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Fluorescence ( T2~ A2) and phosphorescence ('E~ A2) in MIO:Cr '~
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Steady-state and time-resolved spectra have been recorded for MgO:Cr'+ crystals as a function of
temperature, excitation wavelength, and Cr'+ concentration. The spectra and lifetimes for emission from
the various centers have been determined. Both prompt and delayed broad-band fluorescence are
emitted, but only delayed fluorescence is associated with the cubic and tetragonal sites. The thermal

quenching mechanism of the R-line lifetime is reconsidered and shown to involve repopulation of the

T, state. For the cubic and tetragonal centers "T, is above E, the T, lifetime & 0.5 nsec and the
"T,~'E intersystem crossing eAiciency is unity. For the rhomhic centers, where 'T, is below 'E, the

T2 lifetime is 35 p,sec. The total luminescence quantum yields for all centers is close to unity.

I. INTRODUCTION sight into the relationship between the 'T, -state
lifetime and the 'T, -'F- separation.

The emission of MgO:Cr" consists of sharp
lines superimposed upon a broad band. ' The line
at 6981 A (A line) has been assigned as the mag-
netic dipole no-phonon 'E —'A, transition arising
from Cr + in cubic sites. ' 'E- A., emission lines
from Cr" in noncubic sites (N lines) have been
assigned as follows: 6992 and 7038 A, no-phonon
transitions arising from Cr'+ with a vacancy in
the [100] direction; 6989 and 7035 A, due to Cr"-
vacancy-Cr" clusters in the [100] direction. "
These sites are designated as single-ion tetragonal
and pair -tetragonal centers, respectively. There
are also Cr"-vacancy sites with the vacancy in
the [110] direction. Emission from these rhombic
sites has not been definitely identified. 4 In ad-
dition to the no-phonon lines there are vibronic
sidebands associated with the A and N lines. The
intensities of both sets of N lines relative to the
A line increase with Cr" concentration, but the
concentration dependence of the pair -tetragonal
intensities is the more pronounced.

A broad fluorescence band whose intensity in-
creases with Cr" concentration was described by
Imbusch. ' This band, with a maximum near 800
nm, was examined in greater detail by Parker
«al. ' who assigned it as T,- A., from cubic site
Cr". The lifetime of this emission is less than
100 p. sec, while the A-line lifetime varies from
11.6 msec (77'K) to -2 msec (300'K).' The double
lifetime is consistent with dual emission from
cubic site Cr", i.e., prompt 'T, -'A. , fluores-
cence, and 'E- 'A, phosphorescence. However,
the different variation of the broad-band and A-
line intensities with Cr" concentration is incon-
sistent with this interpretation. This work was
initiated to obtain more information about the
origin of the broad-band emission and to gain in-

II. EXPERIMENTAL METHODS

For steady-state emission and excitation spec-
tral measurements, excitation was obtained with
a 0.25-m Bausch and Lomb monochromator and
PEK lamps (100-W Hg and 75-W Xe). Emission at
90' was passed through a 0.25-m Jarrell-Ash
monochromator, and detected by a dry-ice-cooled.
red-extended S-20 Centronic (Q42835A) photo-
multiplier tube. Unless specified otherwise,
0.5-mm slits (1.7-nm bandwidth) were used on
the emission monochromator. The signal was
d.c. amplified and recorded. Separate excitation
spectra were recorded for the 8 (A. = 6981 A) and
N lines, but the two N lines at 7035 and 7038 A
were not resolvable. Excitation spectra were
corrected by calibration against a Rhodamine B
solution quantum counter and a calibrated United
Detector Technology PIN 10D solid-state photo-
diode.

The Cr" MgO: crystals were mounted in a vac-
uum on the copper coldfinger of a Hoffman Dewar
for the 77'R measurements.

In recording excitation spectra as a function of
emission wavelength, the position of the crystal
was not altered. This ensures the reliability of
all qualitative conclusions based upon a com-
parison of the excitation spectra for different
emission wavelengths. The high-resolution emis-
sion spectra were recorded at 90 by passing the
lamp excitation through the 0.25-m Jarrell-Ash
monochromator and scanning the emission with a
0.75-m Jarrell-Ash Czerny-Turner monochroma-
tor. The emission was modulated and the signal
from an E.M.I. 9558QA S-20 photomultiplier de-
tected with a lock-in amplifier.

