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Exposure of single crystals of MgA1204 to fast neutrons and to Van de Graaff electrons with energies in

excess of 0.35 MeV introduces an optical-absorption band at 5.3 eV with a 1-eV half-width. This band can
be partially bleached at temperatures as low as 40 K and a shoulder at 4.75 eV develops concurrently. This

bleaching treatment also partially destroys a previously reported V-type absorption centered at 3.2 eV.
Subsequent exposure to ionizing radiation destroys the 4.75-eV band and restores both the 5.3- and 3.2-eV

bands to their original intensities. Since this behavior is analogous to the interconversion of F to F+ centers
in Al, O„ it is concluded that the 5.3-eV band is the principal optical transition of the F center (two
electrons trapped at an oxide-ion vacancy) and the 4.75-eV band is attributed to absorption by the F+
center (one electron trapped at an oxide-ion vacancy). In electron-irradiated crystals the 5.3-eV absorption

begins to anneal near 110'C and is about 90% destroyed upon isochronal annealing (10-min pulses) up to
355'C. Neutron-irradiated crystals behave similarly. Measurement of the threshold energy for damage by

electrons at 77 K yields a displacement energy for the creation of 0 interstitial-vacancy pairs of 59 eV.
The defect yield drops off substantially with increasing temperature, and at room temperature the apparent
0' displacement energy is 130 eV. Possible reasons for this strong temperature effect are discussed.

INTRODUCTION

Research on radiation-induced defects in various
charge states-in alkaline-earth oxides has been
pursued with considerable success over the last
dozen years or so.' Recently, the conceptual tools
and experimental methods developed in these
studies have been applied with varying degrees of
success to oxides with a more complicated crystal
structure such as o. -A1,0, and MgA1,0,. Although
identification of trapped-hole (V-type) optical
transitions in Al,O„based on infrared absorption'
and electron-spin-resonance (ESR) measurements,
is on firm footing, ' ' the absence of a convenient
ESR signal' from the paramagnetic F' center (a
single electron trapped on an anion vacancy) has
hampered direct identification of the optical
transition of this center. Similarly, ESR signals
from both electron and hole centers in MgA1, 04
crystals are either so complex or so weak that
this means of identifying the defects responsible
for optical bands has so far proved ineffective. '
Therefore the origin of the optical bands has had

largely to be deduced by analogy with the behavior
of similar centers in alkaline-earth oxides. In

Mg0, for ex unple, "ESR and magnetic-circular-
dichroism (MCD) measurements have located both
the E' band and the p' band (the optical transition
of the center composed of two electrons trapped
on an 0' vacancy) near 5.0 eV. In A1,0, the Z'
center, identified through the polarized excitation
spectrum of its 3.8-eV emission band, absorbs

at 4.8, 5.4, and -6 eV, whereas the I center ab-
sorbs at 6.1 eV and luminesces near 3.0 eV.' "

MgA1, 04 has a: melting point intermediate be-
tween that Of its constituents, i.e., 2135 'C as com-
pared to 2800 C for MgO and 2047 'C for A1,0,.
Its absorption edge' of 7.75 eV is comparable to
that of its parent oxides. The spinel. structure is
characterized by two types of cation sites: octa-
hedral for the trivalent cations and tetrahedral
for the divalent cations, though some mixing of
cations over these sites is common. "'" Hence a
wide variety of defect configurations and charge
states is possible, including misplacement of ca-
tions (antistructure defects).

Some of the effects associated with a change in
charge state of defects and impurities can be
readily explored using ionizing radiation. In an

earlier investigation, "exposure to '"Cs y rays
produced a broad absorption band centered near
3.2 eV and at the same time drastically reduced
absorption initially present in bands at 4.S and

