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Abstract. The fluorescence spectra of Ti 3 + in Y3AlsO12 (YAG), AlaO 3 (sapphire), YA103 (YAP) 
observed at 10 K are composed of zero-phonon lines accompanied by the broad vibronic 
sidebands. The temperature dependence of the fluorescence lifetime and of the total intensity of 
the broadband measured in YAG and A120 3 indicate that the radiative decay times from the 
excited states are nearly constant in the range 10-300 K. This demonstrates that the broadband 
radiative emissions in Ti 3 ÷ :YAG and Ti 3 ÷ :A120 3 are due to magnetic dipole transitions or to 
electric dipole transitions induced by static odd-parity distortion, respectively. The decrease of the 
fluorescence lifetime with increasing temperature in Ti 3 + :YAG and Ti 3 + :A120 3 is due to non- 
radiative decay from the excited state which occurs through phonon-assisted tunnelling between 
the excited and ground states. The radiative decay of Ti 3 ÷ : YAP is enhanced with increasing 
temperature, indicating that radiative decay rate contains a term associated with odd-parity 
phonons. Nevertheless, a non-radiative decay rate of 3.6 x 104 s- 1 observed in the temperature 
range 10-300 K is due to excited state absorption, which depopulates the excited state and 
quenches the fluorescence at the laser wavelength. 

PACS: 42.70, 79.60 

Laser action in Ti-sapphire (i.e. Ti3+:A1203) was first 
reported by Moulton [1, 2]. Efficient cw laser operation of 
Ti 3 + in other potential laser host crystals (e.g. Y3A15012 
(YAG) [3], YA103 (YAP) [4, 5]) at room temperature has 
not been reported. That the intensity of the broadband 
emission of Ti 3+ in YAG at room temperature is an 
order of magnitude weaker than that at 10K [6] indi- 
cates that non-radiative decay reduces the quantum 
efficiency at 300K, perhaps sufficiently to quench cw 
laser action at this temperature: Pulsed laser operation 
only has been reported [7]. In Ti3+: YAP, two main 
absorption bands occur at the peak wavelengths of 
2=432 nm and 2= 491 nm. There is also an unexpected 
absorption overlapping the broadband emission with 
peak wavelength of 610nm, which may be due to 
Ti3+/Ti 4+ pairs as was the case for sapphire [5]. The 
excited state absorption (ESA) coefficient was fairly weak 
over the wavelengths of the emission, but increased very 
rapidly below 520nm [5]. This latter effect was at- 
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tributed to charge transfer transition of Ti3+/Ti 4+ 
drastically reducing the pumping efficiency at 
2 = 488 nm. 

We have measured the phonon structure of the 
emission spectra and the temperature dependence of the 
fluorescence lifetimes and of the total intensities of the 
broadband Ti 3 ÷ emission in YAG, sapphire, and YAP 
crystals. In order to examine the role played by phonon 
coupling in the excited and ground states as rate deter- 
mining factors in radiative and non-radiative decay 
transitions of Ti 3 + ions, we discuss the decay from the 
excited state of Ti 3 + ions in these crystals in terms of a 
two-dimensional configurational coordinate model. 

1. Experimental Procedure and Results 

The YAG, sapphire, and YAP crystals used in this study 
were grown from high purity oxides using the Czochralski 
technique. Fluorescence emitted by Ti 3 ÷ ions in these 
crystals was excited using the 488 nm line from an Ar ÷ 
laser and detected using a GaAs photomultiplier tube at 
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Fig. 1. Absorption spectra of Ti 3+ in a YAG, b A1203, and e YAP at 
room temperature 
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Fig. 2. a The emission spectrum of Ti 3+ in YAG at 10 K. b Three 
zero-phonon lines (A, B, C) and their one-phonon sidebands at 10 K 

the exit slit of a I m grating monochromator. The decay 
time of the fluorescence was measured using a boxcar 
averager. The samples were controlled to _0.1 K in the 
temperature range 8-300 K. 

