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The sequence of Cr*® temperature effects in ruby .and emerald deduced by Kisliuk and Moore is
analyzed quantitatively by the quantum-mechanical single-configurational-coordinate model. The energy
parabolas are positioned so that the thermal Franck-Condon weights account both for the positions and
shapes of the optical bands and, through the nonradiative rates, for the thermal quenchings of

emissions. Parabola phonon energies near 500 cm

-1

explain the overall optical-band shapes disregarding

fine structure, and larger phonon energies near 800 cm~' explain the nonradiative rates. Relative to the
small-offset parabolas, the large-offset ‘T, and *T, parabolas have to be downshifted by a few k T
units with increasing temperature to take into account effects of lattice thermal expansion. The *T,
downshift enhances T, thermal repopulation from 2E. In the single-ion model used, quantum losses
occur only above 450°K due to thermally activated 2E —*T,— *4, processes, and the *T, —*4,
transitions occur at energies closer to the *T, parabola minimum than to the *T,, “4, crossover.
Forster’s sequence of ruby temperature effects and the different quantum efficiencies reported for
excitation into 2E and *T, are not possible in the model.

I. INTRODUCTION

We have recently given a unified treatment! of
the temperature quenching of narrow-line and
broad-band emissions using the quantum-mechan-
ical single-configurational-coordinate (QMSCC)
model. The most interesting applications are to
centers such as Cr*® or Eu*® with several inter-
secting electronic states, and Cr*? in ruby and
emerald is treated here. This case is excellent
because the Franck-Condon (FC) offset is inter-
mediate—large enough for FC effects yet small
enough for accurate parabola placements through
observed zero-phonon energies.

The single-configurational-coordinate (SCC) dia-
gram explaining ruby spectra is shown in Fig. 1.
This diagram admits narrow absorption lines to
the smaller-offset states 2E, 2T, and T, near
14400, 15000, and 21000 cm™! and broad absorp-
tion bands to the larger-offset states *T, and ‘T,
near 18000 and 25000 cm™!, These absorption
transitions may be seen in McClure’s Cr*® paper®
or review.® In emission, the diagram admits a
narrow 2E - %4, line near 14 400 cm™ plus, at high-
er temperatures where 2T, and 7T, are populated
thermally from 2E, a narrow 7T ,—*A, line and a
broad *T,~ *A; band, both near 15000 cm™.

The work here builds on earlier studies by Misu*
and Kisliuk and Moore® (KM). Misu was the first
to use a SCC diagram for ruby and to recognize
the broad-band emission occurring at higher tem-
peratures as the FC-shifted counterpart of the ab-
sorption band to *7,.

Misu’s detailed SCC diagram and sequence of
ruby temperature effects were arranged to give
different quantum efficiencies for excitation into
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%E and *T, and also to accommodate nonradiative
transitions described by Mott’s crossover rate
Ayexp(~Ey/kT). *® As discussed below, these
particular features should not be incorporated into
a ruby SCC model.

KM extended Misu’s work and also applied it to
emerald. The 2E —*T, energy is smaller in emer-
ald than in ruby, and, by comparing the tempera-
tures of corresponding effects in the two materials,
KM developed the sequence of temperature effects
accepted here as correct. Excitation into any state
relaxes rapidly and efficiently to 2E and gives effi-
cient 2E - *A, line emission. With increasing tem-
perature, a *T, population builds up thermally from
2E, and %E —~ A, line emission is progressively re-
placed by the faster *T,~ %4, broad-band emission
(above 350 °K in ruby, above 100 °K in emerald) and
by *T,~ *A, nonradiative losses (above 450 °K in
both materials). For the nonradiative transitions,
KM ignored their SCC diagram and used Kiel’s
multiphonon-emission rate’” Ay €?(1+ (m),)?. Kiel’s
rate is inaccurate for the large-offset *T,~ %4,
transition, ! and KM’ s analysis is superceded by the
quantitative analysis here.

Forster® reviewed the ruby work and, because
of certain discrepancies, disallowed KM’s sequence
of temperature effects and developed a different
sequence. The discrepancies are discussed below.
Forster’s model is excluded,

II. RUBY OPTICAL BANDS

A. SCC model by the matrix method

We use the QMSCC model in the thermal-Condon
approximation and handled by the U, V-matrix
method. ! The radiative rates are constant; the
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FIG. 1. SCC diagram of the Cr* states in ruby.

nonradiative rates increase with temperature. For
u # v transitions, the temperature-dependent opti-
cal band shapes and nonradiative rates are given
by summed thermal-FC weights Uﬂu’ be in Eq. (8)
of Ref. 1. The FC factors are obtained through
the Manneback recursion formulas® plus an aver-
aging procedure. The U, v, v) distribution for

Py By)=0, £1, £2,°-« gives the normalized v —u
(u—v) optical band at energies piw, (,hw,) from
the zero-phonon energy hvg, .,; hw,, hw, are the
parabola phonon energies. For the particular

v (Py) indices in Eq. (10) of Ref. 1 giving hvg, .,
in units of fiw, Mw,), NylU,, WyV,,) gives the v-u
(v —~v) nonradiative rate, where N,, (N,,) is an
electronic factor near 10% sec™?.