6.4 eV. The latter bands coincide in energy with
Fe" charge-transfer absorptions in Al,O, crystals
reported by Tippens. " Since Fe was a major con-
taminant of these crystals and since the Al-0
spacing in spinel is very close to that in Al,O„ it
seems reasonable to conclude that these bands are
also associated with Fe'+ impurity in MgA1, 04 and
that the 3.2-eV band is due to a V-type center,
i.e. , a hole trapped in the form of an 0 adjacent
to a site deficient in positive charge. Optical and
thermal bleaching of the 3.2-eV band result in a
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one-to-one restoration of the Fe" bands.
Bunch" has reported that bombardment of spinel

crystals with 14-MeV neutrons introduced a prom-
inent band at 5.3 eV, which he identifies as an I-
type band on the basis of a Mollwo-Ivey-type re-
lationship. This assignment is strengthened by
thermochemical studies" which demonstrate that
the 5.3-eV band can be produced both additively,
by heating spinel crystals in either Mg or Al metal
vapor, and extractively, by heating near the melt-
ing point in a reducing atmosphere. In the follow-
ing account we summarize our studies of optical-
absorption bands in spinel which had been irradi-
ated with reactor-spectrum neutrons or energetic
electrons (& 0.35 MeV). These include optical-
and thermal-bleaching experiments and a deter-
mination of threshold energies for their creation
by electron bombardment.

EXPERIMENTAL METHODS

The MgA1, 04 single crystals were obtained
from Union Carbide Corporation. A chemical
assay carried out by Johnson and Mathey analysts
revealed that the primary impurity was iron pre-
sent to the extent of V6 ppm in one set of samples
and to 20 ppm in another. Smaller amounts of
other impurities, e.g. , 22-ppm Cu and 4-ppm Cr
in the first set and 1-ppm Cu and 3-ppm Cr in the
second, were also reported. Neutron irradiation
was performed in the North Carolina State Uni-
versity Pulstar reactor which has a flux of reac-
tor spectrum neutrons of 10"cm 'sec '. Elec-
tron irradiations were carried out at two loca-
tions, using the 2-MeV Van de Graaff at Chapel
Hill and the 0.5-MeV Van de Graaff at AEH, E Har-
well. At the first location, beam currents up to
-100 ~ were employed and the specimens were
cooled with a high flow of water in direct contact
with the specimen. Since in this setup the electron
beam penetrated two thin metal walls and -1 mm
of water before reaching the specimen, there was
appreciable degradation of the incident beam en-
ergy. In the AERE setup the specimen was at-
tached to a cold finger extending from a liquid-
nitrogen cryostat and was exposed directly to the
electron beam. This second arrangement was
much better suited to determine the threshold en-
ergies directly without corrections for energy
degradation and could be used, provided current
densities did not exceed -10 pA/cm'.

EXPERIMENTAL RESULTS: THE S.3' BAND

Exposure of MNA1, 0, crystals to particles with
sufficient energy to displace lattice ions via elas-
tic collisions results in the 5.3-eV absorption
band reported by Bunch. The effect of an ex-
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FIG. 1. Optical absorption in single-crystal MgAl204
introduced by an exposure of 1x 10 reactor neutrons
cm 2. Curve a, before irradiation; curve b, after ir-
radiation at -40'C; curve c, after bleaching with 5.3-
eV light at room temperature (the specimen was exposed
to a beam of 5.3-eV photons from a high-intensity mono-
chromator until no further change was observed).
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FIG. 2. Buildup of coloration at room temperature due
to l.75-MeV electron bombardment of MgA1~04 single
crystals. Absorption intensity at both 5.3 and 3.3 eV.

posure of 3x10" reactor-spectrum neutrons cm '
at -40'C is shown in Fig. 1, where the absorption
coefficient n is plotted against photon energy. The
5.3-eV band completely dominates the spectrum.
It is unaffected by exposure to visible light and
has a width at half-maximum of -1.0 eV. Though
not shown in this figure, the 3.2-eV V-type band is
detectable but quite small. Bombardment with
1.75-MeV electrons produces the same 5.3-eV
band (same width and position}, but the 3.2-eV band
development is more prominent. However, growth
curves for these bands produced by 1.75-MeV elec-
trons, shown in Fig. 2, show that the 3.2-eV band
attains at least half of its intensity almost im-
mediately and that its subsequent growth is rela-
tively very slow. Qn the other hand, the 5.3-eV
band grows with a substantial rate over the whole
exposure range, though the onset of saturation is
evident at higher exposures. Therefore it appears
that the 5.3-eV band requires defect creation by
a displacement process as reported by Bunch, "
while most, if not all, of the centers responsible
for the 3.2-eV band are apparently already present
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and require only a charge-state change to become
observable. This behavior is consistent with earl-
ier observations of the effect of y irradiation on

MgAl, O„which indicated that the 3.2-band is as-
sociated with holes trapped at some site deficient
in positive charge already present in the crystal.

