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The optical properties and temperature-dependent concentration quenching of Nd31 fluorescence have been
investigated in fluorophosphate glasses with different fluorine to oxygen ratios by using steady-state and
time-resolved laser spectroscopy. Judd-Ofelt parameters were derived from the absorption spectra and used to
calculate the4F3/2→4I 11/2 stimulated emission cross section and the4F3/2 radiative lifetime. For the samples
doped with 1 wt % of Nd2O3 the lifetimes were found to be linear dependent on the fluorine to oxygen ratio.
From the thermal behavior of lifetimes, a linear temperature dependence for the nonradiative Nd-Nd relaxation
processes has been found in the 4.2–100 K temperature range for samples with a molar fluorine to oxygen ratio
of 6.04 doped with more than 1 wt % of Nd2O3, which is in agreement with a one-phonon-assisted process. In
order to investigate the influence of the local coordination ions on the optical properties of rare earths in these
fluorophosphate glasses, fluorescence line-narrowing spectroscopy on Eu31 has been performed. The influence
of the local coordination ions on the optical properties of Eu31 in these fluorophosphate glasses shows the
existence of a clear crossover between the behavior of fluorinelike and oxygenlike coordination anions.

I. INTRODUCTION

Fluoride phosphate glasses have been a subject of increas-
ing interest in the last few years. Glasses based on fluorides
generally have low linear and nonlinear refractive indices,
low dispersion, and good transparency from ultraviolet to the
infrared region of the optical spectrum.1,2 These special op-
tical properties make them attractive candidates for applica-
tions in high performance optics and laser technology. To-
gether with a high resistance to radiation damage the
luminescence characteristics of laser materials are important
in order to optimize the output power and efficiency deliv-
ered by a solid-state laser system which mainly depend on
the loss at the lasing wavelength within the active medium.3

All of these properties are influenced by glass structure. For
a glass laser, the effects of site-to-site variations, in the large-
signal gain regime, cause hole burning and reduced energy
output. Therefore, the knowledge of the distribution of spec-
troscopic properties for laser ions in glass is important to
select the optimum host glass and operating conditions.4 In
the case of fluorophosphate glasses the structure and related
spectroscopic properties mainly depend on the oxygen to
fluorine ratio.1

A knowledge about the most important laser parameters
requires a detailed spectroscopic study of the optical proper-
ties of paramagnetic ions, which are influenced by the glass
structure.5 These properties include absorption and emission
cross sections, peak wavelengths and linewidths, lifetimes
and quantum efficiencies, and fluorescence quenching pro-

cesses. For a good efficiency, fluorescence lifetimes of Nd31

ions must be close to the calculated radiative lifetime. The
lifetime of an excited state is determined by all the compet-
ing radiative and nonradiative decay processes; the latter in-
clude both Nd-Nd self-quenching and multiphonon relax-
ation. Concentration quenching and multiphonon emission
are dependent on the lasing ion and the glass hosts.3 In a
previous work,6 some of the authors have studied the lumi-
nescence quenching of the4F3/2→4I 11/2 laser transition in
three different fluoride glasses, by investigating the thermal
and concentration dependence of lifetimes. Although mul-
tiphonon relaxation of the4F3/2 state is negligible for fluoride
glasses, at a concentration higher than 1 mol % the experi-
mental lifetime was shorter than the predicted radiative life-
time even at helium temperature. Moreover, from the thermal
behavior of lifetimes aT3 dependence for the nonradiative
Nd-Nd relaxation process was found in the 15–100 K tem-
perature range for all the studied samples which is in agree-
ment with a two-site nonresonant process.

