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Low-temperature fluorescence in sapphire
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The polarized fluorescence band at 3.0 eV which can be produced by photoexcitation of the 6.1-eV Fband in high-

purity a-A1,0, has been studied over the temperature range 4.4-300 K. The centroid and zeroth moment of the
band remain relatively constant with increasing temperature, but the half-width follows a hyperbolic cotangent
relation with an effective frequency of 345 cm '. A Huang-Rhys factor of 14.7 is estimated for the band. After pulse
excitation at 4.4 K the fluorescence decays following a curve which can be analyzed as the sum of two exponentials
with lifetimes of 24 and 160 ms, respectively. Both the lifetime and the intensity of each component are temperature
dependent between 15 and 40 K. Above 50 K the intensity decays following a single exponential with a lifetime of 34
ms. A schematic electronic structure is suggested for the Fcenter, which is consistent with the experimental results
and the expected nature of the center.

I. INTRODUCTION

Single-crystal samples of sapphire are readily
available of sufficient purity that they show almost
no optical absorption (absorption coefficient, n & 2

cm ') over the spectral range from 2 to 6.5 eV.
Since many 3d ions have strong charge-transfer
transitions in the region of 6 eV, ' these can only be
present at concentrations of a few parts per milli-
on at most, which is confirmed by more detailed
analysis. In many instances, however, similar
samples grown under reducing conditions exhibit
a pronounced optical-absorption band with a peak
near 6.1 eV and a full width at half maximum in-
tensity (FWHM) of 0.68 eV. This band, or its low-
energy tail, has been observed in "as-received"
samples for many years. 3' The same band can be
produced by deliberate additive coloration' and also
by particle bombardment. ' The evidence is now
strong that the 6.1-eV band is mainly due to E cen-
ters, that is, to oxygen ion vacancies, each of
which has trapped two electrons.

The identification of anion vacancy centers in
sapphire has been made difficult by the absence of
any confirmed electron-spin-resonance signals,
although a 13-line spectrum has been reported in
heavily neutron-irradiated samples. In addition
to the evidence from thermochemical coloration,
the strongest evidence for the identification of the
6.1-eV band comes from its relation to the absorp-
tions of the E' center (an anion vacancy which has
trapped only one electron). Optical excitation of
the 6.1-eV band produces a large photoconductiv-
ity, and results in the appearance of two other
bands at 4.8 and 5.4 eV, respectively, 2'~ which are
thought to be due to the E' center. Because of the
low site symmetry of an oxygen vacancy (C2), the
excited P-like states of the E' center are expected
to be split into three components by the local crys-
tal field. The ordering of these components and

hence the ordering of the polarized optical-absorp-
tion bands resulting from electron transitions from
the ground state have been predicted on the basis
of a point-ion model calculation by La et al. The
correct ordering and polarization properties are
found for the 4.8 and 5.4-eV E' bands, which
have, therefore, been assigned to the 1A 1B and
1A —2A transitions, respectively. The 1A —2B
transition near 6.0 eV is thought to be obscured by
the 6.1-eV absorption, which is always present. It
appears, then, thatbleaching the 6.1-eV band pro-
duces E' centers by the trapping of one of the E-
center electrons elsewhere in the lattice. Not all
E centers can be bleached at one time, however,
even at 4 K, possibly because of insufficient num-
bers of electron traps, or because a dynamic equi-
librium is established due to partial overlap of the
E band and the band associated with the electron
trap.

Optical excitation of the 6.1-eV band produces a
luminescence band with a peak at 3.0 eV and a
FWHNL of 0.36 eV. ' ' '" This photoluminescence
band is s een in all samples exhibiting the 6.1-eV
absorption band, although it is relatively weak in
neutron-irradiated samples. " It has been shown
that the excitation spectrum of the emission follows
closely the spectral dependence of the 6.1-eV ab-
sorption band. Measurements at temperatures be-
tween 77 and 300 K have shown that after pulsed
excitation the 3.0-eV emission intensity decays ex-
ponentially with a lifetime of 34 ms, ' '" which is
independent of temperature over the range investi-
gated. It has recently been shown that the fluor-
escence decay is more complicated below 77 K.'
In some samples much longer-lived phosphore-
scence is also observed near room temperature, ' '"
which is associated with a thermoluminescence
peak at 270 K. '

The new results presented in this paper include
details of the temperature dependence of the fluor-
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this interaction as canbe seen in Fig. 3. The same
temperature dependence was observed for both
polarization directions, and could be described by

W (T) =W (0) coth(Std/2kT),

where W(0) is the FWHM at low temperature and &u

represents an average over the frequencies of the
normal vibrational modes coupled to the emitting
electronic state. The solid line in Fig. 3 is a com-
puter fit of Eq. (1) to the data points with W(0)

=0.361(2) eV and k&u =345 +20 cm '. This value
for 5'v is close to the value found in a similar way
for the E' center in+-AI, O, (340 cm ') as mightbe
expec ted.

