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Ultraviolet optical absorption, emission, and excitation spectra are presented for 14-MeV neutron-
irradiated high-purity crystalline Al,O;. Low-temperature polarized excitation spectra for - the 3.8-eV
luminescence correlated well with polarized absorption at 4.8 eV (both polarizations) and 5.4 eV (EJ.E).
These optical properties compare favorably with those predicted using wave functions from an earlier point-
ion calculation for the F* center by La, Bartram, and Cox. The 4.8- and 5.4-eV absorption bands are
assigned to the 14 —1B and 14 —24 transitions, respectively, of .the F* center and the 3.8-eV
luminescence is assigned to the 1B-—14 transition. The 14 —2B transition could not be conclusively
identified, but preliminary evidence suggests it occurs near 6.3 eV. Similar absorption and emission bands
are observed following energetic-proton and Al* bombardment. Other uv optical properties are presented,
including the quantum efficiency, lifetime, and temperature dependence of the emission.

I. INTRODUCTION

Changes induced by radiation in electronic, opti-
cal, and mechanical properties of crystalline alum-
ina have been studied for some time.'~* Early
energetic neutron and electron irradiation studies
indicated the prominent optical absorption band
near 6 eV is due to charges trapped at defects
which occur when atoms are displayed.**® A 13-
line electron-spin-resonance spectrum found in
neutron-irradiated samples has been assigned to
an F* center, i.e., one electron trapped at an anion
vacancy; however, no positive correlation was
made with optical data.” More recently, bombard-
ment with energetic ions has been shown to pro-
duce uv absorption bands similar to those induced
by neutron irradiation in addition to near-surface
expansion.®® Ion implantation with oxygen and
aluminum demonstrated that the uv coloration and
a 3,8-eV luminescence are associated with an
anion-deficient stochiometric imbalance.!® Optical
and thermal bleaching of neutron-irradiated sap-
phire has associated the 6-eV band with an elec-
tron-trapping site.'* Subsequent photobleaching
investigations have assigned the 6-eV band to an
F center (two electrons trapped at an anion vacan-
cy) and the 4.8-eV absorption band to the 14 -~ 24
transition of an F* center possessing C, symme-
try.'* The present work on fusion-neutron-irradia-
ted sapphire will demonstrate that the 4.8- and
5.4-eV absorption bands are 1A—~1B and 14 -2A
transitions, respectively, of the F* center. Most
of the prominent 6-eV band is, as previously as-
signed by Lee and Crawford,'? associated with an
F center; however, preliminary evidence suggests
that the 1A - 2B transition of the F* center occurs
as a shoulder on the 6-eV band near 6.3 eV. Such
an accidental near degeneracy between F*- and

F-center transition energies is not unique; a prime
example occurs in MgO where both F* and F cen-
ters have optical absorption near 5 eV.'*'¢ Fur-
thermore, the 3.8-eV luminescence band is as-
sociated here with a 18-+ 14 electric-dipole-al-
lowed transition of the F* center. These assign-
ments are in agreement with predictions made
from the eigenfunctions obtained by the point-ion
calculation of La, Bartram, and Cox.”

II. PROCEDURE

High-purity crystalline sapphire samples grown
by the Czochralski technique were obtained from
Union Carbide Corporation. Table I summarizes
the results of a semiquantitative spectrochemical
analysis. These samples were members of two
groups of fusion-neutron-irradiated sapphire crys-
tals whose initial optical absorption properties
and annealing behavior were recently found simi-
lar to that reported earlier for fission-neutron-ir-
radiated sapphire.*®® These samples were ex-
posed to moderate doses of (1.7-14)x10'¢ 14-MeV
neutrons/cm? at a flux of about 10 neutrons/cm?® sec
at ~300 K in the Lawrence Livermore Laboratory
Rotating Target Neutron Source. The absolute
neutron fluence accuracy determined by niobium
foil activation dosimetry is believed to be about
+7.5%.1°

Sapphire grown by the Czochralski technique is
expected to be more suitable than Verneuil-grown
material for the study of intrinsic damage effects
at low and moderate damage levels because of
much smaller concentrations of quenched-in de-
fects in the as-grown material. However, sub-
strate-grade Verneuil alumina samples obtained
from Adolf Meller and Co. were considered ac-

" ceptable for ion implantation damage studies where

7089 © 1978 The American Physical Society



7090 B. D. EVANS AND M. STAPELBROEK 18

TABLE I. Impurity analysis of Czochralski sapphire
in ppm. The estimated precision is <50%, relative
standard deviation.

