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The two prominent absorption bands centered at 6.1 and 4.8 eV in neutron-bombarded Al,O; single crystals
have been investigated. Optical excitation into the 6.1 eV causes growth of bands at 5.4, 4.8, and 4.1 eV,
whereas excitation into these latter bands causes growth of the 6.1-eV band. The oscillator strength of the 4.8-
eV band was found to be in the range 0.5-1 as compared to a value nearly twice that for the 6.1-eV band.
Excitation with 4.8-eV light produces an emission band at 3.75 eV and the yield and polarization of this
emission as a function of the polarization of the exciting light was studied. This polarization behavior together
with previous theoretical calculations is consistent with an assignment of the 4.8-eV band to the transition of
the F* center. The oscillator strength ratio and the reciprocal relationship between the 4.8-eV band and the
6.1-eV band strongly indicate that the latter is associated with the F center.

I. INTRODUCTION

Recently,'™® much progress has been made in
characterizing the defect structures in corundum
(a-ALQ,) crystals. As a result of investigations
using electron spin resonance, optical absorption,
and thermoluminescence, the identification of
various hole centers is on firm footing. The V2"
(an O ion adjacent to an aluminum vacancy), the
V- (two O™ ions adjacent to an aluminum vacancy),
and the Vg (an O™ ion adjacent to an aluminum va-
cancy which also has an OH™ as a nearest neighbor)
all absorb near 3.0 eV. The two-hole (V~) centers
anneal near 370 K, being transformed into V* cen-
ters by the loss of a hole; the V* centers ther-
mally ionize at ~500 K and the V§, at ~400 K. In
contrast to these hole centers, the complementary
electron trapping centers in y-irradiated crystals
are not so clearly identified. As in y-irradiated
MgO, there is no evidence of intrinsic electron
centers such as F* (an oxygen-ion vacancy occupied
by one electron) and F (an oxygen-ion vacancy oc-
cupied by fwo electron) centers. Electron trapping
apparently involves impurities such as Cr*,*>* al-
though a careful ESR study reveals that Fe® does
not trap electrons in corundum crystals.?

Upon hombardment of A1,O, crystals with parti-
cles (electrons,® neutrons,”?® energetic ions®) suf-
ficiently energetic to displace lattice ions, several
new absorption bands appear including a promi-
nent band at 6.1 eV. Since similar treatment of
MgO produces F*, F, and M centers, it might be
expected that analogous simple defect centers are
created in ALLO,. This paper reports our search
for such centers. Fast neutron-irradiated corun-
dum crystals have been studied by numerous in-
vestigators over that last two decades.”'? How-
ever, none of the ESR spectra and optical-absorp-
tion bands have yet been conclusively associated

15

with the responsible defects. Recently, Turner
and Crawford'? have investigated the 6.1-eV ab-
sorption band through its relationship with Vg,
center. They concluded that (i) the 6.1-eV band is
due to an electron trapped at some defect produced
by atomic-displacement processes, and (ii) the
6.1-eV band reflects the concentration of trapped
holes rather than that of electron-trapping defects;
i.e., the electron traps are more plentiful than
stable hole traps. Another important, though less
prominent, band in neutron-bombarded Al,O, falls
at 4.8 eV. On the basis of the Gibbs experimental
studies,'® * Mitchell et al.® attribute this to either
interstitial oxygen or the excitation of oxygen adja-
cent to aluminum vacancies. However, Tippins'®
has observed a Fe* charge-transfer transition at
4.8 eV; thus Fe* may very well explain the Gibbs
results which are the main reason for Mitchell’s
assignment. In our paper, we will present evi-
dence which indicates that the 4.8-eV band created
by neutron irradiation is associated with the F*
center and, because of its close and reciprocal re-
lationship with the 4.8-eV band, that the 6.1-eV
band may be associated with the F' center.