-The parabola placements and other model param-
eters are chosen empirically to give an overall fit
to optical-band shapes and to nonradiative rates as
determined from thermal quenchings of emissions.
Both types of data are used in the fitting because
the model’s predictions for both depend sensitively
on the parameters.

B. Offset 44, 247, ,*T, transitions

For *A,() =2 *T,() transitions, the parameter
values are Manneback angle 6=44°, offset param-
eter a,,=3.526, fiw,=500 cm™, and Avg,, »= 16770
em™ -~ 1,4 kT, These values in turn fix Aw, = 536
cm™ and the Huang-Rhys-Pekar factors S,= 3,
S,=3.217; see Ref. 1. The choice 6 =44° makes
the *T, parabola flatter than the ‘4, parabola so
that the absorption band is closer to kv, .. The
first moments are S,% w,=1500 cm™ in absorption,
S,fw,=1725 cm™ in emission,

The absorption band differs somewhat in o and
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7 polarizations.?® Thus, two *T, parabolas are
shown in Fig. 1. The zero-phonon energy cited
above describes the lower ¢ parabola. The model
fit to Brossel and Margerie’s'! 2 °K ¢ absorption
band is shown in Fig. 2, the curve with points be-
ing the measured band. The zero-phonon line at
16770 cm™! (596 nm) and adjacent peaks at multi-
ples of 200 cm™ showing 200-cm™! phonons!? are
evident. The curve labeled 500 cm™ gives the
model fit. The 200 and 833 cm™ curves show al-
ternative fits with 6 and hv,, ,, fixed but a,,, hw,,
hw,, S,, S, revised by changing fiw, from 500 to 200
and to 833 cm™}, respectively, with the first mo-
ments S,iw,, Sjiw, kept fixed. Despite the obvious
200 cm™! phonons, the over-all band is poorly fitted
with Bw, =200 cm™, and the chosen value hw,= 500
em™! gives the best fit. The corundum lattice has
several vibration energies from 200 to 900 cm™,
%13 The Cr*® center evidently involves a number of
these energies. The ZZw,, 7w, parameters in the
SCC model must be regarded as average energies
giving an over-all fit to band shapes disregarding
fine structure.

McClure? shows the o and 7 absorption bands to
*T, and *T, at elevated temperatures, All bands
shift to lower energy with increasing temperature.
At the highest temperature, 1175°K, the center of
the *T, ¢ band lies at 596 nm, its zero-phonon po-
sition at 2 °’K. This 1175 °K band could not possibly
be fitted with kv, ,, at 596 nm. The lesson for the
model is that the *T, parabola must be shifted down-
ward with increasing temperature. A 1.4kT shift
matches McClure’s measured shift, and this shift
has been included in hv,, , cited above. This shift
occurs for the *T, and *T, parabolas in both polari-
zations. Figure 1 shows these parabolas at 0 °K;
at higher temperatures, they are lower,

McClure? explained the shift through thermal ex-
pansion of the lattice. Such shifts will occur for
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FIG. 2. Fit of the SCC model to the ruby o absorption
band to *T, at 2°K. The three computed bands for 7w,
=200, 500, and 833 cm™ are multiplied by 500 cm™!/
%iw, so that the areas under these bands are the same.
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FIG. 3. Ruby emission spectrum showing the *E —*4,
narrow line and, at 663°K, the ‘T, —*4, broad band. -
The peak at 610 nm is due to filter overlap in the excita-
tion and detection monochromators and should be ignored.

all FC-offset states, even large-offset states where
the zero-phonon positions are known poorly. For
example, Pohl’s KBr F-center absorption bands
discussed in the Huang-Rhys paper* show such a
shift, and its magnitude is larger at 3.8kT. This
shift mimics the effect of the anharmonicites of the
10% lattice modes and is another manifestation of
multiple vibrational coordinates.