Li, <10 Mn, <1 Mo, <3
Be, <1 Fe, 3 Ag, <1
B, <5 Co, <5 Cd, <3
Na, <10 Ni, <5 In, <10
Mg, 3 Cu, 1 Sn, <10
Si, <5 Zn, <30 Sb, <30
K, <100 Ga, 3 Ba, <3
Ca, <5 Ge, <30 Ta, <300
Ti, <3 Sr, <1 W, <100
v, <3 Zr, 10 Pb, <10
Cr, <3 Nb, <100 Bi, <10

the local damage concentration is much higher.
The ultraviolet and vacuum ultraviolet (vuv) sub-
gap absorption of as-received Verneuil material
appears larger than that of the Czochralski crys-
tals indicating the presence of more cation im-
purities.!®'® The Verneuil samples were ion im-
planted near room temperature with 0.4-pA/cm?
proton, 2-uA/cm® Al*, or 0.8-pA/cm? O ion
beams at 200 keV.

Polarized optical measurements employed type
105 uv polarizing filters supplied by Polacoat,Inc.
Additional measurements were facilitated by pre-
paring crystals with the ¢ axis either parallel or
perpendicular to the direction of the incident light.
Absorption measurements were taken with Cary
14MR and 17D recording spectrophotometers and
a McPherson model 225 1-m vuv scanning mono-
chromator. Luminescence and excitation spectra
were measured with Bausch and Lomb 0.25-m
high-intensity monochromators. The detection
system used an S-20 photomultiplier tube calibra-
ted with the use of an Electro-Optics Associates
model L-101 spectral irradiance standard quartz-
iodide lamp. Excitation measurements used cal-
ibrated xenon and deuterium sources. Substitution
with freshly prepared sodium salicylate films was
the method used to determine the luminescence
quantum efficiency. Low-temperature spectra
were obtained with a small stainless-steel cryostat
fitted with a copper cold finger. High-temperature
measurements were taken with samples mounted
near a copper-Constantan thermocouple on a brass
block in a small oven fitted with Suprasil 1 win-
dows.

Radiative lifetime measurements were made
using a pulsed deuterium discharge tube with a
rise time (10%~90%) 7,~ 7 nsec, a fall time 7,~15
nsec, and a pulse full width at half maximum
(FWHM) ~13 nsec. Response to pulsed excitation
was recorded with a Hewlett-Packard type 183C
oscilloscope. Emission and excitation spectra

under pulsed excitation were recorded with the
use of a Princeton Applied Research model 160
boxcar integrator.

III. RESULTS
A. Ultraviolet absorption and emission

Typical polarized uv absorption, emission, and
excitation spectra are shown in Fig. 1 for high-
purity Czochralski sapphire irradiated with 14-
MeV neutrons. The background absorption spec-
tra, taken before irradiation, suggest bands. near
7.0 and 6.4 eV indicating trace impurity levels
of Cr®" (211 ppm) and Fe*" (0.2+ 0.1 ppm), re-
spectively.'® (The very weak Fe®" 4.8-eV band
has a reported FWHM of 0.65-0.70 eV,'® and
should not be confused with the narrower particle-
irradiation-induced band near the same energy.)
After fusion-neutron irradiation, uv absorption
bands appear near 4.8, 5.4, and 6 eV.® These
bands become narrower and more intense at low
temperature. The 5.4-eV band appears only with
light polarized —E'i.LE; this anisotropy agrees with
that found by Mitchell et al.® in fission-neutron-
irradiated sapphire. In addition, the high-energy
side of the 6-eV band appears stronger for E || T;
however, it should be noted that the 6.4-eV Fe®*
band may interfere.