II. EXPERIMENTAL

The uv grade AL, crystals used in this study
were purchased from the Linde Co. in the form of
rods whose axes are perpendicular to the C; axis.
Specimens were sliced from the rod perpendicular
to the axis and the C, and C, axes were fixed by
means of Laué x-ray scattering. Neutron irradia-
tion was performed in the North Carolina State
University Pulstar reactor which has a flux of 10"
reactor spectrum neutrons/cm? sec. Optical ab-
sorption was measured using a Cary 14R spectro-
photometer. The emission detection system con-
sisted of an RCA C 31034 photomultiplier tube
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mounted on a 0.5-m Jarrell-Ash monochromator
with a dispersion of 16 A/mm. A PAR model 113
amplifier and a PAR model 122 lock-in amplifier
were used to control the gain of the signal. A ref-
erence signal for the lock-in amplifier was taken
from a PAR model 125 A chopper. The polarized
spectrum was obtained using a Polaroid HNP’D
ultraviolet polarizing filter mounted upon a quartz
window. Optical bleaching was accomplished with
light from a 150-W xenon short-arc discharge
lamp which was dispersed by a Bausch and Lomb
high-intensity monochromator.

III. RESULTS

After exposure to 5 X 10'® neutrons/cm? the ab-
sorption spectrum has two prominent absorption
bands centered at 6.1 and 4.8 eV and several weak-
er bands absorbing at 4.1, 3.5, and 2.7 eV all pre-
viously reported™® to be produced by fast neutron
bombardment. The 5.4-eV band was observed very
clearly by using the difference curves between the
EllO, spectrum and the EJ.63 spectrum as reported
by Mitchell et al.® Turner and Crawford'? showed
that y irradiation of neutron-irradiated Al,0, in-
creases the intensity of the 6.1-eV band which can
then be reduced by subsequent 6.1-eV light bleach-
ing. However, our study shows that even without
v irradiation, the 6.1-eV band still can be bleached
by 6.1-eV light. Figure 1(a) illustrates the effect
of the 6.1-eV light bleaching for 2 min, as shown
in the Fig. 1(a), while the 6.1-eV band decreases
the 5.4- and 4.8-eV bands increase. The increase
in the 5.4-eV band saturates after about 10 min of
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FIG. 1. (a) Effect of 6.1-eV light and (b) 4.8-eV
light irradiation on the optical-absorption spectrum of

a neutron-irradiated Al,0; crystal (5x10' neutrons/cm?).
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FIG. 2. Optical densities of the 6.1- and 4.8-eV band
as a function of exposure time.
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6.1-eV light bleaching but the 4.8-eV band con-
tinues to grow and growth of a band at 4.1 eV is al-
so observed. The 6.1-eV band can be restored
while at the same time the 4.8-eV band can be
bleached by irradiating with any of the following
photon energies: 5.4, 4.8, and 4.1 eV. The effect
of 4.8-eV light irradiation is shown in Fig. 1(b);
the optical densities of the 5.4-, 4.8-, 4.1-, and
2.7- bands decrease and the 6.1- and 3.5-eV band
increase. The 3.5-eV band does not behave con-
sistently as the irradiation time increases and in
some experiments it even showed a decrease. The
optical densities of the bands can be recovered by
uv irradiation which indicates the bleaching light
changes the valence states of the defects produced
by neutron irradiation rather than destroying the
defects. In order to study the relationship of 6.1-
and 4.8-eV bands through bleaching experiments,
it is necessary to eliminate the contribution to the
4.8-eV region of the shoulder of the 5.4-eV band
by bleaching the sample with 6.1-eV light for 10 h
in order to build up the 4.8-eV band and eliminate
the influence of the 5.4-eV band which saturates
after a relatively short bleaching period. Figure

