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ABSTRACT

Vacancy defect formation energy (Schottky defect) of lighter hydrides and deu-
terides of alkali metals are discussed with reference to conductivity measurements and the
recent computer simulation calculations. An empirical relation with Debye temperature is
found to yield values of Schottky defect formation energies of Li(H,D) systems in agree-
ment with experiments. The relationship is also utilized to obtain the formation energies
for Na(H,D) systems for which experimental values are available in the literature.
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1 INTRODUCTION

An ever-increasing amount of attention is being devoted to the study of defects since
these determine many of the technologically important properties of solids. The thermally
induced lattice defects have the consequent effects on electrical conductivity , diffusion,
and lattice spacing and so on. The theoretical calculations of defect energy is rather much
involved inspite of the fact that better computer techniques have evolved recently. These
calculations have developed in ways which originate from the work of Mott and Littlton
[1] and Mott and Gurney [2]. Once a suitable physical model has been built for a system
under consideration, one then needs to evaluate the relaxation and polarization of the
lattice in response to the forces which the defect exerts on it. In recent years considerable
steps have been taken towards improving the reliability of these calculations. A review
of these can be found in refs [3-6]. At present computers with large stores are being
used to calculate simple and complex systems. Similar types of theoretical works have
been made on Li(H,D) systems by Pandey and Stoneham [7] and by Haque and Islam
[8,9]. Inspite of lack of relevant data Haque and Islam [8,9] and Islam [10-12] were able
to build physical models of Na(H,D) systems which were used to study various aspects of
these crystals including some of their anharmonicities. In these studies defect parameters,
mainly energies are predicted using some physical models with the help of mathematical
and computational methods.

The most commonly used technique to obtain values for the defect energy of nonmetal-
lic crystals involves measurement of the temperature dependence of the ionic conductivity
of pure and of doped crystals. The standard procedure has been described by Hayes and
Stoneham [13] with reference to NaCl. The analysis of data obviously requires a model
of the imperfect crystal, which includes different types of defects.

It is of some relevance here to discuss the observed values of Es for Li(H,D) systems.
Measurements of conductivity of LiH and LID have been made and analysed by different
workers [14-21]. These studies show that LiH and LiD conduct electricity by the cation
vacancy mechanism. It is known that an ionic crystal containing small amount of im-
purities has reproducible values of conductivity in its intrinsic region [19]. However one
finds a large discrepancy in the slopes and shapes in general of the conductivity curves
of Pretzel et al. [14], Bredig [15] and Bergstein [17]. Varotsos [18] reported that LiH
conductivity curves are displaced slightly to a higher values than those of LiD. In order
to shed further light on this Varotsos and Mourikis [19] reported some new information
about the differences in the dc conductivity of LiH and LiD. The formation energy of
Schottky defects is found to be different in these two materials, e.g., 2.33 and 2.44 eV in
LiH and LiD, respectively.

The anion contribution to the ionic conductivity is not negligible in every case, partic-
ularly at the higher temperature. Rolfe [22] also showed that this contribution could not
be adequately assessed from the intrinsic conductivity data alone. An independent mea-
surement of atleast the relative mobilities of the anion and cation vacancies must also be
available. Anion diffusion data or conductivity data with excess divalent anions present
have provided these independent measurements. Pandey and Stoneham [7] also pointed
out that the analysis of the conductivity curves has been made by assuming that the
mobile species are cation vacancies which occur as extrinsic defects due to the presence of
divalent cations in the lattice [19,20]. The reported value for the migration of a cation is
the activation energy in the presence of associated impurities in the lattice. On the other



hand the calculated energy is for a free cation vacancy migration. Hence the calculation
would yield a lower activation energy.

Ikeya while analysing his data on conductivity also made some observations. The
activation energy for H~ self-diffusion in LiH is ~ 1 eV from the study of NMR [23]. A
similar activation energy of ~ 1.1 eV is obtained from the exchange process for the reac-
tion between gaseous D2 and LiH. These energies involve both migration and formation
of the anion vacancy. From these the migration energy of the anion vacancy is expected
to be close or less than 1 eV. Thus the assumption that the anion vacancy is immobile is
questionable. However the anion migration energy would be large ( as in LiF or LiCl) and
is expected to contribute little to the conductivity. At high temperature anion vacancy
migration due to hydrogen tunnelling would not contribute. Thus although the assump-
tion of cation vacany migration is plausible in Li(H,D) systems it should be treated as a
first order analysis. Moreover it has been recognised [3,24,25] that the graphical fitting
procedure is subject to greater error than was realized before. Computer fitting of ionic
conductivity data alone is unlikely to lead to reliable values. Thus in order to obtain
reliable values for all the defect parameters one should emphasize the need of combining
tracer self-diffusion coefficient of both ions to the ionic conductivity and , if possible, in
pure and in doped crystals.