The aim of this work is to establish a correlation between
glass-matrix composition and Nd31 spectral properties in
fluorophosphate glasses with different oxygen to fluorine ra-
tio; in particular, to investigate the nature of the nonradiative
Nd-Nd relaxation process in order to compare it with the
above mentioned features in pure fluoride matrices. The
study includes absorption and emission properties, lifetimes,
fluorescence quenching processes, and site-dependent ef-
fects. This is followed by a short study of the time-resolved
resonant line-narrowed5D0→7F0 emission of Eu31 in the
glass with a molar fluorine to oxygen ratio of 6.04.
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II. EXPERIMENTAL

Fluorophosphate glass samples were obtained with the
molar composition ~65-x!Al ~PO3!3-23.44BaF2-18.75CaF2-
14.06MgF2-~37.51x!AlF3 ~x50, 1, 2, 2.5, and 3!. We have
studied five samples with a theoretical molar fluorine to oxy-
gen ratio~F/O! 4, 4.84, 6.04, 6.88, and 8 which have been
labeled as glassesA, B, C, D, and E, respectively. The
samples were doped with 1 wt % of Nd2O3. GlassC was
also doped with 0.5, 2, and 5 wt % of Nd2O3. They were
prepared by melting the precursor mixture in covered plati-
num crucibles in an electric furnace heated up to 1200 °C
under controlled atmosphere. The melt was poured into a
preheated brass mould and annealed at 490 °C. Finally the
samples were cut and polished for optical measurements.

The samples 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 steady-state emission measurements were made using as
exciting light an argon laser and the medium wave tuning
range~800–920 nm! of a Ti-sapphire ring laser, pumped by
an argon laser. The fluorescence was analyzed 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 of 9 ns pulse width and 0.08 cm21 linewidth. The
emission was detected with a Hamamatsu R7102 photomul-
tiplier. Data were processed by a EGG-PAR boxcar integra-
tor.

The5D0→7F0 transition of Eu
31 was excited by a pulsed

frequency doubled Nd:YAG pumped tunable dye laser of 9
ns pulse width and 0.08 cm21 linewidth. The time-resolved
fluorescence was analyzed and detected with a EGG-PAR
optical multichannel analyzer.

III. SPECTROSCOPIC RESULTS

A. Absorption properties

The room-temperature absorption spectra were recorded
for all samples in the 300–2500 nm spectral range using a
Cary 5 spectrophotometer. The spectral resolution of the
spectrophotometer was 0.5 nm at wavelengths below 1100
and 2 nm, above. As an example Fig. 1 shows the spectrum

for glassC in the 300–900 nm range. The line strength of
electric-dipole transitions betweenJ initial u(S,L)J& and ter-
minal u(S8,L8)J8& manifolds in the Judd-Ofelt treatment7,8

may be written in the form9

S5 (
t52,4,6

V tu^~S8,L8!J8iU ~ t !i~S,L !J&u2, ~1!

whereVt are the Judd-Ofelt intensity parameters~JO! and
the ^iUti& are the doubly reduced unit tensor operators cal-
culated in the intermediate-coupling approximation.7 Nine
absorption bands lying between 350 and 900 nm and origi-
nating from the4I 9/2 ground state were integrated, and these
data together with the value for the Nd31 concentration and
the refractive index were fitted by a computerized least-
squares program to yield the best-fit values for the Judd-
Ofelt parametersV2, V4, and V6.

7,8 It is known that the
reduced matrix elementsiUti2 are almost independent of the
ion environment. To estimate theVt parameters we have
utilized the values reported by Carnall, Crosswhite, and
Crosswhite10 for Nd31 ions in LaF3. The JO parameters ob-
tained for the five samples are displayed in Table I. These
values are in good agreement with those previously reported
for the Nd31 ion in different glass materials.11–15 V2 is the
most sensitive to local structure and host composition, and
its value is indicative of the amount of covalent bonding.16

As can be seen in Table I theV2 value is higher for the
sample with the higher amount of phosphates which have a
more covalent bonding character. Since theV2 parameter
reflects the asymmetry of the local environment at the Nd31

site, a smaller value for the sample with the highest F/O ratio
suggests a more centrosymmetric coordination environment.

FIG. 1. Room-temperature absorption spectrum of Nd31 ions in
glassC doped with 1 wt % of Nd2O3.

FIG. 2. Room-temperature fluorescence spectrum of the
4F3/2→4I 11/2 transition Nd31 ~1 wt %! in glassC obtained under
excitation with an argon laser.

TABLE I. Judd-Ofelt parameters~10220 cm2! calculated from
the absorption spectra for Nd31 ~1 wt %!.

