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Introduction: 

        Statistical mechanics is a scheme for studying the macroscopic properties of 

systems in terms of their microscopic properties. It is mechanics because it deals 

with mechanical systems, and statistical because it makes only imprecise (or 

statistical) predictions. The general character of statistical mechanics (classical or 

quantum), which applies only to the idealised situation in which we obtain 

complete information concerning the motion of a mechanical system. 

 Statistical mechanics aims to study the physical properties of a mechanical 

system in a situation when the description is incomplete. The basic mathematical 

tool in this approach is the theory of probability. Only statistical or probabilistic 

consideration can yield a theory which predicts macroscopic properties from an 

atomic model of the system. It is also important to note that the statistical 

mechanics is concerned with the relationship between macroscopically measurable 

parameters (i.e. macroscopic variables), such as volume, pressure, temperature, etc. 

 It is important to understand the difference between statistical mechanics 

and thermodynamics, as both deal with common fields. Thermodynamics is based 

on some basic postulates called the laws of thermodynamics from which all the 

thermodynamic properties can be deduced. However, thermodynamics gives no 

information at all regarding the explanation of thermodynamic properties of the 

system on the basis of a molecular theory. It is  statistical  mechanics that provides 

a molecular theory of the thermodynamic properties of a macroscopic system. 

Thus, statistical mechanics connects mechanics with thermodynamics or in other 

words it bridges the gap between mechanics and thermodynamics. 

 Statistical mechanics may be divided into two parts: the theory of 

equilibrium state and the theory of nonequilibrium state. In the first case, we deal 

with the situation in which probabilities and average values are independent of 

time. However, in the second case, we need to consider probabilities and average 

values depending on time. This helps us understand the process through which a 



physical system, initially in a nonequilibrium state, approaches a state of 

equilibrium in course of time. 

Further, statistical mechanics may be of  two types: classical and quantum, 

depending on the character of the constituent particles, such as atoms and 

molecules of the system. When the atoms and molecules constituting the system 

are governed by the laws of classical mechanics, the corresponding statistical 

mechanics is called classical statistics. On the other hand, if the constituent 

particles are governed by the quantum laws, the corresponding statistical 

mechanics is called quantum statistics. 

 The scope of statistical mechanics is very wide. It is applicable to all 

phenomena of macroscopic bodies whose behaviour cannot be completely 

described by the theory of mechanics (classical or quantum), i.e., it is applicable to 

physics, chemistry, material science, astronomy and even biology. The objective of 

statistical mechanics is to explain the macroscopic properties of a system on the 

basis of the dynamical behaviour of its constituent particles. 

                                       UNIT- I : THERMODYNAMICS 

Thermodynamical laws and the consequences: 

 In thermodynamics, a system is a definite quantity of matter bounded by 

some closed surface. A thermodynamic system may consist of a large number of 

material particles (e.g. molecules, atoms, etc.) or of field quantities such as 

electromagnetic radiation. The matter and space external to a system is called its 

surrounding (or environment). A system and its surrounding taken together is 

called the universe. Thus the system is a part of the universe. The thermodynamic 

state of a system can be represented by specifying its pressure P, volume V and 

temperature T. These parameters (P, V, T) provide a macroscopic description of 

the system and known as thermodynamic parameters or variables. If the 

thermodynamic variables are independent of time, the system is said to be in a 

steady state, i.e. the system is in equilibrium  

  These thermodynamic variables are connected by the functional relationship 

  F(p, v, t) = 0 



It is generally known as equation of state. A thermodynamic process is a change 

in the state variable of the system.  

 Any change in thermodynamic coordinates of a system is called a process. 

Whenever work is done by the surroundings or by some external agency or vice 

versa a process is said to be occurring. If a process is carried out in such a way that 

at every instant the pressure, temperature and density of each homogenous portion 

of a system remain essentially uniform the process is called reversible. Thus a 

reversible process can be defined as a succession of equilibrium state or states that 

depart only infinitesimally from equilibrium. Such a process must take place 

slowly in a controlled manner. If there are departures from uniformity, the process 

is called irreversible. An irreversible process may be defined as a process which 

produces a permanent change in thermodynamic state of the system and cannot be 

retraced in the opposite order. 

 

 If a thermodynamic system is perfectly conducting to the surroundings and 

undergoes a physical process in such a way that its temperature remains constant 

throughout, the process is said to be isothermal process . In such a process the 

heat developed or heat lost is given out to, or taken from, the surrounding in such a 

way that the temperature of the system remains constant. 

 If a thermodynamic system is perfectly insulated from the surroundings and 

undergoes a process in such a way that no exchange of heat takes place between it 

and surroundings, the process is said to be adiabatic process. In such a process no 

heat is allowed either to enter the system or to leave it; but all along the process 

there is a change in temperature. 