Figure 3 shows the emission band from *T, to-
gether with the superimposed %E -~ *A, narrow-line
emission. Misu* and KM show similar emissions.
At 295 °K where the ‘T, population is small, one
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sees only the narrow-line and its modest phonon
sidebands. At 663 °K, the narrow-line is 30 times
smaller, and the emission is dominated by the
*T,~*A, band. The dashed curve estimates the
division between the two emissions. The tempera-
ture shift of the narrow line is an order of magni-
tude smaller than the 1.4kT shift of the *T, band,
and 2E-parabola downshift is neglected in the work
here,

Figure 4 shows the model fit to the o absorption
bands to *T, and *T; and to the emission band from
T, at high temperature. The curves with points
are the experimental bands, absorption taken from
McClure’s 715 °K measurements, 2 emission from
the 663 °K dashed curve in Fig. 3. The computed
4, = T, bands used the parameter values cited
above and used to fit the 2 °K absorption band in
Fig. 2. The fitted zero-phonon position Av,, , is
16770 cm™t at 2°K, 16 125 cm™ at 663 °K, and
16075 cm™! at 715°K, Taking this shift into ac-
count, the absorption and emission bands are closer
together and their asymmetry about kv, ., is
smaller than envisioned in KM’s paper. Indeed,
the absorption and emission bands overlap, and the
intensity of the emission band is decreased on its
high-energy side due to self-absorption. No self-
absorption correction was made to the fitted band
in Fig. 4.

For the absorption to *T,, the fitted band used
the *4, (), *T,(v) parameters 0=44°, a,,=5,230,
fiw, =500 cm™, fiw,,,y,=21600 cm™ - 1.42T. The
offset is larger in this case, and the first moments
are S,iw,=3300 cm™! in absorption, S, fw,= 3790
cm™ in emission. Absorption is slightly stronger
to *T';, and the V,, values for ‘T, were multiplied
accordingly by 1.91 in Fig, 4.
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FIG. 5. Zero-phonon line and phonon sidebands of
ruby 2E —~*A, emission at 77°K.

C. Small-offset transitions

The small-offset states 2E, ®T,, 2T, are drawn
with no offset in Fig. 1 for simplicity. Zero off-
set would exclude phonon sidebands or nonradiative
transitions to *4,. The offsets can be estimated
from the phonon sidebands. As one example, the
2E -~ *A, emission line and its phonon sidebands at
77 °K are shown in Fig. 5. Multiple phonon ener-
gies are again evident. The two most prominent
are 280 and 430 cm™, and the 200 cm™! phonon con-
spicuous in ¢ absorption to *T,is not especially
evident. Two-thirds of the emission is in the zero-
phonon line (693.5 nm), and the first moment rela-
tive to this line is 160 cm™!, Thus, our small-off-

set-case! description of *A,(u) = 2E (v) transitions
adopts the parameters §=45°, a,,=1.265, 7w,
=400 cm™, and w,,,,,=14420 cm™. These values
fix the Huang-Rhys-Pekar factor S;=0.4, the first
moments Syfiwy=160 cm™, and the fraction of the
emission in the zero-phonon line at low tempera-
ture Wy=exp(-S,) =0.67. The offsets of the 2T, and
27T, parabolas would be similar.

The first moments of the broad band to *7, and
the narrow line to 2E differ by a factor of 10. How-
ever, the parabola offsets, proportional to a,,,
differ only by a factor of 3. Thus, in a properly
drawn SCC diagram, the *T, and 2E offsets are not
dramatically different. We lack sufficient infor-
mation to draw all the offsets correctly. Never-
theless, the important 2E, %4, and *7,, *A, offsets
are known well, and rough estimates of the re-
maining offsets are good enough for the analysis
of relaxation in this paper.

III. RELAXATION IN RUBY

A. Over-all description of relaxation

In the model, the nonradiative rate is N, U,, for
v, NyVy,, for u—wv. Table I lists the computed
nonradiative rates for all ruby downward transi-
tions at 0 °K. At higher temperatures, the rates
would be higher. The electronic factors N, or
N,, were always taken 10* sec™. The other model
parameters are listed in the table; except as
amended below, they are values used in Sec. II.
for the optical bands. The computed rates range
from 10'% to 10" sec™ . Thus, although the elec-
tronic factors were all taken 10* sec™ and some
of the parameters were only estimated, the 40

TABLE I. Calculated nonradiative rates for all pairs of ruby downward transitions.
The model parameters used to calculate these rates are also listed. These rates are
for 0°K and would be higher at higher temperatures.

Sehwy - Ry Wy, 10M U, or 10t v,
Transition 6 Ay (cm-1)  (cm-1) (cm™) (sec)

‘1, -1, 44°  5.230 3790 536 610 8.4x 10
—~4Tyr  45° 1,297 350 833 4300 4.7%10°
—iTy0  45° 1.297 350 833 4830 8.6x 108
-7, 44° 5,230 3790 536 6640 2.4x 1012
) 44°  5.230 3790 536 7180 1.3x 1012
—~4a, 44° 4,051 3790 893 21600 2,7x10%

My —iTy m 44 3.526 1500 500 3690 1.3x 1012
—-iTy0 44  3.526 1500 500 4220 3.8x 10!
-7 45°  0.849 161 893 6030 2.5x10°
—~E 45° 0.849 161 893 6570 2.6x10%
—~44, 45°  0.849 161 893 20990 2,1x 10"

AT, o 1Ty 44°  3.526 1725 536 1810 2.0x 103
—2E 44°  3.526 1725 536 2350 1.5x10!3
—14, 44° 2,731 1725 893 16770 2.3x 103

i1~ 45° 1,095 161 536 540 2.2x 1013
-4, 45°  0.849 161 893 14960 1.6x 10713

g —14, 45°  0.849 161 893 14420 2.5x 10712
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orders of magnitude variation in the calculated
rates insures that the model can make a first or-
der analysis of relaxation. The competing emis-
sion rates are 1.4X10? sec™ for the 2E -*4,
narrow line and 2.3X10% sec™ for the 7, - %4,
broad band. Data fixing these emission rates will
be shown below.