OPTICAL BLEACHING
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FIG. 3. Effect of bleaching with 5.3-eV light on the
optical absorption spectrum of MgA12O3 previously ex-
posed to 0.5-MeV electrons. The effect of bleaching at
both 40 K and room temperature is shown. Optical den-
sity measurements were made at the bleach tempera-
ture.

Light absorbed in the 5.3-eV band causes partial
bleaching and the appearance of a shoulder at 4.75
eV, as shown in Fig. 3, for an electron-bombarded
crystal. The bleaching can be carried out at either
room temperature or at temperatures as low as
40 K. Another consequence of excitation in the
5.3-eV band is the partial loss of the V-type band
at 3.2 eV. It was also noted that the extent of
bleaching was specimen-dependent and that some
specimens, while susceptible to bleaching at 77 K,
were not strongly affected at room temperature.
Electron-bombarded crystals were more sensitive
to bleaching then neutron-bombarded ones. The
effect of a 5.3-eV bleach for a neutron-irradiated
crystal at room temperature is shown in curve c,
Fig. 1. Exposure to a small dose of x rays or y
rays at room temperature completely restores
the 5.3-eV band and erases the 4.75-eV shoulder.
These observations are all consistent with the
view that optical excitation of the defect respon-
sible for the 5.3-eV absorption causes it to lose
an electron which annihilates a hole in a V-type
center. The specimen: dependence of the bleaching
efficiency and the fact that low-temperature
bleaching is more effective than room-tempera-
ture indicate that the 4.75-eV band is not associa-
ted with the trapping of electrons released during
the bleaching process, but rather is very likely due

to a new charge state of the defect undergoing
photoionization. This is just the behavior expected
if the 5.3-eV band were due to E-center excitation
and the 4.75-eV absorption were associated with
the F' center. A short exposure to ionizing radia-
tion restores the 5.3-eV band intensity and elimi-
nates the 4.75-eV shoulder through restoration
of the original charge state. Similar behavior is
exhibited by Al, O, upon bleaching, '-" except that,
because the lower symmetry of the oxygen va-
cancy site splits the excited state, there are three
F' bands rather than one.

Another piece of evidence which is in accord
with this identification is that when an electron-
bombarded crystal is kept in the dark for several
days, the 4.75-eV shoulder develops on the 5.3-eV
band. It is known from thermoluminescence
studies" on y-irradiated specimens that holes
are thermally released from V-type centers at
temperatures below 100 C even though the mai.n

peak lies at 195 'C. Therefore, we expect holes
escaping from such shallow traps to be captured
by F centers producing a corresponding number
of F centers.

In view of these results, we conclude that the
5.3-eV band in spinel is associated with the F cen-
ter and the 4.75-eV band belongs to the F' center.
As mentioned above, this conclusion is supported
by the fact that the same 5.3-eV band can be
created by thermochemical treatment" designed
to introduce a stoichiometric excess of the me-
tallic constituent and, hence, also F centers.

