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THE USE OF CALORIMETRIC DATA FOR ESTIMATION OF THE
POINT DEFECT CONCENTRATION IN SOLIDS
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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 c¢oncentration of point defects in a
crystal may be presented as:

n(T) = N exp (S, /zk) exp (—H, [zkT) 1

where S, and H, are the entropy and enthalpy of the defect formation
process, z is the number of species in the defect, NV is the Avogadro number
and % 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:

cd = E‘%(Ho n(T)) = (A/T?) exp (~H,/zkT) )

where A = (N H,/zk) exp (S,/zk). In contrast with the Debye law
(¢ > 3R, T > 0p) and the contribution due to anharmonicity (c& = aT), ¢
in Eq. (2) increases exponentially with temperature. At premelting temper-
atures T = Ty, , the c¢§ contribution to ¢, may be high enough to be detect-

able. A computer-assisted fit of the experimental data to the theoretical
expression:

¢ = 0(T) + a(T) + (B/T*) exp (—8/T) (3)
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where 0(T) = cj and «(T) = cp, makes it possible to estimate the values of
n(T), H, and S,. It has been demonstrated [1] that c‘,} in AgCl and AgBr are
high, and concentrations of point defects 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 (CaF,, SrCl,, PbF,, etc.),
all the phase transition enthalpy is shown to originate from the generation
of Frenkel defects in the anion sublattice [2]. Values of H, estimated from
the slope of the In(c, T?) vs. 1/T 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 S, and enthalpies H, of melting, The
relations are known between H, and crystal lattice energy [3], between H,
and T, [6, 7], etc. As shown earlier [8, 9] a more precise and universal
correlation holds between H, and H,, :

H, = (8.6 £ 0.6) H, (4)

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

Let the crystal energy U, of a simple solid have the form

U =1/2Z y(r) o) (%)

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

U, = 1/2127(7’1')&0(?1‘) (1=xg)+W(l—xz) (6)

Here, the term W(1—x;) 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 longrange order in a melt. One can
write W in the form

3 2 .
w=1/23[ 2D g4 L ELD 521 5 )
i dr dr
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where Ar; is the displacement distance for the atom. Let the temperature-
dependence of U, (and of U;) be ignored. The Gibbs free energies for the
crystal and the melt may be presented as G, = U, — 3RT In(hw, /kT)+pV,,
and G, = (U; + W) (1—x1) — TS; — 3RT'In (hw,/kT) + pV,, respectively.
Here, w; and w, are the Debye frequencies for the crystal and the melt, ¥V,

and V, are the corresponding molar volumes, and S, is the configurational
entropy of the melt.

When T'=T,,, then G, = G, leads to

Hy =U, -U, +p(V, —V,) (8)

H, eV

!
0 20 40
H, kJ/mol

Fig. 1 Correlation between the defect formation enthalpy H, and the enthalpy of melting for a series
of ionic substances with Schottky (®) and Frenkel (©) disorder, for metals (®) and molecular
organic compounds (a). Solid line corresponds to Eq. [4].

1. — benzene;

2 — cis- 1,2-dimethylcyclopentane;
3 — cyclooctane;

4 — 1,1-dimethylcyclohexane;

5 — 2,2,3-trimethylbutane;

6 - succinonitrile;

7 — adamantane;
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For ambient conditions, the term p(V, —V) is small and from Eq (5)—(6)
the following expression is obtained:

Hy =Uxp + W(Ql—xp) (9)

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

H,=U, +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—x;)/x (11)-
and from Eqs (10)—(11) the final expression for H,, follows:
Hy, =x, H, (12)

wich is equivalent to Eq. (4). Equation (12) compared with Eq. (4), states
that x; = (11.6 * 0.8) mol% is nearly constant at T = T,, 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 S, =
= 3; (S; + 3R In (vy;/v,;)), 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, S, = (0.36 * 0.02) R for each sublattice. The change in
vibration entropy for alkali halide type crystals may be expressed as S, =
= 3R In (_V_liv—l_”_

VacYaa
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
V1eYa

), where v, and v, are the Einstein frequencies for the

), where v is the number
V2¢V24
of ions around the defect with frequencies v, and v,,. The vibrational

of defect formation may be written as S= v k In(
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contribution to the entropy of melting may therefore be written as S, =
3NS,/v. For a NaCl crystal, S,, 3R and S, =10k resultin »=3NS, /S, =~ 13,
ie. the disordered or “vibrationally melted” region is not more than two coor-
dination spheres in size. Assuming S, > S, a simple relation may be obtained,
Sm =3NS, /v [15], which leads to an expression for the defect concentration
at the melting temperature »,, in the solid:

—In (n, IN) =S, /zR (1/x; — 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 ¢, in the vicinity of the melting or phase
transition points, and analysis of H, or S,, values. These calorimetric
approaches are equally useful for the evaluation of defect-related properties

~ of solids.
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Zusammenfassung — Kalorimetrische Methoden zur Abschitzung der Konzentration von Punktdefekten
in Festkdrpern werden zusammengestellt. Aufmerksamkeit verdienen die Berechnung von Defektpara-
metern aus einer Untersuchung der ExzeB-Wirmekapazitit und Korrelationen zwischen thermodyna-
mischen Parametern des Schmelzens und energetischen Parametern der Punktdefektbildung. Die Anwend-

barkeit eines thermodynamischen Ansatzes zur Untersuchung der Eigenfehlordnung in Festkdérpern wird
demonstriert.
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PE3IOME — IIpencranieHO ofospeHne KanopHMeTPHYECKHX MeTOHOB ONpefesieHMA KOHLEHTPauMH
Toueunbix pedexToB B TBepabix Tenax. OcoGoe BHUMaHMe oGpallleHO Ha BLIYMC/EHHE I1APaMETPOB
metheKTOB, HCXOAA H3 aHaM3a U3GHITOUHOMN TEINIOEMKOCTH i KOpPeIALuit Mexoy TepMOSHHAMUYECKH-
MM MapameTpaMH [UIaBJIEHWA U JHEPreTHYeCKHMHM NapaMeTpamy 06pa3oBaHHA TOueYHBIX AedeKToB.

Moxasana NMPUMEHAMOCT TEPMOIMHAMMYECKOrO MOJXOJAa K HM3yueHHIo coGcrBeHHOro Gecropsamka
B TBEPABIX Te/Tax.
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