1.1. Absorption and emission spectra of Ti 3 + 

Figure 1 shows the absorption spectra of Ti 3 ÷ in YAG, 
sapphire, and YAP crystals at room temperature. The 

arrows indicate two overlapping peaks, whose separa- 
tion yields the Jahn-Teller splitting in the excited state. 
Their energies are summarized in Table 1. The position 
of the 488 nm Ar ÷ laser line is also denoted by an arrow. 

Figure 2a shows the broadband emission with the 
peak wavelength of 750 nm of Ti 3 ÷ ions in YAG at 10 K. 
The observation of three zero-phonon lines with almost 
equal intensities indicates that the associated transition is 

Table 1. Experimental spectral values and estimation of 10Dq, Ejx(e), and AE+_ for YAG, 
A1203, and YAP (energy unit cm -1) 

YAG A1203 YAP 

Observed 
E~s 16700 18200 20400 

E~s 20000 20400 23500 

E~-= 13300 13500 16400 

Ezp I A: 15380 A: 16230 - 
B: 15360 B: 16190 - 
C: 15310 C: 16120 C: 18530 

hcog 145 220 150 
339 260 180 
467 362 500 

646 

AE 1250 2750 - 

Calculated 
10Dq 18350 19300 21950 
EjT(e ) 2970 3070 3420 

So 19.0 8.0 12.8 10.9 7.5 19.5 16.1 

Sg 0.65 0.13 0.04 0.02 0.003 0.45 0.33 

hto 145 339 220 260 362 150 180 

S~hco 2760 2710 2820 2830 2720 2930 2900 
AE_ 26300 24200 19400 19000 18600 34200 33800 
AE+ 9000 10800 14200 14500 16800 14400 15500 
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Fig. 3. a The emission spectrum of Ti 3 + in A120 3 at 10 K. b Three 
zero-phonon lines (A, B, C) and their phonon sidebands at 10 K 
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Fig. 4. a The emission spectrum of Ti 3+ in YAP at 10 K. The 
spectrum in the range 725-760 nm is due to Cr 3 + impurity ions. b 
Zero-phonon line (C) and its phonon sidebands at 10 K 

magnetic dipole in origin [8, 9]. From their phonon 
replica, Fig. 2b, the phonon energies coupled to the 
ground state of the Ti s+ ions are estimated to be 
145 cm -  1,339 c m-  1, and 467 cm-  1. Figure 3a shows the 
broadband emission with the peak wavelength of 740 nm 
of Ti 3+ ions in A1203 at 10 K. The phonon energies are 
estimated from the emission spectrum in Fig. 3b to be 
220 cm-1 ,260  cm-1,  and 362 c m - i .  Figure 4a shows the 
broadband emission with peak wavelength of 610 nm of 
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Fig. 5. a Fluorescence lifetime normalized by the lifetime z(0) and the 
total intensity of the broadband normalized by 1(0) with the 
assumption that z(0) and I(0) are equal to z(10) (= 53 gs) and I(10), 
respectively. The dashed curve is calculated using 15, 18, and 19 
with Z s t = 5 3  ItS, Zd=zOR -- 00, Z ~ R = 5  n s ,  and AE= 1270cm -1. The 
solid curve is calculated using 15, 18, 20, and 21 with "Cst=53 ItS, 
Zd=oO, S~=10, ho)=350cm -1, RNR=4x 101¢S-1, and p=36.5, b 
The ratio of the normalized lifetime to the normalized intensity, 
[z(T)/z(O)]/[I(T)/I(O)]. The solid line represents a ratio equal to one 

Ti 3 + ions in YAP at 10 K. The emission lines in the range 
725-755 nm are due to the R-lines and their phonon 
sideband from Cr 3+ impurity ions. The single zero- 
phonon line (2 = 539.7 rim) and its phonon replica at the 
short wavelength tail of the broadband are shown in 
Fig. 4b. The analysis of the polarization of zero-phonon 
line emission was reported in [8, 9]. The energies of 
phonons are estimated to be 150 cm-  1, 180 cm-  1, 
500 cm -  1, and 646 cm-  1. 