According to the rates in the table, excitation
in *7T, goes to 2T,, 2T,, and 2E by fast bottom cross-
overs, excitation in 27, to *7), similarly, and ex-
citation in *7T, to 27, and 2E similarly. Excitation
in 27, goes to 2E by fast small-offset multiphonon
emission. From 2E, small-offset multiphonon
emission to *4, is negligible, and excitation in %E
either goes radiatively to *A,, or, if reexcited
thermally to 2T, or *T,, goes radiatively from 2T,
or *T, to *A, or nonradiatively from T}, to *4,
via the *T,, *A, outside crossover.

According to the listed rates, the risetime of
2E emission under pulsed excitation should be
~1071® gec for *T, excitation and ~ 107 sec for
4T1 excitation. Experiments have given only upper
limits for these times. Pollack'® found <5x107°
sec for 300 °K *T, excitation, and Everett!®< 2
X107 sec for *7, excitation at 2, 77, and 300 °K.
In Everett’s work, the absence of prompt ‘7, ~*4,
broad-band emission during the pulse gave an even
shorter upper limit for the *7, lifetime, namely,
<10 sec.

The zero-phonon energies 7w,,, ; in the table are
known from absorption spectra. This energy di-
vided by the final-state phonon energy 7w; gives
the py or py number for which the nonradiative
rate N,,U,, or N, V,, is calculated. The weights
Up, and V, have integer indices. Since the ratios
kv, ;;/Tw; are not integers, we have followed the
practice of interpolating Uy, O Vs, values loga-
rithmically to noninteger hv,,, ;;/ 7w, indices.

The parabola phonon energies were taken 500
cm™ for the large-offset *7; and *7, states and
536 cm™ for the small-offset 27,, 27,, 2E, and
%A, states, proportions required for §=44°, How-
ever, if a transition was slow (<10 sec™), the
phonon energies were increased to 833 and 893
cm™, These larger energies give smaller p num-
bers and faster rates. The thinking is that, with
multiple phonon energies actually present, larger-
energy phonons would be emphasized in transi-
tions releasing appreciable phonon energy.

B. Relaxation from 47,and 2F

For a detailed analysis of thermal quenching,
we use the reduced three-state system 2E(u), *T,
olv), and *4,(g). 2E has 4 states and *T, ¢ 8
states.!! Inclusion of the 627, and 47T, 7 states
about 500 cm™ above 2E and T, o, respectively,
would not change the results significantly. The
parameter values are taken as in Table I; in addi-
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tion, the parabola downshifts are taken to be 1.4%kT
for *T, o and zero for 2E. Thus, if 2E(x) and *T,
o(v) are in thermal equilibrium, their population
ratio is
Ry | _8 o Wap,uul#T _ g glot 2350 em™1/ 4T )
Ny T 4
where a factor [1 - exp(~ 7w,/kT))/[1 - exp(- 7w,/
ET)] near unity has been neglected.

The rate of the outside crossover * 7,0 (v)~*4,(g)
is N,, G,, where, from Table I, Ng,=1x10" sec™
and G, is calculated for 0=44°, a,,=2.731, and
pe=18.717. This rate is of the order of 10* sec™
and increases with temperature. The rate N,,U,
of the fast bottom crossover *T,0(v)~2E () is near
10" sec™. This rate and the rate N,, V,,, of the
inverse 2E~*T,0 transition are not needed accu-
rately. As stated earlier, the radiative rates
are Rg=1.4x10% sec™ for 2E~*4, and R,,=2.3
x10* sec™ for *T,0 —*4,.

Excitation into v either feeds into « or goes ra-
diatively or nonradiatively to g. Thus, the quantum
efficiencies 7,, 7, of emission (total emission) for
excitation into v and #, respectively, are related
by

_ Nuv UpyMu+ Ry
Nup Uppy + Ry + New Gp

o (2)

Since N,, U, is ~10' sec™, while Ry, and N, G,
are ~10* sec™, 7, and 7, differ only by ~10°°,
Misu* and Morgenshtern and co-workers!” have
reported 7,~1.0, n,=0.7 at room temperature.
This 30% difference cannot be explained in the
model. If the measurements are correct, some
explanation not in the model is needed, e.g., 2E
and *7, excitations might be absorbed in inequiva-
lent sites.