The observed E, values for LiH and LID are not expected to change much when fresh
experiments are carried out. But there are certain points including the inadequacy of
analysis of the curves that need to be addressed. The emerging conclusion one can draw
is that the experimental situation regarding Li(H,D) system should be reviewed in the
light of the above remarks.

The alkali halides are a class of materials which have been extensively studied both
theoretically and experimentally for defect structure (see for example, refs [3-6] ). The
hydrides and deuterides of lighter alkali metals, apart from their intrinsic scientific in-
terest constitute materials which have important technological applications. But the
results obtained from experimental and theoretical studies represent a far from satisfac-
tory knowledge of defect structure of these systems of crystals. More works , specially of
experimental nature are needed for a better understanding of these crystals. At present
we do not have any measurements of elastic, dielectric or defect structure of Na(H,D)
systems. Only some theoretical calculations have been made by Haque and Islam [8-12].
Predictions of the defect formation energy can be of immense value particularly for cases
where either experiments are difficult or theoretical calculations are not feasible because
the interatomic potentials can not be obtained for lack of necessary elastic and dielectric
data. The purpose of the present paper is to find an approach through empirical correla-
tion between defect properties and available quantitiy like Debye temperature involving
minimum calculational efforts. In section 1.1 a method of approach of how one can eas-
ily estimate defect properties like Schottky formation energy of Li(H,D) and Na(H,D)
systems is presented. Results obtained are then discussed in section 2.

1.1 BASIS OF CALCULATIONS

There has been some attempts to correlate the formation energy Es with some measurable
properties of crystals [26,27]. It has also been noticed in early work [4] that Es for the
alkali halides was also directly correlated with kgTm ( Tm = melting temperature). This is
referred to as the Barr-Dawson-Lidiard correlation. Mukherjee [28] proposed an empirical



relation between E$ and Debye temperature QQ for closed packed metals using some
approximation. March [29] has shown that screening theory leads directly to this type of
relationship. The results for the long wavelength behaviour of the phonons and the energy
change on removing an atom are utilized in the derivation. In the simplest approximation
the vacancy has been represented as a screened centre of charge -Z. The screened potential
V(r) round the vacancy can then be calculated. The energy change due to the screened
potential is obtained from first order perturbation theory. The formation energy is then
expressed as

E, = aZEf (1)

Here Ef is the Fermi energy and a is a constant substantially less than 1.
The expression for phonons frequency at small k, after screening of ions by electrons

has been allowed for, gave the velocity of sound in terms of Z, mass M and Fermi ve-
locity. Using the elementary Debye theory for an isotropic solid March [29] arrived at a
relationship similar to that obtained by Mukherjee [28] which is as follows:

From which one gets,

E3 = g (MV2'3) 0^ (3)

where g is a constant.
Sastry and Mulimani [30] have found that a linear relation similar to this exists for

alkali halides also. In the derivation of the relationship by March [29] the assumption of a
common velocity for transverse and longitudinal phonons is used. In the Debye approxi-
mation for a homogeneous solid, the sound velocity, VB is independent of wavelength. This
would introduce some error in QD given by eqn (2). Consider the sound velocity for the
three modes of elastic waves in the principal propagation directions in cubic crystals. The
two transverse modes are degenerate for propagation in the [100] and [111] directions. We
try to have some ideas of sound velocity in the [100] direction. Here we take the mean of
the separate contribution of the longitudinal and transverse waves which have velocities,
VL and VT ( Vyi = Vr2 ), respectively. The average velocity,Vav = \{VL + 2Vr). Now
Kv ¥" Vs, unless VL = VT- For all real crystals, the longitudinal wave velocity Vt, exceeds
the transverse velocity, VT. Assume Vi = aVs ; VT = bV3. Then Vav = \(a+2b)Vs = const.
Vs. Thus we see that error introduced in calculating QD wiU be minimized provided one
re-evaluates the constants appearing in eqn. (3) for a class of crystals. Using LiH crystal
data we estimate that Vav/Vr = V[,/Vav ~ 1.09. The trend is seen in some other crystals
also. The uncertainty is thus expected to be not more than 10% and the assumption of a
common velocity V9 for the purpose of calculating Es appears to have some validity.

Sastry and Mulimani [30] utilized the available Es and 0£> data for some alkali halide
crystals and obtained a slope of the expression. But as noted earlier the Es values obtained
from temperature dependence data do not appear to be unique and in some cases there
is a wide variation in individual values. The values utilized by Sastry and Mulimani [30]
are old. Relatively new and reliable data on Es values for alkali halides are available [3].
Best values of Es and some weighted average of the values for other are given in Table 2
of page 139 of ref [3]. Using these Es values for the alkali halide crystals reported in the
Table a new slope is obtained (Fig. 1). Thus Es ( in eV ) can be written as

* ' • # • " •



Es = 5.156 x 1O"8MV2/302
D (4)

Here M and V are the mass (gm/mol) and volume {em3/mol), respectively of a mole
of a solid.