Excitation in the 4.8- and 5.4-eV absorption
bands produces a characteristic 3.8-eV lumines-
cence band.'® At lower temperature the emission
band narrows and shifts to higher energy. In order
to elucidate the origin of this luminescence, low-
temperature polarized excitation spectra were
taken; these are shown below the corresponding
polarized absorption bands in Fig. 1. The corre-
lation between the excitation and absorption spec-
tra is striking; the 3.8-eV emission is most in-
tense when pumped near 4.8 and 5.4 eV with a
weaker but significant response near 6 eV. Fur-
thermore, the response to polarized excitation
very closely follows the polarized absorption for
the 4.8- and 5.4-eV bands indicating the absorption
and emission phenomena are related. The lum-
inescence is not strongly polarized; its intensity
depends on the polarization of the pump light as is
shown by the excitation spectra. Table II sum-
marizes the experimental information for these
bands. Similar absorption and emission has been
reported for ion-bombarded and fission-neutron-
irradiated alumina,'*?

B. Emission-band temperature dependence

Figure 2 shows the temperature dependence of
the emission band in greater detail. As the tem-
perature is increased, three features are ob-
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served: (i) the integrated intensity decreases:
(ii) the band peak shifts to lower energy; (iii) the
band width increases. The band shape is charac-
terized by distribution moments; details of the
moments analysis are presented in Appendix B.
The temperature dependence of factors propor-

tional to these moments is presented below.

The quantum efficiency of the luminescence is
proportional to the zeroth moment; i.e., the area
under the bands shown in Fig. 2. The quantum ef-
ficiency was measured by comparison with freshly
prepared sodium salicylate which has a reported

TABLE II. 14-MeV neutron-induced F* absorption- and emission-band parameters at 77 K.

"Peak position (eV) determined from FWHM (eV) determined from Transition
Absorption  Excitation Absorption Excitation assignment
4.85+0.01  4.84%0.01 0.41£0.02(E[ 3  0.44£0.01E [ 1A—1B

b
5.41%0:0°%  5.340.02 0.32+0.05" 0.4310:88 14—24
(6.3 £0.2) ° (<0.8) g (1A—2B) ¢
0.67+0.05%(EL3) e
+ cee - coe
6.05+0.02 0.78+0.19 E1d F center
Emission Emission
3.82+0.01 e 0.34+0.01 1B—~1A

2 May be shifted to higher energy by the long-wavelength tail of the 6-eV band.
Decomposing the E L& spectrum introduces a larger error.

¢ Tentative identification.
4 FWHM for composite F and F* bands.
€ Reference 12.
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FIG. 2. Temperature (K) dependence of the 3.8-eV
emission band. The excitation was centered at 257 nm
with a bandwidth of 22 nm. The sample was exposed to
3.9 x1016 neutrons/cm?,
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FIG. 3. Temperature-dependent integrated emission
intensity relative to sodium salicylate at room temper-
ature, from Fig. 2. The following utilize the left~hand
scale: solid circles and curve (a) for the best fit of Eq.
(2), with Tpvy=4 %10 and AE =0.397 eV; open circles
and curve (b), emission corrected for centers lost due
to annealing during high-temperature emission, together
with the best fit to Eq. (2) with AE=0.418 eV. Curve (c)
and the right-hand scale represent isochronal anneal of
the 4.8-eV absorption band taken from Ref. 8 and used
to correct the emission data. Low-temperature quantum
efficiency data was taken before high-temperature emis-
sion data.

3.85 T T T

o
®
o

EMISSION BAND PEAK POSITION (eV)
o o
3 P

- ] | 1 | L |
(o] 200 400 600
TEMPERATURE (K)

FIG. 4. Temperature dependence of the 3.8-eV emis-
sion-band peak position from Fig. 2. The dashed curve
estimates the small contribution from lattice thermal
expansion (see Appendix A).

quantum efficiency of 0.99 when excited with
253.7-nm radiation.'” However, as there may be
some uncertainty in the absolute fluorescent quan-
tum efficiency of the films employed, we have
chosen to present the luminescence intensity rela-
tive to sodium salicylate at room temperature.
The temperature dependence of the integrated
emission intensity is shown in Fig. 3 by the solid
circles. The two salient features are a low-tem-
perature relative quantum efficiency near 0.12
and a high-temperature “knee” near 350 K.

