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Calorimetric methods which allow, estimation of the point defect concentration in solids 
are reviewed. Special attention is paid to the calculation of defect parameters based on the analysis 
of excessive heat capacity, and to correlations between the thermodynamic parameters of melting 
and the energetic parameters .of point defect formation. The applicability of the thermodynamic 
approach to the study of intrinsic disorder in solids is demonstrated. 

A variety of physical properties may be estimated by using calorimetric 
data. Among them, the specific heat capacity and the enthalpies and 
temperatures of phase transitions may be of use for the estimation of 
parameters of point defects in solids. 

The temperature-dependence of the concentration of point defects in a 
crystal may be presented as: 

n (T) = N exp (So/zk) exp ( -Ho/zkT)  (1) 

where So and Ho are the entropy and enthalpy of the defect formation 
process, z is the number of species in the defect, N is the Avogadro number 
and k is Boltzmann's constant. For Schottky defects, z ~--- 1 or z = 2 for 
simple and binary substances respectively and for Frenkel defects z = 2. 
From Eq. (1), the following expression holds for the excess heat capacity 
associated with defect formation: 

c~ = d (Ho n (T)) = ( A / T  2) exp ( -Ho/zkT)  (2) 
dT 

where A -~- (N Ho/zk) exp (So/zk). In contrast with the Debye law 
( ~  -+ 3R, T > 0D ) and the contribution due to anharmonicity (c~ ~ sT),  
in Eq. (2) increases exponentially with temperature. At premelting temper- 
atures T ~- Tin, the cp a contribution to cp may be high enough to be detect- 
able. A computer-assisted fit of  the experimental data to the theoretical 
expression: 

cp = 0(T) + or(T) + (~/T ~-) exp (3) 
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where 0(T) = c~ and ~(T) ~ c~, makes it possible to estimate the values of 
n(T), Ho and So. It has been demonstrated [1] that ~ in AgC1 and AgBr are 
high, and concentrations of  point detects estimated in accord with Eq. (3) 
are in fair agreement with those obtained from conductivity data. In a 
similar way, the point defect concentration may be evaluated for molecular 
solids as well as for metals. 

In superionic solids with fluorite structure (CaF2, SrC12, PbF2, etc.), 
all the phase transition enthalpy is shown to originate from the generation 
of  Frenkel defects in the anion sublattice [2]. Values of Ho estimated from 
the slope of the ln(cp T 2 ) vs. lIT plot are in excellent agreement with those 
obtained from conductivity measurements [3, 4]. 

Quite a different approach to the estimation of  crystalline disorder is 
based on the analysis of  entropies Sm and enthalpies Hm of melt ing,The 
relations are known between Ho and crystal lattice energy [3], between Ho 
and Tm [6, 7], etc. As shown earlier [8, 9] a more precise and universal 
correlation holds between Ho and Hm : 

Ho = (8.6 + 0.6)Hm (4) 

which is demonstrated in Fig. 1. This correlation may be treated in terms of  
the model of  quasicrystalline liquid containing a fraction xL of  defects with 
relaxed surroundings around them [8-11 ]. 

Let the crystal energy U1 of  a simple solid have' the form 

U1 = 1 / 2  N ~(~) r (5) 
i 

where ~'(ri) is the coordination number of  the i-th sphere around a chosen 
atom, and so(ri) is the interatomic potential. As a first approximation, we 
shall ignore the possible temperature-dependence of  ~o(ri). The energy of  quasi- 
crystalline melt in this approximation may be presented as 

U2 = 1/2 ~ 7(ri) r ( 1 - x L  ) + IV( 1 - x L  ) (6) 
i 

Here, the term W(1-xL) corresponds to the relaxation of  the quasicrys- 
talline lattice around the defects, i.e. to small displacements of atoms, 
resulting in the disappearance of  the long-range order in a melt. One can 
write IV in the form 

IV 1/2 ~ [ d~o(ri) • r  i § 1 d 2 ~o(ri)Ar ~ = - ] 7(ri) (7) 
i dr d dr 
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where Ar i is the displacement distance for the atom. Let the temperature- 
dependence of 0"2 (and of  U1 ) be ignored. The Gibbs free energies for the 
crystal and the melt may be presented as G1 =-UI - 3R T ln(hw l /k T)+ p V1, 
and G2 = (U1 + W) ( 1 - x L )  - TSc - 3 R T l n  ( h w 2 / k T ) + p V 2 ,  respectively. 
Here, Wl and w2 are the Debye frequencies for the crystal and the melt, V1 
and V2 are the corresponding molar volumes, and Sc is the configurational 
entropy of  the melt. 

