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Abstract. The optical properties and temperature-dependent concentration quenching of Nd*+
fluorescence have been investigated in heavy-metal and transition-metal fluoride glasses using
steady-state and time-resolved laser spectroscopy. Judd-Ofelt parameters were derived from the
absorption spectra and used to caleulate the 4F3/2 — 1y; 52 stimulated-emission cross-section
and the “Fg,g radiative lifetime, From the thermal behaviour of lifetimes, a 73 dependence
for the non-radiative Nd-Nd relaxation processes has been found in the 15-100 K temperature
range for the three families of flucride glasses investigated, which is i agreement with a two-site
non-resonant process.

1. Introeduction

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 ultralow-
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 IR edge, their ability to incorporate significant numbers of
transition-metal tons and rare-earth 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]. Lager 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 Nd®t 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 Nd>*-doped Ba-In-Ga fluoride glass in bulk form, pumped by flashlamps [7].

It is known that a knowledge of the spectroscopic properties of Nd*¥ ions is
of fundamenial importance for laser action [8]. 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 Nd** jons 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 Iasing ion and the glass hosts {9].
In a previous work [10], some of the present authors studied the luminescence quenching

0953-8984/94/040913+12307.50 (@ 1994 10P Publishing Ltd 913



914 R Balda et al

of the *F3» = 91112 laser transition in a Ba-In-Ga fluoride glass, by investigating the
thermal and conceniration dependence of lifetimes. Although multiphonon relaxation of
the *Fyp 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 7° 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 Nd&** 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-MNd relaxation, which
could correspond to a two-site non-resonant process in the short-wavelength regime as has
been showa by Holstein et af [11].

2. Experimental details

Heavy-metaf 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 [12, 13].

Table 1. Chemical compositions of glasses used in this work.

Glass Composition (mol%)

ZBLAN 587¢F;—18BaF;—5 5LaF;—3AIF3—1SNaF

BIGIZYTZ:  30BaFp—18InF3-20ZnF3~10YF3—6ThFs-12GaF-4ZcFy
PZ0 38PbFy-20ZnF,~35GaFs=2InF3—2CdF;-3LaFs

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 fiuorescence was analysed with a (.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 } moi% of
Nd*3 in the 300-900 nm range. Data from these spectra can be used to calculate the radiative
lifetime of the 4F3,2 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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Judd-Ofelt (10) theory [14,15]. The oscillator strengths of the absorption baods 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

me? 2.303 j‘on(.k) dx

J= welN 4 by

8))

where m and e are the electron mass and charge respectively, ¢ is the velocity of light,
0D(A) the optical density, and 4 the sample thickness.
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Figure 1. Room-temperature absorption spectra of Nd®* ions in the three glasses doped with
1 mol%.

The experimental f values have been used to calculate the €2, parameters corresponding
to the JO theory. Using this theory, the line strength of electric-dipole transitions between
J initial |{S, £)J} and terminal |(S’, L')J'} manifolds may be written in the form [16]

, 2
S= Y @S, LY UM, L)
1=2,4,6 :

@
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Table 2. Measured (f,) and calculated () absorption line strengths for Nd3+ {1 mol%) in the

three glasses.

Transition Amy  fax100 fix 100 gifx 108

BIGaZYTZr

*lopp = *liapa 2502.0 110.70 10831 2.39
Misp2 1649.0 2282 16,01 6.81
“Faa 869.4 136.63 14104  —4.41
*Fs2, Hyp 797.9 508.06 501.27 619
4Fy2, %83 7409 516.53 54502 —28.49
*Foa 6793 36.83 4051  -3.68
*Gspa, G 571.1 77583 78327  —7.44
K352, *Gapa, “Giopn 516.9 43631 34629  90.02
2K;5/2. *Cgy2, 2Dy, *Chipe 466.7 116.73 8492 3131
2112, 2Dsp 427.1 32.51 3917 —6.66

ZBLAN

“lop — 4T3z 2494.0 99.80 11118 -114
Tyssz 1660.0 22.80 1623 6.57
‘Fyj2 868.2 140.30 15540 —i5.1
“Fs/2, 2Hyp2 797.1 541.00 52773 133
*Fra, 483 740.8 538.10 55934 212
*Fos 678.4 33.60 4225  —B.66
*Gs/a. 20 5765 11659 11702 -432
2K )32, *Grpa, *Cop 516.6 450.6 399.45 512
?Kis/2, 2Gosa, *D3gz, *Giipe 465.6 1345 9148  43.00
P12, Dspp 4278 44,60 43.88 0.71

