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It is shown empirically that the force constant k=mco' of transverse optical vibrations in dielectric
solids depends strongly on the fraction of covalent bonding C=1—i between neighboring atoms, where i
is the fraction of ionic character in the bond. For solids in the heavy isoelectronic series (e.g. , the mixed
series of Si-Ge, the Ge series, the mixed series oi Ge-n-Sn, and the a-Sn-series), where the internuclear
distances are kept nearly constant within the same isoelectronic series, k depends solely on C and is ap-
proximately proportional to C" with 1&n&2. The covalent dependence of the force constant may be
interpreted in terms of Pauling's theory of the chemical bond or parameters in the shell model of lattice
vibration.

"ANY theoretical and empirical relations have
-~. been established between the lattice vibrations

and other properties of solids. Notably, Szigeti derived
relations between the force constant k of transverse
optical vibrations and (1) the Szigeti charge, ' which is
responsible for the splitting of the longitudinal and
transverse optical phonon near the zone center, and

(2) the compressibility' of the crystal. Brout deduced
the Brout sum relation' between force constants and
compressibility. Badger's rule empirically correlates
k to the interatomic distance d in a molecule. Plendl,
Mitra, and Gielisse' have compiled empirical relations
between characteristic lattice-vibration frequencies,
cohesive energy, compressibility, and hardness of solids.

In this paper an empirical relation on a strong effect
from a more fundamental origin is reported. It is a
simple correlation between the force constant k of
transverse optical vibrations and the amount of co-
valency Q in the bonding between neighboring atoms
in the solids. The force constant k increases with
C= 1—i, wherei represents the amount of ionic charac-
ter' in bonding. For heavy solids of an isoelectronic
series, where d is nearly constant within each heavy
series, k depends solely on C and is proportional to C"
with 1(m&2. We define, conventionally, the force
constant Je (dyn/cm) as mto', where rtt is the reduced
mass and co is the transverse optical frequency.

As a general survey on the force constants of various
simple dielectric solids we plot k versus the internuclear
distance d at equilibrium in Fig. 1. For convenience of
characterization, points belonging to the same iso-
electronic series are connected with thin lines, each
having approximately the same reduced mass. Force
constants of solids made of elements from the same
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Fia. 1. Force constant of transverse optical phonon versus
nearest-neighbor distance in solids. (Numbers in circles are
reduced mass in units of 10 3 g for solids on the same thin curve.
References in Figs, 1 an& 2 are listed in Table I.)

columns of the periodic table are connected by thick
lines horizontally, each representing approximately the
same amount of covalency in the bonding. Figure 1
shows that )'t increases with (1) decreasing d and (2) in-
creasing amount of covalent bonding C, i.e., in the order
of I-VII, II-VI, III-V, to IV-IV compounds. Figure 1
also shows that as solids become heavy, with reduced
mass nz&3.6&(10 " g, the internuclear distance d is
nearly constant within each isoelectronic series. For
these heavy solids k should depend solely on C within
each isoelectronic series. The references used in Figs. 1
and 2 are tabulated in Table I.

To show the effect of covalency on the force constant
more explicitly, k versus C is plotted on linear scales in
Fig. 2. The amount of covalency C in the bonding
between nearest neighbors A and 8 is evaluated from
their respective empirical values of electronegativity, '
x~ and x~, via Pauling s empirical relation:

C=1—i= expL —(-', x~ ——',xtt) 1,
wherei is the amount of ionic character' in the bonding.
Figure 2 shows that k rises smoothly with C for most of
solids within each isoelectronic series. As expected,
solids in a lighter isoelectronic series (because of smaller
internuclear distance) have larger k than the similar
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solids in the heavier series. Solids in the same light
series, i.e., diamond series, SiC series and Si series, also
appear to show stronger covalency dependence of
because of the additional eGect due to closer inter-
nuclear distance in more covalent solids. For all other
heavy series, k depends solely on C in each isoelectronic
series because of the near constancy of d as shown
previously in Fig. 1. These series are represented by
four solid curves in the lower part of Fig. 2. They show
the genuine eGect of covalency on the force constant.
The relation is as follows:
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k ~ C" or 0=kpc" with 1&m&2

for each (heavy) isoelectronic series, where l'ts is the

Trmx. E I. References used in Figs. 1 and 2.
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optical force constant of the solids with 100% covalent
bonding in that particular series.

The covalency dependence of optical force constants,
Eq. (1), can also be expressed in terms of the
additional ionic resonance energy 6, due to additional
ionic character, in the bond. With the relation from the
theory of the chemical bond, '

A(eV) = (x~—xn)',

Eq. (1) can be rewritten in terms of d, as

k ~ C"~ expi —A/(4/tt) ],
or

te=ks expL —A/(4/n)j with 1&tt&2.
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FIG. 2. Force constant of transverse optical phonons versus
percentage of covalent bonding in solids. (References in the
figure are listed in Table I.)

