defined to be a fluid for which the relation (1.2
holds exactly for an isotherm, i,e. a perfect gas represents an extrapolation to zero pressure from re

gases. We can use this to define a (perfect) gas temperature scale T by the relation

(1.3)
The gas temperature scale is then completely determined if we fix one point on it by definition. Th
point is taken as the triple point of water, i.e. the temperature at which ice, water and water vapou
coexist in equilibrium. The reason for this choice is that the triple point corresponds to a uniqu
temperature and pressure of the system (see section 8.3). The triple point temperature Ttr was chose
so that the size of the degree on the gas scale equals as nearly as possible the degree Celsius, i.
according to the best available measurements there should be a temperature difference of 100 degree
between the steam and ice points. This criterion led to

(1.4)
being internationally adopted in 1954 as the definition of the triple point. (Very accurat
measurements, in the future, of the steam and ice points on this temperature scale may result in the
temperature difference being not exactly 100 degrees.) In Eq. (1.4) we have written K (kelvin)
anticipation of the fact that the gas scale will turn out to be identical with the absolute thermodynam
temperature scale. (Older notations for K are deg. or °K.) Any other absolute temperature is then, i
principle, determined from Eqs. (1.3) and (1.4). The temperature of the ice point becomes 273.15 K.
The constant of proportionality, still missing in Eq. (1.3), is determined from accura
measurements with gas thermometers. For one mole (we shall always use the gram-mole) of gas on
finds that
(1.5)
with the gas constant R having the value
(1.6)
From Avogadro’s number
(1.7)
we can calculate Boltzmann’s constant k, i.e. the gas constant per molecule
(1.8)
The equation of state of a perfect gas consisting of N molecules can then be written

(1.9)
The physically significant quantity in this equation is the energy kT. Under classical conditions, i.
when the theorem of equipartition of energy holds (see, for example, section 7.9.1 below, or Flowe
and Mendoza,26 sections 5.3 and 5.4.4), kT is of the order of the energy of one molecule in
macroscopic body at temperature T. By contrast, Boltzmann's Constant is merely a measure of the siz
of the degree Celsius. At T = 290K (room temperature)
(1.10)
where we introduced the electron-volt (eV):

(1.11)
The electron-volt is a reasonably-sized unit of energy on the atomic scale. For example, the ionizatio

energy of atoms varies from about 4 eV to about 24 eV; the cohesive energy of solids varies from
about 0.1 eV to about 10 eV per molecule, depending on the type of binding force.

1.3 THE FIRST LAW

We shall now consider the application of the universally valid principle of conservation of energy t
macroscopic bodies. The new feature, which makes this different from merely a very complicate
problem in mechanics, is that we do not want to describe the system on the microscopic scale, i.e.
terms of the individual molecular motions. This is of course impossibly complicated. Instead we wa
to describe the motion associated with these internal degrees of freedom in terms of macroscop
parameters.
Consider a system enclosed in walls impervious to heat transmission. Such walls are calle
adiabatic walls. (In practice one uses a dewar flask to obtain these conditions.) We can change th
state of such a thermally isolated system by doing work on it. There is overwhelming experiment
evidence that for a change from a definite state 1 to another definite state 2 of the system the sam
amount of work W is required irrespective of the mechanism used to perform the work or th
intermediate states through which the system passes. Historically the earliest precise evidence come
from Joule’s work, published in 1843, on the mechanical equivalent of heat. He produced give
changes of state in a thermally isolated liquid in different ways. These included vigorously stirring th
liquid with a paddle-wheel driven by weights (Fig. 1.5) and supplying electrical work by inserting
resistor carrying a current in the liquid (Fig. 1.6). The work done on the system — known in the fir
case from the motion of the weights, in the second from the current through the resistor and th
potential drop across it — is the same in both cases.
We can hence define a function of state E, such that for a change from a state 1 to a state 2 of
thermally isolated system the work done on the system equals the change in E:

(1.12)
E is called the energy of the system. Except for an arbitrary choice of the zero of the energy scale (i.
of the energy of a standard reference state) Eq. (1.12) determines the energy of any other state.
Suppose we now consider changes of state of the system no longer thermally isolated. It turns o
that we can in general still effect the same change from state 1 to state 2 of the system but in gener
the work W done on the system does not equal the increase in energy ΔE of the system. We define th
deficit

(1.13)
as the heat supplied to the system. Eq. (1.13) is the general statement of the first law o
thermodynamics. It is the law of conservation of energy applied to processes involving macroscop
bodies. The concept of heat, as introduced here, has all the properties associated with it fro
calorimetry experiments, etc. These are processes in which no work is done, the temperature change
being entirely due to heat transfer.
Let us consider how the energy E of a given state of a macroscopic system subdivides. (Fo
definiteness you might think of the system as a gas or a crystal.) According to the laws of mechanic
the energy E is the sum of two contributions: (i) the energy of the macroscopic mass motion of th
system, (ii) the internal energy of the system.