THERMAL ANNEALING

Isochronal annealing (10-min puises at succes-
sively higher temperature) was carried out on both
electron- and neutron-bombarded crystals. It
was found that the 5.3-eV peak noticeably decrea-
ses when the temperature reaches 80 C, but that
this decrease can be fully restored by a short ex-
posure to ionizing radiation (x rays in this case},
so long as the temperature does not exceed 110'C.
Therefore thermal bleaching at these lower tem-
peratures is presumably associated with holes
released from V-type centers. To avoid confusing
such electronic effects with the loss of centers by
interstitial-vacancy recombination during the an-
neal, the specimens were given a 20-min exposure
to x rays after each annealing pulse to repopulate
both electron and hole centers. Thermal destruc-
tion of centers responsible for the 5.3-eV band
sets in above 110'C and by 355'C is 90% complete.
Annealing to temperatures above 1000'C is nec-
essary to eliminate the remaining 1O% of this
band. Typical spectra for an electron-bombarded
crystal, after isochronal annealing pulses at the
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FIG. 4. The effect of isochronal annealing (10-min
annealing pulses) on the optical absorption spectrum of
an electron-bombarded MgA1~04 crystal. The curves
were measured after successive anneals up to the indi-
cated temperghee. After each annealing pulse the
crystal was given a 20-min x-ray exposure to repopulate
E-and V-type centers. The dashed curve shows the
effect of x irradiation on a comparison specimen which
had not been exposed to electrons.

indicated temperatures, are shown in Fig. 4. De-
fects in neutron-bombarded crystals exhibited
comparable thermal instability, except that vir-
tually all of the 5.3-eV band was removed by an-
nealing to 400 'C.

In Fig. 4 it is also evident that loss in the 5.3-eV
band is accompanied by loss in the 3.2-eV trapped-
hole band. It is not clear whether this loss of ab-
sorption is caused by thermal destruction of V-

type centers or whether loss of the electron-trap-
ping capacity of the E-type centers simply reduces
the concentration of holes av&ilable to populate
hole centers upon exposure to ionizing radiation.
Experience with specimens containing -VO-ppm
Fe impurity" supports the latter view, since it was
found that y irradiation virtually eliminated the
4.8- and 6.4-eV absorption bands due to Fe". Evi-
dently, the concentration of hole-trap centers is
greater than that of the Fe" impurity so that as
many holes as necessary to balance the concentra-
tion of trapped electrons can be accommodated.
Another indication of the high concentration of
hole traps is the strong afterglow immediately
after y irradiation. " This phosphorescence is
dominated by 4.8-eV emission which has been at-
tributed to electron capture by occupied hole
traps, i.e., V-type centers. A similar emission
at 4.95 eV has been found to result from the same
recombination process in x-irradiated MgO. '
Hence, electrons released at a low rate, at room
temperature, from shallow traps, evidently re-
combine with trapped holes, resulting in a de-
crease of the 3.2-eV band intensity. Both of these
observations suggest that it is the concentration of

trapped electrons which controls the amplitude of
the 3.2-eV absorption. If the hole-trap concentra-
tion is indeed in excess of that required to balance
the concentration of trapped electrons at room
temperature, it is not possible to state whether
additional V-type centers are created by either
electron or neutron bombardment. Therefore
the growth of the 3.2-eV band during electron
bombardment (Fig. 2) should probably be inter-
preted as reflecting an increase in the concentra-
tion of deep electron traps resulting from the dis-
placement of lattice ions, e.g. , 0', rather than
creation of additional V-type centers.

The isochronal annealing behavior observed in
Fig. 4 exhibits no sharp recovery stage but rather
a nearly uniform rate of annealing over the tem-
perature interval from 110'C to 355 'C. Similar
annealing behavior is exhibited by neutron-bom-
barded crystals and suggests a distribution of
activation energies, rather than a unique one which
would be expected if, say, the rate-determining
step were due to the motion of a vacancy or an in-
terstitial. Therefore it is likely that the breakup
of interstitial clusters dominates the recovery
process and the range of energies required to
dislodge an oxygen interstitial is larger than the
motion energy for the interstitial. It is noted that
similar isochronal annealing results have been ob-
tained on neutron-irradiated MgO (Ref. 21) and
Aj O

DAMAGF THRESHOLD MEASUREMENTS

If, as assumed here, the 5.3-eV absorption band
is due to the I center, it should be possible to
use this absorption band as an index of the dis-
placement process and thus to determine the
threshold energy for creating anion vacancies by
electron bombardment. From a knowledge of the
minimum electron energy capable of creating
stable anion interstitial-vacancy pairs, it is pos-
sible to determine the so-called displacement
energy E, from the relativistic energy-transfer
equation for the threshold case:

