Point Defects in Insulators

Lattice defects and electrons combine to form

varieties of color centers.

Over the last few years a really
remarkable increase in knowledge has
occurred concerning the nature of
point defects in insulators. While this
progress is most notable in alkali
halides, important steps have also been
taken with respect to silver halides,
alkaline earth halides, oxides, and
many other materials. But the alkali
halides arc clearly the pioneer mate-
rials, and it is from investigations of
these solids that models, theory, and
techniques have been developed for
other classes of insulating solids. Be-
cause of this situation, what follows
will concentrate almost completely on
describing the knowledge that presently
exists about point defects in the alkali
halides, with only a brief mention of
other materials (7).

Before going into this topic it may
be well to compare insulators with
metals and semiconductors. Tn all ma-
terials with a regular lattice array of
atoms there is developed a grouping
of energy levels permitted to the elec-
trons. These energy ranges are called
bands, and an energy band structure
for an insulator is illustrated in Fig.
1. Increasing energy is plotted vertical-
ly; motion from one part to another
in the crystal is plotted horizontally.
Starting at the top there is a band
of allowed energy levels called the
conduction band. In an insulator there
are normally no electrons in this band,
because they can all fit into lower
bands. But if an electron were excited
up to one of these energy levels, it
would be free to wander throughout
the crystal, giving rise to electrical
conduction. In metals there are more
electrons than can be accommodated in
the lower bands, and the conduction
band is always partly filled, thus allow-
ing conduction.

Below the conduction band is a
region called the band gap which does
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not have any energy levels for the
perfectly periodic lattice, so that elec-
trons cannot have energies in this
region. Of course, no real crystal is
ever perfectly pure. Occasionally one
may have a missing atom or ion—
called a vacancy—or one that is shoved
between others—called an interstitial.
In addition, foreign elements may be
introduced into the crystal or appear
there inadvertently. These point defects
frequently give rise to an energy level
in the band gap, the electron being
confined to the vicinity of the defect.
Such a case is illustrated in Fig. 1
by the short line labeled D, and an
electron (e) is indicated as being in
the level. The defect may also have
other higher levels to which the elec-
tron can be excited, as illustrated by
the vertical arrow. In the alkali halides
many of the point defects permit such
transitions by absorption of light in
the visible portion of the spectrum.
As a result, these crystals appear
colored, and the defects are usually
called “color centers.” In semiconduc-
tors the defect levels with electrons
in them are usually found close to
the conduction band, and thus thermal
energy will excite the electrons into
the conduction band at room tempera-
ture. A sort of metallic conduction
results, except that the number of
electrons which are free can be con-
trolled both by controlling the number
of defects and by controlling the
temperature.

Below the band gap in an insulator
is a filled band. All the energy posi-
tions permitted in this band have elec-
trons in them, and no more are
allowed. As a result no electron can
move to a higher or lower energy
position within the band. In an electric
field none of the electrons can gain
energy, and as a result there can be
no conduction. It is this band property

that characterizes insulators. If an
electron is excited from the filled
band to the conduction band, then
the electron is free to move from one
energy level to another, since the posi-
tions are unoccupied. The position in
the filled band left by an electron ex-
cited to the conduction band allows
some of the lower-energy electrons to
gain or lose energy, and the result of
this process is just what would occur
if a positive electron were introduced
into an empty band. This “positive
electron” is called a “hole” and can
move through the filled band just as
the electron can move through the
conduction band. If the free electron
and free hole recombine, the original
state is restored.

In metals and semiconductors a
great deal has been learned about the
detailed nature of the energy bands
and the motion of electrons and holes,
whereas properties of defects seem to
be less well known and are more
difficult to study. Just the opposite
is true for alkali halides, where it is
relatively simple to study the defects
but much more difficult to obtain
information about the bands.

Electron Centers

In alkali halides there is a group
of defects which may arise in the
pure material and which capture
electrons. These electron centers can
be introduced into an alkali halide
in various ways, of which an especially
simple one is to heat the crystal in
the vapor of the alkali metal at high
temperature. The first and most prom-
inent color center produced is called
the F center. It is also the simplest,
the most important, and the best
understood. As shown in Fig. 2, it
consists of an electron trapped at the
site of a missing halide ion. The F
center absorbs light in the visible
region of the spectrum by a process
like that illustrated in Fig. 1. In addi-
tion the F center causes a perturba-
tion of its neighboring ions so that
their ultraviolet absorption is shifted
slightly from the energy of the pure
lattice to lower energies. This appears
as an absorption band called the g
band (2). Finally, the F center gives
rise to weak absorption bands, called
the L bands, between the F and g
bands (3). These involve transitions
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Fig. 1. Schematic representation of the electron energy band structure for an insulator. A
defect, such as D, may introduce localized levels in the band gap, and optical transitions

are possible between these levels.

of the F-center electron to excited states
well inside the conduction band or
perhaps even above it, in another
band gap.