0
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P HOTON ENERGY (cV )

3.4 C. Huang-Rhys factor

FIG. 2. Polarized emission spectra from a CS sample at
20 K. The excitation was centered at 200 nm with a
bandwidth of 17 nm.

tral dependence of the I band. The emitted light
is plane polarized with the maximum intensity oc-
curring when the electric vector is perpendicular
to the c axis of the crystal (E l c) and the minimum
occurring when the electric vector is parallel to
the c axis (E ttc) as shown. Since the symmetry
axis of the I' center is in a plane perpendicular to
the c axis of the lattice, it can be seen that the
emission is preferentially polarized with the elec-
tric vector along the axis of the center. The de-
gree of polarization for the direction of emission
shown (1102) is El c/E tt c-l.v, and wa.s found to
be independent of temperature between 4 and 55 K.

The emission band is slightly skewed towards the
low-energy side, so that although the maximum
emission at 20 K occurs at 3.00 eV, the band cen-
troid is at 2.97 eV, and is the same for both polar-
ization directions. The band centroid was found to
be almost independent of temperature between 4
and 300 K. The zeroth moment of the band, which
is proportional to the relative quantum efficiency
of the emission, was found to be fairly constant for
the 4- 120 K range, but decreased by about 20% in
the 120-300 K region. The decrease was consis-
tent with a nonradiative process with an activation
energy of about 0.06 eV.

The shape of a broad emission band such as that
observed here is due to the nature and strength of
the electron-lattice intera. ction. If linear coupling
is assumed, a convenient dimensionless measure
of its strength is the Huang-Hhys factor, S, which
is related to the second moment of the band (E ) by
$ = (E2)/(k&u)2, where (E2) is defined as in Table I.
Using the experimental value of (E ) and the value
of le from above, a value for $ of 14.7 is obtained.
It is worth noting that if the bandshape were Gaus-
sian, (E') = W (0)/8 ln2, from which a value of S of
12.8 would be obtained. The fact that this value is
within 15% of the experimental value is an indica-
tion of how close the 3.0-eV band shape is to Gaus-
sian.
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B. Temperature dependence of bandwidth

The 3.0-eV luminescence band has a FWHM of
0.36 eV at low temperatures. This relatively large
width, which is common in E-type centers, is due
to the strong interaction between the E-center
electron and the spectrum of normal modes of vs ~a-
tion of the surrounding ions. As the temperature
creases, the width W(T) is observed to increase due to
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FIG. 3. Temperature dependence of the full width at half
maximum intensity of the 3.0-eV emission band. The
solid line is a fit of Eq. (1) to the experimental data
points, with 5'~=345 cm and gi(O) = 0.361 eV.
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TABLE I. Moments of the band-shape function~ f (E) for the 3.0-eV emission at 20 K.

Zeroth

Moment

f(E))EE

Value

Firstc

First about E

Second about E

E=QEg(E))hE

(E)=Q (E)-E)f(E))~E

(E )=Q (E(—g) f (E( )QE

2.97 eV

4.32 x 10 6 eV

0.0269 (eV) ~

a Determined from
"Normalized.
~ Band centroid.
~Reference 2.

the measured intensity I (E& ) using f (E,) I(E,)/E4

The size of the Huang-Rhys factor gives an indi-
cation of the possibility of observing a zero-phonon
line in the erpission since the ratio of the total in-
tensity in the zero-phonon line to the total intensity
in the phonon-assisted portion of the band is pro-
portional to exp(-8). It is generally recognized
that if S exceeds about 6, the zero-phonon line will
not be observable even at the lowest temperatures,
and since in our case S-15, no zero-phonon line is
expected, and none has so far been detected.

If it is assumed that the same effective vibronic
frequencies occur in the emitting and ground states,
a semiclassical configuration coordinate diagram
can be constructed from which the difference be-
tween the absorption and emission energies, AE,
canbefound from ~=if&7(2$ —I). ~ is usually
called the Stokes shift. Using our experimental
values of S and SQ, a value for ~ of 1.23 eV is ob-
tained which is much less thanthe observed value of
3.1 eV. This result suggests that emission occurs
from an excited state closer to the ground state
than the level into which the electron was excited
during absorption at 6.1 eV. A similar conclusion
can be drawn on the basis of the relatively long
lifetime of the emission, which we discuss in more
detail below.