For excitation at rates G, into « and G, into v,
the equations for steady-state equilibrium are

(Rgy+ Ny va)nu—Nuv UpU 1y=Gy ,

(3)
= Ny Vioy 1y + (Nyy Upy + Ry + Ny Gy ) 7, = G,

Thus, the population ratios for # and v excitation

| NV,
Ry Gy Nuv UPU+RED+NE1J GPG
~ NuwVoy M| (4)
Nuv UPU Ry | T
My | _ Beyt Ny Vp, _ Ry + ny
Ny G, ]Vuv UpU Nuv UpU Ny T’

where #n,/n,l ris the thermal-equilibrium ratio (1).
The ratio N,, Vs,/N,, Up is equal to n,/n,| ; be-



3256

cause u— v and v—u are inverse processes whose
rates Ny, Vy 7y Ny, Uy, 7, must be equal at thermal
equilibrium.

Thus, for u excitation, » and v are always in
thermal equilibrium and, for v excitation, are in
thermal equilibrium above temperature 7., defined
by Reu/Nuy Upy =10/l 7, that is, by £T,=2350 cm™/
2.30 log((8.1N,, Uy, /Rg). T, is 123 K for the
rates N,,U,, =1.5X10' sec™, R, =1.4x10% sec™
here. This estimate cannot be far from correct
because a factor of 10 error in N,,U,, would change
T, by only 10 deg.

For the system u+ v, the total population 7o,
the total radiative rate from the system W, and
the total rate from the system W, are given by

Riotal =Ny + Ny,
W’:"ad = Rgu Ny + Rgv My » (5)
Wiotar = Wyaq+ Ny, GpG Mye

Above T,, the ratio of v~ g broad-band and u—g
narrow-line emission is

Ry,

—1330 2350 em™1/eT,
Reyny 3%0¢ ’ (©)

T

=164 2
T nu

the quantum efficiency of the narrow-line emission

1S
Re,n [ Ry 1 NewGop \ |
=Su_u |y, —Le_ <1+ .ﬂ_6>:| s (7
s Wtota.l Rgunu T Rgv ()

30 T T T
:Crt3
A,IZO5 cr

ol

EMISSION RATIO ; LIFETIME, msec
— w

2

ol | | | ol |
~o 200 400 600 800 1000

TEMPERATURE, °K
FIG. 6. Thermal buildup of the ruby broad-band to
narrow-line emission ratio and thermal quenching of the
ruby lifetime. The solid points were measured here,
the open points by Kisliuk and Moore.
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 decay was slightly faster.
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the quantum efficiency of the total emission is

W, R, 7.
_ —rad 14 =g .
Meotal = W, ., 0 ng“( * Reymy, T)’ (8)

and the lifetime of the %, v system is

1 n,

R, 713,‘(1 + ;l—u T). 9)
The total quantum efficiency is close to 7, at

low temperatures but is larger than 7,, at high
temperatures where the broad-band v— g emission
is important. The ratio »,/n,| r is only 0. 3 at
1000 °K, so 7 is proportional to 7,, to that tempera-
ture,

Piotarl _
Wiotar

T=

C - Comparison with experiment

Measured and computed values of the broad-band
to narrow-line emission ratio (6) are shown in Fig.
6. The measured ratios were taken from the am-
plitudes U at 770 nm and R at 594 nm shown in
Fig. 3 and normalized to ratio 8 at 663 °K from
the areas under the broad band and narrow line.
The agreement between the measured and com-
puted ratios confirms the 2350 cm™ activation en-
ergy in (1) and (6) and determined our selection
of the rate ratio R,,/R,,=164. Analogous emission
ratios are reported in Misu’s* Fig. 4 (dotted curve).
Although Misu describes these ratios by a 3000
cm™ activation energy, they are better fitted by
the 2350 cm™ in (6).

Ruby lifetimes were measured with a 1-usec

flash lamp, excitation and detection monochro-

mators, and a photon-counting system feeding a
multichannel analyzer. Detections at 694 nm

and at 770 nm (the narrow-line and broad-band
emissions, respectively; see Fig. 3) yielded equal
lifetimes, as befitting emissions from states in
the same center in thermal equilibrium. Repre-
sentative decays at a few temperatures are shown
in Fig. 7. At the lower temperatures, the initial
Lifetimes were read
from the later decay which was judged more rep-
resentative of Cr*® ions in dilute solution. These

" lifetimes, lifetimes from KM’s Fig. 5, and life~

times computed from (9) are shown in Fig. 6.

In the model, the lifetime quenches above 350 °K
because of thermally activated * T, o (v)~*4, (2)
radiative and nonradiative transitions. The 7,
R;,, and N, G, curves show 7 quenchings com-
puted for both processes and for the radiative and
nonradiative processes taken separately. One
sees that the initial quenching is due to the radia-
tive process, but, above 600 °K, the quenching is
dominated by the nonradiative process.

