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The optical properties of Eu31-doped fluorophosphate glasses of composition~in mol %! 60
NaPO3-15BaF2-~252x!YF3-xEuF3 ~x50.5, 2, 5, 10, 15, 20, and 25! have been investigated in the 4.2–300 K
temperature range by using optical absorption spectroscopy and time-resolved resonant laser-induced fluores-
cence line narrowing. From the room-temperature absorption spectra Judd-Ofelt parameters have been obtained
and used to calculate the spontaneous emission probabilities from the5D0 state. The spectral features of the
time-resolved fluorescence line-narrowed5D0→7F0,1 emission spectra obtained under resonant excitation at
different wavelengths along the7F0→5D0 transition as a function of concentration and temperature reveal the
existence of energy migration between discrete regions of the inhomogeneous broadened spectral profile. From
the concentration and time dependence of the average rate of excitation transfer, the electronic mechanism
ruling the ion-ion interaction can be identified as a dipole-dipole energy transfer process. At low temperatures
the average transfer rate parameter slightly depends on wavelength showing a temperature independent behav-
ior. Above 77 K the weak dependence of the transfer rate on excitation wavelength~weak dependence on
energy mismatch! together with itsT3 temperature dependence point to a transfer mechanism consistent with
a two-site nonresonant two-phonon assisted process. The estimated average crystal field strength grows mono-
tonically with the7F0→5D0 energy suggesting a large variation in the local environment of Eu

31 ions in these
glasses. The slight increase with concentration of the5D0 fluorescence decays together with their single
exponential character suggest that the transfer process may be fast enough to drive the system of excited
centers to thermal equilibrium.@S0163-1829~96!06041-9#

I. INTRODUCTION

Rare earth (R) doped glasses have generated a great deal
of interest as potential materials for optical devices in laser
technology.1 Among these materials, fluorophosphate glasses
are promising host materials for optical applications because
of their optical properties, low refractive indices, low disper-
sion, and good transparency from the ultraviolet to the infra-
red regions of the optical spectra.2,3 In general, highly con-
centrated rare earth glasses are difficult to synthesize because
they are very unstable materials. However, recently fluoro-
phosphate glasses in the NaPO3-BaF2-RF3 system have been
obtained which are very stable and able to accept huge
amounts of rare earth ions.4 The optical properties of rare-
earth ions in a glass material depend on the chemical com-
position of the glass matrix, which determines the structure
and nature of the bonds.5 The luminescence of local probes
such as Eu31 ions can provide an important information on
the structure and properties of glasses. The optical properties
of Eu31 ions are well known to be highly sensitive to the
local environment and have proved to be useful in the study
of disordered media.6–19 Since the first excited state5D0 is
nondegenerate, the structure observed in the fluorescence
spectra is only determined by the terminal ground state split-
tings. The inhomogeneous broadening of the7F0→5D0 ab-

sorption band is due to the site-to-site variations in the local
field acting on the ions. However, the line can be narrowed
by optical site-selective methods such as laser-induced fluo-
rescence line narrowing~FLN!. These techniques are useful
in obtaining detailed information on the local field and ion-
ion and ion-host interaction processes.

When the activator ion concentration in glass becomes
high enough, ions interact by multipolar or exchange cou-
pling, and ion-ion energy transfer occurs. Due to the inherent
disorder of glass, ions in nearby sites may be in physically
different environments with greatly varying spectroscopic
properties. Therefore, besides causing a spatial migration of
energy, transfer may also produce spectral diffusion within
the inhomogeneously broadened spectral profile.20

There are several reasons why an understanding of energy
transfer processes is of interest. From a technical point of
view rare earth doped glasses are used nowadays in an ex-
tremely important class of optical devices including optical
fiber amplifiers, lasers, light converters, sensors, etc. The de-
velopment of more efficient rare earth materials for many of
these devices requires a complete understanding of the pro-
cesses which affect the optically excited state. From a more
fundamental view, energy transfer processes involve physi-
cal phenomena which are the basis of more complex excita-
tion transport in disordered solids.
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Many experimental studies have been devoted to energy
transfer in rare earth doped materials, but very few approach
the fundamental interaction, probably because special pulsed
laser sources and detection systems are required. Time-
resolved fluorescence line-narrowing~TRFLN! techniques
have only been used in a few studies on intraline energy
transfer in glasses,12,21–24and among these, there is only one
which analyses transfer process dynamics and its tempera-
ture dependence in Eu31 doped calcium metaphosphate.23