D. Lifetime measurements

In Fig. 4 we show a semilogarithmic plot of the
total intensity in the 3.0-eV emission as a function
of time, following pulse excitation with 6.1-eV light
at temperatures of 4.4, 30.5, and 75 K, respec-
tively. Figure 4 shows data obtained from an IN

sample but similar data were obtained from the
CS, AM, and neutron-irradiated samples. It can
be seen that at 75 K the emission intensity decays
following closely a single exponential with a life-
time of 34 ms, which is in agreement with previous
measurements. ' ' ' Below 50 K the decay curve,
I(t, T), is more complicated, but can be closely
fitted by the sum of two decaying exponentials with .

temperature-dependent lifetimes and preexponen-
tial factors, i.e.,

Other possible time dependences were consider-
ed, such as might be expected for a second-order
process, for example, but none of these possibil-
ities fit the experimental data as closely as Eq.
(2). The continuous lines in Fig. 4 are computer
fits of Eq. (2) to the data points, from which the
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FIG. 4. Temperature dependence of the decay of the
3.0-eV fluorescence in an IN sample following pulse ex-
citation with 6.1-eV light. The solid lines are computer
fits of Eq. (2) to the data points. The curve for T = 30.5
K has been shifted down to avoid overlap. It should
coincide with the T =4.4 K curve at t = 0.

f(t, T) =A(T)exp[-t/t&(T)]+B(T)exp[ t/t2(T-)]. (2)
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lifetimes shown in Figs. 4 and 5 were found. The
error bars in Fig. 5 were determined from the
computer fits and the estimated experimental error
in determining the emission intensity, which in-
creases as the intensity decreases, i.e., for long
t, where t2 is mainly determined. The fraction of
the total intensity contained in the two lifetime
components can be estimated from the product of
the factors A or B and the corresponding lifetimes,
and is shown in Fig. 6. In summary the following
conclusions can be drawn from the data shown in
Figs. 5 and 6. -At helium temperature the decay of
the 3.0-eV emission intensity contains two expon-
entially decreasing components, with lifetimes of
160 and 24 ms, respectively. About 75% of the
total intensity is contained in the shorter-lived
component and 25% in the longer-lived component.
Between 15 and 40 K the magnitude of the longer
lifetime decreases to 34 ms at the higher temper-
ature, while the total intensity in this component
increases to 100%. The magnitude of the shorter
lifetime also decreases over the same tempera-
ture range, and the intensity in this component
falls to zero.

Measurements were made to determine whether
the lifetime and intensity data depended on the po-
larization of the emission. Within the bounds of
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FIG. 6. Temperature dependence of the total intensity in
the 3.0-eV fluorescence following pulse excitation, com-
pared with the intensity in each of the two lifetime com-
ponents. If~t and J,&, refer to the components with
t~ =24 ms and t2

——160 ms at 4.4 K, respectively. (See
Fig. 4.)
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the errors shown in Figs. 5 and 6, neither the
lifetimes nor the relative values of A and B de-
pended on the polarization. Measurements were
also made to determine whether different lifetime
components were contained in different spectral
regions of the 3.0-eV band. Again no measurable
effect could be detected.

IV. DISCUSSION
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FIG. 5. Temperature dependence of the two lifetime
components of the 3.0-eV fluorescence in an IN sample.
The data were obtained from computer fits of Eq. (2) to
experimental measurements such as those shown in
Fig. 4. The errors are mainly due to uncertainties in
the intensity measurements.

As we discussed in the Introduction the evidence
is now very strong that the 6.1-eV absorption and
the 3.0-eV emission are due to the F center. The
positions of the first nearest-neighbor A13' ions
surrounding the F center in n-A1203 are shown in

Fig. 7, where the C2 local symmetry of the center
is clearly apparent. The ground state of the center
is expected, therefore, to be '1A and the main ab-
sorption occurs when an electronic transition oc-
curs to a p-like excited state. Although the C2
symmetry of the crystal field would be expected to
split a 'p-like state into three components of 1A,
IB, and 2B character, only one F band is observ-
ed, in contrast to the three F' bands which are
seen. ' Although the reason for this difference is
not definitely known, a possible explanation is sug-
gested by the fact that photoconductivity is ob-
served from the F band even at low temperatures
(-10 K). Thus, the excited p-like state involved in
the 'absorption must be close to or even in the con-
duction band and we can conjecture that the corre-
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FIG. 7. Positions of the four nearest-neighbor A13'

ions surrounding an oxygen vacancy in the corundum
lattice.

sponding wave function is so extended that even in
the unrelaxed configuration of the center the local
symmetry is not important in determining its prop-
erties. Supporting evidence for this conclusion is
that the emission from F centers in neutron-irra-
diated sapphire, in which the defects are formed in
cascades, is concentration quenched, whereas the
emission from F' centers in the same samples is
not affected.