Glass V2 V4 V6

A 2.33 2.78 4.43
B 2.19 2.80 4.38
C 2.12 2.79 4.46
D 1.83 2.84 4.33
E 1.84 2.84 4.32
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B. Emission properties

The 4F3/2→4I 11/2 steady-state fluorescence spectra at
room temperature were measured for the five samples by
exciting the samples with an argon laser. Figure 2 shows this
emission spectrum for glassC. For all samples studied the
emission bands are inhomogeneously broadened due to site-
to-site variation in the local ligand field, and the wavelength
of the fluorescence peak only shows a small variation rang-
ing from 1048 to 1050 nm. Since the emission band is
slightly asymmetric, an effective linewidth was determined
by integrating the fluorescence line shape and dividing by the
intensity at the peak fluorescence emission wavelength.11

The stimulated emission cross section can be determined
from spectral parameters using11

sp~lp!5
lp
4

8p cn2Dleff
A@~4F3/2!;~

4I 11/2!#, ~2!

wherelp is the peak fluorescence wavelength,n is the re-
fractive index,Dleff is the effective linewidth of the transi-
tion andA[( 4F3/2);(

4I 11/2)] is the radiative transition prob-
ability for this transition.

The radiative transition probability from initialJ8 mani-
fold u(S8,L8)J8& to terminal manifoldu(S,L)J& is given by9

A@~S8,L8!J8;~S,L !J#5
64p4e2

3h~2J811!l3 nF ~n212!2

9 G (
t52,4,6

V tu^~S8,L8!J8iU ~ t !i~S,L !J&u2, ~3!

wheren(n212)2/9 is the local field correction for the Nd31

ion in the initial J8 manifold,n is the refractive index,l is
the wavelength of the transition, andJ is the terminal mani-
fold.

The radiative lifetime is related to the radiative transition
probabilities by9

tR5H (
S,L,J

A@~S8,L8!J8;~S,L !J#J 21

. ~4!

The branching ratios can be obtained from the transition
probabilities by using9

b@~S8,L8!J8;~S,L !J#5
A@~S8,L8!J8;~S,L !J#

(
S,L,J

A@~S8,L8!J8;~S,L !J#

.

~5!

The radiative transition probabilities and branching ratios
for the fluorescence from the4F3/2 to the 4I J states were
calculated by using the Judd-Ofelt parameters and Eqs.~3!
and~5!. These values are listed in Table II, together with the
total spontaneous emission probability (WR).

The resulting radiative lifetimetR and stimulated emis-
sion cross section for the4F3/2→4I 11/2 transition are pre-
sented in Table III together with the effective fluorescence
linewidth. It is known that the effective linewidth is nar-
rowed by using monovalent halide rather than divalent oxide

anions. As can be seen in Table III, the narrowest effective
linewidth corresponds to the sample with the highest content
of fluoride ions. The stimulated emission cross section is
determined byV4, V6, and the effective fluorescence line-
width. Because of the small variations of these quantities
with the F/O ratio, the stimulated emission cross section is
similar for the five samples. The radiative lifetime of the
4F3/2 state only depends on theV4 andV6 parameters, which
as shown in Table I, do not vary much with fluorine to oxy-
gen ratio. However the correction for the local field at the
Nd31 site, introduces a dependence on the refractive index.
Since the refractive index is smaller for the higher F/O ratio
these samples show the longest lifetimes.

C. Lifetime results

The decays of the4F3/2→4I 11/2 transition were performed
with a narrow band~0.08 cm21 linewidth! tunable dye laser
of 9 ns pulse width, exciting the sample at the4I 9/2→4G5/2
absorption band~575 nm!. The measured fluorescence life-
time at room temperature of the five samples doped with 1
wt % of Nd2O3 are displayed in Fig. 3. As can be observed
the lifetimes linearly increase when the fluorine to oxygen
ratio increases.

The concentration dependence of the decays of the4F3/2
state between 0.5 and 5 wt % of Nd2O3 were obtained in the
4.2–300 K temperature range for glassC. The decays were
found to be single exponentials at all temperatures and con-
centrations. This behavior may be due to the use of narrow-

TABLE II. Branching ratios and spontaneous emission probabil-
ity (WR) for the

4F3/2→4I J ~J59/2, 11/2, 13/2, 15/2! transitions of
Nd31 ~1 wt %! in the five studied samples.