The model of the F center has
been generally accepted for many
years, and a vast array of electrical,
optical, and thermal data are explained
by it. Perhaps the most convincing
evidence for the model arises from
the study of this center by a com-
bined electron- and nuclear-spin-reso-
nance (ENDOR) technique. From
these measurements it is possible to
obtain the probability that the F-center
electron will be near the nuclei of
the surrounding ions out as far as
the fourth or fifth nearest neighbors.
These experimental results may be
compared with theoretical calculations
based on the F-center model. The
agreement between experiments on
LiF (4) and calculations on the F
center (5) are quite convincing.

At temperatures near —100°C a
new center may be made from the
F center. If light is absorbed in the
F center, its electron is raised into
the conduction band by a com-
bination of light and heat excitation.
The electron is free to drift through
the lattice and may be captured by
another F center, which will then have
two electrons (6). As shown in Fig.
2, this combination of two electrons
at a halide ion vacancy is called an
F’ center. The extra electron is held
loosely, and therefore this center is
stable only at low temperatures. For
each F’ center formed, two F centers
are destroyed, since the electron
comes from one and is captured by

another. Bleaching efficiencies have
been measured that correspond to this
picture.

If an electron is removed from the
F center, what remains is only the
negative ion vacancy. Since this has
no electron it cannot absorb light

452

directly. However, the vacancy does
alter the normal ultraviolet absorption

of the lattice near it; this lattice is
seen as a band called the « band
(2). The &« center is illustrated in

Fig. 2. These vacancies, or « centers,
are not usually seen at room tempera-
ture, but this appears to be due to
the fact that the vacancy captures an
electron during the warming-up process
—from the unstable F' center, for
instance.

After an alkali halide crystal has
been colored by heating in alkali vapor
at high temperatures and then been
quenched rapidly to room temperature,
it contains F centers almost exclusively.
But if light is absorbed in the F
band, the F band decreases and bands
which  absorb longer wavelengths
begin to grow. First a band called
the M band is seen, and then R
bands, and finally N bands appear.
At very long irradiations with light,
these bands all bleach and the crystal

is left with a light stain probably
due to colloidal particles of alkali
metal.

In recent years much has been

learned about the nature of the M
and R bands. It is now clear that
the M center is composed of two
adjacent F centers as shown in Fig. 2.
The first evidence for this was the
fact that the number of M centers
is proportional to the square of the

.number of F centers when the F cen-

ters are distributed randomly either by
rapid quenching techniques (7) or by
being formed by treatment with x-rays
at low temperatures (8). Such a center
has an axis along the face diagonal of
the crystal. Evidence for this orienta-
tion has been seen both in bleaching
experiments using polarized light (9)
and in studies of the polarized lumines-
cence of the M center when excited
with polarized light (10).

When more than one electron ap-

pears in a center, the electrons usually
form pairs, with the paired electrons
having spins in opposite directions so
that the pair has a net magnetic
moment of zero. It is usually neces-
sary for a center to have an odd
number of electrons before an electron-
spin-resonance experiment is possible.
For this reason the M center, with
two electrons, has not been seen in
spin resonance in its normal ground-
state condition. It has recently been
shown that ultraviolet irradiation of
a crystal with M centers leads to the
formation of an excited state with
two electrons having parallel spins.
Resonance studies are possible for such
a center. This arrangement has a life-
time of about a minute, and enough
of these excited centers can be made
to permit ENDOR investigations, which
fully substantiate the M-center modcl
in Fig. 2 (I17).