1.2. Lifetime and intensity 
of broadband emission of Ti a + 

Figure 5a shows the normalized total intensity, I(T)/I(O), 
and normalized fluorescence lifetime, z(T)/z(O), of the 
broadband in Ti 3 + : YAG as a function of temperature. 
The lifetime, z(T) at T =  10 K is 53 gs and that at 300 K is 
about  2 gs [3]. Both quantities show the same tempera- 
ture dependence. The ratio of the normalized lifetime to 
the normalized intensity is almost unity in the range 
10-300 K, Fig. 5b, as is expected for radiative decay from 
the Ti 3 + excited state. Figure 6 shows the temperature 
dependence of the intensity and lifetime and their ratio in 
Ti a + :A1203. The lifetime data were taken from [2]. The 
lifetime z(T) at T = 20 K is 3.8 Its. The intensity data above 
300 K were reported in [10]. This behaviour is very 
similar to that for YAG except that the temperature at 
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Fig. 6. a Fluorescence lifetime normalized by the lifetime z(0) and 
the total intensity of the broadband normalized by I(0) with the 
assumption that z(0) and I(0) are equal to z(20) (= 3.8 gs) and I(10), 
respectively. The lifetime data z(T) are reproduced from [2]. The 
dashed curve is calculated using %t=3.8gs, Zd=ZOR=~, 
Z~R=100ps, and A E=2750cm -1. The solid curve is calculated 
using %t=41xs, Se=10, hco=350cm -1, RNR=4Xl01gS -x, and 
p = 39. b The ratio of the normalized lifetime to the normalized total 
intensity, [z(T)/'c(O)]/[I(T)/l(O)], The solid line represents a ratio 
equal to one 
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Fig. 7. a Fluorescence lifetime normalized by the lifetime z(0) and the 
total intensity of the broadband normalized by I(0) with the 
assumption that z(0) and I(0) are equal to z(15) (= 17 rts) and I(10), 
respectively. The lifetime data z(T) are reproduced from [4]. The 
solid and dashed curves are fitted to the lifetime, z(T)/z(O), and the 
intensity, I(T)/I(O), using (15, 16, 18, and 19) with %t=187~ts, 
Zd = 56 gS, zOR = 28 IXS, Z~R = m, and he) = 150 cm- 1, respectively. 
b The ratio of the normalized lifetime to the normalized intensity, 
[z(T)/'r(O)]/[I(T)/I(O)]. The solid curve is calculated using (18) with 
%t: Zd = 10 : 3 and he0 = 150 cm- 1 

which the intensity and lifetime start to decrease is a little 
higher than that in YAG. Figure 7a shows the tempera- 
ture dependence of the normalized total intensity and 
fluorescence lifetime of the broadband in Ti 3 + : YAP. The 
lifetime data are reproduced from [4]. The lifetime, z(T), 
at T =  15 K is 17 gs. The total intensity at 300 K is about  
1.7 times larger than that at 10 K. Figure 7b shows the 
ratio of the normalized lifetime to the normalized inten- 
sity as a function of temperature. The ratio decreases 
above 100 K. 

2. Discussion 

2.1. Two-Dimensional Configuration Coordinates 

The Ti 3+ ion has the 3d I electron configuration. In 
octahedral arrays of ligand ions the free-ion 2D state 
splits into three-fold, ZT2g , and two-fold, ZEg, orbitally 
degenerate states with energy separation, lODq, both of 
which undergo Jahn-Teller distortion. Although both, Eg 
and T2g, distortion modes couple to these states, the 
Eg-mode is dominant. The Jahn-Teller coupling coeffi- 
cient of the Eg-mode for the 2Eg state is much larger than 

2 that for the Tz, state, because eg orbitals are extended 
towards ligand ions. The Jahn-TeUer distortion energy is 
EjT= V2/2Mo92, where V is the Jahn-Teller coupling 
coefficient, M the ligand mass and co the vibration 
frequency of the Eg mode. The distortion energy is given 

by Shoo, where S is the Huang-Rhys factor. The values of 
EjT for the ground and excited states of Ti a+ in A1203 
were estimated to be 200 cm -  1 [11] and 3000 cm-  t [12], 
respectively. Here, we consider spectral values (peak 
energies of broadband of absorption and emission, zero- 
phonon lines and activation energies) of Ti 3 ÷ in oxide 
crystals in terms of two-dimensional configuration co- 
ordinates of the Jahn-Teller Eg-mode. 