2 shows the optical densities of the 6.1- and the
4.8-eV band as a function of exposure time first to
4.8-eV light and then to 6.1-eV light. The intensity
of 6.1-eV band increases with excitation into the
4.8-eV band and decreases with 6.1-eV light ex-
citation, whereas the 4.8-eV band responds in the
opposite manner, clearly suggesting an intimate
and reciprocal relationship between them. The
changes in the intensities of the 6.1- and the 4.8-
eV bands after each irradiation were obtained using
the initial intensities of these bands in Fig. 2 as
the reference point. Plotted in Fig. 3 is the change
of 6.1-eV band intensity as a function of the change
in 4.8-eV band absorption; the curve shows that
the 6.1- and the 4.8-eV bands bear a linear rela-
tion with each other. If we assume the change in
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FIG. 3. Change of 6.1-eV band intensity as a function
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the number of centers which are responsible for
6.1-eV band is the same as that for the 4.8-eV
band, i.e., AN, ,=AN, ., then from Smalkula’s
equation we get

(ANf )6. 1/(ANf)4.g = (W1/2 Aa)s.l/(W1/2 Aa)4.s ’

where f is the oscillator strength, W,,, is the half-
width, and @ is the absorption coefficient of the ap-
propriate band. From Figs. 1 and 3, we find that
(W,,2)6..=0.3 eV, (W,,,),,=0.2T eV, and Aq,,,/
Aa, ,=1.8. Hence f; ,=2f, . If, as Turner and
Crawford indicated,'? the oscillator strength of the
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FIG. 4. 3.75-eV emission band from a neutron-ir-
radiated Al,O; crystal.
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FIG. 5. 2.45- and 2.25-eV emission bands from a
neutron-irradiated Al,0, crystal.

6.1-eV band lies in the range 1 to 2, then that of
the 4.8-eV band lies in the range of 0.5 to 1.
Figures 4-6 record the emission spectra of a
Linde uv grade Al,0, crystal which was given an
exposure of 5 X 10% neutrons/cm?. An emission
band at 3.75 eV is observed upon exciting with 4.8-
eV light, one at 2.45 eV is observed upon exciting
with 4.1-eV light, and one at 2.25 eV is observed
upon exciting with either 4.1- or 2.7-eV light.
Prolonged excitation decreases the intensity of
these emissions which indicates that the absorbing
centers are being bleached by the excited light.
The excitation spectrum for 2.25-eV emission band
indicates that both the 4.1- and the 2.7-eV absorp-
tion bands are associated with the same defect
complex. Excitation with 2.7-eV light does not af-
fect the amplitude of this absorption band which
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FIG. 6. 2.25-eV emission band from a neutron-ir-
radiated Al,O, crystal.
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further suggests that the 2.7-eV band is due to a
lower excited state which does not produce ioniza-
tion. No luminescence resulting from excitation
into the 6.1-eV band has yet been detected. An S
=4, g=2 ESR signal which appears in the neutron
irradiated sample has been investigated by exciting
into various absorption bands. Upon exciting with
either 4.8- or 5.4-eV light the intensity of this sig-
nal decreases and some of its intensity can be re-
covered upon irradiating into the 6.1-eV band.
However, no linear relation of the S =3 signal with
either the 5.4- or 4.8-eV band has been found. Ne-
vertheless, this experiment definitely rules out the
possibility that the =3 signal is associated with
6.1-eV band, since enhancement of the 6.1-eV band
is accompanied with a decrease of the S=1% signal.
The 13-line ESR signal which was observed by La
et al.'' and attributed to the F* center is not ob-
served in our samples indicating that if present it
is below the level of detection.