The emission-band peak position is related to
the first moment. Figures 2 and 4 show the peak
position shifting to lower energy with increasing
temperature. A small contribution to this shift,
shown by the dashed curve in Fig. 4, is due to the
thermal expansion of the lattice., The size of this
effect is estimated in Appendix A using a particle-
in-a-box defect model and the related Mollwo-Ivey
relation together with reported sapphire thermal
expansion coefficients. As seen in Fig, 4, the lat-
tice thermal expansion contribution is small com-
pared to the observed shift. In addition, the tem-
perature-dependent expression for the band cen-
troid obtained by including higher-order coupling
terms by assuming slightly different effective
vibronic frequencies for ground (14) and excited
(1B) states [see Ref, 18, Chap. 7, Eq. (19)] could
not account for the large observed shift.
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FIG. 5. Unpolarized room-temperature absorption and
emission from Verneuil sapphire bombarded to 1.0 X1016
200-keV protons/cm?,

C. Radiative lifetime

An attempt was made to measure the radiative
lifetime of the 3.8-eV emission. Limited temporal
resolution placed a least upper bound on the life-
time of Tp,< 7x107° sec at the temperatures in-
vestigated (8,77, and 295 K). The same results
were obtained at these temperatures by pumping
any of the excitation regions near 4.8, 5.4, and 6
eV. Furthermore, the shapes of the emission and
excitation spectra taken under pulsed conditions
were the same as measured with cw excitations,
e.g., as shown in Fig. 1.

D. Effects of irradiation with other particles

Bombardment of sapphire with other energetic
particles revealed additional information on the
nature of the uv absorption and emission bands.
Implantation of ALO, with 200-keV H* and Al* ions
produced the characteristic uv-absorption bands
at 4.8, 5.4, and 6 eV whereas implantation of 200-
keV O* ions did not result in the formation of
these bands.'®'® Good correlation was again ob-
served between absorption and the excitation spec-
tra for the 3.8-eV emission for the H® and Al* im-
planted samples; Fig. 5 shows the results for the
proton-bombarded case. The 3.8-eV luminescence
was not observed in the O*-implanted material,
These results have been interpreted to mean that
the absorption bands at 4.8, 5.4, and 6 eV are as-
sociated with a stochiometric upset in favor of
excess aluminum or, conversely, oxygen vacan-
cies.'® In addition, the results for the emission
lifetime in H*-bombarded samples were identical
to those found in the neutron-irradiated samples.

OF THE F* CENTER IN... 7093

<||§o>
\<I 97 i/
OXYGEN <ooo|)

VACANCY —

(5 ant )

FIG. 6. Coordinate system used to describe the F*
center in @-Al,0;. The x axis is out of the plane of the
figure. .

1V. DISCUSSION
A. Theoretical predictions

La, Bartram, and Cox” have calculated wave
functions for the F* center in ALO, by the varia-
tional method using a point-ion model for the
anisotropic crystal field potential and including
contributions from s,p, and d functions. Because
of the low symmetry (point group C,) of the F*
center, the three degenerate p-like excited states
are split by the crystal field into states labeled
1B, 2A, and 2B which were calculated to be 2.26,
3.39, and 5.15 eV, respectively, above the 1A
ground state.

For light polarized along the x;=x,y, or z axis
of the defect, the oscillator strength of the transi-
tion from i, ~; is given by the formula,® f;, = (E,
- Eo) Ky; |x; 1) |2, where all quantities are in
Slater atomic units. Single-site oscillator
strengths were calculated using the coordinate
system of Fig. 6 and the wave functions given in
Ref. 7. The results for light polarized along the
x,y, and z axes are tabulated in Table III. The
total F* center oscillator strength for unpolarized
light is given by*® f=33; ,f;;=0.66 which is very
reasonable for a one-electron center.?’ There
are six different orientations of the F* center in
the corundum lattice; i. e., the three generated

TABLE III. Calculated oscillator strengths, f;;
=(E=E)|@®;lx;lI2, for light polarized along x;=x, ¥,
or 2.

i=1 i=2 i=3
fii 1A—~1B 14—~2A 1A—2B
fix 0.601 0.0 0.013
fiy - 0.292 0.0 0.414
fiz 0.0 0.664 0.0
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TABLE IV. Comparison of observed band intensities with calculated oscillator strengths.