First, we consider the Jahn-Teller coupling of pho- 
nons of Eg symmetry, which may be measured directly 
from Raman and infrared (IR) spectra: the Alg, Eg, 
T2 g-modes are Raman-active, whereas T 1 ,-modes are IR- 
active. Phonon  energies obtained from the emission 
spectrum of Ti 3÷ :YAG (145 cm -1 and 339 cm -~) are 
close to those (162cm -1 and 340cm -1) of Eg-mode 
phonon measured from the Raman spectrum [13]. In 
Ti3+:A1203 also the phonon energies determined from 
the luminescence spectrum in Fig. 3 b (i.e. 220 cm-  t and 
260 c m - i )  are similar to those (190 cm-1 and 265 cm-1) 
determined from the Raman spectrum [14-]. The phonon 
energies of the Jahn-Teller Eg-mode in oxide crystals are 
in the range 100-500 cm -  ~. 

Figure 8 shows a schematic configurational coordinate 
diagram for Ti 3 +. The orbitally degenerate excited and 
ground states are split into upper (E+) and lower (E_) 
branches, respectively, by the Jahn-Teller effect with 
energies given by 

ground state 2 T2 g: 

E~(R) = SghCOg(1 ± R/R~) 2 -- SghCog, (1) 
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Fig. 8. Schematic diagram of configuration coordinates of Ti 3 +. The 
observed values of E~b~, E~m, and E~p~ and the estimated values of 
lODq, EjT , and AEe for YAG, A1203, and YAP are summarized in 
Table 1 

excited state 2Eg: 

E~(R) = lODq + Sehe)~(1 +_ R/R~o) 2 - S~he)~, 

where 

(2) 

, 2/ 7h 
R~= V ~ ( i = g , e ) ,  (3) 

S~ and bah (i=g, e) are the Huang-Rhys factor and the 
phonon energy of the Eg-mode for the ground and excited 
states and R is a distortion coordinate. 

The radial part of the two-dimensional vibrational 
ground state wavefunction, ~i(R, 0) = dA(R)~pi(O ) (i = g, e), 
coupled to the lower branches of the ground and excited 
electronic states is represented by 

(cq  ~1/2 g.2 
t;b,(R) = \ ~ _ - ]  exp [ - -  2 ( R - R ~ ) 2 ] ,  

1 /M-e)  ~ 
cq= V ~ -  (i=g,e).  

(4) 

(5) 

The probability distribution of the coordinate R [-15] is 
maximal at 

1 
R / -  V ~ i  (i= g, e). (6) 

The optical absorption and emission transitions in the 
Frank-Condon approximation occur at energies given by 

g g the separation between E~ (R) at R = R o + R m and EL(R) 
=- (Sg-1 )hco  and between Eg+(R) at R =R~ + R~ and 
EL(R) = lODq--(S~-- 1)hco may, with the assumption that 
co = cog = coo, be written as 

E~b~=lODq+(2Sg+l//~g+_l//~e+2~-3/4)he), (7) 

E+m=IODq-(2S,+I//~+_V~g+2V~gS ~ -- 3/4)he). (8) 
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The zero-phonon transition energy, Ezpl, is given by 

Ezp 1 = lODq + (Sg- Se)he). (9) 

We rewrite lODq and (Sg, Se) using (7) and (8) as 

10Dq = ½ (E.+bs + E ~ )  -- (2Sg + ~ - -  3/4)he) (10) 

2(1 + 2~gg)hco ' (111 

~ e _ _  ~ g  ~_ " 1/Eabs-- Eem 3 
V 2hco (12) 

The value of 10Dq is in the range 18 000-22000 cm- 1 and 
the value of EjT(g)=Sghoo is typically 100-300cm -1. 
Therefore, 10Dq may be approximated by the first term 
of(10), that is, the average of the peak energies of two 
separated absorption bands. The Jahn-Teller energy of 
the excited state, EjT(e), can also be estimated approxi- 
mately from the observed absorption and zero-phonon 
emission lines with an assumption that Sg = 0 and is 