E~ =2(E,h+2mc')/Mc,

where E, is the maximum kinetic energy trans-
ferred to an atom (ion) of mass M in a collision
with an electron whose energy E,& is just sufficient
to produce a change in the indexing property. In
Eq. (1) ns is the electron rest mass and c is the
speed of light. A straightforward way to deter-
mine E,h is to expose a specimen to a prescribed
Quence of electrons of energy E and increase E
stepwise from some subthreshold value to a value
in excess of E,h. Since the daxnage cross section
near threshold is"
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where T is the maximum kinetic energy imparted
in the collision, a„(E) vanishes when 7 =E, or E
= E,h. Therefore, by extrapolating back to no
change in the indexing property, the value of E,„,
and hence E„may be obtained. When T is sig-
nificantly larger than Ed, a more exact extrapola-
tion due to Seitz and Koehler'4 can be used; i.e. ,
one can fit the normalized displacement cross
section to the experimental points of the property-
change variation versus incident electron energy.

In our ease the 5.3-eV band was used as the in-
dex of 0' displacements. Ed was determined for
electron bombardment at both VV and 300 K using
two rather different sample holders. At VV K the
thermal conductivity of spinel was high enough
for the electron-beam intensities employed (-10
pA/cm') to permit the sample to be attached to a
liquid-nitrogen cold finger located in the Van de
Graaff vacuum. After a fluence of 5 x10"elec-
trons cm ', the sample was warmed to room tem-
perature, at which the electron-hole recombina-
tion phosphordscence" was allowed to decay for
-1 h and then the optical-absorption spectrum was
measured. The 5.3-eV band first appeared with
measurable intensity after irradiation with 0.35-
MeV electrons. Extrapolation to zero optical den-
sity after subsequent irradiation at higher ener-
gies gave E,„=0.325 MeV, which according to Eq.
(1) corresponds to Ed=59 eV. Just above threshold
the defect production rate is relatively small, but
if the electron-beam energy is increased to 0.5
MeV, the production rate is much higher and a flu-
ence of 2.5x10" electrons cm ' produced an opti-
cal density of 0.4. Assuming an electron penetra-
tion depth of -0.2 mm before the electron energy
falls below threshold and an oscillator strength of
—1 for the 5.3-eV band, Smakula's equation can be
used to estimate that about 30 incident electrons
on the average produce one oxygen vacancy at VV

K. The number of defects produced is directly
proportional to the electron fluence up to an opti-
cal density of 0.2, which, using the above penetra-
tion depth, corresponds to an absorption coefficient
of about 30 crn '. At high fluences the defect pro-
duction rate decreases slightly. For irradiations
at 300 K the defect production rate was at least a
factor of 6 below that at VV K for an incident elec-
tron energy of 0.5 MeV.

When threshold measurements were carried out
at room temperature using higher beam currents
(-100 yA/cm') and water cooling, the results
shown in Fig. 5 mere obtained. Before striking
the samples, the electron beam had to penetrate
-0.3 mm of window material (aluminum and brass)
and a 1-mm layer of water. Hence considerable
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FIG. Q. Optical density (OD) at 5.3 eV as a function of
incident electron energy near room temperature. Each
point was measured after 2x10 electrons cm . The
indicate electron energy was corrected for energy loss
in window material and 1-mm layer of cooling water
using the known stopping power of these substances. The
insert shows the optl. cal density measured at room temp-
erature, which was introduced at 77 K by 5x10 elec-
trons cm . For these measurements the sample was
held in the accelerator vacuum. The sample thickness
was 1 mm.