IV. DISCUSSION

Since irradiation into the 6.1-eV band results in
bleaching, it is concluded that the parent electron
center'? is ionized by this particular optical transi-
tion. The symmetrical shape of the absorption
band suggests that the electron is released by ther-
mal ionization from a localized relaxed excited
state near the conduction band rather than by direct
ionization. This is a common behavior of the F
center in the alkaline-earth oxides and the alkali
halides. The electron freed in the process can be
captured at any one of a variety of traps as evi-
denced by the growth of bands at 5.4, 4.1, and 2.7
eV. The band at 4.8 eV also grows. However,
there is evidence that its growth is not a result of
electron capture: (i) y irradiation of a neutron ir-
radiated crystal causes a relative decrease in ab-
sorption at this photon energy while the 6.1-eV
band and other bands associated with electron and
hole traps increase in intensity as can be seen in
Fig. 1, Ref. 12; (ii) irradiating into the composite
V band at 3.0 eV produces an increase in absorp-
tion at 4.8 eV as the 6.1-eV band decreases as
shown in Fig. 2, Ref. 11 (see also the dip at 4.8 eV
in Fig. 4, Ref. 12); and (iii) y irradiation of a neu-
tron bombarded (5 X 10'® neutrons/cm?) crystal
which had been heated above 600 K to ionize ther-
mally Vi, V-, and V* hole centers, causes a
restoration of the trapped holes as well as an in-
crease in the 6.1-eV band and a decrease of about
one-half that amount in the 4.8-eV band.'®* These
points of evidence together with the reciprocal re-
lation between irradiation-induced changes in their
intensities (Fig. 3) indicate that these two bands
are associated with different charge states of the
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same defect and that the charge state producing the
4.8-eV absorption has one less electron than the
state responsible for the 6.1-eV band which is also
consistent with the behavior of the ESR mentioned
above. Coupling this evidence with the ratio of
oscillator strengths justifies the view that 6.1 eV
is the transition energy of a two-electron center,
and 4.8 eV is the transition energy of a one-elec-
tron center. In alkaline-earth oxides the well-
known one-electron center,'” the F*, has an oscil-
lator strength of 0.8 and the value for the F center
is nearly twice that. Therefore, it is tempting to
conclude that these bands are transitions of the F
and the F* center. Although one might expect that
the transition energy of the one electron center
would be larger than that for the two-electron cen-
ter, it is pointed out that the F* transition in MgO
is 4.95 eV as compared to an F transition of 5.05
ev.'

More-direct evidence for the nature of these cen-
ters can be obtained from the polarized excitation
and emission spectra. These have been shown to
be very powerful tools in the identification of an-
isotropic color centers.'®"2! The F* center in ALO,
has C, symmetry, which causes the 2p states to
split into 1B, 2A, and 2B states. La et al.'’ cal-
culated the F* energy levels and found a transition
(1A ~2B) at 5.15 eV which is in reasonably good
agreement with the observed value (4.8 eV). For
the electric dipole transitions 1A -2 B (absorp-
tion) and 2B -~ 1A (emission), only 7 transitions
are allowed. The F* center in Al,O, can occupy
three equivalent sites and the z axis (C, axis) of
each site differs by 120° from the other. Figure 7
illustrates of the sample orientation with respect
to both the incident light and the detection system;
it also shows the orientation of the electric dipoles
of the F* center. The intensity of the excitation
and emission for various polarizations can be cal-
culated from the following equation'® 2°:

Lo=p 2n |73 B, 2|7 21 ]2,
1

where p is a constant, »; is the number of dipoles
in the #; orientation and n; is constant for the ran-
dom distribution case, D, and I, are the polarized
emission and excitation transition vectors, re-
spectively, where p,v=1, 2, and 3 for the .\?, 5;,
and z axes, respectively, and 8, and 8, can both
refer to o,7,,7,. For 7 absorption and 7 emission,
the predicted intensities C, || ¥ and C, [|3 are shown
21 Table I. The predicted and observed values for
C,lIx and G, ||§ of the polarized emission

Lou/Ty= (1, + 113)/(121‘* 1),

and polarized excitation
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Ly /Tg= (1 + 1) /(I 5+ 1),

are shown in Table II. Although the agreement is
quite good for C, |9, the agreement for the C,lix
crystal orxentatmn is not so convincing. The dis-
crepancy for C % x_may be due to the orlentatlon
vanance between C axis of the crystal and X crys-
tal and x axis of the center smce the variance from
C axis is more critical for C [|% than for the C
Ily orientation. The orientation variance can not
only be affected by errors in crystal alignment but
also by distortion of the lattice by the center itself
and it should be remembered that these defect cen-
ters are located in a region of relatively high lat-
tice disorder, i.e., the displacement-cascade re-
gion engendered by a fast neutron collision.
Therefore, the overall agreement between expec-
tation and observation is considered reasonable.
As indicated above we have not yet found a lumi-
nescence associated with the 6.1-eV band upon ex-
citation at room temperature although we did not
look beyond 850 nm. In addition our polarizer can-
not be used below 220 nm, and we are thus unable
to look for optical anisotropy in this absorption
band. Earlier studies by Mitchell ef al.® suggest
that this band is isotropic but the stacked plate
polarizer which they used may not have had the
necessary precision to rule out polarization com-
pletely. As in the case of the F* center some opti-
cal anisotropy might be expected depending upon
the nature of the electronic states involved in the
transition.
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TABLE 1. Intensity of polarized absorption and emis-
sion.