Emission decays were excited either with a N,
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pulsed laser (Avco C950) or with N, laser-pumped
PBD or Rhodamine-6G dye lasers. The corre-
sponding exciting wavelengths were 337, 366, and
580 nm, respectively. The PBD dye laser was
untuned with a 3-nm bandwidth; the Rhodamine-66
dye laser was tuned at 580 nm with a bandwidth of
less than 1 nm in order to minimize interference
from scattered excitation light. The pulse width
was always shorter than 10 nsec. For the 77'R
measurements a Pyrex Dewar was used, and the
crystal was cooled by immersion in liquid nitro-
gen. The emission at 90'was filtered by 5 cm of
a concentrated chromium acetylacetonate solution
to reduce scattered excitation light, and focused
onto the slit of the 0.25-m Jarrell-Ash mono-
chromator. The chromium acetylacetonate so-
lution absorbed some of the shorter wavelength
emission and induced a slight distortion of the
emission spectra. The Centronic photomultiplier,
wired for fast response, was used for most of the
pulsed measurements. However, where indicated,
a RCA C-31034 photomultiplier with an almost
constant sensitivity up to 900 nm was used as the
detector. This photomultiplier is faster but has
less gain than the Centronic tube and yields spectra
that are almost "corrected. " The photomultiplier
load resistors were varied from 50 Q to 1 MQ, as
required by the desired response time and spec-
tral resolution. The photomultiplier output was
fed to a 7904 Tektronix oscilloscope with a 7A19

or 7A11 amplifier. For lifetime measurements
the scope trace was photographed. Time-re-
solved spectra were obtained by scanning the
emission spectrum and processing the scope out-
put with a PAR Model 60 Box Car Integrator at
different delay times. Most of the work was per-
formed with single crystals kindly given to us by
Imbusch, who determined the concentrations of
the various centers of the more concentrated
sample by ESR measurement as: cubic, 7&& 10"
cm '; tetragonal, 1.3&10"cm '; rhombic,
0.3&&10"cm '. The Cr" concentration in the
dilute sample was smaller than the above by an
order of magnitude. All of the results shown in
the figures were obtained with this sample. Re-
sults were checked with single crystals of nominal
concentration 1&& 10"and 1.5&& 10" cm ' obtained
from Norton Research Corp. (Canada) Ltd.

III. RESULTS

Steady-state emission spectra

Emission spectra from the dilute MgO:Cr" crys-
tal have been recorded at different excitation wave-
lengths (297, 313, 366, 404, 436, 500, 546, and
577 nm) at room temperature (-296'K) and 77'K.
Representative spectra are shown in Figs. 1 and 2.
A variation of the emission spectrum with excita-
tion wavelength is evident and the near concordance
of spectra excited at 436 and 600 nm (Ref. 1) does
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hs. Thenot extend to other excitation wavelengt
relative intensities o e't' f the A and N lines with the
associated vibrational structure are a function of

orbed b the cubic
ivel . Theand the tetragonal centers, respective y.

at 698 711, 718, and 741 nm rise andintensities at
fall together. Hence, the 711-, 718-, an -nm
features can ebe assigned as vibrational sidebands
of the A line and arise from cubic sites. e

with the 704-nmnm band appears to be associated wi
broad band

ea e a ' r the 698-
b t the intensity variation of the br

caked at 780 nm does not follow either epea e a
or 704-nm line intensity changes. eThe 731-nm
li.ne and the broad-band intensities appear to be
related.

Increasing t e rh Cr" concentration in the range
10"- 0" ' leads to an intensification of the10 -1U cm
broad band relative to the A and N lines for every

1 ~~h in contrast with the resultsexcitation wave en~&, in
of Parker et al. '

of the emissionThe temperature dependence o e emi
spectra zs no et 's noteworthy. The intensity of the broad
band relative to e ath A nd N lines increases with
temperature.

ined b monitor-The 77'K excitation spectra obtaine y m

ing the 698-, 7 —an04- d 800-nm emissions are dis-
y y

' ' ela ed in Fig. 3 The two X lines at 7035 and
7038 A were not resolved, but et excitation spectra
for these two znes1' have been published and they

ilar. In fact, the excitation spectra
for 6981, 7035, and 7038 A emission di er i
in the region of 'T, -'A, absorption. ' How-

h T - A and T 'A2 excitationever, both the 2 2 a 1 2

fo the broad fluorescence (monitored at
800 nm) are markedly red shifted relative to the
excitation spectra for the structured emission,
with t eh 'T, -'A maximum near 650 nm rather
than at 600 nm.