EjT(e ) = Sehe) --- ½(E+bs d- Eabs) - -  Ezp 1 . (13) 

Activation energies AE+ for non-radiative decays in 
Fig. 8 are given by 

he)(lODq 1 )2 
A E . =  \ 2hco ] /~+]/~g - 1 / ~  " (14) 

Next, we estimate the values if lODq, Sg, So, he), and 
AE+. The observed values of E~bs, Ee-m, Ezpl, and he)g in 
Ti 3 + : YAG, sapphire, and YAP are summarized in Table 1. 
The value of lODq is the average of E,+bs and EZbs. The 
Jahn-Teller energies, Err(e), in Table 1 are obtained using 
(13). The values of Se and Sg are calculated using (11) and 
(12) with the observed values of E-+abs, Eem, and ha)g. The 
difference between EjT(e ) and Sehe) calculated separately 
may be due to the band peak energies of absorption and 
emission being accurate only to within +_ 5%. The values 
of AE +_ are estimated using (14) and the values of lODq, Sg, 
Se, and he); they are included in Table 1. 

2.2. Radiative and Non-Radiative Decays 

The observed fluorescence lifetime and the total intensity 
of the broadband at temperature, T, are written as 

1 1 1 
z(T) ZR(T ) + ZNR(T ) (15) 

I(T) = I o z(T) (16) 
ZR(T ) ' 

where ZR(T ) and "CNR(T ) are radiative and non-radiative 
decay times. From (15) and (16), the ratio, R(T), of the 
normalized decay time, z(T)/z(0), to the normalized 
intensity, I(T)/I(O), is written as 

z(T)/z(O) "CR(T ) 
R(T) -- I(T)/I(O~ ZR(0 ) ' (17) 

which represents implicitly the radiative decay time. 
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The radiative and non-radiative decay rates contain 
temperature-independent and temperature-dependent 
terms: 

1 1 1 _ _  
- + --coth(he)/2kT), (18) 

ZR(T) "[;St ~'d 

1 1 _l_~_exp(_AE/kT) (19) 
ZNR(T) = zo- ~ + ZN R 

The first term, 1/Zst, on  (18) represents contributions to the 
decay rate from magnetic dipole transitions or from 
electric dipole transitions which have been induced by 
static odd-parity crystal distortion. The second term is a 
dynamic term induced by odd-parity phonons with the 
frequency co. The first non-radiative term, 1/'COR, in (19) is 
due to non-radiative energy transfer to other electronic 
energy levels at the same or other sites and which is 
independent of temperature. The second term in (19) is 
associated with non-radiative transitions to the ground 
state for which the thermal activation energy AE is shown 
in Fig. 8. As the activation energy is reduced, tunnelling 
occurs between the ground and excited states [16-18]. 
The second term in (19) is then replaced by 

RNR ~ (1--r)rml((~o(R)lcb~(R))l 2 
r a = 0  

1 

= RNR exp( -- Se(2m + 1 )) (2zcyp) ~- 

x exp (yp) [2S~(1 + m)/(p + yp)]P, (20) 
1 

yp = (p2 + 4S~(1 + m) (m)) ~-, 

(m) =r/(1 - r ) ,  (21) 

r = exp( - he)/kT), 

where (m) is the average thermal occupancy of the 
vibrational states and p denotes the number of phonons 
created. This analysis is now applied to the radiative and 
non-radiative decays from the excited states of Ti 3 ÷ in 
YAG, A1203, and YAP. 