4F3/2→ 4I 9/2
4I 11/2

4I 13/2
4I 15/2 WR ~s21!

GlassA 0.366 0.521 0.106 0.0056 1835
GlassB 0.369 0.519 0.106 0.0055 1808
GlassC 0.366 0.521 0.107 0.0056 1802
GlassD 0.372 0.517 0.105 0.0055 1767
GlassE 0.373 0.516 0.105 0.0055 1748

TABLE III. Room-temperature emission properties of Nd31 ~1
wt %! in the five studied samples.

Glass
Refractive
index

Dleff
~nm!

sp

~10220 cm2!
tR

~ms!
texp
~ms!

A 1.4589 28.50 2.56 545 472
B 1.4528 27.94 2.57 553 476
C 1.4477 27.84 2.60 555 482
D 1.4438 27.73 2.52 566 489
E 1.4396 27.70 2.53 572 494
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band laser excitation. As an example Fig. 4 shows the room-
temperature logarithmic plot of the experimental decays for
glassC doped with 1, 2, and 5 wt % of Nd2O3. The lifetime
values as a function of temperature are displayed in Fig. 5.

The fluorescence decays for the4F3/2→4I 11/2 emission
were also measured as a function of the excitation wave-
length along the4I 9/2→4G5/2 absorption band at 4.2 K. Fig-
ure 6 shows that the lifetime~which remains single exponen-
tial! does not exhibit a monotonic variation with wavelength
as should correspond to the case of only one kind of statis-
tical site distribution for Nd31 ions.

IV. DISCUSSION

A. Absorption and equilibrium luminescence spectra

As can be seen in Fig. 5, at low temperatures and concen-
trations the lifetime nearly approaches the radiative lifetime,
hence the rate of nonradiative decay by multiphonon emis-
sion must be small. As concentration rises the decays remain
single exponential but a decrease in the experimental life-

times is observed even at helium temperature. This behavior
could be associated with a rapid energy diffusion between
Nd31 ions that can lead to a spatial equilibrium within the
Nd31 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 exhib-
its a simple exponential decay as is experimentally
observed.17,18 In order to investigate the energy migration
process we have analyzed the relation between the absorp-
tion and equilibrium luminescence spectra. If the diffusion
rate exceeds by far the excited-state decay rate, 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 centers
will be reached. The actual pattern of this distribution,
r(E,T,Z), and of the corresponding luminescence spectra
depends neither on the excitation method nor on the migra-
tion parameters. It is only governed by the density of states
g(E), the temperature, and the fraction of excited centers
Z.19 In the limit of high temperature or low density, where
the number of available quantum states is much greater than

FIG. 4. Logarithmic plot of the fluorescence decays of the4F3/2
state for glassC doped with ~1! 1, ~s! 2, and ~h! 5 wt % of
Nd2O3. The decays were obtained by exciting at the4I 9/2→4G5/2
absorption band and monitored at the emission peak of the
4F3/2→4I 11/2 transition. Data correspond to 295 K.

FIG. 6. Lifetimes of the4F3/2 state as a function of excitation
wavelength along the4I 9/2→4G5/2 absorption band for glassC
doped with 1 wt % of Nd2O3. Lifetimes were obtained at 4.2 K and
collecting the fluorescence at the emission peak of the4F3/2→4I 11/2
transition.

FIG. 3. Lifetimes of the4F3/2 state as a function of fluorine to
oxygen ratio for the five glasses studied doped with 1 wt % of
Nd2O3. Lifetimes were obtained by exciting at 575 nm and collect-
ing the fluorescence at the emission peak of the4F3/2→4I 11/2 tran-
sition. Symbols stand for the experimental values, and solid line is
the linear fit. Data correspond to room temperature.