 If a thermodynamic system undergoes a process in such a way that the 

pressure remains constant throughout, the process is said to be isobaric process. 

 If a thermodynamic system undergoes a process in such a way that the 

volume remains unchanged, the process is called isochoric process. 

 Thermodynamics is an empirical science based on four postulates known as 

laws of thermodynamics namely  



(i) Zeroth law of thermodynamics: which provides the thermodynamic definition 

of temperature. 

(ii) First law of thermodynamics: which is the law of conservation of energy, 

applied to thermodynamic system. 

(iii) Second law of thermodynamics: which determines the direction of evolution 

of thermodynamic process. 

(iv) Third law of thermodynamics: which imposes constraints on the process. 

 From these laws all the equilibrium properties of system may be deduced 

logically. 

1.1 Zeroth law of thermodynamics  

 According to the zeroth law of thermodynamics, if two systems are in 

thermal equilibrium with a third system, then they must be in thermal equilibrium 

with one another. 

 This statement forms the basis of concept of temperature. All the three 

systems can be said to possess a property that ensures their  being in thermal 

equilibrium with each other. This property is called temperature. Thus temperature 

a system may be defined as the property that determines whether of not the system 

is in thermal equilibrium with the neighbouring systems. 

 Consider three fluids A, B and C. Let PAVA ; PB VB and PC VC. Then, if A 

and B are in thermal equilibrium, 

 ϕ1(PA, VA) = ϕ2(PB, VB) or 

 f1(PA, VA, PB, VB) = 0                                 (1.1.1) 

which may be solved to get PB = F1[PA, VA, VB] 

Similarly, when B and C are in thermal equilibrium  

 PB = F2[PC, VC, VB]                                   (1.1.2) 

For A and C to be in thermal equilibrium separately, eqns (i) and (ii) provide 

 F1 [PA, VA, VB] = F2 [PC, VC, VB] (1.1.3) 



But A and C are also in thermal equilibrium with one another when they are in 

thermal equilibrium with B separately 

 F3(PA, VA, PC, VC) =0 (1.1.4) 

Comparing (3) and (4) we see that eqn (3) contains a variable VB whereas eqn (4) 

does not have it. It indicates as  

 ϕ1(PA, VA) = ϕ2 (PC, VC) (1.1.5) 

As a general rule 

 ϕ1(PA,VA) = ϕ2( PB, VB) = ϕ3(PC, VC) (1.1.6) 

which shows that the three functions have the same numerical  value inspite of the 

fact that the parameters (P, V) of each are different. This numerical value is termed 

as the temperature T of the body. Hence 

 ϕ (P, V) = T  (1.1.7) 

and is called the equation of state of fluid. 

1.2 First law of thermodynamics 

Let a system changes from an initial state A to a final state B. In this process, let 

the system absorb an amount of heat ∆Q and perform an amount of work ∆W, then 

according to the first law of thermodynamics  

 ∆U = ∆Q - ∆W (1.2.1) 

where ∆U is the change in internal energy of the system and given by  

 ∆U = UB - UA                                                        (1.2.2) 

UA and UB are the internal energy of the systems in the states A and B, 

respectively.  

 The internal energy is a function of state of the system only. It may be 

regarded as partly kinetic energy arising from the motion of the particle and partly 

potential energy arising from the attraction among the particles of the system. 

 When the charge is infinitesimally small, Eq.(1.2.1) can be written as  



 dU = dQ - ∆W (1.2.3) 

This is mathematical form of the first law of thermodynamics. 

The first law may be stated in a more elaborate form as : 

When a system changes from an initial state A to a final state B, the increase in 

internal energy ∆U of the system is the algebraic sum of the work ∆W, the heat ∆Q 

and mass action quantity ∆Z, which it receives from its surrounding . Thus 

 ∆U = ∆W+∆Q+∆Z  (1.2.4) 

Let us consider an infinitesimal process in which the change in volume is dV at the 

pressure P, then the work done is given by  

 dW = PdV 

then substituting this value in Eq.(1.2.3) the first law of thermodynamics is 

expressed in the form 

 dU = dQ - PdV (1.2.5) 

Here ∆Z is absent. 

In a quasi-static infinitesimal process the work done is given by  

 dW = PdV+ΣiFidai  (1.2.6) 

where Fi is the generalized force and ai the generalized coordinate of the system.  

If dNi be the change in number of molecules of the ith component f the system due 

to surrounding and µi the chemical potential per molecule of the ith component of 

the system, then  

 ∆Z = ΣiµidNi (1.2.7) 

Substituting these values in (1.2.4), we get 

 dU  =  dQ - PdV +  ΣiFidai +  ΣiµidNi (1.2.8) 

 The first law of thermodynamics simply states that heat and work are 

mutually convertible in carrying out a process. However, it does not specify the 



direction of the process under consideration. It has been assumed that ever change 

of thermodynamic state can take place in any direction. Everyone knows from 

experiments that the interchange of heat and work differs in a fundamental way. 