The R bands arise from the R
center, which is a cluster of three F
centers placed on the corners of an
equilateral triangle, as shown in Fig.
2. If two of the F centers are in the
plane of the paper, the third one
might be in a plane of atoms just
above the paper and adjacent to the
other two. While such a configuration
for the R center had been suspected
for some time, a variety of incon-
trovertible data have appeared only
very recently. No spin resonance is
seen for this center even though it
has an odd number of electrons. This
appears to be due to the appearance
of two interacting ground-state levels
for the R center which are separated
by only a small energy. If the crystal
is compressed in one direction, the
R center is distorted slightly and these
two levels are separated by a large
energy gap. It then becomes possible
to see resonance in the ground state
(12). The treatment which allowed
resonance to be seen in the excited
state of the M center also works for
the R center, which can be excited

to a condition in which the three
electrons have parallel spin. Here
too, ENDOR measurements substan-

tiate the model (13). )

It would seem likely that centers
with even larger numbers of F centers
can be formed, and indeed there is
some evidence that a relatively weak
band called the N band may consist
of four F centers (/4). But these
higher aggregate centers are rather
rare, and interest has centered prin-
cipally on the simpler centers.

Recently both the M and R centers
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have been made with one electron
less than their usual number (/5). In
the case of the M center, the two
F centers of which it is composed are
first made to line up in a particular
direction by bleaching with polarized
light. Then hole trap centers are
formed in ways to be described later
in this article, and a hole is excited
from the center and allowed to re-
combine with the M center, annihilat-
ing one of the M-center electrons.
The resulting center is identified as
arising from the M center by its
orientation, which survives this treat-
ment. It is called an F.+ center, since
it consists of two F centers with a
single positive charge as compared with
the pormal lattice. A corresponding
R center treated similarly is called
the Fy+ center. The F,*+ center has
only one electron and it should be
capable of being detected by spin
resonance. This has, however, not
yet been seen.

Hole Centers

All of the centers composed of
electrons trapped at negative ion
vacancies can also be produced by
x-raying the crystal. The x-rays are
absorbed by the crystal and produce
high-energy primary electrons which in
turn produce a large number of sec-
ondary electrons. All these electrons
are free to move through the lattice
and may be trapped at vacancies to
form F centers or some of the more
complex centers.

As was mentioned earlier, the
intrinsic production of free electrons
leads to the simultaneous production
of free holes which have a positive
charge. Just as the electron can be
trapped at negative ion vacancies, so
it might be expected that the hole
could be trapped at positive ion va-
cancies. This idea dominated the early
speculation about the nature of the
centers involving trapped holes. It has
turned out, however, that this paral-
lelism does not exist in alkali halides
and that the trapping processes for
electrons and for holes are qualita-
tively different.

The first hole trap to be clearly
understood was the Vi center, and the
details of its structure came from an
analysis of the elaborate spin-resonance
spectrum that it shows (16). The
resulting model of the Vi center is
shown in Fig. 3. It consists of a hole
which is localized between two halide
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ions and shared by them. An
equivalent but more familiar way of
describing this is to say that a
molecule is formed consisting of two
halogen atoms with a shared electron.
In KCl, for instance, this would be
a Cl,— molecule. The electron shared
by the two chlorine atoms tends to
pull the atoms together and binds
them with the same sort of exchange
energy that provides the binding for
the H. gas molecule. As a result
the two halogen atoms involved in
the Vi center are displaced from their
normal positions toward each other.

It should be noted that the Vi
center, in contrast with the electron
centers, does not involve any vacancies.
Any time free holes are formed they
are apt to be captured into the Vi
configuration. However, the production
of holes always means the production
of free electrons, and unless these are
trapped somewhere they will recom-
bine with the holes at Vi centers,
destroying the center. If appropriate
traps for electrons are introduced into
an alkali halide by incorporating small
amounts of Ag+, Ti+, or Pb++, large
numbers of Vi centers can be formed
and the optical absorption and polar-
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ization properties of the center may
be studied (/7).

The Vi center and other hole traps
are best understood by starting with
halogen molecules and taking the
major binding forces to be those in-
volving exchange interactions. For the
electron centers we have previously
discussed, the electron is held primarily
by the electric charge centered at a
missing-ion site, and the binding forces
have a simple electrostatic nature. As
a result, the electron and hole centers
are not at all similar, There is no
evidence, for instance, that an electron
can be trapped by the perfect lattice
in the way that the hole is trapped
to form the Vi center.