PZG

Hgp2 = ‘i3 2494.0 76.90 142,15  -653
Nisp 1660.0 21.22 20.90 0.31
*Faz 866.0 147.33 17966 —323
*Fsa, Hop 796.5 666.00 65169 143
*Fy, 1S3 7415 657.30 71307  —55.3
*Fgs2 678.5 44,70 5265 ~8.58
“Gsa, G 576.5 97523 983.97 -8.74
2K 1372, *Gyyz, 4Gop 5159 542,40 44388 935
2R 572, 2Co/2. D3z, *Grip 469.0 184.23 108.6 76.6
P11, D5 427.1 3227 4924 —170

where £2, are the JO intensity parameters. It is known that the reduced matrix elements,
{I1U*|), are almost independent of the ion environment. We have used the values reported
by Carnall et af [17] for Nd** ions in LaF;.

The oscillator strength of a transition can be written as

f =8 my/3hQ2J + DIl(n* + 2)2/9n1S 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 Nd**), and n is the refractive index. The best set
of €; 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 f is the measured absorption line strength and f. is
that calculated using Judd’s theory [14]. The 3O 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 Nd>t jon in different glass matrices [18-241.
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Table 3. jo parameters calculated from the absorption spectra for Nd°* (1.

10 parameters (10~ em?) BIGIZYTZr  ZBLAN PZG
Qa2 1.3t 2.66 .53
S 2.1 3.05 .19
£ 401 4.08 493
Spectroscopic quality factor (Q4/4) 0.67 0.75 0.65

Table 4. Radiative-property parameters for the *Fayy — Iy (/ = £, 4, &,

Nd>t (1 mol%) in the three Auoride glasses studied.

£) transitions of

BIGaZYTZr ZBLAN PIG
Transition -
*Fap > AGT)Y B AGTY B AG™Y e
1502 9.9 0.005 10.5 0.0005 149 0.0056
Hiap 1954 0.105 200.5 0.100 285.7 0.1073
e 930.6 0.511 1009.3 0.504 1398.3 0.525
o 704.0 0.379 782.0 0,391 915 0.361
Wg (s=1) 1859.9 2002.2 2660.5
The spontanaous emission probabilities from the 41—“'3/2 to the I, (J = %, !i" L %) can

2
be calculated from the €2, parameters. The radiative transition probability from the initial
J" manifold (5, L")’} to the terminal manifold |(§, L)J} is given by [16]

6dmte? . (n? + 2)%
T

A8, LV (S, LT = 3@ i, LYINTLES, DD
1=2,4,6 ’

)

where 1n(n? +2)2/9 is the local-field correction for the Nd** ion in the initial J' manifold, n
is the refractive index, A is the wavelength of the transition, and J is the terminal manifold.
The radiative lifetime is refated to the radiative transition probability by [16]

-1
T = (Z AL(S', L)' (S, Lm) . )
S.L.7
The branching ratios can be obtained from the transition probabilities by using [16]
BI(S'LN ' (S, LY ] = AL(S", L)Y, (S, L)J]/ Z A[(S', LY’ (8, L)J]. (6)
5L

The radiative-transition probabilities and branching ratios for the fluorescence from the
“Fy)2 to the *I; states are listed in table 4, together with the total spontaneous-emission
probability (Wg). According to Jacobs and Weber [18], the intensity of the *F3p — *Ij1p
lager transition is only dependent on the §14 and §2s parameters. For a large cross-section, €2
and $¢ are required to be as large as possible. Since €2, does not enter the branching ratios
for the *Fy/; fluorescence, it can be expressed in terms of the 4/ ratio. To maximize
the fluorescence intensity to Ty 2 one requires £24 <« 4. 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 - %, /2 steady-state fluorescence spectrum at room temperature was measured
for the three glasses with 1 mol% of Nd*>* by exciting the samples with an Ar laser. As an
example figure 2 shows this emission spectrumn for ZBLAN 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
[18]

Gp(hp) = (Ay/8rcn® Arem) ALCFay2); (L)) (7
where A, is the peak flucrescence wavelength, # is the refractive index, Alx is the effective

linewidth of the transition and A[(*Fs;2); (*I;152)] is the radiative-transition probability for
this transition.

200
% T=295K
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Figure 2. Room-temperature fluorescence spectrum of the *Fiyn — “1”/2 transition in
ZBLAN'NA?(19%) glass obtained under excitation with an Ar laser.