There exists some directional law in this case, which imposes a limitation on 

transformation of energy. This is the second law of thermodynamics. 

 

1.3 Second law of thermodynamics 

The second law of thermodynamics is concerned with the method of 

transformation of heat into mechanical work and the direction on which the natural 

process involving energy change occur. 

 Carnot, while explaining the heat engine, established that it is impossible to 

convert heat completely into work. Further we see that even for the partial 

conversion of heat into work ,heat must be extracted from a hot body and the 

portion of heat not converted into work must be given up to a cold body ,so that the 

flow of heat is governed by the temperatures, irrespective of the nature of the 

working  substance. this principle is generally known as the second law of 

thermodynamics. 

The second law is an empirical law. It has been started in many ways, which are, of 

course, all equivalent. we express two equivalent statements of the second  law in 

the following forms. 

(i)Kelvin statement: "It is impossible to convert all heat taken form a body of 

uniform temperature into work without causing other changes" 

(ii)Claussius statement: "It is impossible for a self acting machine, unaided by 

any external agency, to transfer heat from a cold body to a hot body". 



  

Fig.1.1 (a) carnot Engine 

 

Fig.1.1 (b) carnot Cycle 
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The  statement  of  the  second law is based upon the working of a heat engine. A  

Carnot heat engine is an idealized engine, in which all steps are reversible. We 

show the Carnot Cycle for an ideal working gas in Fig. 1.1, which operates in four 

steps. In step AB, the amount of heat Q1, is absorbed by the gas from the source at 

temperature T1. The gas expands isothermally and does work in the process. The 

next step BC is adiabatic, so the temperature falls to T2, and further work done. In 

the next step CD, the heat (-Q2) given off to the reservoir at lower temperature T2 

and the work is done on the gas. Finally the step DA returns the gas to its original 

state adiabatically and further work is done on the gas. The efficiency, ɳ, of the 

reversible engine is defined by  

 η= 1-Q2/Q1  =  1-T2/T1   (1.3.1) 

For an irreversible engine, however, the efficiency is less than that of a reversible 

engine, so that 

 η = 1-Q2/Q1  <  1-T2/T1 (1.3.2) 

From (1.3.1) and (1.3.2), we get 

 (Q1/T1)  + (Q2/T2)  ≤  0                                          (1.3.3) 

This is known as the Clausius inequality for a cycle. The equality sign holds for a 

reversible cycle. This inequality can be generalized for an arbitrary cycle. Thus 

 Σ Qi /Ti ≤ 0 (1.3.4) 

This expression is called the Claussius inequality and is valid for any cycle. In the 

limit of the infinitesimal small cycles, the Clausius inequality can be expressed as 

 ɠdQ/T ≤ 0                                                                 (1.3.5) 

where the equality sign hold for reversible cycles. 

1.4 Entropy 

 The Clausius inequality gives the definition of a state property known as 

entropy of a system. If ∆Q be the quantity of heat absorbed (or liberated) at a 



temperature T, when a system changes from one state to another, then the change 

in entropy ∆S of the system is defined by the relation 

 ∆S = (∆Q/T)R (1.4.1) 

for a reversible process. 

If the states lie very close together and dQ be the quantity of heat absorbed or 

liberated at the temperature T, then the change in entropy is given by  

 dS = (dQ/T)R (1.4.2) 

This is a mathematical expression of the second law. Then the change in entropy of 

a system for a reversible process from state B to state A is  

 SA-SB =∫ (
𝑑𝑄

𝑇
)

𝐴

𝐵
 R (1.4.3) 

This is a definition of entropy due to Clausius. It gives a method of measuring the 

change in entropy only. The definition does not give us method of measuring an 

absolute value of the entropy of the system. 

Let us now consider the change in entropy in a reversible cycle. Using the 

definition of entropy (1.4.2) in the Clausius inequality for a reversible cycle, we 

get 

 ɠdS = ɠ(dQ/T)R = 0 (1.4.4) 

Thus the entropy remains constant during a reversible cycle.  