77'K emission spectra at high resolution have
been obtained at different excitation wavelengths
(Fig. 4). Excitation at 313 nm yields a new emis-
sion line at 7031 A, the same position where a
line has been observed in absorption but not in
emission. This line was not excited by 500-nm
radiation.

Pulsed excitation: lifetimes and time-resolved spectra

Room-temperature time-resolved emzsszon spec-
tra excited at 580 nm are shown in Fig. 5. As

corn ared to the decay of the 8 and N lines.
il be ond 750 nm)The persistence of a broad tail eyon

at long times s ouh ld be noted. Some of this tail
remains even after the N lines have disappeared.

tl some of the broad emission is long-Apparen y, son
1 d at room temperature. The spectra o e1ve

erent' thefast and slow broad components are dzffer
fast component is red shifted. When the temper-

t ' reduced to 77'K, the overlapping of the

and the long-lived broad emission is no longer
A- and N-linedetectable. The assignments of the A- n

sidebands, as we asll as the correlation between the
broad band and 731-nm line, are confirmed by the
time-resolved spectra. The spectra in Figs. 5
and 6 were not corrected for wav elen h variation
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in Table I. At room temperature the overlap of
the broad fluorescence and the line emission led,
at all monitoring wavelengths, to a multiexponen-
tiai decay in which a fast component (35 p, sec) was
superimposed on slower decays. At 77'K, the
narrowing of the broad-band emission reduces the
spectral overlap to the point where the fast com-
ponent is absent and single exponential decays are

obtained when either the 8 or X lines are mon-
itored.

Although lowering the temperature reduces the
width of the broad-bandemission, the peak inten-
sity of the broad band is nearly the same at room
tempera. ture and at 77'K. Thus, the intensity of
the 35-IU. sec component is not very sensitive to
temperature. This was also found in the steady-
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state emission whenever the broad band was a
substantial part of the emission spectrum. Within
the precision of our measurements, the 35-p, sec
lifetime is independent of temperature.

In the lifetime measurements it was not possible
to resolve the two N lines at 7035 and 7038 A.
However, the high-resolution steady-state emis-
sion spectra show that the 7038-A line is at least
three times more intense than the 7035-A line at
the excitation wavelengths used, and the measured
lifetimes at 704 nm reflect the decay of the 7038-A
line. Qbth this proviso, the measured A- and N-
line lifetimes at 77'K are in good agreement with
those previously obtained. '

Time-resolved 77'K emission spectra excited
at 580 nm [Fig. 6(b)j can be used to measure q,
the ratio of the no-phonon line intensity to total
emission from 'E for the several centers. The
1-msec spectrum contains contributions from
both cubic and tetragonal sites, whereas the emis-
sion from cubic sites dominates the 33-msec emis-
sion. The detection system (dilute chromium
acetylacetonate soj.ution filter, monochromator and
HCA C31034 photomultiplier) was calibrated with
a sta.nda. rd quartz-iodine lamp and the areas of the
different bands in Fig. 6(b) were corrected before
computing q. The corrected ratios are qs = 1/5.4
and q„= 1/4. 9. If no corrections are applied to the
areas, both values are -100jo smaller. The quanti-
ties are somewhat smaller than reported by
Imbusch et al. ,

4 but the use of time-resolved spec-
tra permits a more direct estimation of q„and q„.
The resolution of the overlapping 8- and N-line
vibronic sidebands was made by comparing the
time-resolved spectra as a function of time and
excitation wavelength. Within 10/0, the same q
values were found for both the 1- and 33-msec
spectra. In this time interval the N emission in-
tensity decreases by a factor of 2.7 compared to
the R emission intensity.

The rise time of the long-lived emission was
monitored at 698 nm with 580-nm excitation at
77 K. The monochromator slits were opened to
5 mm instead of the usual 0.5 mm, and some
scattered laser light reached the detector. Within

the resolution time of the apparatus under these
conditions (200 nsec), no rise time was detected.
Interf erence from the 35-p, sec component was
negligible.