(i) Ti a + : YAG 

The octahedral site in YAG occupied by Ti a+ ions is 
distorted along the crystal (111) axis. However, the 
distortions are of even-parity so that the site retains 
inversion symmetry. The transition from the excited state 
2Eg to the ground state 2 T2g is spin-allowed, but parity- 
forbidden. The observed fluorescence lifetime (53 gs) of 
Ti 3 + in YAG at 10 K is an order of magnitude longer than 
in A1203 (3.8 gs), and as shown in Fig. 5a is constant with 
temperature in the range 10-100 K, but decreases above 
100K. However, the value of R(T) in (17) is almost 
constant up to 300 K (Fig. 5b) within 4-10% experi- 
mental error. The contribution to the change of R(T) from 
the temperature dependence of the absorption coefficient 
at the pumping wavelength 488 nm, which is located in 
the shorter wavelength tail of upper branch absorption in 
Fig. 1, is negligible. In addition, the relative intensities of 
the three zero-phonon lines are equal to each other. These 

experimental results show that for Ti  3 + : YAG the radia- 
tive decay (1/Zst) is due to magnetic dipole processes and 
that effects due to odd-parity phonons are negligible. The 
decrease in the lifetime above 100 K is due to non- 
radiative decay. The dashed curve in Fig. 5 a is calculated 
using (15, 18, 19) with "/;st = 53 ~ts, "C d = "COR = 0(3, 271R = 5 ns, 
and AE = 1270 cm-1. The high quantum efficiency of the 
fluorescence requires that EjT<AE [19]. The estimated 
value of AE (1250 cm -1) does not satisfy this relation, 
whereas the AE+ in Table 1 calculated using (14) are 
reasonable. The discrepancy between the observed and 
calculated values can be explained in terms of tunnelling 
between the excited and ground states. The solid curve in 
Fig. 5a calculated using (15, 18, 20, 21) with %t=53 gs, 
Zd= o0, So=10, he)=350 cm -1, RiqR=4 x 1014 s -1, and 
p = 36.5 is in excellent agreement with experimental data. 
The fitting parameters; Se = 10, he) = 350 cm- 1, and Ejr(e) 
= 3500 cm- 1, are also in agreement with those estimated 
from the optical data in Table 1. 

(ii) Ti a+ :A120 a 

The short lifetime (3.8 ~ts) at 20 K is due to electric dipole 
transition induced by odd-parity distortion [8, 9]. The ratio 
R(T) given by (17) and plotted in Fig. 6b increases with 
increasing temperature above 200 K, which is unexpected, 
since the radiative decay time should either be constant or 
decrease at high temperatures as shown in (15) and (18). 
This may be due to the change of the absorption 
coefficient at the pumping wavelength 488 nm which is 
located near the peak of the upper branch absorption in 
Fig. 1. In general, absorption spectra for localized lumin- 
escent centres are red-shifted and broadened by lattice 
dilation with increasing temperature. This effect may 
reduce the 488 nm absorption coefficient at room temper- 
ature compared to that at low temperatures; the flu- 
orescence efficiency may thus be decreased at room 
temperature. Here, assuming that the radiative decay rate 
is constant in the range 10-400 K and equal to l /zst  , the 
temperature dependence of the lifetime is expected to be 
similar to that of Ti 3 + :YAG. In Fig. 6a, the dashed curve 
is calculated using zst = 3.8 gs, Zd=ZOR = O% Z~R = 100 ps, 
and AE = 2750 cm- 1, whereas the solid curve is calculated 
using "Lst = 4 ps, Se = 10, ha) = 350 cm- 1, 
R~R = 4 x 1014 S -  1, and p = 39. Fair agreement is obtained 
between calculated and experimental data. The only 
difference in the fitting parameters determined for 
Ti 3 + : YAG and Ti 3 + : A1203 is in p, the average number 
of phonons created, the same phonon energy having been 
adopted for these materials and which is proportional to 
optical transition energy (E~-m). When lODq decreases 
from A12Oa to YAG, assuming EjT(e ) to  be constant, the 
activation energy AE+_ becomes reduced and tunnelling 
between ground and excited states occurs more easily. 