The measured lifetimes show a weak tempera-
ture dependence below 350 °K which cannot be ex-
plained by processes from *7,. Such processes
would have to increase at least as fast as the * 7,
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FIG. 7. Decays of ruby %E —%A, line emission at a
few temperatures. The straight lines fitted to the later
stages of the decay correspond to lifetimes of 7.2 msec
at 77°K, 4.7 msec at 295°K, and 1.02 msec at 503°K.

population », which increases by a factor 5 from
300 to 350 °K and faster at lower temperatures.
The weak dependence must occur from E., 2E
—*A, nonradiative transitions are negligible in the
model here, ~10"° sec™ at 1200 °K. Thus, the
weak dependence must be due to a non-Condon
term in the 2E~*A4, radiative rate or to interac-
tions from 2E with other impurity centers.

KM found the activation energy describing the
initial lifetime quenching above 350 °K to be 1200
cm™ rather than the expected 2350 cm™. Their
analysis did not include the £ weight ratio and the
1.4%T parabola downshift in (1) and (6). With
these factors included, their estimate for the acti-
vation energy would have been closer to 2350 cm™,

In reviewing the ruby work, Forster® was per-
suaded by the different measured quantum effi-
ciencies for 2E and *7, excitation®!” and by KM’s
factor-of-2 activation-energy discrepancy to disal-
low KM’s sequence of ruby temperature effects. In-
stead, he advanced a model in which 2F and 4Tz,
under 4Tz excitation, do not come into thermal
equilibrium until 500 °’K. Forster’s view is sum-
marized succinctly on the last page of Ref. 18.
KM’s activation-energ= discrepancy is largely
resolved here; and, as discussed above in connec-
tion with (2), different quantum efficiencies for
2E and *7, excitation cannot be explained by the
SCC model. Forster’s interpretation is not pos-
sible because, as discussed in connection with (4),
%E and *T, come into thermal equilibrium near
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123 °K.

Figure 8 shows measured and computed values
of the total quantum efficiency (8). Values from
KM’s Fig. 5 are included. In the model, 7oy
quenches above 450 °K because of thermally acti-
vated *T,~ A, crossovers. One of the reasons
for taking the *T, parabola flatter than the ‘A,
parabola as described by 6 =44° and the parabola
phonon energies Zw,, %Zw, large near 800 cm™ was
to obtain the agreement shown here between mea-
sured and computed efficiencies. If 8 were held
at 44° but 7w, were decreased from 833 to 500
cm'l, the model gives the quenching shown by the
500-cm™ curve. Similarly, if the phonon energies
were held near 800 cm™ but 6 were increased
from 44° to 44.5° (force constants more equal),
the model gives the 44.5° quenching curve. Either
of these alternatives gives the quenching at too
high temperature.

The 4T1 curve shows the predicted quenching if
the losses are taken not through 4Tz but through
the higher but larger-offset state 4T1. This curve
was calculated from the *T,, *4, parameters in
Table I and a 1.4kT *T, parabola downshift. De-
spite the larger offset, the 4T1 population is just
too low, and the quenching occurs at too high tem-
perature.

KM analyzed nonradiative losses using Kiel’s
multiphonon-emission rate A, € [1+ (m),F."
This formula is applicable to small-offset transi-
tions such as 2E—~*4, but is inaccurate for the
large-offset *7, ~*A, crossover.! Comparing the
observed temperature quenching with Kiel’s
[1+{m),)f temperature dependence, KM concluded
that 4T2-— 4, uses small-energy phonons < 500 em™
(large p number). Their comparison neglected
the absolute magnitude of the rate. As discussed
above, the QMSCC model requires large-energy
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FIG. 8. Thermal quenching of ruby total emission.

The solid points were measured here, the open points by
Kisliuk and Moore.
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TABLE II. Breakdown of the ruby ‘T, o) —44,(g)
nonradiative transition into individual v,, -~ g rates. The
parameter values are §=44°, a,,=2.731, 7w, =893 cm™,
D6 =19, Np=1x10" sec™,

Ny (L=7,) 7 Gy, sec™

m Glym 499 °K 666 °K 856°K
0 1.51x107'! 1370 1260 1140
1 3.14x101% 2590 4330 5830
2 3.10x10° 2320 7070 14210
3 2,02x10% 1370 7620 22840
4 9.95x1078 613 6200 27720
5  3,98x107 222 4100 27350
6 1.36x107° 69 2310 22960
7 4.04x107 19 1140 16 890
8 1,08x107° 5 503 11150
9 2,64x107° 1 203 6700
10  5.93x107° 75 31720
11 1.24x10™ 26 1920
12 2.45%x10™ 9 933
13 4.56%x10™ 3 428
14 8.06x10™ 1 187
15  1.38x1073 79
16 2.35x107 33
17 3.79%x1073 13
18 5.80x1073 5
Ny, Gyg 8580 34840 164100
(m)yg 1.81 3.31 5.09
(m), 0.100 0.198 0.327
E,y/Hw, 1.71 3.11 4,76
Apg/ Ny, 5,2%1079 9.5x107® 13.0x1077
Bwy,/kT 2.4 1.8 1.4
%, 0.0907 0.1653 0.2466

phonons near 800 cm™ (smaller p number) to ex-
plain the quenching.