FIG. 5. Temperature dependence of the4F3/2 state lifetime of
Nd31 ions in glassC. ~3! 0.5 wt %,~1! 1 wt %, ~s! 2 wt %, and
~h! 5 wt %. Lifetimes were obtained by exciting at 575 nm and
collecting the fluorescence at the emission peak of the4F3/2→4I 11/2
transition.
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the number of centers, the distribution becomes a Boltzman
distribution and the equilibrium temperature can be obtained
from the slope ln[r(E)/g(E)]. Figure 7 shows the relation
between the Nd31 absorption and luminescence spectra for
the 4I 9/2↔4F3/2 transition in glassC doped with 1 wt % of
Nd2O3. The absorption cross section was taken proportional
to g(E) and the luminescence band profile proportional to
r(E); ~profiles areas being normalized!. The temperature de-
rived from the slope calculation, account taken of the
branching ratio for the4F3/2→4I 9/2 transition, was 300 K
which agrees with the experimental temperature and demon-
strates that the energy migration process drives the system of
excited centers to thermal equilibrium.

B. Temperature-dependent concentration quenching
of Nd31 fluorescence

The lifetime of the4F3/2 state of Nd31 ion in the doped
glasses should be governed by the sum of probabilities for
several competing processes such as radiative decay, nonra-
diative decay by multiphonon emission, and energy transfer
to other Nd31 ions. If one assumes that the purely radiative
lifetimes tR of

4F3/2 levels are independent of Nd
31 concen-

tration and temperature, and disregarding multiphonon relax-
ation processes, the variations of the experimental lifetimes
can be related with the nonradiative Nd-Nd relaxation pro-
cesses by the simple relation:

texp
215tR

211WNd-Nd~T!. ~6!

Figure 8 shows the effective decay rates for glassC doped
with 0.5, 1, 2, and 5 wt % of Nd2O3 at room, liquid-nitrogen,
and liquid-helium temperatures. In this concentration range
the effective decay rates show a linear dependence on the
square of Nd2O3 concentration, indicating that Nd-Nd energy
transfer probably occurs in the framework of a limited-
diffusion regime. The diffusion is, however, fast enough to
give exponential fluorescence decays.

A detailed study of the thermal dependence of lifetimes
was presented in Fig. 5. These results suggest the presence of
a quite strong thermal quenching mechanism between 4.2
and 100 K. If we disregard the multiphonon relaxation pro-

cesses, relaxation via fast Nd-Nd difussion processes and
subsequent deexcitation via energy sinks should be taken
into account, as they occur even at low temperatures. Figure
9 shows the plot ofWNd-Nd(T) in the 4.2–100 K range for
glassC doped with 2 and 5 wt % of Nd2O3. As can be
observed the nonradiative rate has a nearly linear dependence
with temperature.

It is well known that the Nd31 fluorescence quenching
depends on glass composition.3 For this mixed fluorophos-
phate glass we could expect an intermediate behavior be-
tween a pure fluoride and a pure phosphate. In a previous
work6 some of the authors have investigated the temperature-
dependent concentration quenching of Nd31 fluorescence in
three pure fluoride glasses. These fluoride glasses show a
strong thermal quenching between 15 and 100 K where the
nonradiative rates were found to increase with temperature as
T3, which is in agreement with a two-site nonresonant pro-
cess in the short-wavelength regime as has been shown by
Holstein, Lyo, and Orbach.20 For comparison, Fig. 10 shows
the thermal quenching of Nd31 fluorescence in a pure fluo-
ride glass and in the investigated fluorophosphate glass for

FIG. 7. Relation between the Nd31 ~1 wt %! absorption and
luminescence spectra in glassC. ~Solid line! 4I 9/2→4F3/2 absorp-
tion band profile.~Dashed line! 4F3/2→4I 9/2 luminescence band
profile. ~s!, ln@r(E)/g(E)#. T5300 K.

FIG. 8. Effective decay rates as a function of concentration at
three different temperatures for glassC. ~3! 4.2 K, ~s! 77 K, and
~h! 300 K. Solids lines are the fit to a linear dependence on the
square of the Nd2O3 concentration.