If an alkali halide crystal is x-rayed
at temperatures near those of liquid
helium, another hole center is formed.
It is called the H center, and its
model, deduced from spin resonance
(18) and optical experiments (19),
is shown in Fig. 3. It is similar in
some ways to the Vi center, and its
optical absorption band is close to
that of the Vi center. Again, it consists
of a hole shared among halide ions.
This time four ions are involved rather
than two, but the principal inter-
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Fig. 2. The arangement of ions and electrons for electron centers in alkali halides;

-- represents a positive ion, — represents a negative ion, and a circle enclosing an ¢

represents an electron. The F, F’, and « centers are all built on a single vacancy with
varying numbers of electrons. The M center consists of two adjacent F centers, and
the R center consists of three F centers. For the R center the third F center may be
considered to be in a plane above the paper and situated over the -+ surrounded
by the dashed square. The three F centers making up the R band are then situated

on the corners of an equilateral triangle.
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action is still with the middle two
ions, There is an important difference,
however. The H center has four ions
in the space where there should nor-
mally be only three. This results from
removing a halide ion from its normal
site and placing it in an interstitial
position. Ways in which this may hap-
pen under x-ray bombardment will be
discussed in later sections. The forma-
tion of the H center corresponds, es-
sentially, to the formation of an in-
terstitial atom. It is not very stable on
warming and disappears by diffusion
back to a vacant lattice site.

Optical absorption bands due to
other hole trap centers have been
found, but their detailed atomic com-
position is not yet clear. The H’
center appears at liquid-helium tem-
perature on extended bombardment
with x-rays (20). A weak V; band is
often seen on treatment with x-rays at
liquid-nitrogen temperature. At room
temperature V, and V, bands appear
both with x-ray treatment and when a
crystal is heated in halogen vapor and
quenched to room temperature. None
of these centers appears to show spin
resonance, and attempts to understand
their nature have consequently had to
employ less direct evidence.

Impurity Centers

All the centers described so far have
been due to point defects in the pure
lattice. It is possible to incorporate
chemical impurities into the alkali
halides and to study the properties
of these centers.

Some of the first centers studied
in this way were heavy-metal ions
such as Tl+, Ag+, Cu+, and Pb+-+. Tt
is often possible, as in the case of T+,
to attempt to correlate transitions in
the solid with transitions occurring
in the same ion in the gas (27). There
are obvious differences due to the
lattice in which the ion is placed:
absorption and emission spectra show
broad bands rather than sharp lines,
and the absorption and emission are
well separated in energy in the solid
although they are at the same energy
in the gas.

These effects for the impurities, and
similar ones for centers like the F
center, may be understood qualitatively
by the use of a configuration co-
ordinate diagram as shown in Fig. 4.
In this kind of diagram the total
energy of an impurity center is plotted
as a function of some coordinate of
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the configuration. Often the coordinate
may be taken as the distance from
the impurity to its nearest neighbors.
As this distance changes, the energy
of the center changes, even if it is in
its ground electronic state. Changes
due to compression of the center
and changes in electrostatic forces are
some of the balancing forces which
lead to an equilibrium distance for the
ground state at the point A4 in Fig.
4. Thermal energy and lattice vibra-
tions lead to appreciable oscillations
of the system about the point A. If
the system is at the configuration A
and absorbs light, it will be raised
to point B on the excited-state curve
in such a short time that none of
the nuclei will have moved. In other
words, the configuration has not
changed and a vertical transition to
B results. But the distribution of
electrons is different in the excited
state from that in the ground state,
and as a result the equilibrium posi-
tion of the state, C, is found at a new
configuration. The excited state relaxes
from B to C by giving off thermal
energy. In emission the process is
repeated in the transition from C to D
and in the release of thermal energy as
the system goes from D to A. Ob-
viously the emission energy (C to D)
is not as large as the absorption
energy (A to B); this accounts for
the separation of absorption and emis-
sion bands. The broad absorption
band arises from the thermal vibra-
tions about the point A. Small varia-
tions in the coordinate lead to ap-
preciable changes in energy since point
B is on the side of the excited-state
curve where energy is changing rapidly
with configuration.

This simple picture has been ex-
tended to include the fact that if the
system is a vibrating system it should
have discrete energy levels. This re-
finement allows the model to describe
low-temperature data where such quan-
tum effects become important.

Although this model is very simple,
it has been useful in a number of
cases in describing the processes oc-
curring in a center. Theoretical cal-
culations of the configuration coor-
dinate diagrams have been made for
thallium in potassium chloride (22)
and for the F center in lithium chloride
23).