A search for fluorescence components faster
than 200 nsec has also been made. At room tem-
perature, where no Dewar was required, a sat-
urated solution of chromium acetylacetonate as a
filter eliminated most of the scattered light in the
730—900-nm region, with no slits on the emission
monochromator (-10-mm slit width), but the R-
and N-line emission was partially absorbed by the
filter solution. The time dependence of th 750-nm
emission is shown in Fig. 7 for different s veep
rates. No component faster than - 35 p, sec was
detected; the rise times in the 10- and 50-nsec
curves reflect the duration of the excitation pulse.
The broken line in Fig. 7 illustrates the effect of
scattered laser light, obtained when 698 nm is
monitored. That this "fast" component is due to
scattered light is demonstrated by its strong de-
pendence on crystal position. A similar feature
would be produced by prompt fluorescence with a
short lifetime (see Sec. IV).

50— ROOM TEMPERATURE

C) 20
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IV. DISCUSSION

Origin of the broad-band emission

The lifetime measurements and the time-resolved
spectra show that at room temperature there are
three different overlapping emissions (35 p, sec,

698 g)
704 gV)

800 (broad band)

1.5 msec
0.61 msec

'35 psec
0.61 msec
1.5 msec

11.6 msec
8.6 msee

35 @sec

TABLE I. Lifetimes at different emission wavelengths.

Monitor ing
wavelength (nm) Boom temperature 77 'K

0

FIG. 7. Time evolution of the 750-nm emission of
Mgo:Cr (Cr3+ &10~ em 3) at room temperature and
different excitation sweep rates with excitation at 580 nm.
The time associated with each curve represents the mag-
nitude of one division on the time coordinate. The broken
line superimposed upon the 10-nsec profile illustrates
the change introduced by monitoring 698-nm emission
and indicates the effect of scattered laser light.
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0.61 and 1.5 msec) in the broad-band region of
the spectrum (800 nm). At 77'K only the 35-p, sec
component remains. The fast emission cannot be
prompt fluorescence ('T,- ~A, ) from either the
cubic or the tetragonal (single-ion or pair) centers
for the following reasons.

(i) The activation spectrum at 77'K is completely
different for the broad band than for either the
A or the N lines.

(ii) No rise time for either the R or N lines,
corresponding to a 35-p, sec T, decay is observed.

(iii) The intensity ratio, broad band to lines, in-
creases with concentration.

Since the N lines have been ascribed to the
single-ion and pair-tetragonal sites, we assign
the fast component to the rhombic sites which have
been detected in the ESR spectra. The red shift
in the excitation spectrum may be due to a lower-
ing of Bq produced by the movement of 0 toward
the vacancy.

The no-phonon lines of the T, —A, transition
have not been definitely identified for either the
cubic or tetragonal spectra, but inspection of the
'T,- 'A, absorption and excitation spectra band
maxima indicates that 'T, lies about 2500 cm '
above 'E for these sites. ' Since the half-width of
the 'T,- 'A. , band is some 1700 cm ', the no-
phonon level of 'T, is approximately 800 cm '

above 'E,'for both the cubic and tetragonal centers.
The 'T, - A, excitation spectrum for the broad-
band emission from rhombic sites is markedly
red shifted from the cubic and tetragonal spectra,
and the 'T, origin in the rhombic system is about
1300 cm ' lower than the corresponding level in
the cubic centers. Since neither rhombic dis-
tortions nor changes in Dq will affect the 'E energy
appreciably, it appears that 'T, is below 'E in the
rhombic site species. The temperature variation
of the broad-band intensity can now be readily
understood. At 77% only rhombic 'T, -'A, emis-
sion occurs; 35 p, se c is a reasonable lifetime
value for a spin-allowed transition in a Cr" sys-
tem. ' As the temperature is increased, delayed
or equilibrium fluorescence is thermally activated
and broad-band emission from both cubic (1.5
msec) and tetragonal (0.61 msec) sites is super-
imposed upon the "prompt" rhombic fluorescence.
The 'T, states of the cubic and tetragonal sites
are not repopulated at 77'K and the long-lived
broad fluorescence is absent at low temperatures.