The knowledge about the temperature dependence of the
transfer rate parameter in each particular system is of a great
importance because it allows to determine the kind of
mechanism involved in phonon assisted nonresonant energy
transfer.

In a previous work some of the authors have investigated
the spectral migration of the low temperature~4.2 K! time-
resolved line-narrowed5D0→7F0 emission spectra of Eu31

ions in NaPO3-BaF2-RF3 fluorophosphate glasses. The re-
sults were found to be consistent with a dipole-dipole inter-
action mechanism among the Eu31 ions.25

This work presents together with a detailed study of the
optical properties of Eu31 ions in fluorophosphate glasses of
composition ~in mol %! 60NaPO3-15BaF2-~252x!YF3-x
EuF3 ~x50.5, 2, 5, 10, 15, 20, and 25! a dynamical study of
the energy transfer mechanism in a broad temperature range
between 4.2 and 200 K. The study includes absorption, Judd-
Ofelt parameters calculations, lifetimes of the5D0 state, and
time-resolved FLN of the5D0→7F0,1,2 resonant excited tran-
sitions, performed as a function of excitation wavelength and
temperature. The spectral features of the time-resolved
5D0→7F0,1 resonant excited spectra are analyzed in terms of
phonon assisted energy transfer processes among the Eu31

ions. From the temperature dependence of the transfer rate
parameter two different phonon assisted mechanisms have
been observed.

II. EXPERIMENT

The fluorophosphate glasses used in this study were pre-
pared at the Laboratoire de Verres et Ce´ramiques of the Uni-
versity of Rennes~France!. Glasses were synthesized in the
NaPO3, BaF2 ~YF3/EuF3! system with the following compo-
sitions in mol %: 60NaPO3-15BaF2-~252x!YF3-xEuF3 ~x
50.5, 2, 5, 10, 15, 20, 25!, and designated as NBEux . Details
on the entire glass forming diagram may be found in Ref. 4.
Rare-earth oxides were processed by a fluorinating agent
NH4F, HF. The fluorination of the rare-earth oxides was car-
ried out at 300 °C in a vitreous carbon crucible under argon
atmosphere during four hours. Then, the excess of NH4F, HF
was eliminated at 800 °C, and the newly formed rare-earth
fluoride was cooled down to room temperature. At this stage,
the phosphate and fluorides were mixed together and the
batch was heated up to 1100 °C for melting and refining for
15 min, then cooled down to 750 °C, and poured onto a brass
mold preheated at the glass transition temperature,Tg . Fi-
nally, the samples were annealed atTg before being appro-
priately cut and polished for the 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.
Resonant time-resolved fluorescence line-narrowed spectra

were performed by exciting the samples with a pulsed fre-
quency doubled Nd:YAG pumped tunable dye laser of 9 ns
pulse width and 0.08 cm21 linewidth and detected by a
EGG-PAR optical multichannel analyzer.

For lifetime measurements, the fluorescence was analyzed
with a 1 mSpex monochromator, and the signal was detected
by a Hamamatsu R928 photomultiplier. Data were processed
by a boxcar integrator.

III. SPECTROSCOPIC RESULTS

A. Absorption properties

The room temperature absorption spectra were recorded
for all samples in the 250–600 nm spectral range using a
Cary 5 spectrophotometer. As an example Fig. 1 shows the
room temperature absorption spectra of the glass doped with
5, 15, and 25 mol % of Eu31 in the 300–600 nm range. The
spectra consist of several inhomogeneously broadened tran-
sitions from the7F0 ground state and the thermally populated
7F1 state to the excited states belonging to the 4f 6 configu-
ration.