1A—~1B (4.8 eV)

1A—2A (5.4 eV)

1A—2B (6.3 eV?)

Elg 1.049° (0.660) ®
EL3 0.797  (0.905)

(0.0) ? b (0.935)

1.000 € (1.000) ? b (0.020)

2 Calculated relative intensities derived from Table III are given in parentheses.

b Insufficient data.

¢ Band intensities taken as product of peak intensity and FWHM, then normalized relative to

the EL¢ 5.4-eV band.

by the site shown in Fig. 6 rotated by 0°, 120°, and
240° about the y axis, and an additional three gen-
erated by reflection of this site in the xy plane
followed by 0°, 120°, and 240° rotations. Appro-
priate sums were taken to obtain the effective os-
cillator strengths for light polarized parallel and
perpendicular to the ¢ axis for each of the transi-
tions. Properly normalized, these effective os-
cillator strengths give the relative band intensities
expected from the point-ion wave functions. Com-
parison with experimental relative intensities is
provided in Table IV,

B. Transition assignments

The evidence that supports assignments of the
4.8- and 5.4-eV absorption bands and the 3.8-eV
emission band to the 1A~ 1B, 14-2A4, and 1B
- 1A transitions, respectively, of the F* center is
summarized in this section. The evidence for the
assignment of the 6-eV band to the F center is
also reviewed.

The 4.8-, 5.4-, and 6-eV absorption bands have
been observed following energetic neutron,*° pro-
ton,®® or Al* irradiations,'® while the prominent
6-eV band has been observed after low-tempera-
ture, energetic (=0.75 MeV) electron irradiation.®
However, implantation with O ions or y irradia-
tion (see below for a discussion of the difference
between the 5.4-eV band induced by y.irradiation
and the particle-induced 5.4-eV band) does not
result in the appearance of these bands. Because
energetic particles are required to induce these
bands, it has been inferred®® % that the defects
responsible for these absorptions are primary lat-
tice defects associated with atomic displacements.
In fact, Arnold and Compton® have deduced the dis-
placement threshold energy required to produce
the 6-eV band by electron irradiation as 90 eV if
oxygen is displaced and 50 eV if aluminum is dis-
placed. Furthermore, the absence of these bands
following O* ion implantation has been interpreted
to mean that the defects responsible are associated
with a stoichiometric imbalance in favor of excess
Al or, conversely, oxygen vacancies. Taken to-

gether, these experimental facts along with pre-
vious results in other oxide materials strongly
suggest that the defects responsible for the 4.8-,
5.4-, and 6-eV absorption bands and the 3.8-eV
emission band are single, unassociated oxygen
vacancies; i.e., F and F* centers (“nude” anion
vacancies are not expected to be stable). Inter-
stitial aluminum is not considered a likely cause
for these absorption bands.

Lee and Crawford'® have reported optically in-
duced photoconversion between the 4.8- and 6-eV
bands. On the basis of their results, they assign
the 4.8-eV band to a transition of the F* center
and the 6-eV band to the F center. More recently,
Lee and Crawford® have reported observation of
the 6-eV band in additively colored samples of
ALO,. By analogy with additive coloration results
in alkaline earth oxides,"®'%22-2¢ this supports the
assignment of the 6-eV band to the F center.

The present study firmly identifies the transi-
tions responsible for the 4.8- and 5.4-eV absorp-
tion and the 3.8-eV emission bands. The excita-
tion spectra shown in Fig. 1 (along with the obser-
vation that the relative intensities of the low-tem-
perature peaks at 4.8 and 5.4 eV do not change
from sample to sample) clearly show that the 4.8-
and 5.4-eV bands are different electronic transi-
tions of the same center. Assignment of the 4.8-
eV band to the 1A - 1B transitions, the 5.4-eV
band to the 1A - 2A transition, and the 3.8-eV
emission to the 1B~ 1A transition of the F* center
provides excellent agreement with the theory of
La, Bartram, and Cox” as is shown in Table IV,
In conjunction with the evidence from previous in-
vestigations outlined above, the origins of the 4.8-,
5.4-, and 6-eV absorption bands and the 3.8-eV
emission band are firmly established. Figure 7
is a schematic representation of these F* -center
energy level assignments.