 Let us consider the change in entropy in an irreversible process. Let a system 

moves from state A to state B by a reversible process R and return to state A by 

irreversible process I. These two processes together form a cycle. The Clausius 

inequality in this case can be written as  

 ɠ(dQ/T) = ∫ (
𝑑𝑄

𝑇
)

𝐵

𝐴
 R + ∫ (

𝑑𝑄

𝑇
)

𝐴

𝐵
 I < 0  

 or 

 ∫ (
𝑑𝑄

𝑇
)

𝐴

𝐵
 R > ∫ (

𝑑𝑄

𝑇
)

𝐴

𝐵
 I (1.4.5) 



 

For a reversible process, the change in entropy is given by  

 SA - SB = ∫ (
𝑑𝑄

𝑇
)

𝐴

𝐵 R  (1.4.6) 

Hence the change in entropy for an irreversible process is  

 SA - SB > ∫ (
𝑑𝑄

𝑇
)

𝐴

𝐵 I (1.4.7) 

 

Combining together (1.4.6) and (1.4.7), the change in entropy for any process is 

given by  

 SA - SB  ≥  ∫ (
𝑑𝑄

𝑇
)

𝐴

𝐵
                                                           (1.4.8)            

or in differential form 

 dS  ≥  (dQ/T) (1.4.9) 

Thus the entropy of the system always increase in an irreversible process and in the 

limiting case of reversible process ds = (dQ/T) 

when we consider an isolated system dQ = 0 then (1.4.9) gives 

 (dS) isolated  ≥  0 (1.4.10) 

Where the equality sign stands for the reversible process. Thus the entropy of an 

isolated system either increases or in the limit remains constant. Eq.(1.4.10) is 

known as the principle of increase of entropy. Thus in the irreversible process 

the entropy of the system increases and tends to attain a maximum value. 

 

 

 

 



1.5 Thermodynamic Functions 

We consider a system undergoing an infinitesimal reversible process from one 

equilibrium state to another. The first and second laws of thermodynamics gives a 

single relation 

 dU= TdS  - PdV (1.5.1) 

Thus the internal energy U is regarded as a function of the variables S and V.  

Using the relation 

 d(PV) = PdV + VdP (1.5.2) 

We can write (1.5.1) as  

 dH = TdS + VdP (1.5.3) 

where  

 H = U + PV  (1.5.4) 

is known as enthalpy. Here H is a function of independent variables S and P in 

place of S and V. 

 Again using the relation 

 d(TS) = TdS + SdT (1.5.5) 

(1.5.1) can be written as  

 dA = -SdT - PdV       (1.5.6) 

where 

 A = U - TS                                                              (1.5.7) 

is called Helmholtz free energy (or Helmholtz function). It is a function of 

independent variables T and V. 

Using (1.5.2) and (1.5.5), we can write (1.5.1) in the form 

 dG = -SdT + VdP (1.5.8) 



 

where 

 G = U - TS + PV 

      = A + PV 

    = H - TS                                                            (1.5.9) 

G is known as Gibb's function (or Gibb's thermodynamic potential). It is a 

function of independent variables T and P. 

The quantities U,  H,  A and G are all known as thermodynamic potentials. They 

are all extensive properties of the system and have the dimensions of energy. P, V, 

T and S are variables, which describe the thermodynamic state of the system. 

 Since dU, dH, dA and dG are exact differentials., we obtain  

 T = (∂U/∂S)V = (∂H/∂S)P                                                     (1.5.10a) 

 P = (∂U/ ∂V)S = -( ∂A/ ∂V)T (1.5.10b) 

 V = (∂H/ ∂P)S = (∂G/ ∂P)T (1.5.10c) 

 S = (∂A/ ∂T)V = -( ∂G/ ∂T)P (1.5.10d) 

and 

 (∂T/ ∂V)S = (∂P/ ∂S)V (1.5.11a) 

 (∂T/ ∂P)S = (∂V/ ∂S)P (1.5.11b) 

 (∂P/ ∂T)V = (∂S/ ∂V)T (1.5.11c) 

 (∂V/ ∂T)P = -( ∂S/ ∂P)T (1.5.11d) 

 

(1.5.11) are known as Maxwell's four thermodynamic relations. 

In an isothermal process, where T is constant, we have from (1.5.6)  

 dA = -PdV 



 or  

 (∂V/ ∂V)T = -P 

and from (1.5.8) 

 dG = VdP 

 or 

 (∂G/ ∂P)T = V 

substituting these values in the expression of G, we get 

 G = A - V (∂A/ ∂P)T (1.5.12) 

 and 

 A = G-P (∂G/ ∂P)T  (1.5.13) 

In an isobaric process , where P is constant, (1.5.8) gives 

 dG = -SdT 

 or  

 (∂G/ ∂T)P = -S 

Thus the entropy is a measure of rate of change of Gibb's function with 

temperature at constant pressure. Substituting this value in the expression of G, we 

get 

 H = G-T (∂G/ ∂T)P  (1.5.14) 

 

In an isochoric process, where v is constant, (1.5.6) leads to  

 dA = -SdT 

 or 

 (∂A/ ∂T)V = -S 



Thus the entropy is a measure of the rate of change of free energy with temperature 

at constant volume. 