(iii) Ti 3 ÷ : YAP 

The total intensity of the broadband at 300 K is enhanced 
by a factor of 1.7 compared to that at 10 K as shown in 
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Fig. 7 a. Here, we assume that the absorption coefficient at 
the pumping wavelength 488 nm, being located between 
two absorption bands as shown in Fig. 1, is constant in the 
range of 10-300 K as in the case of Ti 3 + :YAG. The data 
for R(T),  in Fig. 7b, show directly the radiative decay 
time, "OR(T). The decrease of zg(T) is due to the odd-mode 
phonon-assisted radiative transition. The solid curve in 
Fig. 7 b is fitted to the observed ones using (18) with %t:Zd 
= 10 : 3 and he) = 150 cm-  1. The phonon frequency is that 
obtained from the phonon-structure in the emission 
spectrum. When the phonon frequency increases, the 
temperature at which the fluorescence lifetime decreases is 
higher. The other observed phonon frequency (180 cm-  1) 
does not give a good fit to the observed lifetime data. The 
solid and dashed curves in Fig. 7a are fitted to experi- 
mental fluorescence lifetime, z(T)/z(0), and total intensity, 
I(T)/I(O), data using (15, 16, 18, 19) with zst=187[.ts, 
zd=56 kts, zOR=28 ktS, Z~R= O% and hco= 150 cm -1, re- 
spectively. Here, the temperature-independent non- 
radiative decay rate is larger than the radiative decay rate 
at low temperature. Since the radiative decay rate is 
enhanced by odd-parity phonons as temperature in- 
creases, the total intensity increases at room temperature. 
However, Wegner and Petermann [5] have shown that 
non-radiative decay occurs through excited state absorp- 
tion involving transitions from the lowest excited 2Eg level 
to higher lying charge transfer states with energy separ- 
ation at the pump energy (i.e. the 488 nm Ar + ion line). 
Excited state absorption depopulates the 2Eg level so that 
increasing pump power may cause strong fluorecence 
quenching. 

3. Conclusions 

The fluorescence spectra of Ti 3+ in YAG, AlzO3, and 
YAP observed at 10 K are composed of the zero-phonon 
lines accompanied by the broad vibronic sidebands. The 
frequencies of phonons coupled to the ground state have 
been estimated from the fluorescence band shape. The 
temperature dependence of the fluorescence lifetime and 
the total intensities of the broadband in these materials 
have also been measured. The ratio of the normalized 
lifetime to the normalized intensity in YAG and sapphire 
are nearly constant in the range 10-300 K. However, the 
decrease of the fluorescence lifetime between 80-300 K is 
due to non-radiative decay. The radiative transition in the 
broadband for Ti3+:YAG is due to magnetic dipole 
processes as is indicated by the long radiative lifetime 
ZR=53 IXS at 10 K; in Ti 3+ :A120 3 the fluorescence is via 
electric dipole transitions and the lifetime at 20K, 
Zg=3.8 gs is an order of magnitude shorter than in 
Ti 3 + : YAG. Non-radiative decay from the excited state of 
Ti3+:YAG and Ti3+:A1203 occurs through phonon- 
assisted tunnelling between excited and ground states. 
The frequencies of phonons coupled to the electronic 
levels in YAG and A120 3 are about 350 cm-1, equal to 
those obtained from the fluorescence spectra. The dif- 
ference in the temperatures at which the fluorescence 
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lifetimes begin to decrease in YAG and A120 a can be 
explained in terms of optical transition energy being 
proportional to 10Dq: when lODq decreases under the 
assumption that Jahn-Teller energy is constant, the 
activation energy for non-radiative decay is reduced and 
so too is the number of phonons excited in the decay 
process. Tunnelling between the ground and excited states 
then occurs more easily. 

The radiative decay rate of Ti 3 +:YAP is enhanced 
with increasing temperature, indicating that the radiative 
decay rate contains a term due to phonon-assisted 
transition induced by odd-parity phonons, being propor- 
tional to coth(hco/2kT). The odd-parity phonon fre- 
quency estimated from the temperature dependence of 
the radiative decay time is 150 cm- 1, equal to that inferred 
from peaks in the fluorescence spectrum. In addition, a 
temperature-independent non-radiative decay rate of 
3.6 x 104 s -1 is observed in the range 10-300 K, which 
may be due to the excited state absorption (ESA) at the 
pump wavelength of the 488nm Ar + ion line. The 
consequent depopulation of the excited state quenches 
the fluorescence, and hence, the laser action. 
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