Thermal quenching of the R-line lifetime

Imbusch attributed the reduction of the A-line
lifetime from 11.6 msec at 77 K to 1.5 msec at
room temperature to an increase in the radiative
'E-'A, rate due to enhancement of the vibrational

sidebands. ' Di Bartolo and Powell' fitted the
measured R-line lifetime (r) to the equation

I 7.-1 +T-le M) ./0j
with &, = 36.8 p, sec and &E„=834cm '. If ~E„
is interpreted as the 'E-'T, energy gap, the
quenching of 'E mould proceed via T, in contrast
to the conclusion of Imbusch. Di Bartolo and
Powell found a similar energy gap (891 cm ')
could be used to explain the thermal broadening
of the B line by a phonon absorption mechanism,
but regarded the agreement as fortuitous and re-
jected the involvement of 'T, in both the thermal-
quenching and line-broadening processes because
of the apparent disparity between the T, -'A, and
'E- A, lifetimes. However, if the fast and slow
decays originate in different centers, this argu-
ment is not pertinent and the involvement of 'T,.
in the thermal quenching of the cubic site emission
must be reconsidered.

The importance of T, in the thermal relaxation
pathway for 'E states has been identified as an
important mechanism in ruby, ' emerald, ' and
other Cr" systems, "and the appearance of
thermally activated broad-band emissions with
the same lifetimes as the 8 and N lines indicates
a similar mechanism for cubic and tetragonal
centers in MgO:Cr". The ratios of the A and N
lines to the respective vibronic sideband inten-
sities (q~ and q„) are nearly independent of tem-
perature. Clearly the ~„value of 834 cm ' for
the 8-line temperature dependence is quite reason-
able for the 'T, -'E separation and we suggest that
repopulation of 'T, is the dominant pathmay for
the thermal relaxation of 'E in cubic and tetragonal
sites. If the delayed fluorescence and the 8-line
sidebands are not distinguished, the computed
thermal enhancement of the 'E- 'A, radiative rate
will appear to account for the decrease in 8-line
lifetime as found by Imbusch, ' but when the
fluorescence contribution is subtracted from the
total emission the radiative rate does not change
very much with temperature.

T2 lifetime and intersystem crossing efficiency(42 )E

The rise time of the A-line emission is faster
than 200 nsec and therefore the lifetime of 'T, is
less than 200 nsec for cubic site ions. Although
we have not been able to measure the T, lifetime
directly, an upper limit for this quantity can be
estimated from the emission monitored at 750 nm

(Fig. 7), a wavelength where only broad-band
fluorescence (prompt and delayed) is emitted.

The most conservative lifetime limit can be ob-
tained by comparing the 77'k and room-temper-
ature 750-nm decay curves. At 77 K, laser light
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scattered by the Dewar could not be completely
eliminated. This leads to a curve similar to the
10-nsec profile in Fig. 7, including the broken
line "bump. " If we assume that the 'T, lifetime
is shorter than the measured excitation pulse
width, a bump identical to that produced by scat-
tered light would be seen. The height of this bump
above the 35-p, sec signal (I ',„) is proportional
to I,~, k„~/&, , where & is the excitation pulsewidth
(10 nsec) and k„ the radiative 'T, -4A, rate. Since
the 35-p. sec intensity is independent of temper-
ature, this signal can be used to relate I ',, at
77'K and I „„, the delayed fluorescence intensity
measured about 100 p, sec after excitation at room
temperature. I „is proportional to
I,., k, k„v(3e ~I"

), where k, is the ~T, -'E inter-
system crossing rate and ihe term in parentheses
is the Boltzmann factor for equilibration between
'T, and 'E. Since the proportionality factors in
both I '„,.„and I are the same and ~E= 800 cm '

I ,„/I .„=6.X10 "k,
Experimentally, I,„/I ',„~ 1. Therefore,

k, ~ 2x10'sec '. Since k„=10'sec ', the 36.8
p, sec(~;) value obtained with Eq. (1) implies that
nonradiative decay from T, to A, is not very
large and that v=1/k, . Consequently, w &0.5
nsec. In all likelihood ~ is smaller than 0.5 nsec
because the '„varies with crystal orientation
and certainly contains some scattered light con-
tribution.

If & were between the 200 nsec limit obtained
directly from the rise time and 0.5 nsec computed
above, the prompt fluorescence signal would per-
sist longer than does the observed bump.

The above discussion applies to the cubic and
tetragonal centers where 'T, is above 'E. In these
sites C, =1. In the rhombic centers, where 'T,
is below 'E, 7 is governed by the relaxation rates
from 'T, to A. , and not by k, . Hence the much
longer T, lifetime (35 p, sec) for the rhombic
ions.