Fig. 1.5. Schematic picture of Joule's paddle-wheel experiment. A system for doing mechanical work
on the liquid in the calorimeter.

Fig. 1.6. A system for doing electrical work on the liquid in the calorimeter.

The energy of the mass motion consists of the kinetic energy of the motion of the centre of mass o
the system, plus any potential energy which the system might possess due to the presence of a
external field of force. For example, the system might be in a gravitational field. In statistical physic
one is usually interested in the internal properties of systems, not in their macroscopic mass motio
Usually we shall be considering systems at rest and the potential energy of any external fields will b
unimportant so that we shall not distinguish between the energy and the internal energy of a system.
The internal energy of a system is the energy associated with its internal degrees of freedom. It
the kinetic energy of the molecular motion (in a frame of reference in which the system is at rest) plu
the potential energy of interaction of the molecules with each other. In an ideal gas at rest the intern
energy is the sum of the kinetic energies of the translational motions of the molecules plus the intern
energies of the molecules due to their rotations, etc. In a crystal the internal energy consists of th
kinetic and potential energies of the atoms vibrating about their equilibrium positions in the cryst
lattice. Thus the internal energy is the energy associated with the ‘random’ molecular motion of th
system. We shall see later that the temperature of a system is a measure of its internal energy, whic
is therefore also called the thermal energy of the system.
The internal energy of a system is a function of state. For a fluid we could write E = E(P, T) or E
E(V, T), depending on which independent variables we choose to specify the state of the fluid. (W

have suppressed the dependence on the mass of the fluid in these expressions for E as we shall usual
be considering a constant mass, i.e. size of system, and are only interested in the variation of the oth
variables. In most cases the dependence on the size is trivial.) Thus for the change of a system from
state 1 to a state 2, ΔE in Eq. (1.13) is the difference of two energies, E1 and E2, for these two states a
given by Eq. (1.12). By contrast Q and W are not changes in functions of state. There exists n
function of state ‘heat of a system’ such that the system has a definite ‘heat’ in state 1 and a definit
‘heat’ in state 2, with Q the difference of these ‘heats’. Similarly there exists no function of sta
‘work of a system’ such that the system has a definite ‘work’ in state 1 and a definite ‘work’ in state
with the difference of these ‘works’. It follows that there is no conservation of ‘heat’ by itself, no
conservation of ‘work’ by itself. We only have conservation of energy, given by Eq. (1.13). Work an
heat flow are different forms of energy transfer. The physical distinction between these two modes
that work is energy transfer via the macroscopically observable degrees of freedom of a system
whereas heat flow is the direct energy transfer between microscopic, i.e. internal, degrees of freedom
For examples of these two modes of energy transfer we again consider a gas. If the gas is contained
a thermally isolated cylinder, closed off at one end by a movable piston (Fig. 1.7), then work can b
done on the gas by compressing it. The macroscopic degree of freedom here corresponds to th
position coordinate x of the piston. During the compression the gas is warmed up. From the molecul
standpoint this warming up comes about because in elastic collisions with the moving piston th
molecules gain energy which, as a result of subsequent collisions between molecules, is shared by a
of them. Next assume that the gas is contained in a vessel with fixed walls and that there exists
temperature gradient in the gas. If we consider an element of area normal to this gradient, then a n
transport of energy occurs across this area. This is the process of thermal conduction in the gas. I
explanation on the molecular scale is that molecules traversing this element of area from opposi
sides possess different kinetic energies on average, corresponding to the different temperatures whic
exist in the regions from which those molecules came (for details, see Flowers and Mendoza,
Chapter 6, or Present,11 Chapter 3).
Fig. 1.7. Adiabatic compression of a gas.

Eq. (1.13) expresses the conservation of energy for finite changes. For infinitesimal changes w
correspondingly write

(1.14)
Here dE is the infinitesimal change in the energy of the system, brought about by an infinitesim
amount of work đW and an infinitesimal heat transfer đQ. We write đ W and đQ (not dW and dQ)
emphasize that, as discussed, these infinitesimal quantities are not changes in functions of state.
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