
PHYSICAL REVIEW VOLUME 116, NUMBER 2 OCTOH ER 15, 1959

Forggiation of Interstitials in Alkali Halides by Ionizing Radiation"

R. K. HowARD AND R. SMGIUcaowsKI
Careogio Iestitute of Techeotogy, Pittsbergh, Peeesytoaeia

(Received June 8, 1959)

Recent experimental evidence seems to indicate that interstitials in alkali halides are formed by ionizing
radiation. The validity of the so-called Varley mechanism depends on several factors such as the lifetime
of the positive halogen ion, lattice geometry, etc. These are evaluated and found favorable.

' T is well known that ionizing radiation like x-rays
& ~ or P rays produce lattice defects in alkali halide
crystals, ' but, so far, the processes whereby defects
are formed are not well understood. Seitz' and Mark-
ham' have proposed that defects are produced by the
interaction of radiation with dislocation jog sites.
Recently, however, experimental evidence has been
obtained for the presence of interstitial halogen ions
in irradiated alkali halides. 4' This lends support to
Varley's suggestion made Ave years ago that defects
might be produced through the multiple ionization of
halogen ions. ' Multiply ionized halogen ions would
And themselves in a labile equilibrium position with a
large electrostatic energy of the order of 5—10 ev and
hence would tend to be displaced into energetically
more favorable neighboring interstitial sites. Thus a
halogen ion vacancy and a halogen ion interstitial
would be created, which, by a subsequent capture of
electrons, could transform into an F center and an
interstitial halogen atom.

From very limited evidence on the electron bombard-
ment of rare gases, Varley estimated that the cross
section for double ionization is about one-tenth the
cross section for single ionization. If one assumes that
most double ionizations lead to the formation of an
F center, then this ratio of cross sections is of the right,
order of magnitude to account for experimental observa-
tions on the rate of growth of F-center concentrations.

whether or not a large number of defects can be
actually produced by such a mechanism depends also
on (1) the average lifetime of a doubly ionized center
against recapture of an electron, (2) the ease with
which the positive halogen ion can reach an interstitial
site, and (3) the stability of an interstitial halogen,
once it is formed, against return to its initial site.
Calculations of Batcher and Dienes~ provide a partial
answer to the last problem. They And that the energy
of activation for the motion of a Cl interstitial atom
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from one interstitial site to another is large, of the
order of 2 ev. This means that if a halogen ion were
ejected via the Varley mechanism from a normal
position to a next nearest interstitial site it could not
easi1y return to the vacancy once it captured an electron,
at least by a direct interstitial jump. The possibility of
an interstitialcy mechanism accompanied by a charge
transfer has not as yet been investigated. Three
important observations can be made about the second
problem at this stage: 6rst, as far as the electrostatic
energy alone is concerned, a positive halogen ion in
its original position is on top of a potential hill and thus
a small vibration may start it on its way down away
from the initial lattice site. Further, the potential has a
downward slope in all of the (111) directions, even
beyond the nearest interstitial sites. Finally, the positive
halogen ion is smaller' than the opening between the
three metallic ions which are its neighbors and which
would obstruct the passage of a normal negative halogen
ion in the (111) direction. It seems thus that none of
the original high energy of the ion is used up in reaching
the first interstitial site which is in a (111) direction,
though not necessarily in the cube center. %hether it
could also reach a next nearest interstitial site is more
dificult to estimate, although the smallness of the
ion and the availability of high energy make the
situation qualitatively favorable. In view of the large
difference in size of the normal halogen and metal
ions the path of least activation energy connecting two
neighboring interstitial sites lies almost certainly not
in a straight (100) direction.

The first problem, i.e., the question of the lifetime
of a doubly ionized halogen against electron recapture
will be considered here. We would expect that unless
this were at least comparable to the period of a lattice
vibration ( 10 " sec) the ionized center would
recapture an electron before it could move to an
interstitial site. YVe shall derive by very simple kinetic
arguments an expression relating a lower limit of the
capture time of a center to the density of conduction
electrons present in the crystal during irra, diation. From
this we ~an show that below a. critical density oI
conduction electrons the lifetime of a center is suf-
ficiently long for the formation of an interstitial.

