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Abstract The optical pmperties and temperature-dependent concentration quenching of Nd” 
fluorescence have been investigated in heavy-metal and tramitionmetal fluoride glasses using 
steady-state and time-resolved laser spectroscopy. Judd-Ofelt parameters were derived horn the 
absorption spectra and used to calculate the ‘ F 3 p  + ‘I~r/z stimulatedemission cross-section 
and the ‘ R / 2  radiative lifetime. From the thermal behaviour of Lifetimes, a T3 dependence 
for the non-radiative Nd-Nd relaxation p m s e s  has been found in the 15-100 K temperature 
range for the three famiiies of fluoride glasses investigated, which is in agreement with a two-site 
non-resonant process. 

1. Introduction 

Fluoride glasses have been a subject of increasing interest in many aspects. Most of the 
investigations of fluoride glasses have been motivated by the aim of developing nltralow- 
loss optical fibres in the mid-infrared (IR). Among the potential uses related to the passive 
optical behaviour, there are other important applications when these glasses are doped by 
rare-earth ions. Their relatively far If? edge, their ability to incorporate significant numbers of 
transition-metal ions and rareearth ions into the glass and their high emission efficiency, due 
to multiphonon emission rates lower than other glasses, make them privileged candidates for 
laser applications [ 1 and references therein]. Laser action has been reported previously on 
rare-earth-doped heavy-metal fluoride glasses, both in bulk and fibre form [2-6]. The lasing 
properties of Nd3+ have been reported in fluorozirconate glasses in a fibre configuration [5] 
and in bulk form [6] pumped by another laser. Recently, laser action has been proved in 
an Nd3’-doped Ba-In-Ga fluoride glass in bulk form, pumped by flashlamps 171. 

It is known that a knowledge of the spectroscopic properties of Nd3+ ions is 
of fundamental importance for laser action 181. These properties include absorption 
and emission cross-sections, peak wavelengths and linewidths, lifetimes and quantum 
efficiencies, and fluorescence-quenching processes. For a good efficiency, fluorescence 
lifetimes of Nd3+ ions must be close to the calculated radiative lifetime. The lifetime of an 
excited state is determined by all the competing radiative and non-radiative decay processes; 
the later include both Nd-Nd self-quenching and multiphonon relaxation. Concentration 
quenching and multiphonon emission are dependent on the lasing ion and the glass hosts [9]. 
In a previous work [IO], some of the present authors studied the luminescence quenching 
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of the 4F3j2 -+ 4111j2 laser transition in a Ba-In-Ga fluoride glass, by investigating the 
thermal and concentration dependence of lifetimes. Although multiphonon relaxation of 
the 4F3j2 state is negligible for fluoride glasses, at a concentration higher than 1 mol% 
the experimental lifetime was shorter than the predicted radiative lifetime even at He 
temperature. From the thermal behaviour of lifetimes, a T3 dependence for the non-radiative 
Nd-Nd relaxation in the 15-100 K temperature range was found. The aim of this work 
is to investigate this concentration-temperature dependence of the lifetimes of Nd3+ ions 
in three families of heavy-metal and transition-metal fluoride glasses. As we shall see, we 
have found a similar behaviour in all cases for the non-radiative Nd-Nd relaxation, which 
could correspond to a two-site non-resonant process in the short-wavelength regime as has 
been shown by Holstein et al [ 111. 

2. Experimental details 

Heavy-metal fluoride glass samples doped with various concentrations of Nd (0.1, 1, 2, 
3, and 5 mol%) were prepared at the University of Rennes (France), and transition-metal 
fluoride glasses doped with 0.1, 1, and 3 mol% of Nd were prepared at the University of 
Maine (France). 

The molar compositions of the samples studied are given in table 1. The experimental 
method for preparing the glasses has been well described in the literature [IZ, 131. 

Table 1. Chemical compositions of glasses used in this work 

Glass Composition (mol%) 

ZBLAN 58ZrF~-18BaFz-5.SLaF,-3AIF3-15NaF 
~ 1 G m - m  3 O B ~ ~ - 1 8 I n F ~ - Z O Z n F ~ - l O ~ ~ ~ ~ ~ - l Z G ~ ~ ~ ~ F ~  
m 38PbF~-20ZnF~-3SGaF3-2lnF,-2~~-3L~,  

The sample temperature was varied between 4.2 and 300 K with a continuous- 
flow cryostat. Conventional absorption spectra were performed with a CARY 5 
spectrophotometer. The emission measurements were made using an Ar laser as exciting 
light. The fluorescence was analysed with a 0.22 m SPEX monochromator, and the signal 
was detected by a Hamamatsu R7102 extended IR photomultiplier and finally amplified by 
a standard lock-in technique. 