FIG. 9. Plot of the nonradiative Nd-Nd relaxation rate in the
4.2–100 K temperature range for glassC doped with a~s! 2, and
~h! 5 wt % of Nd2O3. Symbols stand for the experimental values,
and solid lines are the fit to a linear dependence on temperature.
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the same concentration~'6.431020 ions/cm3!. As can be
seen the fluorophosphate glass fails to show the temperature
dependence of fluoride glasses in spite of its high fluorine
content. The observed linear behavior ofWNd-Nd(T) with
temperature can be related with the mixed nature of the fluo-
rophosphate glass which seems to enhance the site-
dependent effects. It is well known20 that if the energy mis-
match, DE, between nearby sites is large enough, one-
phonon-assisted transfer is independent ofDE and a linear
dependence with temperature occurs. In order to investigate
this hypothesis, we have performed fluorescence line narrow-
ing experiments with Eu31 in the same glass matrix. Al-
though the local environment of Eu31 may be altered from
that of the Nd31-doped glass and therefore its value as a
probe of intrinsic glass structure may be compromised, it is
the variation of local environment from site to site which
influences the energy-level positions and therefore the possi-
bility of finding resonant or phonon-assisted energy transfer.
Figure 11 shows the time evolution of the time-resolved
resonant line-narrowed5D0→7F0 emission band of Eu31 in

sampleC doped with 2 wt % of Eu2O3. These spectra were
obtained at room temperature and at two different time de-
lays of 20ms and 8 ms after the laser pulse, by exciting at the
high energy side of the inhomogeneous absorption band. As
can be observed, for the spectrum at 8 ms subsequent fluo-
rescence from the acceptors ions tends to replicate the inho-
mogeneously broadened equilibrium emission profile, show-
ing that transfer is not only to resonant sites but to the full
range of sites within the inhomogeneous profile. This effect
was found to be independent of the energy mismatch be-
tween the narrow peak and the barycenter of the equilibrium
emission line showing that energy transfer is in this case a
one-phonon-assisted process.

In the next section we shall see how lifetimes and homo-
geneous linewidths significantly depend on excitation wave-
length showing the existence of a great variety of local fields
environments at the activator ion in this mixed anion fluoro-
phosphate glass matrix.

C. Site-dependent effects

Taking advantage of the tunability and narrow bandwidth
of the Ti-sapphire ring laser as an excitation source for the
4I 9/2→4F3/2, we have performed the excitation spectra of this
transition collecting the luminescence at different wave-
lengths along the4F3/2→4I 11/2 transition. Figure 12 shows
the steady-state excitation spectra obtained at two different
emission wavelengths. As can be observed the spectrum
slightly narrows and blueshifts for emission at the high-
energy wing of the4F3/2→4I 11/2 emission.

The steady-state emission measurements were obtained
for excitation into the4I 9/2→4F3/2 transition. Figure 13
shows the steady-state emission spectra obtained at different
excitation wavelengths measured at 4.2 K. As can be ob-
served the shape of the emission band changes as excitation
goes to low energies through the low-energy Stark compo-
nent of the4F3/2 doublet. Also as excitation wavelength in-
creases, a strong narrowing and redshift of the emission
spectra occur.

These results suggest that the fluorophosphate, which has
a mixed nearest-neighbor coordination, contains~disregard-
ing the geometry of the first coordination shell! a range of
sites produced by the statistical effect of replacing a specified

FIG. 10. Lifetimes as a function of temperature for Nd31 ions
~6.431020 cm23! in ~j! a pure fluoride glass~BIGaZYTZr! and
~h! in glassC. Lifetimes were obtained by exciting at 575 nm and
collecting the luminescence at the emission peak of the
4F3/2→4I 11/2 transition. Data for the fluoride glass correspond to
Ref. 6.

FIG. 11. Room-temperature fluorescence spectra of the
5D0→7F0 transition in glassC doped with 2 wt % of Eu2O3 ob-
tained under excitation at 576.3 nm at two time delays after the
laser pulse~1! 20 ms and~solid line! 8 ms.