The above assignments differ from those of Lee
and Crawford.'? They identify the 4.8-eV band
with the 1A —~2B F* -center transition, the 3.8-eV
luminescence with a 2B 1A transition, and the
5.4-eV absorption is assigned the same origin as
the 5.4-eV band found in y-irradiated crystals.
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FIG. 7. Schematic representation of the F*-center en-
ergy levels with polarization and peak energy values of
the observed transitions. The 0.4-eV energy barrier to
a nonradiative (or at least kv <1.5 eV) decay channel ob-
tains from the temperature dependence of the integrated
emission intensity.

The 5.4-eV band induced by y irradiation, how-
ever, was reported by Levy® to have a room-tem-
perature FWHM of 1.25 eV, considerably broader
than the particle-induced band with FWHM of 0,34
eV (Fig. 1 and Refs. 3 and 6). Furthermore, Levy
observes that the intensity of this broad band be-
gins to saturate near 3x10%R '%°Ta (B, ~0.56
MeV) exposure whereas the narrow band appears
to grow with fusion dose® up to 1.4x10'" 14-MeV
neutrons/cm? and with fission dose® up to a few
times 10'7 neutrons/cm?, the highest doses report-
ed for optical damage studies.

C. 14 ~ 2B transition

In addition to the 14 - 1B and 14 - 2A transitions,
the F* center in alumina is predicted to have a
third transition from the 1A ground state to the
2B excited state.” From the theory the 1A ~2B
transition is expected to be relatively strongly
polarized E | € as is shown in Table.IV. The room-
temperature absorption data in Fig. 1 does indeed
show a shoulder at about 6.3 eV with this expected
anisotropy. The excitation spectra for the 3.8-eV
emission shown in Fig. 1, however, do not indicate
a well-defined band at this energy. With the as-
sumption that the 14 -~ 2B transition has access to
channels of nonradiative decay that are not avail-
able to the lower energy transitions, tentative as-
signment of the 6.3-eV shoulder to the 1A~ 2B
transition of the F* center may be made. How-
ever, further work is required in order to sub-
stantiate this assignment.

D. Defect concentration

The volumé concentration N of F* centers can
be estimated using the calculated oscillator

strengths and Smakula’s equation,”® N+ f=0.87
x 10Y[n/(2+n?)?]aH, wheren is the index of refrac -
tion at the absorption band peak, « is the maxi-
mum absorption coefficient, H is the band
FWHM (in eV), and f the oscillator strength (see
Sec. IV A). Calculating separately from Fig. 1 for
the 4.8- and 5.4-eV bands for EL€ and the 4.8-eV
band for E || € and averaging the three numbers, we
obtain a value Np.+=10.7 X 10'® cm~® for an incident
flux of 3.9 X 10'® 14-MeV neutrons/cm?. '
An estimate for the F center concentration can
also be obtained by assuming an oscillator strength
for the F center that is twice®” as large as the
total oscillator strength to the 2p levels of the F*
center; i.e., fp=1.3. Based on a comparison of
the integrated intensities of the 4.8- and 6-eV ab-
sorption bands in Fig. 1(a) in conjunction with the
calculated oscillator strengths for the 14—~ 1B
and 1A - 2B transitions listed in Table IV, ~90%
of the prominent 6-eV band for E L& may be taken
as due to F centers; N,=18.5%10'® cm~2is ob-
tainedfor afluxof 3.9 X10*® 14-MeV neutrons/cm?2,
Total estimated errors are on the order of +30%.