The measured quantum efficiencies were only
relative values and were normalized to 0. 8 at
295 °K. Their temperature dependence near room
temperature is consistent with measured absolute
quantum efficiencies less than unity at room tem-
perature.”!”!® The weak temperature dependence
of 7iota Pelow 450 °K cannot be due to processes
from *7, which would increase at least as fast as
the *7;, population #,. It must be due either to
changes in the *A, ~*7, excitation rate with temper
ature which were not taken into account or to loss-
es from ?E, The 2E~*A, nonradiative transitions
are negligible in the model, and any losses from
2E must be attributed to interactions with other
impurity ions.

D. Detailed picture of the 47, = %A, crossover

As discussed in Ref. 1, the U, V-matrix method
gives the breakdown of the nonradiative rates from
the individual initial vibrational states. Table II,
similar to the tables in Ref. 1, shows this break-
down for the *T, o (v)~*4, (g) outside crossover.
The first column gives the effective FC factors
Gﬁc = from the initial vibrational states v,, the
remaining columns the corresponding thermal-FC
weights (1 -7,) 7} G5 » at afew temperatures.

W. H., FONGER AND C. W.
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The summed thermal-FC weights multiplied by
the electronic factor N,, is the total nonradiative
rate N, G, - These values were computed for
the *T, 0, *A, parameters in Table I except that
here p;=19; in Table I and Figs. 6 and 8, the
total rate was interpolated logarithmically to pg
=18.77. The total rate increases with tempera-
ture and passes the *7,~*4, radiative rate R,,
=2.3x10* sec™ by the middle temperature shown,
666 °K.

The v, g crossover (see Fig. 1) lies about 19000
cm™ above the 4T2 o (v) parabola minimum near the
v, vibrational level m =22, Thus, the thermal-
FC weights in the table show the transitions taking
place at m levels closer to the v-parabola minimum
than to the v, g crossover. The mean m level of
the transitions is (m ),,G =1.8, 3.3, and 5.1 at the
three temperatures shown. Thus, Mott’s cross-
over rate® A, exp(—E,/kT) poorly describes such
a transition.!

As discussed in Ref. 1, if a single-activation-
energy expression 4, exp(-— E,./kT) is fitted to
the nonradiative rate N,, G, at any temperature
7, the activation energy Ep. is approximately the
mean level { m),, 7w, of the transitions, and the
rate A, o is of the order of the electronic factor
Ny, times the FC factor G} _, for m taken at the
mean level m=(m}, of the transitions. The

-values in the lower rgws of the table illustrate

these relationships numerically.
IV. EMERALD

As compared with ruby, the *7, parabola of
emerald is about 2000 cm™ lower and has some-
what less FC offset. 4T2:4A2 transitions are not
much changed thereby, but the energy activation
from 2E to *7T, is substantially reduced. Thus, the
* T, population and the *T,~*A, broad-band emis-
sions build up at much lower temperatures. Loss-
es through the * 7, ~*A4, outside crossover occur
as in ruby above 450 °K.

The model will be fitted to emerald absorption
data due to Wood? and emission and quenching data
due to KM.® For the 2E (u)~*A, (g) narrow-line
emission, the parameter values are %v,,, ,, =14 650
em™ and R,, = 7x10% sec™!. For the *T,=%A,
broad bands, the 4 *7, states seen for the 7 polari-
zation are lower than the 8 *7, states seen for the
o polarization.?® For the *T, 7 (v)=*4, (g) broad
bands, the parameters are 6=44°, a,,=3.054,
7w, =500cm™, hv,, ,,=15150 cm™ —2,1%7, and
R,,=3x10* sec™?, These values fix 7w, =536 cm™,
S,=2.25, S,=2.413, and the first moments S,%w,
=1125 em™ in absorption, S, Zw,=1294 cm™ in
emission. For the *7, 7 (v)~*4,(g) outside cross-
over emphasizing larger-energy phonons, we
increase 7w, to 750 cm™ with 6 and the first mo-
ments fixed, and N,, is taken 1x10'* sec™!, These
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FIG. 9. Fit of the SCC model to the emerald 4, =T,
absorption and emission bands.

choices decrease ag, to 2.493 and give a cross-
over rate N, Gy, with pg = 18.84.