FIG. 12. Steady-state excitation spectra of4I 9/2→4F3/2 transi-
tion in glassC doped with 1 wt % of Nd2O3 for luminescence
monitored at two different wavelengths within the4F3/2→4I 11/2
emission band. Measurements were performed at 4.2 K.
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number of one type of anion by another. This effect is felt
through the different electronegativities of the anions and the
strengths of their respective bonds with the Nd31.21 There-
fore at the shorter-wavelength excitations we should observe
emissions from Nd31 ions largely coordinated with fluorides
whereas at the longer-wavelength excitations, emission from
mainly oxide-coordinated Nd31 ions should be dominant.13

As Fig. 13 shows we failed to observe the narrowing effect
by exciting at the high-energy side of the low-energy Stark
component of the4F3/2 doublet. This is probably due to the
presence of the aforementioned energy transfer between
high- and low-energy Nd31 sites and/or to some mixing with
the emission produced by accidentally exciting low-field
sites at the high-energy Stark component of the4F3/2 doublet.

As mentioned above, the site-dependent decay times for
the 4F3/2→4I 11/2 Nd

31 emission measured at 4.2 K~see Fig.
6! show that the lifetime, which displays a variation of about
100 ms, does not exhibit a monotonic change with wave-
length. Moreover, longer decay times occur at shorter exci-
tation wavelengths, and vice versa. These results point out to
the existence of a strong site segregation for neodymium in
these mixed fluorophosphate glasses, suggesting once more
that those sites having predominantly fluoride coordination
are excited at shorter wavelengths, whereas oxidiclike coor-
dination sites are excited at longer ones.

In spite of the good resolution of our narrow bandwidth
Ti-sapphire ring laser as an excitation source for the
4I 9/2→4F3/2 transition, accidental coincidences of the Stark
components belonging to different sites mainly containing
fluoride or oxide coordinators, may limit the expected site-
selection process in the emission spectra~Fig. 13!, if com-
pared with lifetimes. In order to overcome these difficulties
and to address the influence of the local coordination ions on

the optical properties of rare earths in these fluorophosphate
glasses we have performed fluorescence line-narrowing spec-
troscopy on Eu31. It is well known14,22,23that the5D0↔7F0
transition of Eu31 is ideally suited for a study of line broad-
ening in glasses because a single transition between nonde-
generate levels can be studied with no overlapping from
neighboring crystal-field components. Moreover, the energy
gap between5D0 state and the next lower7F6 state is about
ten times the highest involved phonon energy. Therefore, the
probability of nonradiative deexcitation of5D0 state by mul-
tiphonon processes is very small. At low dopant concentra-
tions and temperatures, cross relaxation via ion-ion interac-
tion can be disregarded and the measured lifetimes of the
5D0 state can be considered mainly radiative. Thus their de-
pendence with excitation wavelength should parallel the
variations of the electric dipolar transition rates.24 On the
other hand, ions in different environments have different
electron-phonon coupling strengths and therefore will have
different homogeneous linewidths. Because homogeneous
linewidth, Dn, and relaxation~or dephasing! time t are re-
lated by the expressionDn5~2pt!21, we can obtain comple-
mentary information by working either in the frequency or
the time domain.25 Figure 14~a! shows the results obtained
for the decay of the line-narrowed fluorescence of the
5D0→7F2 hypersensitive transition of Eu31 which is very
sensitive to small changes in the chemical surroundings of

FIG. 13. Steady-state emission spectra of4F3/2→4I 11/2 transi-
tion in glassC doped with 1 wt % of Nd2O3 for different excitation
wavelengths along the low-energy Stark component of the4F3/2
level. Measurements were performed at 4.2 K.

FIG. 14. ~a! Lifetime of the line-narrowed fluorescence of the
5D0→7F2 hypersensitive transition of Eu31 in glassC doped with
2 wt % of Eu2O3 obtained by exciting along the

7F0→5D0 absorp-
tion band. ~b! Linewidth of the time-resolved resonant line-
narrowed5D0→7F0 emission band of Eu31 as a function of exci-
tation wavelength along the7F0→5D0 absorption band in glassC
doped with 2 wt % of Eu2O3. Measurements were performed at 1
ms after the laser pulse. Dashed line is only a guide for the eyes.
Data correspond to 4.2 K.
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the ion.26 As can be observed, the dependence on excitation
wavelength ~by exciting along the7F0→5D0 absorption
band! of the Eu31 lifetime presents similar features~see Fig.
6! than the fluorescence decay for the4F3/2→4I 11/2 emission
of Nd31 as a function of the excitation wavelength along the
hypersensitive4I 9/2→4G5/2 transition. As it is well known