 Substituting this value of S in the expression of A, we obtain 

 U = A - T (∂A/∂T)V (1.5.15) 

(1.5.14) and (1.5.15) are known as Gibb's - Helmholtz relation. They are very 

important relation of thermodynamics. 

 Since dQ = TdS, the specific heat at constant volume CV is  

 CV = (dQ/dT)V = T(∂S/∂T)V = (∂U/∂T)V (1.5.16) 

as TdS = dU + PdV and that at constant pressure CP 

 CP = (dQ/dT)P  = T(∂S/∂T)P = ( ∂H/∂T)P (1.5.17) 

since TdS = dH-VdP 

Let us consider the entropy S of a system as a function of T and V, then 

 dS = (∂S/∂T)V dT + (∂S/∂V)T dV 

Multiplying both sides by T we get 

 TdS = CVdT = T(∂S/∂V)T  dV (1.5.18) 

Using the Maxwell relation 

 (∂S/∂V)T  = (∂P/∂T)V 

(1.5.18) can be expressed as 

 TdS = CVdT + T(∂P/∂T)VdV (1.5.19) 

This is known as the first TdS equation, 

On the other hand, if S is a function of T and P,then 

 dS = (∂S/∂T)V dT + (∂S/∂P)T dP 

 or 



 TdS = CPdT + T(∂S/∂P)T dP (1.5.20) 

Using the Maxwell's relation 

 (∂S/∂P)T = - (∂V/∂T)P 

(1.5.20) can be expressed as 

 TdS = CPdT - T (∂V/∂T)P dP (1.5.21) 

This is known as the second TdS equation. 

 These TdS equations are very important since they serve as tools to derive 

many thermodynamic properties of a system. 

Equating (1.5.19) and (1.5.21), we get 

 dT = (T/(CP-CV)) (∂P/∂T)dV + (T/(CP - CV) (∂V/∂T)P dP         (1.5.22) 

This shows that T is a function of V and P then 

 dT = (∂T/∂V)PdV + (∂T/∂P)dP                     (1.5.23) 

Comparing (1.5.22) and (1.5.23), we get a result for CP - CV as 

 CP - CV = T (∂V/∂T)P (∂P/∂T)V           (1.5.24) 

With the help of cyclic relation 

 (∂P/∂T)V (∂T/∂V)P (∂V/∂P)T = -1 

 CP - CV = -T (∂P/∂V)T(∂V/∂T)
2
P                            (1.5.25) 

From this equation, we draw the following conclusions: 

(i) The quantity (∂P/∂V)T is always negative whereas (∂V/∂T)
2
P is positive, so (CP-

CV) can never be negative and CP>CV. 

(ii) At T→ 0,CP → CV, which means that at absolute zero, the two specific heats 

are equal. 

(iii) when (∂V/∂T)P =0, CP = CV 



 (1.5.25) can be expressed in terms of experimentally known quantities such 

as the co-efficient of volume expansion  β and thermal compressibility KT defined 

as 

 β = 3α = (1/V) (∂V/∂T)P 

 KT = 𝐸𝑇
−1 = -(1/V) (∂V/∂P)T 

where α is the co-efficient of linear expansion and ET is the isothermal elasticity. 

Then (1.5.25)can be expressed as 

 CP - CV = TV β
2
/KT (1.5.26) 

 

1.6 Third Law of Thermodynamics: Nernst Heat Theorem 

 From the second law of thermodynamics, we define the entropy of a system 

up to an arbitrary additive constant. If we take a state O as the reference state of the 

system, then the entropies of the system in the states α and β are given by 

          Sα(T) = 𝑆𝛼
0 + ∫ (Cα/T) dT

𝑇

0
                  (1.6.1) 

         Sβ(T) = 𝑆𝛽
0 + ∫ (Cᵦ/T) dT

𝑇

0
                  (1.6.2) 

using the relation 

         C α = CT
α
 

where α > 1, and C is constant, we get 

        Sα(T) = 𝑆𝛼
0 + (CT

α 
/ α) (1.6.3) 

       S β(T) = 𝑆𝛽
0 + (CT

β
 / β) (1.6.4) 

These relation show that the entropy approaches absolute zero. Further it is found 

that the constant value at absolute zero is the same regardless of the chemical state. 

Thus 



           𝑆𝛼
0 = 𝑆𝛽

0 = S
0
 

These facts led Nernst to state that 

       ∆S T→0 
Lim  = 𝑆𝛼

0 - 𝑆𝛽
0  = 0 (1.6.5) 

where ∆S = Sα(T) - Sβ(T), i.e. " in any isothermal reversible process, the change in 

entropy of a condensed system approaches zero as the temperature approaches 

zero". This is known as the Nernst heat theorem. 