Lifetime measurements were performed with a tunable dye laser (1 ns pulse width) and 
the emission detected with a Hamamatsu R7102 photomultiplier. The data was processed 
by an EGG-PAR boxcar integrator. 

3. Spectroscopic results 

3.1. Absorption properties 

The room-temperature absorption spectra were recorded for all samples in the 300-2600 nm 
spectral range. Figure 1 shows the absorption coefficient for the samples with 1 mol% of 
Nd+3 in the 300-900 nm range. Data from these spectra can be used to calculate the radiative 
lifetime of the ‘F30 excited J manifold, the branching ratios and the radiative transition 
probabilities of fluorescence transitions to the lower-lying ‘I, manifolds, according to the 
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Judc-Ofelt (10) theory [14,15]. The oscillator strengths of the absorption bands lying 
between 350 nm and 2500 nm and originating from the 419,2 ground state were calculated 
for the samples with an Nd3+ concentration of 1 mol%, using the expression 

(1) 
mc2 2.303 1 OD@) dh 

f =-- 
xeZN d x2 

where m and e are the electron mass and charge respectively, c is the velocity of light, 
OD@) the optical density, and d the sample thickness. 

6i----- BlGaZYTZr 

4-1 

4 

2 

0 
300 500 700 900 

Wavelength (nm) 
Figure 1. Room-temperature absorption spectra of Ndj+ ions in l h e  three glasses doped wilh 
I mol%. 

The experimental f values have been used to calculate the Qr parameters corresponding 
to the JO theory, Using this theory, the line strength of electric-dipole transitions between 
J initial I(S, L ) J )  and terminal I($', L')J') manifolds may be written in the form [16] 
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Table 2. Measmd ( fm) and calculated (fJ absorption line strengths for Nd3+ (1 mol%) in the 
tfuee glasses. 

Transition A (nm) fm x IO8 x 10’ difx  IO8 
B l G 3 Z m  
4 1 ~ ~  -, 4~13p 

‘ksn 
2502.0 
1649.0 
869.4 
797.9 
740.9 
679.3 
577.1 
516.9 
466.7 
427.1 

2494.0 
1660.0 
868.2 
797.1 
740.8 
678.4 
576.5 
516.6 
465.6 
427.8 

2494.0 
1660.0 
866.0 
796.5 
74 i .5 
6785 
576.5 
515.9 
469.0 
427.1 

110.70 
22.82 
13663 
508.06 
51653 
36.83 
775.83 
436.31 
116.73 
32.51 

99.80 
22.80 
140.30 
541.00 
538.10 
33.60 

1165.9 
450.6 
134.5 
44.60 

76.90 
21.22 
147.33 
666.00 
657.80 
44.70 
975.23 
542.40 
184.23 
32.27 

108.31 2.39 
16.01 6.81 
141.04 -4.41 
50127 6.79 
545.02 -28.49 
40.51 -3.68 
183.27 -7.44 
346.29 90.02 
84.92 31.81 
39.17 -6.66 

111.18 -11.4 

155.40 -15.1 
527.73 13.3 
559.34 -21.2 
42.25 -8.66 

1170.2 -4.32 
399.45 51.2 
91.48 43.00 
43.88 0.71 

16.23 6.57 

142.15 -65.3 

179.66 -32.3 
651.69 14.3 
713.07 -55.3 
52.65 -8.58 
983.97 -8.74 
443.88 98.5 
108.6 76.6 
49.24 -17.0 

20.90 0.31 

where L2, are the IO intensity parameters. It is known that the reduced matrix elements, 
(11.!/11), are almost independent of the ion environment. We have used the values reported 
by Carnal1 et al [17] for Nd3+ ions in LaF3. 

The oscillator strength of a transition can be written as 

f = [8rrZmw/3h(2J + 1)J[(n2 f 2)*/9n]S (3) 

where m is the electron mass, v is the frequency of the transition, J is the total angular 
momentum of the initial level ( J  = in Nd3+), and n is the refractive index. The best set 
of 0, parameters can be determined by a least-squares fitting of the calculated f values 
given by (3) to the experimental ones. The quality of the fit obtained from the absorption 
spectra is shown in table 2 where fm is the measured absorption line strength and fE is 
that calculated using Judd’s theory [14]. The 10 parameters obtained from this fitting are 
displayed for the three glasses in table 3. These values are in good agreement with those 
previously reported for the Nd3+ ion in different glass matrices [18-24]. 
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Table 3. IO panmeters calculated from the absorption spectra for Nd3+ (1%). 