12 a
larger transition probability of this hypersensitive transition
corresponds to an increase of covalent bonding, and because
the field strength of the rare-earth ligand increases by diva-
lent oxide anions rather than monovalent fluoride ions, the
distribution of lifetimes as a function of excitation energy
gives us a picture of the type of anion coordination around
the rare earth. Therefore, at shorter wavelengths we have an
enhanced probability of fluoride-coordinated rare-earth ions
whereas at longer wavelengths oxide coordinated sites be-
come dominant. This lifetime result is mirrored by the mea-
sured linewidth of the time-resolved resonant line-narrowed
5D0→7F0 emission band of Eu

31 as a function of excitation
wavelength along the7F0→5D0 absorption band. Figure
14~b! shows this wavelength dependence obtained at 4.2 K
and 1 ms after the laser pulse in sampleC doped with 2 wt %
of Eu2O3. At this concentration and temperature, energy
transfer between Eu31 ions can be neglected. Although the
spectral width of the laser pulse~0.08 cm21! could be much
narrower than the expected homogeneous linewidth we were
limited by the spectral resolution~3 cm21! of the optical
multichannel analyzer. Nevertheless as the results are good
enough in order to be compared with lifetimes we made no
deconvolution in the resulting spectra. It is clear from this
figure that homogeneous linewidths are dominated by life-
time broadening caused by rapid phonon relaxation pro-
cesses and therefore also yield a very valuable information
about the strength of ion-phonon coupling in this glass ma-
trix, confirming once more that the less efficient and more
distorted local environments correspond to the oxide-
coordinated sites. Our results are somewhat different from
those found in other fluorophosphate glasses.13 In our
system there is a clear crossover between the behavior of
fluorinelike and oxygenlike coordination anions. This sharp
segregation of sites with relatively large differences in
electron-phonon couplings should also give a broad energy
distribution for the energy levels of Nd31, thus reinforcing
the hypothesis that energy transfer between Nd31 ions takes
place in these glasses mainly by a one-phonon process.

V. CONCLUSIONS

~i! From the steady-state optical-absorption measurements
the Judd-Ofelt parameters were derived and used to calculate

the 4F3/2→4I 11/2 stimulated emission cross section and the
4F3/2 radiative lifetime for Nd31 in five samples with differ-
ent fluorine to oxygen ratios. TheV2 parameter decreases as
the fluorine to oxygen ratio increases, indicating a more co-
valent bonding in glasses with a lower F/O ratio. The effec-
tive linewidth of the4F3/2→4I 11/2 transition decreases when
the fluorine to oxygen ratio increases.

~ii ! The decays of the4F3/2 state were found to be single
exponential for all temperatures and concentrations. For the
samples doped with 1 wt % of Nd2O3 the lifetimes were
found to be linear dependent on the F/O ratio.

~iii ! Quenching of the Nd31 fluorescence by Nd-Nd inter-
actions is already present at concentrations higher than 1
wt %. As the concentration rises the decay remains single
exponential but a decrease in the experimental lifetime is
observed even at helium temperature, showing that relax-
ation via fast Nd-Nd diffusion processes occurs.

~iv! From the relation between the absorption and lumi-
nescence spectra, the thermodynamical equilibrium tempera-
ture of the energy distribution of the excitations has been
estimated. The obtained result is in agreement with the ex-
perimental temperature demonstrating that the energy migra-
tion process drives the system of excited centers to thermal
equilibrium.

~v! The observed linear behavior ofWNd-Nd(T) with tem-
perature between 4.2 and 100 K can be related with the
mixed nature of the fluorophosphate glass which enhances
the site-dependent effects giving a broad energy distribution
for the energy levels of Nd31 and allowing for one-phonon-
assisted ion-ion cross relaxation processes.

~vi! The influence of the local coordination ions on the
optical properties of Eu31 in these fluorophosphate glasses
investigated by fluorescence line-narrowing spectroscopy
shows the existence of a clear crossover between the behav-
ior of fluorinelike and oxygenlike coordination anions. This
sharp segregation of sites with relatively large differences in
electron-phonon couplings should give a broad energy distri-
bution of energy levels in the case of Nd31 doped glass.
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