2 RESULTS AND DISCUSSIONS
The Debye characteristic temperatures of Li(H,D) systems have been calculated by us
using the observed elastic constants (see, refs [8,11]). Two methods are employed - one
due to Daniel [31] and the other described by James and Kheyrandish [32], The values for
Na(H,D) systems have been obtained using the calculated elastic constants reported by
Haque and Islam [8,11]. The values are given in Table 1 along with those reported by other
workers [32-36]. ®D is temperature dependent to some extent. Values chosen are those
at OK or at low temperature. At low enough temperature only the sound waves of very
long wavelengths are excited and thus the effect of the atomic structure is unimportant
and Debye T3 formula for specific heat becomes exact [30].

We now report the results of calculations of Es for various hydrides and deuterides
of Li and Na metals in Table 1. A recent computer simulation calculation of defect
energies for Li(H,D) and Na(H,D) systems assuming 100% ionicity by Haque and Islam
[9] is also included in the Table. Results obtained from the same type of calculations for
Li(H,D) due to Pandey and Stoneham [7] are also shown in the table within parentheses.
It is seen that the computer simulation values of Ea appear to be underestimated. The
reasons were explained by Haque and Islam [9]. The Schottky pair formation energy
involves a consideration of the calculated value of lattice energy, EL [ Ea = Ey+ + Ey- —
EL ]. The estimated lattice energies ( for the full ionic value z =1) for the lithium
compounds differ from the experimental values by ~ 0.86 eV. This is reflected only in the
calculated Schottky energies which are lower approximately by the same amount from the
observed values. On recalculating short-range potentials and shell parameters assuming
z — 0.97 ( a value used by Hussain and Sangster [37] for alkali halides and hydrides ), the
situation changes appreciably. The calculated EL values for Li(H,D) systems is nearer the
observed lattice energies and hence the Schottky pair formation energy increases towards
the observed values [12] . The reported Ea values for Na(H,D) systems also increase
to reach ~ 2.0 eV [12]. Es values as originally calculated by Haque and Islam [9] with
EL = £z,(expt) have also been included in the table (within parentheses) for comparison.

The computer simulation study shows that the Schottky pair formation energy of
LiH is greater than that of LiD which is in line with the usual rule that the formation
energy increases with increase in crystal melting point, Tm. The calculation of Pandey
and Stoneham [7] clearly shows the isotope effect in these crystals, subject to validity of
transferability of potential. The same thing has been observed in our earlier calculations
of Es [9].

On comparing with available observed values of Et, the empirical relation (4) appears
to yield good estimates of Schottky pair formation energy for Li(H,D) systems. Consid-
ering the wellknown E3 versus Tm correlation , the Ea values of Na(H,D) systems appear
to be reasonable. Although we do not know the exact values of Tm for Na(H,D) systems
they are definitely smaller than the Tm values for the corresponding Li-salts. This fact
also validates the reasonability of Ea values for Na(H,D) systems obtained in the present



study. To conclude it appears that the simple method discussed here can predict forma-
tion energy of Schottky defects reasonably well of alkali halides as well as hydrides and
deuterides of lighter alkali metals.
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Table 1

Crystal Es (eV)

LiH

LiD

NaH

NaD

(K)

1083°
10926

1090 ±
1123 ±
1128 ±
1104 ±
1120 ±

1032"
1036*
1030 ±
1073 ±
1048 ±
1044 ±

490*
465n

480*
455"

80c

10d

10*
30'
35m

50c

10*
30'
30"1

This6

2.28
2.31
2.75
2.45
2.47
2.36
2.43 ± .08

2.24
2.33
2.31
2.50
2.39
2.37 ±.07

2.00
1.80

1.99
1.79

Exptl

2.30 ± .30c

2.33 ± m9

2.50/

2.40 ± . 01 s

Other Works

1.55* (2.49A)
1.49' (2.42*)
~ 2.3J

1.52A (2.30A)
1.48' (2.29')
~ 2.2J

1.59*(2.19fc)
-2 .0^

X.b2h{2.\hh)
~ 1.98'

a = Ref [33] ; b = Present calculations. ; c = Ref [34] ; d = Ref [35] ;
e = Ref [20] ; f = Ref [21] ; g = Ref [19] ; h = Ref [9] ; i = Ref [7,9] ;
j = Ref [12] ; k = Ref [32] ; 1 = Ref [36].
m = Average values (assuming 5% error on values of a and b).
n = Present calculation using methods described in [31].
* See text for figures given in the parentheses.

Debye characteristic Temperatures and Schottky defect formation energies
of Li(H,D) and Na(H,D) systems.
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Fig . l

Debye temperature ©D versus (
Data taken are as explained in the text.

for some alkali halide crystals.