degradation of the beam energy occurred before
the incident electrons reached the specimen. The
energy values of Fig. 5 were corrected both for
the energy lost by the electrons in traversing the
layers of window material and for the finite thick-
ness of the specimen by using known stopping
powers. " Because of inherent uncertainties in
these corrections and straggle in the beam, the ef-
fective incident-electron energies are not so well
defined as in the low-temperature threshold mea-
surements. Therefore, to verify the validity of
this approach, the threshold energy of Mgo was
determined in the same holder by the same proce-
dure and the value of 59 eV was obtained, which is
in excellent accord-with a previously reported
measurement at VV K." The solid lines of Fig. 5
were calculated using the cr(E) relation of Seitz
and Koehler for Ed's of 120-, 130-, and 140 eV.
The best overaQ fit to the data is given by Ed=130
eV, a value over twice as large as obtained from
the low-temperature measurements. However,
as can be seen from Fig. 5, the data points trail
off toward lomer electron energies at smaQ values
of 5.3-eV band intensities.

The usual interpretation of displacement-energy
measurements using incident electrons is that Ed
represents the minimum energy imparted to a lat-
tice atom or ion in an elastic coQision, which wiQ
result in the formation of an interstitial-vacancy
pair. As such Ed is expected to have a definite,
fixed value. However, it is obvious that, since in
our case the property indicating permanent daxnage
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is measured subsequent to the irradiation, we are
concerned with both the effect of the radiation
conditions and the interval between irradiation and
measurement on the stability of the interstitials
and vacancies. Unless the defects are stable
against recombination, no damage will be indi-
cated. In our case low-temperature irradiation
gave the lowest value of Ed, therefore what hap-
pens in the interval between irradiation and mea-
surement is not nearly as important a,s the effect
of irradiation conditions on the stability of inter-
stitial-vacancy pairs immediately after creation.
Hence in the usual experimental situation Ed is
determined by the lowest value of T~, which re-
sults in stable damage rather than that necessary
simply to displace an atom to an interstitial site.
Consequently, the stable-damage configuration is
expected to be more complex than simple inter-
stitial-vacancy pairs.

In close-packed structures one expects the ac-
tivation energy of interstitials to be rather small
and, indeed, in alkali halides there is evidence
that interstitial halide ions are quite mobile. '
One might also expect a similar high mobility of
interstitial oxygen ions in the spinel lattice. Be-
cause of the instability of 0' in the absence of the
stabilizing Madelung field (the electron affinity
of the second electron is -9 eV), the displaced
oxygen is expected to lose immediately one elec-
tron and become 0 . This small ion should move
readily through the lattice either directly or by an
"electronic" interstitial mechanism, i.e., exchange
both position and charge with an on-site ion, even
at low temperatures. With such a high mobility
the probability of recombination of an interstitial
with some vacancy would be quite large. Thus
creation of stable oxygen vacancies requires the
trapping of the corresponding interstitials. At
low temperature rather shallow traps would suf-
fice to provide a nucleation site for interstitial
clusters, i.e., to trap a single 0 which could then
capture additional 0 ions to form a small cluster
stable at room temperature.

At higher temperatures (-300 K) such trapping
sites, if shallow enough, would be relatively in-
effective, so that a drastic reduction. of the yield
of anion vacancies for incident-electron energies

near E, would occur. However, if the creation
rate of interstitial-vacancy pairs is high enough,
homogeneous nucleation through the interaction of
two 0 becomes increasingly probable. A suffi-
ciently enhanced production rate for homogeneous,
second-order nucleation might well result from
higher incident-electron energies. The result
would be a production rate versus electron energy
behavior like that of the data points of Fig. 5.

An alternative model for the apparently higher
Ed at room temperature involves the creation of a
more complex, more stable type of damage at the
outset. For example, multiple displacements by
a single electron-0' -ion collision may produce
a damage configuration which stabilizes the. inter-
stitial component as well as the vacancy. This
creation mechanism would lead to a second, high-
yield threshold; such effects have been reported
in the case of silicon. " The data points of Fig. 5
could be interpreted as indicating a two-threshold
situation. It should be possible to distinguish be-
tween these two alternatives by using several dif-
ferent beam intensities, since second-order ho-
mogeneous nucleation would be favored by the
higher intensities, whereas the complex damage
model would depend only on the energy of the inci-
dent electrons and not on the flux.
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