Other impurity centers which have
been extensively studied include H—,
OH—, and O,—. A similar series is
currently of great interest: SH—, S——,
and S,—. Recently NO,~ ions (24) and

Sm*? jons (25) have been extensively
studied for the great wealth of detail
in their optical spectra and for the in-
formation this gives about the inter-
action of the center and the lattice in
which it is embedded. Alkali impurities
can be seen if they are neighbors to
an F center. They modify the F-
center properties slightly and are called
F, centers (26). If a divalent ion
such as Ca++ is incorporated in an
alkali halide, a positive ion vacancy
is also created to keep the crystal
electrically neutral. At room tempera-
ture and below, the Ca*+ and its va-
cancy are normally neighbors since
there is a charge attraction between
them. On x-ray treatment at low tem-
perature a center has been seen which
has been identified as a Vi center at-
tached to this divalent ion-vacancy com-
plex (27). At higher temperatures it ap-
pears that the addition of an F center
to the same divalent ion-vacancy com-
plex leads to still another center, called
the Z, center (28). The study of the
production, properties, and interaction
of these impurity centers is a large and
active field.

Radiation Effects

Having listed and described briefly
the large number of point defects about
which there is important information,
we shall turn to the problem of how
defects are formed by ionizing radia-
tion. In particular we shall restrict our
consideration to the case of very low
temperatures produced by liquid he-
lium. In the room-temperature region
the effects of radiation are very com-
plex because many parameters are im-
portant. Trace amounts of impurities
frequently have an important effect,
as does the amount of plastic strain
suffered by the crystal. To further com-
plicate affairs, the coloration depends
not only on the dose of radiation re-
ceived by the crystal but also on the
rate at which the dose is supplied.
While important steps have been made
in understanding some of these effects,
the processes of coloration at room
temperature are far from clear.

At low temperatures, many of these
complications disappear. The coloration
is almost entirely independent of im-
purities, strain, and the rate at which
the dose is applied (29). This leads
fairly directly to the conclusion that
the ionizing radiation produces color
centers in the pure lattice. At low tem-
peratures F centers and H centers,
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among others, are formed, and this
pair is particularly simple. It was men-
tioned earlier that the H center corre-
sponds to an interstitial halogen atom.
If this combines with an F center,
which is a halogen vacancy with an
electron, the perfect lattice is re-
formed. It is believed that the F and
H centers are formed together in pairs
by the radiation; the halide ion is eject-
ed into an interstitial position but
leaves an electron behind in the va-
cancy, thus directly forming these cen-
ters. If the halide ion is ejected into
an interstitial position but does not lose
an electron to the vacancy, another
pair of centers is formed. The vacancy
gives rise to the o band, as was men-
tioned earlier, and recent work indi-
cates that the interstitial ion gives rise
to a band at 2300 A in KBr (30).
The ratio of « centers to F centers is
about 8 to 1 in KBr that has been
x-rayed at liquid-helium temperature.

The fact that ordinary x-rays are
able to create interstitial ions is very
surprising. Theoretical estimates of the
energy necessary to make an interstitial
ion are about 25 electron volts, and
measurements in metals and semicon-
ductors support this estimate. When
ordinary x-rays are absorbed, fast elec-
trons are emitted, and it is these elec-
trons which cause the interstitial to be
formed. In metals and semiconductors
interstitials are formed by the transfer
of momentum from a high-speed par-
ticle to the atom, which recoils into
an interstitial position. But this process
could produce a recoil energy of only
a fraction of an electron volt in some
cases encountered for alkali halides, and
this is far less than the estimated mini-
mum value. In addition, the efficiency
of the process is very high in alkali
halides, exceeding that in metals and
semiconductors by a factor of 100 or
more.

Several suggestions have been made
concerning more indirect ways in which
X-rays may produce interstitials. One
suggestion for which there is experi-
mental evidence (37) is that each of
two neighboring halide ions loses an
electron and that this “pair” leads to
interstitial formation. If the pair forms
a halogen molecule that becomes lo-
calized at one of the two halide sites,
a vacancy and an interstitial are
formed (32). Some evidence exists
that K-shell ionization of the halide ion
also makes a contribution to interstitial
formation (33). In this case it is pos-
sible for the halide ion to lose several
electrons and to reverse the sign of its
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charge. In an ionic crystal such an ion
would tend to be expelled from its nor-
mal lattice position.

Another problem in low-tempera-
ture coloration is the large number of
« centers (negative ion vacancies) com-
pared with F centers. Since the nega-
tive ion vacancy can be shown to have
a high cross section for capture of ‘an
electron, there must be forces that
prevent it from doing so at low tem-
peratures. Two mechanisms have been
proposed, and it seems likely that both
are important. It has been shown that

+ - + -

Vi CENTER

in a high electric field a negative ion
vacancy cannot capture an electron
long enough to form an F center. If
an interstitial halide ion is within a
few lattice distances of a vacancy, its
field can keep the vacancy from be-
coming an F center (34). The other
mechanism involves a strong lumines-
cence which - is produced in alkali
halides by x-rays at low temperatures
and which is due to the recombina-
tion of an electron and a hole at a
Vi center. In several alkali halides
this luminescence spectrum overlaps

H CENTER

Fig. 3. The two best-known hole centers. The Vx center does not involve either
vacancies or interstitial ions; it is self-trapped. The H center involves an interstitiat
halogen atom. The hole is represented by a circle enclosing an A.
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Fig. 4. A configuration coordinate diagram.
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the F-center absorption band, and the
luminescent light may bleach some of
the F centers, leaving « centers (35).