JO panmeters  IO-^" cm’) BlGnZMzl 75” F E  

0 2  1.31 2.66 1.53 
514 2.11 3.05 3.19 
0 6  4.01 4.08 4.93 

Spectroscopic quality factor (Sh/na) 0.61 0.75 0.65 

Table 4. Radiative-property parameters for the IF3,z + “1, (I = 4,  +, 9. 9)  wanlsitions of 
Nd3+ (1 mol%) in the three fluoride glasses studied. 

BlOCITZi =LAN PZG 
Transition 
‘F3p + A W’) BR A (6C1)  Bn A 6- I )  BR 

‘I15/2 9.9 0.005 10.5 0.0005 14.9 0.0056 
‘113/2 195.4 0.105 200.5 0.100 285.1 0.1073 
“ 1 1 1 ~  950.6 0.511 1009.3 0.504 1398.3 0.525 

104.0 0.379 782.0 0.391 961.5 0.361 

Wn (s-1) 1859.9 m02.2 2660.5 

15 13 11 9 The spontaneous emission probabilities from the ‘F3p to the 411 ( J  = ?, 5, -) can 
be calculated from the a, parameters. The radiative transition probability from the initial 
J‘ manifold l(S‘, L’)J‘) to the terminal manifold I(S, L ) J )  is given by [I61 

‘ Z  

(4)  

where n(nZ + 2)’/9 is the local-field correction for the Nd3+ ion in the initial J‘ manifold, n 
is the refractive index, h is the wavelength of the transition, and J is the terminal manifold. 

The radiative lifetime is related to the radiative transition probability by [I61 

The branching ratios can be obtained from the transition probabilities by using [I61 

The radiative-transition probabilities and branching ratios for the fluorescence from the 
4F3,z to the 41J states are listed in table 4 ,  together with the total spontaneous-emission 
probability (WR). According to Jacobs and Weber [ I S ] ,  the intensity of the 4F3/z + 4 1 ~ t p  
laser transition is only dependent on the a4 and Sl6 parameters. For a large cross-section, 9.24 
and S2g are required to be as large as possible. Since QZ does not enter the branching ratios 
for the 4F3p fluorescence, it can be expressed in terms of the n4/06 ratio. To maximize 
the fluorescence intensity to 4111jz one requires S24 << Cis. From the values obtained for 
these glasses, the highest spectroscopic quality factor corresponds to the ZBLAN glass (see 
table 3). 
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3.2. Fluorescence properties 

The 4F3/2 + 4111/2 steady-state fluorescence specmm at room temperature was measured 
for the three glasses with 1 mol% of Nd3+ by exciting the samples with an AI laser. As an 
example figure 2 shows this emission specmm for ZBLm glass. Since the emission band is 
slightly asymmetric, an effective linewidth was determined by integrating the fluorescence 
lineshape and dividing by the intensity at the peak fluorescence emission wavelength [18]. 
The stimulated-emission cross-section can be determined from spectral parameters using 
1181 

up(Ap) = ( A ~ / ~ R c ~ ~ A A ~ x , ~ ) A I ( ~ F ~ , ~ ) ;  ( 4 1 ~ ~ p ) l  (7) 

where & is the peak fluorescence wavelength, n is the refractive index, A& is the effective 
linewidth of the transition and A[(4F3/2); ( 4 1 ~ 1 / ~ ) ]  is the radiative-transition probability for 
this transition. 

--- I I 
T=295K 

e .= 100 
f 
0 v 

50 .- 
YI 
c 0 

z o  
1030 1070 1110 

- 990 
Emission Wavelength (nm) 

Figure 2. Roomtempamre fluorescence spectrum of the ‘F>p + ‘l1r)z transition in 
m-:Nd3+(1%) glass obained under excitation with an Ar laser. 

The stimulated-emission cross-section for the 4F3/2 -+ 4111/2 transition is presented in 
table 5 together with the effective fluorescence linewidth. 

Table 5. Room-temperature emission properties of Nd3’ (1 mol%) in the three Ruoride glasses. 

3.3. Lifetime results 

The decays of the 4F3/2 4111/2 transition as a function of temperature were performed with 
a narrow-band tunable dye laser (1 ns pulse width), exciting the sample at the 419/2 -+ 4G5/2 

absorption band (575 nm), in the 4.2-300 K range. The radiative lifetimes, calculated from 
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the absorption parameters and measured fluorescence lifetimes of the three glasses with 
1 mol% of Nd3+, are given in table 5. 