For these values, Eqs. (1) and (6) for the *T,r/
®E population ratio and the *T,r ~*4,/%E ~ %4,
emission ratio become, for emerald,

Ry =ée'hvzp.1)ulkT = p2+1g=500 cm™1/kT
Ry |7 ’
(10)
Rety | _ 43" | _ 352500 em™1/aT ,
Ry |z ulT

respectively. Otherwise, Egs. (1)-(9) remain
valid for emerald. The downshifted *T,r parabola
passes below the %E parabola at 2. 12T = 500 cm™,
or T=343°K, The estimate beneath Eq. (4) for the
temperature T, above which 2E and *T, are in
thermal equilibrium for *T, excitation is, for
emerald, T,=28 °K.

Figure 9 compares the calculated 4,2 *T,r opti-
cal bands with Wood’s 77 °K absorption band and
KM’s 300 °K emission band, In the model, the
downshifted zero-phonon position #v,,, ,, lies at
15040 cm™! at 77 °K and 14710 cm™! at 300 °K. The
2E = %4, narrow line, not shown in the figure, lies
at 14650 cm™, The observed peak at 15140 cm™!
may be the *A,~ 2T, absorption line. Otherwise,
as in the ruby case, the model does not address
phonon structure on the low-energy side of the ab-
sorption band, The over-all band :shapes are fairly
well fitted by the assumed parameter values.

Figure 10 compares quenching data from KM’s
Fig, 1 with 44 and 7 calculated from Eqs. (8) and
(9). The lifetime T quenches because of thermally
activated radiative and nonradiative *T,r -~ *A, tran-
sitions, the efficiency 7,4 because of the nonradi-
ative transitions alone, The portion of the 7
quenching due to the radiative transitions alone is
shown by the R,, curve, As contrasted with ruby,
the radiative and nonradiative quenchings are well
separated in temperature here. This feature en-
abled KM to develop the sequence of temperature

effects. As cited above, the *T,r— %A, nonradiative
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rate was fitted with the high phonon energy hw, =750
cm™. As in ruby, these nonradiative transitions
occur at levels well below the *T,, %4, crossover.
The emerald quenchings in Fig. 10 can be fitted
not as well but fairly well with »,/n, | = exp(— 388
cm™/kT) and R,,=8.5x 10* sec’!, that is, with no
‘T, parabola downshift and the *T,~ %A, radiative
rate increased a factor of 3. Thus, the R,, rate
deduced by fitting the data is sensitive to the

amount of parabola downshift used.
V. CONCLUSIONS

Radiative and nonradiative transitions in ruby
and emerald are analyzed according to the QMSCC
model. The energy parabolas are positioned so
that the thermal-FC weights account consistently
for the optical bands and for the temperature
quenchings of emissions. Even though many vi-
brational coordinates are present, the thermal-FC
weights in the single coordinate allow a first-order
quantitative description of relaxation. The para-
bola phonon energies hw,, hw, are average energies.
Energies near 500 cm™ account for the over-all
optical-band shapes disregarding fine structure,
and energies near 800 cm™! account for nonradia-
tive transitions releasing a large phonon energy.

Lattice thermal expansion lowers the larger-off-
set parabolas a few 2T units, Allowing for this
effect, the first moments and asymmetry of the
T,~ %A, optical bands about their zero-phonon posi-
tion are smaller than envisioned previously. The
moments are 1500 ¢m™! in absorption and 1725
cm™ in emission for ruby; 1125 and 1300 cm™! for
emerald. The thermal lowering of the T, parabola
enhances *T, thermal repopulation from 2E and,
therefore, *T,—~*4, radiative and nonradiative tran-
sitions.

In the model, excitation relaxes very quickly and
efficiently to 2E, nonradiative 2E - *4, transitions

T, msec.; NroTAL

111111
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FIG. 10, Thermal quenching of emerald lifetime and
total emission.
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are negligible, and emission is divided between

°E —~ *4, narrow-line emission and thermally acti-
vated 4T2-— %A, broad-band emission. As the faster
broad-band emission builds up, the lifetime
quenches—above 350 °K in ruby, 100 °K in emerald.
The deduced broad-band emission rates are

2, 3x 10* sec™! for ruby, 3x10* sec™ for emerald.
Above 450 °K in both materials, *T,~ %A, nonradia-
tive transitions become important and cause a fur-
ther quenching of the lifetime and a quenching of
total quantum efficiency.

Different quantum efficiencies for 2E and T, ex-
citation are not possible in the model. Weak tem-
perature dependences of efficiency below 450 °K
must be attributed to changes of the *4,~ *T, ex-
citation rate with temperature which were not taken
into account or to interactions from 2E with other
impurity centers. For ruby, weak temperature
dependences of the lifetime below 350 °K must be
attributed to a non-Condon term in the 2E - %4,
radiative rate or to interactions from 2E with other
impurity ions.
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