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

Table 5. Room-temperature emission properties of Nd** (1 mol%) in the three fluoride glasses,

*Fap — g BIGIZYTZr  ZBLAN PZG
TR (18) 537 499 375
Texp (145) 408 430 206
2y (nm) 1048 1046 1048
Aitee (em™1) 229 218 230
ap (x10% cm?) 2.68 29 3.5

3.3. Lifetime results

The decays of the *F3;; — “I11/, 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 — 4G;s /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 Nd**, 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+,
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Figure 3. Temperature dependence of the *Fj z-state lifetime of Nd** ions in BIGaZYTZ:, ZBLAN,
and pzG glasses: x, 0.1 mol%; +, ! mol%; @, 2 mol%; O, 3 mol%; and (1, 5 mol%. Lifetimes
were obtained by exciting at 575 nm and collecting the fluorescence at the emission peak of the
4F3/2 — J311[.,12 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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¥igure 4. Logarithmic plot of the fluorescence decays of the *Fs/z state for the three glasses
doped with 3 mol% of Nd>*. The decays were obtained by exciting at the *Igs — *Gsp
absorption band and monitored at 1048 nm. Data correspend to 300 K.

emission must be small. In these glasses the multiphonon relaxation rate for the *Faj
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 {10]. 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 Nd** ions that can lead to a spatial equilibrium within the Nd** 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 simpie
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 Z [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 Inl{p(E)/g(E)]. Figure 5 shows the relation between the
Ng** absorption and Juminescence spectra for the *Ios «> *Fy; transition in BIGazYTzZr:
1 mol% Nd**. 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 4F3,2 — 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 between the Nd** (1 mol%) absorption and luminescence spectra in

BiGaZYTZ glass: Solid line, *Ioyz — *Gsyy absorption band profile; dashed line, *Fa2 — *lojz
luminescence band profile; O, In[p(E)/g(E)]. T =300 K.

4.2, Temperature-dependent concentration quenching of N&®+ 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 are 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 *Iy/; — #Fa; transition
for all the samples studied failed to show any dependence on Nd conceniration within
experimental error. The aforementioned facts therefore simplify the interpretation of the
lifetime behaviour. The lifetime of the *F3;; state of the Nd*>* 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 Nd*+
ions. If one assumes that the purely radiative lifetimes 7z of *Fs/; 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
Top =T + Wia-Na(T). (®)
Figure 6 shows the decay rates of the three sample families for different Nd>*
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 detajled 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 de-excitation via energy sinks should be
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Figure 6. Effective decay rates as a function of concentration at different temperatures for the
three glasses: x,4.2 K; +, 77 K; and O, 300 K.

taken into account, as they occur even at low temperatures. Figure 7 shows the plot
of [Wd-na(T) — Wna-na(0)]' in the 15-100 K range for the three glasses doped with
3 mol% of Nd®+. It is worth noticing the good fit of Wig-xa to a T* dependence. This result
also holds for all the measured concentrations higher than 0.5 mol%. As already pointed
out in [10] this could correspond to a two-site non-resonant process in the short-wavelength
regime as has been shown by Holstein et af {11]. 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 *Fs
transitions to the J multiplicity, due to the inherent disorder of the glass structure. Two-
phonon-assisted processes can dominate because the one-phonon-assisted process vanishes
if energy mismatch AE is small. Moreover, a T? dependence implies that the transfer rate
does not depend on AZ. In agreement with this fact, the same 7> behaviour has been
observed for the three different families of fluoride glasses stndied. In contrast, a recent
investigation on flucrophosphate 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 Nd®*. Symbols represent the experimental values,
and sofid lines are the fit to a T° dependence.

5. Conclusions

(i) From the steady-state optical absorption measurements the Judd-Ofelt parameters
were derived and used to calculate the 4F3;2 — 4111/2 stimulated-emission cross-section
and the *Fy; radiative lifetime for Nd®>* in heavy-metal (BIGaZYTZr, ZBLAN) and transition-
metal (PzG) fluoride glasses. The calculated *Fasz fluorescence branching ratios for all
glasses were similar. '

(ii) The emission lifetimes from the 41:'3/2 state are single exponential for all 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.

(iil) From the relation between the absorption and Iuminescence 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. .
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(iv) The lominescence thermal quenching of the *Fz;p — “Ijyy; transition has been
investigated from the thermal behaviour of lifetimes, and a 7> dependence for the non-
radiative Nd-Nd relaxation processes has been found in the 15100 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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