The lifetime values as a function of temperature between 4.2 K and 300 K are presented 
in figure 3. The decays were found to be single exponentials at all temperatures As an 
example figure 4 shows the room-temperature logarithmic plot of the experimental decays 
for the three glasses with 3 mol% of Nd3+. 

BlGaZMZr 

ZBLAN 
20 ' 

500 4 

x x x x x x x  x x x x x x x 

++* + + + + t + + 
2 5 0 P 0 %  o o o o o o o  1 
50, 

0 100 200 300 
T (U\ 

Figure 3. TemperaNE dependence of the 4F3p-state lifetime of Nd3+ ions in BtGaZYTzr, ZBLAN, 
and m glasses: x, 0.1 mol%; t, 1 mol%, 0,  2 mol%, 0. 3 mol%; and 0, 5 mol%. Lifetimes 
were obtained by exciting at 575 nm and collecting the fluorescence at the emission peak of lhe 
4F3/2 -, 4 1 1 1 p  transition. 

4. Discussion 

4.1. Absorption and equilibrium luminescence spectra 

As can be seen in figure 3, at low temperatures and concentrations the lifetime nearly 
approaches the radiative lifetime, hence the rate of non-radiative decay by multiphonon 
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0 200 400 600 
Time (,us) 

F i y e  4. Logarilhmic plot of Ihe fluorescence decays of the %3/z state for fhe three glasses 
doped with 3 mol% of Nd3+. The decays were obtained by exciting at the lI9p -+ 4G5/2 
absorption band and monitored a1 1048 ML Data correspond to 300 K. 

emission must be small. In these glasses the multiphonon relaxation rate for the 4F3/2 
manifold is expected to be small because of the high energy gap to the next-lower-lying 
J manifold and the typical values of phonon energies involved [lo]. As concentration 
rises the decays remain single exponential but a decrease in the experimental lifetimes is 
observed even at He temperature. This behaviour could be associated with a rapid energy 
diffusion between Nd3+ ions that can lead to a spatial equilibrium within the Nd3+ system. 
In the transfer rapid limit the donor transfer takes place so quickly that transfer times 
for different donor-acceptor pairs are averaged out and the whole system exhibits a simple 
exponential decay as is experimentally observed [25,26]. In order to investigate the energy- 
migration process we have analysed the relation between the absorption and equilibrium 
luminescence spectra. If the diffusion rate greatly exceeds that of the excited-state decay, 
then, during a time equal to the lifetime of ions in the metastable level, thermodynamical 
equilibrium of the energy distribution of the excitations of the inhomogeneous ensemble 
of centres will be reached. The actual pattern of this distribution, p ( E ,  T, Z), and of the 
corresponding luminescence spectra depends neither on the excitation method nor on the 
migration parameters. It is only governed by the density of states g ( E ) ,  the temperature, 
and the fraction of excited centres 2 [27]. In the limit of high temperature or low density, 
where the number of available quantum states is much greater than the number of centres, 
the distribution becomes a Boltzmann distribution and the equilibrium temperature can 
be obtained from the slope In[p(E)/g(E)]. Figure 5 shows the relation between the 
Nd3+ absorption and luminescence spectra for the 419/2 ++ 4F3p transition in BIGaZYTZr: 
1 mol% Nd3+. The absorption cross-section was taken to be proportional to g ( E )  and 
the luminescence band profile proportional to p ( E )  (profile areas being normalized). The 
temperature derived from the slope calculation, taking account of the branching ratio for 
the + 419/2 transition, was 300 K, which agrees with the experimental temperature 
and demonstrates that the energy-migration process drives the system of excited centres to 
thermal equilibrium. 
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Figure 5. Relation b e m m  the Nd3+ (1 m o l l )  absorption and luminescence speara in 
BIG- glass: Solid line, 'Iqp -, 4G5/2 absorption band profile; dashed tine, 4F3/2 + 419/2 

luminescence band profile: 0, I n [ p ( E ) / g ( E ) ] .  T = 300 K. 