 Later, Planck concluded that the entropy of all crystalline solids is same at 

absolute zero. The arbitrary constants of (1.6.1) or (1.6.2) can be taken as zerol 

Thus according to Planck, it can be stated that "the entropy of a perfect crystal at 

absolute zero is zero". Mathematically it can be stated as  

       S T→0 
Lim  = S

0
 = 0 (1.6.6) 

This statement is known as the third law of thermodynamics. 

 Nernst's heat theorem is a macroscopic manifestation of quantum effects and 

can be deduced from quantum statistics, where quantum states are discrete. It can 

not be proved in purely classical statistics.  

 Let us discuss the consequence of Nernst's heat theorem. With the help of 

the second TdS equation, we obtain 

 (∂S/∂T)P = CP/T 

 (∂S/∂P)T = -(∂V/∂T)P 

giving 

         (∂CP/∂P)T = T (∂
2
S/∂P∂T)P = T (∂

2
S/∂T∂P)= -T((∂

2
V/∂T

2
)P  (1.6.7) 

The coefficient of thermal expansion β is expressed as  

        Vβ =  (∂V/∂T)P = -(∂S/∂P)T                                (1.6.8) 

 



Since the entropy S at a temperature T is given by 

 S =∫ (Cᴘ/T) dT
𝑇

0
  

We can write  

         Vβ = - ∫ ((∂Cᴘ/ ∂P)т(1/T)) dT
𝑇

0
                        (1.6.9) 

Substitution of (1.6.7) into (1.6.9) leads to  

       Vβ =  ∫ (∂²V/ ∂T²)P dT 
𝑇

0
 = [(∂V/∂T)P]T - [(∂V/∂T)P]T            (1.6.10) 

Hence 

      β → 0T→0 
Lim                       (1.6.11) 

Thus the coefficient of volume expansion β vanishes as T tends to zero. 

Similarly, using the first TdS equation it can be shown that 

       Lim (∂P/∂T)V → 0 

The most important consequence of Nernst's theorem is the unattainability of 

absolute zero. In order to obtain the unattainability, we use the experimental 

expansion of CP at low temperature, which is expressed as  

         CP = T
l
 (α0+ α1T+ α2T

2
+..)                                                            (1.6.12) 

where l is a positive number and α0, α1, α2,...are function of P. 

Substituting (1.6.12) in (1.6.9), we get 

         Vβ = - T
1
 [(α0

′ /l)+ (α1
′ /(1+1))T+ (α2

′ /(1+2))T
2
+...]        (1.6.13) 

where α0
′  = ∂α0/∂P, and so on. 

Hence 

       Vβ/CP T→0
Lim    → - α0

′ /α0                                                                                                        (1.6.14) 



which is not zero but a finite quantity. This clearly indicates that a system can not 

cooled to absolute zero by a finite change of the thermodynamic parameters. 

 This is the principle of unattainability of  absolute zero. It is some time 

stated as an alternate form of the third law of thermodynamics. 

1.8 Thermodynamics of Phase Transition 

 Matter usually exists in the solid, liquid and gas phases. Phase transition is 

the transition of matter from one phase to another which coexists with the first. 

Such transition involves a change in mutual arrangement of molecules and in 

thermodynamic properties of the system. The phase transition points are classified 

as follows: the solid-liquid phase transition points is called the 'melting point', the 

liquid-vapour phase transition point is known as the 'boiling point' and the solid-

vapour phase transition point is referred to as the 'sublimation point'. Then we have 

three important temperatures for ordinary substances: the melting (or freezing) 

point, the boiling point and the sublimation point. We are all familiar with the 

boiling point of water, which varies with the surrounding atmospheric pressure. 

Similarly the melting point varies with the pressure, though the variation in this 

case is not rapid. 

  

Fig.1.2. P-T phase diagram of one-component system 
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 To specify phase transition boundary it is important to refer a diagram of 

state which describes the relationship between pressure, volume and temperature. 

A P-T diagram for a one-component system is given Fig 1.2. The three phases may 

be in equilibrium only at a definite temperature and pressure specific to a given 

system. It follows from the figure that the line OB represents the 'sublimation' 

boundary for the system, the line OA the 'melting' boundary and the line OC the 

'boiling' boundary, which usually called the 'saturation'  boundary. The liquid and 

gaseous states are separate only over a certain region of P-V-T space. At high 

temperature and pressure, these two states become one. In Fig 1.2 the saturation 

line OC terminates at a point 'c referred to as the 'Critical point'. 

 On the P-T diagram, the state in which three phases co-exist is represented 

on the base boundary line by a point, the so-called 'triple-point'. Some substances 

of this kind an obviously have several triple points. 