E. Emission-temperature dependence

The broad band that is observed for the 3.8-eV
luminescence arises because the trapped electron
interacts with a whole spectrum of normal modes
of the defect lattice. The temperature dependence
of the emission band FWHM, H(T), is described by

. the expression®®

H*(T) = H*(0) coth(nv/2kT) , (1)

where H(0) is the FWHM at low temperature, and
U is a weighted average over the frequencies of
all the defect-lattice modes that couple to the 1B
electronic state. The dots in Fig. 8 show the tem-
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FIG. 8. Temperature dependence of the emission-band
FWHM. The straight line represents Eq. (1) with zv
=400 cm~! and H(0)=0.343(5) eV .
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perature dependence of the emission band FWHM.
A good fit of Eq. (1) to the data is shown as the
straight line in Fig. 8 and yields 27 =400+ 10 cm™
and H(0)=0.343(5) eV. This value for %7V is not
unreasonable since it lies close to bulk corundum
acoustic modes reported at 378 and 432 cm™!,%®
Moreover, frequencies determined in a similar
manner for the F* centers in Ca0 and MgO also
lie near high density-of-states points in the acou-
stic branch of the crystal phonon spectrum,!®2%-3

The temperature dependence of the luminescence
quantum efficiency for a simple system with only
two decay channels, one radiative and the other
nonradiative, from the relaxed excited state can
be expressed as*®

N(T) e [1+7pv,exp(-AE/RT)]™ . (@)

Here, 7 is the radiative lifetime at low tempera-
ture, AE is the energy barrier to the nonradiative
decay route, and v, is a jump frequency. (The
proportional sign is used because other nonradia-
tive decay channels must be available before the
system reaches the relaxed excited state since
the low-temperature quantum efficiency is less
than unity; see Sec. IIIB.) Because Eq. (2) is not
very sensitive to 740, an estimate of this quantity
is obtained first as T,v,~4x10" from the calcula-
ted 75 (see Sec. IVG), and taking v,=7. Then, a
good fit of Eq. (2) is obtained with AE=0.4 eV
shown as the solid curve (a) in Fig. 3. This ther-
mal barrier to a nonradiative channel out of the 1B
state is depicted as the dashed curve in Fig. 7.

F. Huang-Rhys factor

The Huang-Rhys factor S, a parameter used to
describe the strength of the linear electron-lattice
interaction, is related to the second moment of
the emission-band shape function by* S=(E?/(nv)>.
A value of S=11.2 is obtained using the experimen-
tal second moment listed in Table IV (Appendix B)
and the effective vibronic frequency determined in
Sec. IVE. [It is noted that the assumption of a
pure Gaussian band shape would lead to*® S
=H*(0)/(7)*8 In2 = 8.65.] A relative estimate for
the Huang-Rhys factor can be obtained on the basis
of a semiclassical configuration coordinate dia-
gram.”® With the assumption of parabolic poten-
tial curves and equal ground- and excited-state
effective vibronic frequencies, the low-temperature
Stokes shift is given as E, - E,=h7(2S - 1); inser-
tion of the experimental quanties yields S=10.8,
in excellent agreement with the value derived from
the moments analysis.

The magnitude of the Huang-Rhys factor is re-
lated to the possibility of observing a zero-phonon
“line in absorption and emission. The ratio of in-

tegrated intensities of the zero-phonon line to the
broad-band is expected® to be e~5. Failure to
observe a zero-phonon line near 4.3 eV in mod-
erately high-resolution absorption (Ax ~0.05 nm)
and emission (Ax ~0.8 nm) spectra taken near

10 K demonstrates.that $>6.5, in agreement with
the above estimates. The Huang-Rhys factor for
the F* center in ALQ,, therefore, lies intermediate
between the strong coupling reported for MgO (S
~ 35+ 5) and the weak coupling reported for CaO
(S ~ 5)'29—31

G. Lifetime

The point-ion wave functions from Ref. 7 also
provide an estimate for the lifetime of the 1B~ 14
emission of the F* center using-the relationship®

Tx = (2.68 X 10°MmE(8eq/ 8, (1B|#[14)|* ©)

where # is the index of refraction at the emission
band peak E,. In Eq. (3), 75 is in seconds while
all other quantities are in Slater atomic units.
With the choice?” 8,4/8,=1 and using unrelaxed
wave functions”’ in the matrix element, the predic-
ted lifetime is 7,=3.76 nsec, consistent with the
experimental observation of 75 < T nsec.