Suppose an initialIy uniform distribution of E doubly
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ionized halogen ions and n conduction electrons per
unit volume. We assume that the density of the centers
is sufficiently small for interactions between them to
be neglected, and that the mobility of an electron is
much larger than that of an ionized center. Since a
doubly ionized halogen ion has an effective charge +2e,
it exerts a Coulomb attraction on the surrounding
electrons. The lifetime of a center is (a) the time that
a,n electron takes to reach the center, plus (b) the time
that an electron takes, once in the immediate neighbor-
hood of a center, to be captured. A lower limit is
obtained if we neglect the latter. The average time for
an electron to reach a center may be estimated very
simply. At the time t=-0, the closest electron to a given
center is about [(4m/3)nl ' cm away. This electron
will be attracted toward the center with a force 2e'/Er'
and move toward it with a velocity pE=2pe/Er'.

Here IC is a dielectric constant and p, is the mobility of
an electron. The time for the electron to reach the
center is

r +g2
7=

~0 2pe S~epm

where r= L(4'/3)eg '.
I or NaCl at 200'K, the high-frequency dielectric

constant E 2, and @=40 cm'/v-sec, ' which gives
7 105/e sec. If et&10'~/ cm', then r) 10 '2 sec, and
it is thus very likely that a doubly ionized halogen has
time to escape into an interstitial position. It should be
possible to estimate e by measuring the electrical con-
ductivity of a crystal during irradiation. Such meas-
urements are now in progress.
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A procedure is outlined for evaluating the spatial diffusion coefficient of magnetization of spins on a rigid
lattice. The temporal recession of a spatially sinusoidally varying magnetization is analyzed, and is reduced
to the problem of finding a function whose moments are known. An unambiguous value of diffusion coef6cient
can be obtained but the possibility of a complete lack of diffusion cannot be ruled out.

OME years ago Bloembergen' pointed out that cer-
tain spin relaxation. phenomena could be explained

if it was assumed that energy can be spatially trans-
ported in the spin system of a rigid lattice via mutual
spin Aips of near neighbors, brought about by the
dipole-dipole interaction. He was able to make a rough
estimate of the diffusion coe%cient, but eGorts to
improve on his theory have failed because of the
inapplicability of perturbation theory to this pi'oblem.

In many cases it is diAicult, if not. impossible, to
prove theoretically whether or not such spin diffusion
actually occurs, ' but if we assume that it does, then it is

possible in principle to find a unique value for the
diffusion coefficient D. XVe consider for simplicity the
high-6eld case, for which total M, is conserved, and for
which the Hamiltonian can be suitably truncated. ' It
suffices to consider a single spatial Fourier component
of the spin magnetization. At time t=0, we assume
lV =Mp+C(0) sinkx. Such a nonuniform magnetization
could be produced by adding a nonuniform field to the
uniform high field for t&0 and switching this added
field oG at t=0. According to the usual diftusion equa—
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tion, C(t) will decay exponentially for t)0 with time
constant v '= Dk2. We asslike that this is the case, and
find that the consequences of this assumption are con-
sistent with a certain rigorous quantum calculation
provided k ' is large compared to the interspin distance.
The resulting diAusion coe%cient D can be regarded as
an upper limit and is probably the true one for those
cases in which spin diffusion actually does occur.

We consider the time derivatives of C(t) at 3=0;
these can be calculated assuming that the system is
described for t=0 by the density matrix

where
p A (1 aC/kT+BU), —

U= Q j S111kXgSgg

Here A and 8 are suitable constants, K is the Hamil-
tonian' of the spin system for t&0, 5„ is the 2' com-
ponent of spin angular momentum operator for the jth
spin, and x; is its r, coordinate. The fact that (1) is

written as a series rather than an exponential form
implies that we are considering the high-temperature
limit only.

The expectation value of U, TrUp(t), is proportional
to C(t); thus the derivatives of C at 3=0 can be calcu-