 In a two-phase system, the phases are in equilibrium at the same 

temperature. In order to transition from the liquid phase to the gaseous phase, a 

system must receives heat without changing the temperature. This heat is spent to 

change the phase state of the system and is known as the latent heat or the heat of 

phase transition. 

 Let us consider two phases 1 and 2 in equilibrium. The first order phase 

transition is accompanied by absorption or liberation of latent heat. 

 We consider an infinitely small reversible Carnot cycle whose isotherms are 

at temperatures T and T-dT (Fig1.3). These two isotherms represent two states of  

a two-phase system. Let the system absorbs the amount of heat Q1 in ttansition 

from phase 1 to 2. During this transition the volume of the system changes from 

V2 to V1 at a pressure P. In the reverse process, the volume changes from V1 to 

V2 at a pressure P-dP, and the system liberates the amount of heat Q2. since the 

heat Q1 is utilised in the phase transition, Q1 = L, where L is the latent heat of 

transition. 



 

 

 Fig.1.3.Carnot Cycle for derivation of the Clausius-Clapeyron equation 

The work done in this cycle will be 

         W = P(V1-V2) + (P-dP) (V2-V1) (1.8.1) 

         W  = (V1-V2)dP 

Then the efficiency of the cycle is  

        η = W/Ql = (V1-V2)dP/L (1.8.2) 

On the other hand, the efficiency of the Carnot cycle is given by 

       η = 1- (T2/T1) = 1-((T-dT)/T) = dT/T (1.8.3) 

Comparing (1.8.2) and (1.8.3), we obtain 

      dP/dT = L/T (V1-V2) (1.8.4) 

This equation is  known as the Clausius-Clapeyron equation. 
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(1.8.4) may be used to explain melting, vaporization and sublimation, 

 In case of the liquid-vapour phase transition, the volume change ∆V = Vg - 

Vl is always positive and hence dP/dT > 0 i.e. the boiling point increases with 

increase of pressure. If the vapour pressure is low, Vg >>V1 and (1.8.4) takes the 

form 

         dP/dT = LV/TVg (1.8.5) 

where LV is the latent heat of vaporization. Regarding the vapour as an ideal gas, 

Vg = RT/P and then  

        dP/P = (LV/R) (dT/T
2
) (1.8.6) 

 

On integration, we get 

        In [P(T) / PC(TC)] = (LV/R) ((1/TC) - (1/T)) 

 or 

       P(T) = PC(TC) exp [(LV/R)((1/TC) - (1/T))] (1.8.7) 

where PC and TC are the critical pressure and critical temperature, respectively, 

corresponding to the critical point C (Fig.1.2) 

For the solid-liquid phase transition, (1.8.4) can be represented as  

       dP/dT = Lm/T(V1-Vg) (1.8.8) 

 

 where Lm is the latent heat of melting, Vg and Vs are the specific volumes of 

the liquid and solid phases, respectively, on the melting line. In this case, V1 and 

Vg are usually close to each other and two cases are possible: (i) the volume 

change ∆V = V1-Vs is positive, then dP/dT > 0 and melting point increases with 

increase of pressure, and (ii) the volume change ∆V is negative, then dP/dT < 0 

and the melting point decreases with increase of pressure. 



 In case of the solid-vapour phase transition, (1.8.4) takes form 

            dP/dT = Ls/T(Vg-Vs) (1.8.9) 

where Ls is the latent heat of sublimation Vg and Vs are the specific volume of 

vapour and solid phases, respectively, on the sublimation line. In this case Vg >> 

Vs and Vg = RT/P. Then (1.8.9) can be written as  

          dP/dT = (Ls/R) (dT/T
2
) (1.8.10) 

On integration, we get 

         InP = -(Ls/RT) + A (1.8.11) 

Vapour pressures of solids are usually measured over only a small range of 

temperature. Within this range, (1.8.11) can be expressed the form 

        InP = -(B/T) + A (1.8.12) 

 where A and B are constants of a given system. 

 In Fig 1.2 the point O is triple point. It corresponds to the equilibrium 

between three phases viz solid, liquid and gas. The triple point satisfies the 

conditions 

       gs = g1 = gg (1.8.13) 

 The temperature and pressure corresponding to the triple point are donated 

by Tr and Pr. For water, they are Tr = 0.0010 and Pr = 6Pa. Consequently under 

normal conditions and atmospheric pressure equilibrium of all phases for water can 

not be observed at the triple point. 

 We have briefly revised the salient features of equlibrium thermodynamics 

which is based on laws of thermodynamics; from which all the thermodynamic 

(macroscopic) properties can be deduced. However thermodynamics gives no 

information at all regarding the explanation of thermodynamic properties of  the 

system on the basis of a molecular theory. It is essential mechanics, that provides a 

molecular theory of the thermodynamic properties of a macroscopic system.  