One of the aims of the present work was to de-
termine the effect of the T,-'E separation on k, .
Attempts have been made to estimate this quantity
from the rise times at 77'K of 'E- A. , emission in
crystalline samples of NaMgAl(C, O,), 9H,O:Cr",
Al,O, :Cr", and Cr(urea), (C104),. In the first two
of these materials, the T,-'E separation is un-
doubtably larger than the corresponding interval
in either the cubic or tetragonal sites of MgO:Cr",
while in the last system it may be smaller. "'"
Rise-time measurements have also been made at
77'K for glassy solutions of Cr(CN)', and chro-
mium acetylacetonate, molecules where the
'T, -'E separation is large. " In none of these
cases was a rise time (& 1 nsec) detected, which

means that k, ~ 10'sec '. Consequently, in efforts
E 4 ~ ~to evaluate k, from the T, lifetime a subnano-

second detection system must be employed.

Quantum yields

At low Cr" concentrations energy transfer
between different types of centers is negligible as
shown by the exponential decays of the A, N, and
broad-band emissions at 77'K. This conclusion
is also supported by the different excitation
spectra for the different centers. Under the con-
dition that no energy transfer takes place, the
absolute quantum yield of 'E- '&, emission for
each center can be expressed as

o =4, (w/g, ),
where T, is the radiative lifetime (including side-
band contribution). As shown above, C, = 1 for
the cubic and tetragonal centers. The absorption
strength (fo'dv) of the A line has been measured
as (1.8-2.3) &&10 "cm' and calculated as 2.55
x10 "cm." The latter value leads to 7, =85
x 10 ' sec and ~, = v, q~ = 16 & 10 ' sec, which, when

compared to the low-temperature A-line lifetime
of 11.5x10 'sec, corresponds to 4, 4„=0.72.
The deviation from unity would be somewhat
larger if the experimental absorption strength
were used in the computation of 7, . The temper-
ature independence of the total emission with
temperature for very dilute crystals' suggests
that 4' =1 for the cubic center. The same ap-
proach, when applied to the tetragonal centers,
gives ~0=40 x10 'sec and 4 =1.05.

The measured lifetime of the rhombic center
fluorescence is closely consonant with the natural
lifetime computed from T,- &, absorption bands
and with the measured fluorescence lifetimes for
systems with ~T, below 'F. (10 -50 p, sec).'" lt thus
appears that the luminescence quantum yield for
'T, -'A, emission is unity for the rhombic centers.
This conclusion is also supported by the tempera-
ture invariance of the fast lifetime.

Assignment of the 7031-A line

This line, which is about as strong in absorption
as the N lines, is not found in emission excited
by direct population of 'T, or 'T, . Imbusch et al.'
suggested that the 7031-A line is due to a 'E-'A. ,
transition in a rhombic center and that fluores-
cence is absent in emission because the greater
strain sensitivity of rhombic site ions leads to
preferentia. T, —'&, emission. The failure in
detecting the 7031-A line in the 77'K emission
spectrum excited at 500nm, a wavelength which
is most effective for exciting the broad rhombic
site fluorescence, would be expected if rapid vi-
brational relaxation takes place in 'T, since T,
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is below 'E in the rhombic ions. The relatively
high emission intensity of 7031 A upon 313-nm
excitation would then, in this interpretation, re-
sult from some intersystem crossing to doublet
states when the higher-energy radiation is ab-
sorbed. Of course, the possibility that the 7031-A
line and the broad fluorescence originate in dif-
ferent centers cannot be excluded by our results.

V. CONCLUSIONS

The broad-band emission in MgO: Cr" con-
tains three components: fast prompt fluorescence
from rhombic centers, and delayed fluorescence
from cubic and tetragonal centers. In the cubic
and tetragonal centers 'T, is above 'E, the 'T,
lifetimes are less than 0.5~10 'sec, and only

delayed fluorescence is observed at room temper-
ature. In the rhombic sites 'T, is below 'F and
prompt fluorescence is emitted with a lifetime of
35 p, sec at both 77'K and higher temperatures.

The thermal relaxation of the A' lines arises
from the repopulation of T,. rather than from an
enhanced vibronic decay mechanism.

The absolute luminescence quantum yields appear
to be unity for all the centers.
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