When T =-  Tin ,  then Ga : G2 leads to 

Hm = U2 - UI + P ( V 2  - W l )  (8) 

Fig. 1 
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Correlation between the defect formation enthalpy Ha and the enthalpy of melting for a series 
of ionic substances with Schottky (o) and Frenkel (o) disorder, for metals ( i )  and molecular 
organic compounds (&). Solid line corresponds to Eq. [4]. 
1 - benzene; 
2 - cis- 1,2-dimethylcyclopentane; 
3 - cyclooctane; 
4 - l,l-dimethylcyclohexane; 
5 - 2,2,3-trimethylbutane; 
6 - succinonitrite; 
7 - adamantane; 
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For ambient conditions, the term p (V2 - V t  ) is small and from Eq (5) - (6)  
the following expression is obtained: 

Hm ~- UlXL + W(1--XL) (9) 

On the other hand, the conventional theoretical calculations of  Ho in 
solids start from the relation [ 12 -14  ] 

tto ~-- U1 + W' (10) 

where W' is the polarization energy for the crystal lattice around a defect. Its 
value may be estimated by using an expression similar to Eq. (7). Assuming 
that nearest neighbour .disorder around a defect in a crystal is energetically 
similar to that in the melt, one can write 

W' = X (1--xL )/xL (11)" 

and from Eqs (10)-(11)  the final expression forHm follows: 

Hm =xL Ho (12) 

wich is equivalent to Eq. (4). Equation (12) compared with Eq. (4), states 
that XL = (11.6 +- 0.8) mol% is n~arly constant at T = Tm for ionic, 
molecular and metallic melts and does not  depend on the particular form of 
the interatomic potential. 

For the entropy of melting one can obtain the following expression Sm = 
= Z,i (Sc + 3R In (Vl i / l )2 i ) ) ,  where summation must be done for all the 
sublattices, v being the corresponding Einstein frequencies and subscripts 
1 and 2 referring to the solid and molten states, respectively. In terms of 
this model, Sc = (0.36 + 0.02) R for each sublattice. The change in 
vibration entropy for alkali halide type crystals may be expressed as Sv = 

= 3R In(- v l cv la . ) ,  where Vc and va are the Einstein frequencies for the 
l) 2 cF2a 

cation and the anion. We assume that the frequencies of  atoms surrounding a 
defect in a solid are equal to the Einstein frequencies in melt. If so, the entropy 

of defect formation may be written as So------ v k In( elC "la), where v is the number 
V2c l~2a 

of ions around the defect with frequencies v2c and v2a. The vibrational 
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contribution to the entropy of  melting may therefore be written as Sv = 
3NSo/u. For a NaC1 crystal, Sm ~-3R and So ~ 10k result in ~,= 3NSo/Sv ~- 13, 
i.e. the disordered or "vibrationally melted" region is not more than two coor- 
dination spheres in size. Assuming Sv >> Sc a simple relation may be obtained, 
Sm ~ 3NSo/u [ 15 ], which leads to an expression for the defect concentration 
at the melting temperature n m in the solid: 

- In (nm I N ) =  Sm/zR (1/XL -- V/3) 

In conclusion, two possible applications of  calorimetric data for esti- 
mation of  the defect concentration in solids should be noted: analysis of  
the temperature-dependence of  cp in the vicinity of  the melting or phase 
transition points, and analysis o f  Hm or Sm values. These calorimetric 
approaches are equally useful for the evaluation of  defect-related properties 
o f  solids. 
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Zusammenfassung - Kalorimetrische Methoden zur Abschfitzung der Konzentration von Punktdefekten 
in FestkOrpern werden zusammengestellt. Aufmerksamkeit verdienen die Berechnung yon Defektpara- 
metern aus einer Untersuchung der Exzet~-W~irmekapazit~it und Korrelationen zwischen thermodyna- 
mischen Parametern des Schmelzens und energetischen Parametern der Punktdefektbildung. Die Anwend- 
barkeit eines thermodynamischen Ansatzes zur Untersuchung de~ Eigenfehlordnung in Festk6rpern wird 
demonstriert. 
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PE310ME - -  Hpenc ' r aBneHo O603peHHe :<anop~MeTprmec~a, rx MeTO~OB onpe,~enem~a x o H u e H r p a t m H  
zo,-leqrmm ~;eqbe~roB - m e p ~ , m  r e n a x .  O c o 6 o e  Sm~Marme o 6 p a m e H o  Ha Br-tyHcnenHe n a p a M e x p o e  
~eqbeXTOB, HCXO~;! r13 aHani43a H36blTOqHO~ rertuoeMxocaTa H x o p p e n n t m f i  M e ~ y  TepMo//jaHaMI, ItleClCH- 
MH napaMeTpaMrl nnaBnermH H 3HepreTHqecKHMM napaMeTpaMH o6pa30saHHJ~ ToqeqHI,IX ~eqbeKTOB. 
l-loHa38Ha nprlMeHrlMOCTb TepMO~HaMHqecrcoro  r!o~xo~;a K ri3yqeHmo CO6CTBeHHoro 6 e c n o p ; ~ t K a  

S T B e p ~ I x  Tenax.  
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