V. SUMMARY

Absorption and emission bands due to the F* cen-
ter in fusion-neutron-irradiated sapphire have
been identified. The absorption bands at 4.8 and
5.4 eV were assigned to the 14—~1B and 14 =24
transitions of the F* center, respectively, and the
3.8-eV luminescence band was assigned to the
1B - 1A transition. A shoulder which appeared at
~6.3 eV for E ||& was tentatively assigned to the
1A - 2B transition; however, most of the prom-
inent 6-eV absorption was assigned to the F cen-
ter in agreement with the results of Lee and Craw-
ford.'?

The anisotropies of the F*-center absorption
bands have been measured at low temperature. In
addition, a number of characteristics of the 3.8-eV
emission were presented including quantum ef-
ficiency, lifetime, and temperature dependence.
These optical properties of the F* center were
found to be in good agreement with properties
predicted from the point-ion wave functions of
La, Bartram, and Cox.”
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APPENDIX A: BULK-LATTICE EXPANSION CONTRIBUTION
TO THE EMISSION-PEAK SHIFT

A contribution to the shift in the peak energy of
emission with temperature can be considered to
arise from thermal expansion of the lattice. In
order to estimate this contribution consider 8E/8T
=(0E/9a)(da/dT), where da/dT is the thermal ex-
pansion. In lieu of hydrostatic measurements,
9E/5a will be estimated from a Mollwo-Ivey rela-
tion.*

The Mollwo-Ivey relation is derived from a par-
ticle-in-a~-box model for the electron(s) trapped
at an anion vacancy where it is assumed that the
ground to first-excited-state transition scales
with the lattice parameter a, as E=aae™". Anin-
finite-square-well potential gives #=2 while a fi-
nite potential well and the inclusion of polariza-
tion effects places # in the range 1 <7 <2.% This
simple model works “well” for F-center absorp-
tion bands in alkali halides for which a value of

TABLE V. Emission-band moments at 77 K.

Moment Value
Zeroth: f g(E)dE 12
First: E:ng(E)dE 3.82(7) eV

First about E: (E>:f(E—E)g(E)dE -0.0409 eV?

Second about E: (E2>=f(E—E)2g(E) dE 0.0275 eV?

2 For normalized line-shape function.
Equals zero for a Gaussian g(E).

n=1.84 has been reported.”® However, results
for F-center emission bands yield a less satisfac-
tory value®® of n~2.5; the applicability of the
Mollwo-Ivey relation is doubtful for »>2.3* Initial
and provocative results have also been reported
for defect center absorption bands in oxides. 3% 3¢

Figure 9 is a plot of the F* -center emission
peak versus (oxygen density)~Y/3 for oxide crystals
where the F* -center emission has been well es-
tablished.'®2%:3"38 [The near-neighbor distance is
taken to be (oxygen density)~Y/? because materials
with different crystal structures are compared.>®]
The dashed lines show that selected data points
can be fit with values of #» ranging from 1 to 4.
The large deviations from a straight line shown
in Fig. 9 indicate that details of the local poten-
tial cannot be ignored in any realistic prediction
of the emission-band peak position,33:3

The solid line in Fig. 9 withn=1.5 and a =14.9
is adequate for our purposes, however, and pro-
vides a reasonable estimate for 9E/8a. An iso-
tropic average of da(T)/dT over the range 0<T
<600 K was obtained from the experimental work
of Kirby.* The estimated net lattice effect on
the emission-band peak position is indicated by
the dashed curve in Fig. 4.

APPENDIX B: EMISSION-BAND MOMENTS ANALYSIS

Einstein’s coefficient for spontaneous emission
at energy E, can be expressed as®

A= [(%f) zn]—;—s,‘;eca Elg(E) , )
where
g(E)=av, Y Kal7|b)*6(E, - E, - E) . (5)

That is, g(E) is a thermal ax}erage over the initial
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(excited) vibronic states and a sum over the final
(ground) vibronic states. However, the quantity
that is observed experimentally is the lumines-
cence intensity/(E)=NE,A. All moments listed in

Table V are computed for the band -shape function
2(E); however, for narrow bands the normalized mo-
ments of I(E) are the same within experimental
uncertainty.
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