1.9 Vanderwaal's Equation of State 

 While deriving  the equation the state of ideal gas it is assumed that the 

volume occupied by the molecules themselves is negligible compared with the 

total volume of the gas, and that the molecules exert no appreciable forces on one 

another. It is evident that both these assumptions cannot be exactly true for actual 

gases particularly at high pressures. In deriving Vander Walls equation of state the 

effect of both these factors is taken into account. 

 Due to the finite size of the molecules, the free space available for their 

movement is less than the actual measured volume of the gas. Also the number of 

collisions with the walls of containing vessel, the hence the pressure, will be 

greater than the calculated by the simple theory. The actual volume can be brought 

about by subtracting a correction term b from the measured volume and using (V-

b) in the place of V in ideal gas equation. 

 The effect of the forces of cohesion cab be sent by considering fig1.4. XY is 

a portion of the boundary wall. It is surrounded by other molecules equally 

distributed in all directions. These molecules exert attractive forces on molecule A. 

When averaged out over a sufficient interval of time, they cancel out and the net 

cohesion force will on the average be zero. On the other hand the molecule B is as 

near  the boundary as it can go. In this case the molecular distribution is only along 

one side. The adhesive force between the gas molecules and the boundary walls are 

always much smaller than the cohesive forces between the gas molecules 

themselves. The force on B due to each adjacent molecule can be resolved into 

components parallel and perpendicular to the  boundary wall. The parallel 

components cancel out on the average but the perpendicular components will result 

a field of force acting inwards on the molecules near the boundary wall. Thus 

whenever the a molecule will strike the walls of the containing vessel as at B to 

contribute its share towards the total gas pressure the other molecules ill pull it 

away from the wall. The measured pressure P is thus less than the ideal pressure 

calculated on the assumption that the cohesive forces are absent. If we represent 

the effect per unit area of cohesive forces by p1, we should add a correction term p1 

to the measured pressure P and use (P+p1)in place of P in the ideal gas equation. 



 

 

 

On using both corrections the ideal gas equation, we get for a gram molecule of a 

gas, 

           (P+p1)(V-b) = RT. (1.9.1) 

 The value of p1 is proportional to the number of molecules striking unit area 

of the wall in unit time and to the intensity of the field of force. Both of these 

factors are proportional to the density ρ of the gas and therefore we may write 

  p1 = c ρ
2 
                                                                              (1.9.2) 

where c is a constant, ρ is itself proportional to 1/V 

Hence  p1 = ɑ/V
2 
                                                                 (1.9.3)

 

where ɑ is a constant. 

Substituting this value of p1 in equation (1) , we get 

 (P+ ɑ/V
2
) (V-b) = RT.                                                       (1.9.4) 
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This is Vander Waal's equation of state. This is the simplest and the most well-

known equation of state for real gases. 

 Another  useful form of the equation of  state of  a  real gas is 

PV = A+ 
𝑩

𝑽
 + 

𝑪

𝑽²
 + .... (1.9.5) 

where A, B, C ..,etc. are functions of the temperature and are called the Virial 

coefficients. 

 For an ideal gas it is evident that A = RT and all other Virial coefficients are zero. 

Vander waal's equation can be put in Virial form as follows: 

Equation (1.9.4) can rewritten as  

 1 = 
𝑅𝑇

 (𝑃+
ɑ

V²
)(V−b)

  

            or  PV = RT (1- 
ɑ

PV²
 )

-2
 (1- 

𝑏

V
)

-1 
(1.9.6) 

The correction terms ɑ /PV
2
 and b/v are both small compared with unity provided 

the gas is not too much compressed. Therefore we may use PV = RT 

(approximately) in the terms of binomial expansion of equation (4). Using 

binomial theorem and neglecting the terms containing higher powers of 1/V, 

equation (1.9.6) becomes  

 PV = RT (1- 
ɑ

PV²
) (1+ 

𝑏

𝑉
 + 

𝑏²

V²
) 

      = RT + 𝑅𝑇
𝑏

𝑉
  - 

RT

PV
 /. 

ɑ

𝑉
 + 

RTb²

V²
 

Since PV = RT approximately, we have 

          PV = RT + 
(RTb−ɑ)

V
 + 

RTb²

V²
                                                    (1.9.7) 



 This is Vander Waal's equation in Virial form having only three Virial 

coefficients, A, B, and C given by 

          A = RT, B = RTb- ɑ, C = RTb
2
 

Note: Vander Waal's equation of state for n gram molecules is 

        (P+
ɑn²

V²
 ) (V-nb) = nRT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