In general, there is a satisfying
amount known about radiation effects
in alkali halides at low temperatures.
Identification of the bands is nearly
complete, some mechanisms of forma-
tion of interstitials have been worked
out, and interactions between centers
have been studied. Determined attempts
are now being made to extend this
study into the more difficult high tem-
perature ranges.

Recent Activity

This review of point defects in alkali
halides would hardly be complete with-
out mention of three areas in which
there has been a great deal of recent
interest: the interaction of lattice vibra-
tions ‘with defects, the excited state of
the F center, and theorctical develop-
ments.

One would expect the various color
centers to interact with the vibrations
of the lattice, and studies of such ef-
fects have been made over a number
of years with the use of the configura-
tion coordinate diagram. Experimental-
ly, the variation of the width of the
absorption and emission bands is de-
termined as a function of temperature,
and from these data the frequency of
the important vibrational modes may
be determined. This frequency is not
quite that expected from the pure lat-
tice, possibly because the presence of
the defect disturbs the Ilattice in its
vicinity (36). It has also been shown
that the introduction of H— and D—
into alkali halides gives rise to sharp
infrared absorption bands as a result
of the vibrations of these ions with
the lattice (37). More recently, the in-
troduction of a complex center such
as NQO,— has both given a very de-
tailed spectrum in the near infrared,
owing to its own absorption (24), and
introduced sharp lines into the far in-
frared region, indicative of important
modifications of the vibrational spec-
trum (38). Also, lines have been ob-
served at the long-wavelength tail of
some complex color centers such as
the R centers (39). In some cases there
are one, two, three, and so on, phonon
lines as well as the zero lines (40).
These lines are extremely sharp and
correspond to the electronic transition
in the center coupled with the creation
of zero, one, two, . quantized bits
of lattice vibrations, or phonons. From
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the difference in energy of these lines
the frequency of the lattice vibrations
involved in the particular transition can
be obtained. A large experimental and
theoretical effort is being marshalled
to understand these effects.

Recently, information has been ob-
tained on the excited state of the F
center by investigation of the magneto-
optical properties of this center (47).
The excited state is not single but is
split by a small energy. Ordinarily this
splitting would be too small to be ob-
served as a direct energy difference,
but it does lead to rotation of the
plane of polarization of transmitted
light if a magnetic field is applied,
and this can be measured with con-
siderable accuracy. Here again, inten-
sive theoretical study has been under-
taken to understand this splitting of
the excited state in a quantitative way
42).

A great deal of effort has recently
been expended on calculating the con-
figurations and energies of the states
of the F centers (23, 43). This is a
complex problem because the electron
is spread over the nearest neighbors
as well as being in the vacancy. In
the excited state, polarization effects
among the electrons of the neighboring
ions have been shown to have very
important effects in spreading the elec-
tron over a volume enclosing several
hundred ions. Also, the positions of
the neighboring ions are shifted from
their usual ones in the perfect lattice.
Since this shift is different for the
ground and the excited state, it must
be evaluated in each case, and these
shifted positions must be used in the
final calculation of the F-center prop-
erties. As a result of these calculations,
theory and experiment are in substan-
tial quantitative agreement.

A considerable effort has gone into
studies of silver halides such as AgCl,
alkaline earth fluorides such as CaF.,,
and oxides such as MgO. One might
expect that these other ionic insulators
would have properties very similar to
those of the alkali halides. While cen-
ters corresponding to the F center have
recently been identified in some of
these materials, the principal coloration
properties seem to be associated with
impurities. The reasons for this situa-
tion can only be guessed at, and it
is possible that they are different
for different materials. As a result,
ecach of these classes of materials
presents a new and interesting chal-
lenge in its own right. Once the na-
ture of point defects and their produc-

tion in materials other than alkali
halides becomes really well established,
comparisons between these materials
should be very valuable in establish-
ing generalized rules and mechanisms
for the appearance of point defects in
insulators.
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