Iy Ijs Iy I3
Cillz 3pn 1.50n 1.50n  0.375pn
[Fig. 7(@)]
Gll®
[Fig. 7(b)] 1.125pn 0.375pn 1.5om 1.5pn

The question remains as to why irradiating into
the 4.8-eV band enhances the 6.1-eV band. If the
former is the F* band, electron release is not ex-
pected.!” However, the 5.4- and 4.1-eV bands as-
sociated with trapped electrons extend under the
4.8-eV band and excitation at this energy would re-
lease electrons from the traps which are known to
be optically bleachable. Hence the apparent blea-
ching of the 4.8-eV band could result from the cap-
ture of optically released electrons by the F* cen-
ter to form F centers. Alternatively, it is possible
that, instead of corresponding to the F* band, 4.8
eV is the energy of a charge transfer transition in
which an electron is transferred from a near-
neighbor O?" onto the F* center. Thermal disso-
ciation of this bound exciton to release the hole
could result in the creating of an F center and a
hole trapped elsewhere. If this explanation is cor-
rect, the analysis of polarized absorption and
emission spectra given above would no longer be
relevant even though the charge transfer transi-
tion may also produce polarized absorption and
emission. Typically, however, the oscillator
strength of charge-transfer transitions is ~0.1,%2
and the width of a charge transfer band is nearly
independent of temperature whereas the 4.8-eV
band is narrower at low temperature.® Therefore,
this alternative explanation is much less preferable
to the first one which identifies the 4.8-eV band
with the F* band and explains its bleaching by the
capture of electrons released from traps by F*
band light.

A band at 5.4 eV is also observed in y-irradiated
ALO,.” Turner and Crawford!? have attributed this

TABLE II. Intensity ratio of polarized excitation or
polarized emission.

C,ll % [Fig. 7@)] G, 115 [Fig. 70)]

predicted observed predicted observed
Ly
y; 2.4 1.5 0.5 0.5
2u
ul 2.4 1.3 1.4 1.6

Iu3
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band to a transition of Cr®*. A band near this posi-
tion is also reported in y-irradiated ruby.?*?* Al-
though release of holes from Vg, centers results
in the annihilation of this band with the emission of
Cr3 R-line luminescence, there is some difficulty
with this assignment since no appreciable increase
in the concentration of Cr3* during the annealing of
V ou has been detected by ESR measurements.® It
seems likely that the 5.4-eV band observed in neu-
tron irradiated crystals has the same origin as in
v-irradiated crystals. From their behavior the
4.1- and 2.7-eV bands appear to be associated with
a trapped electron. The amplitude of these bands
grow relative to other bands with increasing neu-
tron integrated flux suggesting that the center re-
sponsible is an aggregate-type center. Further
work is necessary to decide the identity of the de-
fects responsible for both the 5.4- and 4.1-eV
bands.

V. SUMMARY

The oscillator strength, theoretical calculations,
and polarized excitation, and emission data are
consistent with the assignment of the 4.8-eV band
to F* centers created by neutron bombardment.
Interconversion of the 6.1- and 4.8-eV bands can
be accomplished by irradiating into the respective
band. The oscillator-strength ratio and the re-
ciprocal relation between the 4.8- and 6.1-eV bands
are strong indications that they are associated with
the same defect in different charge states. If the
assignment of the 4.8-eV band to the F* center is
correct, the 6.1-eV band must be the F band.
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