4.2. Temperature-dependent concentration quenching of Nd3+ fluorescence 

As is well known 4f-4f transitions of trivalent rare-earth ions in first order are forbidden 
by Laporte's rule. The transitions observed n e  the result of parity mixing between 4f 
and 5d configurations originating from the odd crystal-field terms. At high enough Nd 
concentrations there could be some overlapping between the 4f configurations of one 
ion and the 5d configuration of its next neighbour, which could enhance the transition 
probability. In our case, the oscillator-strength measurements of the 419/2 --t 4F3p transition 
for all the samples studied failed to show any dependence on Nd concentration within 
experimental error. The aforementioned facts therefore simplify the interpretation of the 
lifetime behaviour. The lifetime of the 4F3p state of the Nd3+ ion in the doped glasses should 
be governed by the sum of probabilities for several competing processes such as radiative 
decay, non-radiative decay by multiphonon emission, and energy transfer to other Nd3+ 
ions. If one assumes that the purely radiative lifetimes rR of 4F3p levels are independent 
of Nd concentration and temperature, and disregards multiphonon relaxation processes, the 
variations of the experimental lifetimes can be related to the non-radiative Nd-Nd relaxation 
processes by the simple relation 

rei: = T i '  + WNd-Nd ( T )  . (8) 

Figure 6 shows the decay rates of the three sample families for different Nd3+ 
concentrations at room, liquid-nitrogen, and liquid-helium temperatures. An outstanding 
result is that the decay rates are nearly linearly dependent on concentration at low 
temperatures. This result has also been interpreted by other authors as a demonstration 
of the existence of fast diffusion processes [28,29]. 

A detailed study of the thermal dependence of lifetimes was presented in figure 3. 
These results suggest the presence of a fairly strong thermal quenching mechanism between 
15 K and 100 K. If we disregard the multiphonon relaxation processes, relaxation via 
fast Nd-Nd diffusion processes and subsequent deexcitation via energy sinks should be 
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Nd3+(1 020cm-3) 
Figure 6. Effective decay rates as a function of concenmion at differen1 temperawes for the 
I h m  glasses: x, 4.2 K; +, I7 K and 0, 300 K. 

taken into account, as they occur even at low temperatures. Figure I shows the plot 
of [WNd-Nd(T) - WNd-Nd(o)]’/3 in the 15-100 K range for the three glasses doped with 
3 mol% of Nd3+. It is worth noticing the good fit of WNd-Nd to a T 3  dependence. This result 
also holds for all the measured concentrations higher than 0.5 mol%. As already pointed 
out in [lo] thii could correspond to a two-site non-resonant process in the short-wavelength 
regime as has been shown by Holstein et a1 [ I l l .  In this process, the phonon emission and 
absorption take place at different sites, the ion-phonon interaction acts twice, and the site- 
site Hamiltonian once. This phonon-assisted excitation transfer between different states of 
similar ions could be understood by considering a small spread in the energy values of 4F3/z 
transitions to the J multiplicity, due to the inherent disorder of the glass structure. n o -  
phonon-assisted processes can dominate because the one-phonon-assisted process vanishes 
if energy mismatch A E  is small. Moreover, a T’ dependence implies that the transfer rate 
does not depend on A E .  In agreement with this fact, the same T3 behaviour has been 
observed for the three different families of fluoride glasses studied. In contrast, a recent 
investigation on fluorophosphate glasses with a high content of fluoride ions [30] failed to 
show the same temperature dependence. 
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Figure 7. Plot of the non-radiative Nd-Nd relaxation rate in the 15-100 K temperature range 
for the three glasses doped with 3 mol% of Nd3+. Symbols represent Lhe experimental values. 
and solid lines are the fit to a T3 dependence. 

5. Conclusions 

(i) From the steady-state optical absorption measurements the Judd-Ofelt parameters 
were derived and used to calculate the 4F3,2 + 411~12 stimulated-emission cross-section 
and the 4F3/2 radiative lifetime for NdSC in heavy-metal (BIGazuTu,  ZBLAN) and transition- 
metal (&") fluoride glasses. The calculated IF312 fluorescence branching ratios for all 
glasses were similar. 

(ii) The emission lifetimes from the 4 ~ 3 , z  state are single exponential for dl samples. 
As the concentration rises the decay remains single exponential but a decrease in the 
experimental lifetime is observed even at He temperature indicating that relaxation via 
fast Nd-Nd diffusion processes occurs. 

(iii) From the relation between the absorption and luminescence spectra, the temperature 
of thermodynamical equilibrium of the energy distribution of the excitations has been 
estimated. The result obtained is in agreement with the true experimental temperature, 
demonstrating that the energy-migration process drives the system of excited centres to 
thermal equilibrium. 



924 R Buldu et al 

(iv) The luminescence thermal quenching of the 4F3p -+ 41,~,2 transition has been 
investigated from the thermal behaviour of lifetimes, and a T 3  dependence for the non- 
radiative Nd-Nd relaxation processes has been found in the 15-100 K temperature range 
for all the samples studied with Nd concentrations greater than 0.5 mol%, which is in 
agreement with a two-site non-resonant process. 
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