Equation (2) states that the optical force constant of
a solid is reduced from that with complete covalent
bonding, /'te, by a factor expL —5/(4/N)g due to the
additional ionic character i in the bond with additional
ionic resonance energy A (eV). Graphically, Eq. (2)
shows that as the energy curve, E (in eV) versus the
internuclear distance r of an ionic solid, becomes
flattened owing to large A (eV) above that of a covalent
solid, the force constant It=d'E/dr' is expected to
decrease.

The covalent dependence of optical force constants
can also be described in terms of parameters in the shell
model' "of lattice vibrations. In the shell model each
ion consists of a core of tightly bound inner electrons
and a shell of outer "valence" electrons. Each shell is
conceived as attached to its core and to its neighboring
shells by ideal, massless springs. The optical force
constants of the solid depend on the force constants
(1) between neighboring shells Se, (2) between the
shell and core of the anion k, and (3) between the
shell and core of the cation k+. For covalent solids,
there is no particular weak force constant between shells
and cores; k therefore approaches the force constant
between shell and core of the covalent ion itself, i.e.,

and /t is large, 10' to 10' dyn/cm.
In ionic crystals, the force constants between

neighboring shells Sp and between the loosely bound
shell and core of anion k are much smaller than k+
of the tight cation; k will approach the weakest force
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constant, i.e.,
k=0 «k+ or A=S«&k+,

and k is small, ~104 dyn/cm.
In conclusion, the optical force constants of dielec-

tric solids depend strongly on the amount of covalent
bonding between neighboring atoms. This covalent
dependence may be described in terms of Pauling's
theory of the chemical bond or parameters in the shell
model of lattice vibration.
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The present paper is intended to point out the usefulness of electron spin resonance for the direct mea-
surement of defect concentration. Fast-neutron irradiation results in a variety of paramagnetic centers in
calcium-tungstate single crystals. From the g tensors, the hyperfine interaction, and the result of a uniaxial-
stress experiment, one of the centers has been identified as due to paramagnetic tungsten associated with
a displaced nearest-neighbor oxygen. The concentration of oxygen displacements is measured by comparison
with a copper-sulfate standard and is calculated using the Kinchin-Pease theory. The measured and calcu-
lated values are in good agreement.

I. INTRODUCTION

~~~NE of the fundamental problems in the study of
radiation eGects is the determination of the

concentration of the defects. Even though many
physical properties are changed by radiation, very few
techniques provide an opportunity for direct measure-
ment of the defect concentration. Besides the problem
of identification of defects, the basic difhculty is that
the dependence of changes in various properties due to
the introduction of defects is not understood well
enough theoretically to provide reliable methods for an
absolute determination of defect concentrations.

One method, used successfully by Antal, Weiss, and
Dienes, ' employs the transmission of long-wavelength
neutrons (beyond the Bragg cutoff of the crystal)
through irradiated solids. This technique, however, is
limited to materials of low neutron-capture cross
section. The minimum detectable concentration of
defects is governed by the available neutron intensity,
the capture cross section, and the bound-atom coherent
scattering cross section of the atoms of the solid. To
date, only concentrations of the order of 0.1%%uo or
greater have been detected. This requires a very high
integrated fast-neutron Aux, of the order of 10" to
10"nV.

The second method of direct measurement of defect
concentration was introduced by Levy. ' Using un-

~ Supported in part by a grant from the National Aeronautics
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strained single crystals of sodium chloride, Levy ob-
served that all the negative-ion vacancies were con-
verted to stable P centers following a p-ray dose of
about 107 R. If crystals were subsequently exposed for
a time to reactor irradiation, he found that upon
resumption of the y irradiation, the F-center concen-
tration increased in proportion to the integrated fast-
neutron Aux. The measured defect concentration due
to fast neutrons was in agreement with radiation-
damage theory. The determination of defect concen-
tration requires additional information about the oscil-
lator strength of the F centers.

When paramagnetic defects are produced, electron
spin resonance can be a powerful technique. This is
because in ESR technique, electrons are used as electric
and magnetic microscopic probes. The defect concen-
tration can be measured without difficulty, and the
lowest detectable defect concentration is comparable
with that of Levy's method. The integrated fast-
neutron Qux required is only 10'4 to 10" nV. At this
low dose of irradiation, the simple model of independent
(noninteracting) defects should be more reliable than
at higher doses.

In a previous publication, ' we reported three kinds
of paramagnetic centers in fast-neutron irradiated
calcium tungstate. One of the centers, namely, the p
center, has been tentatively identified as due to para-
magnetic tungsten associated with a nearest oxygen
vacancy. In this paper, we will concentrate on this p
center alone. The arguments leading to this identifi-
cation are presented. The number of defects is measured

'K. Chu and C. Kikuchi, IEEK Trans. Nucl. Sci. NS-13, 41
(1966).