As we have seen above, at the lowest tempera-
tures two lifetime components are observed in the
emission, both of which are much longer-lived
than is expected for an allowed electric dipole
transition (-10 8 s). The transition is, therefore,
largely forbidden and the most obvious reason is
that the emitting state is a, spin triplet. This is
known to be the case for the F luminescence in
other oxides such as CaO, for example. '6 On the
basis of the experimental value of the Huang-Rhys
factor, the Stokes shift is expected to be about1. 23
eV, whereas a value of 3.1 eV is found. We sug-
gest, then, that the emitting state is p-like and is
located about 1.6 eV below the p-like state in the
relaxed configuration of the F center, and that
electrons fall into this state as a result of nonradi-
ative decay. The measured lifetime is probably due
to admixture of the singlet state into the lower-
placed triplet state. It would be very useful if in-
formation about this emitting state could be obtain-
ed from excited-state ESR measurements.

Tbe C2 crystal field might be expected to split a
relatively compact 3p-like state into three compon-
ents of 31A, 31B, and 32B character, and we sug-
gest that the observed two lifetime components are
a. result of this splitting. The character of the low-
est-lying emitting state cannot be uniquely deter-
mined from our polarization measurements, but
we can be certain that this state does not have

Conduction B»d
g i I t I I I I I tip////////

li
p-like

p-like
I

I

2A
\

', 6.1 eY 28
3&8—"' ~

\

=1.6eY

%0.2eY
0.03eY

FIG. 8. Schematic representation of the energy levels
of the F center in sapphire.
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uniquely 1A character, since in this case no inten-
sity would be observed with E tl c, whereas, in fact,
substantial emission is observed, Fig. 2. We con-
clude, then, that the emitting states have mainly B
character. On the basis of these considerations an

energy level diagram for the F center is proposed
as shown in Fig. 8. As far as we can tell there is
no radiative decay from the 'p-like state to the
ground state, which might be expected to occur at
about 4.25 eV (290 nm). The splitting between the
two lowest-lying triplet components determines tbe
temperature-dependent properties of the fluores-
ence between 4 and 55 K. We assume that the up-
permost component with mainly lA character is
not involved in the emission because of the polari-
zation measurements and because no observable
change in fluorescence properties is observed be-
tween 55 and 300 K. It appears, then, that this up-
permost level is a considerable fraction of an eV
above the lower-lying components, and we have,
therefore, suggested in Fig. 8 that it lies more
than 0.2 eV higher. Also, since the total fluores-
cence intensity does not change between 4 and 55 K
there must be no nonradiative transitions to the
ground state, which are accessible for these temp-
eratures. The measurements are to be explained,
therefore, in terms of a three-level model, the
properties of which have been investigated in con-
siderable detail previously. ' ' One conclusion
from these studies is that if the populations of the
two emitting levels are in thermal equilibrium,
only one lifetime component is observed in the
fluorescence. We must assume, then, that at the
lowest temperatures the transition rates between
the two components due to phonon interactions are
so slow that tbe levels are essentially independent.
As the temperature increases above 15 K the pop-
ulations in the two levels become gradually therm-
alized and a single lifetime of 34 ms is finally ob-
served. From the temperature dependences of tbe
lifetimes, Fig. 4, we can estimate that the two
levels are separated by about 0.03 eV. At the low-
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est temperatures the measurements indicate that
about 75% of the emission occurs from the lower
component and 25% from the upper, which is a.

measure of the nonradiative coupling to the 'p-like
state.

It is worth noting that the experimental data can
be explained using an alternative model involving
the action of a metastable electron trap. This
model has been discussed in some detail else-
where. '4 This possibility is worth considering be-
cause of the low-temperature photoconductivity
which is observed. The long-lived component in
the luminescence decay could, therefore, be due to
the slow release of electrons into the conduction
band from these traps. To distinguish between the
two possibilities the low-temperature lifetime of
the photoconductivity needs to be measured. This
is not an easy measurement because of the rela-
tively small photocurrent, but measurements are
underway to determine it.

Finally, we note that the behavior of the fluo-
rescence observed here has been seen in other
systems such as interstitial hydrogen atoms in
KCl and RbCl doped with I ions." The red emis-

sion from these systems contains two lifetime
components, one of the order of 10 s and the
other about 10 s. The accepted interpretation for
this system is similar to that described above.
The longer-lived component which is dominant at
low temperatures is thought to be due to a transi-
tion from an excited quartet state to the doublet
ground state, and the change in the relative inten-
sities of the two components as the temperature
increases is suggested to occur when thermal ex-
citation to a. slightly higher doublet state takes
place.

We should like to emphasize that it would be very
useful if excited state ESR could be performed on
the a-A1203 system. Apart from giving informa-
tion about the metastable excited states, it mould
also give vital information about the structure of
the defect itself.
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