Radiative emission probabilities of rare-earth ions can be
determined by applying the Judd-Ofelt theory.26,27 The
method consists, first, in measuring the experimental oscilla-
tor strengths,f expt, for every electronic transition arising
from the ground state,7F0. However, in the case of Eu31

ions, the first excited state,7F1, is thermalized at room tem-
perature, so absorption occurs from that level as well. Thus
experimental oscillator strengths were determined by means
of the following equation:

f expt5
mc

pe2N E a~n!dn, ~1!

FIG. 1. Absorption spectra at room temperature of NBEu glass
doped with three different concentrations: 5 mol %~bottom!, 15
mol % ~middle!, and 25 mol %~top!.
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where the integrated absorption coefficient is computed for
transitions from (7F0 ,

7F1) ~m ande are the electron mass
and charge,c the light velocity, andN is the number of
active species per cm3! which was 2.4131021 ions cm23 for
the NBEu15 sample used to calculate the Judd-Ofelt param-
eters.

According to the theory, the expression for the calculated
oscillator strength~f calc! for a SLJ→S8L8J8 transition is

f calc~J,J8!5
8p2mn̄

3h~2J11!e2n2

3@xedSed~J,J8!1xmdSmd~J,J8!#, ~2!

where n̄ is the average frequency of the transition andh is
the Planck constant. A constant value of 1.518 was used for
n, the refractive index of the medium. Thex factors, which
correct for the effective field at an active center in the glass,
are equal ton(n212)2/9 andn3, for electric dipole~ed! and
magnetic dipole~md! transitions, respectively. The electric
dipole line strength,Sed, is a function of the Judd-Ofelt pa-
rametersVt and matrix elementsU

(t), with t52,4,6, whereas
Smd depends on the matrix elements of (L12S), as shown in
Eqs.~3! and ~4!:

Sed~J,J8!5e2 (
t52,4,6

V t~^ f
NJuuU ~ t !uu f NJ8&!2, ~3!

Smd~J,J8!5
e2h2

16p2m2c2
~^ f NJuuL12Suu f NJ8&!2. ~4!

For Eu31 ions, all absorption lines are assumed to be pure
electric dipole in nature, including the weak
(7F0 ,

7F1→5D1) transition with a magnetic contribution
which is small enough to be neglected. Because thermaliza-
tion occurs between the ground state and the first excited
state at room temperature, we have defined an effective os-
cillator strength:

f eff5
~2J011! f 01~2J111! f 1e

2DE/kT

~2J011!1~2J111!e2DE/kT , ~5!

wheref 0 and f 1 refer to the calculated oscillator strength for
7F0 and

7F1, respectively.DE, the energy gap between these

two levels, is estimated to be equal to 280 cm21 from the
absorption spectrum.k is the Boltzmann constant.

The intensity parametersVt of Eq. ~3! are found by a
least-squares fitting of the experimental and effective electric
dipole oscillator strengths. The results are shown in Table I.

It should be noted that the absorption bands permitted
from the ground state to the7F2,

7F4,
7F6 levels were not

included in the fitting procedure. The first one is simply be-
yond the multiphonon absorption edge of the glass. The sec-
ond one overlaps with a strong absorption band located
around 2200 cm21, due to the presence of phosphate groups.
The third one is observed; however, this transition only de-
pends on aU ~6! matrix element (U (2)5U (4)50) which is, in
addition, two orders of magnitude higher than the other tran-
sition matrix elements. Thus in the present case,7F0→7F6
acts as a hypersensitive transition and was deleted from the
procedure.

The remaining absorption bands, located in the visible
and ultraviolet~UV! regions, were assigned and their respec-
tive U (t) matrix elements attributed, according to the results
by Carnallet al. for Eu31 aquo ions.28 It is well known that
band positions andU (t) element values are quasi-host-
independent. When several transitions overlap, which is of-
ten the case in the UV, an appropriate combination of these
elements was used in Eq.~3!.

Finally, an excellent fit was obtained between the experi-
mental and calculated oscillator strengths, as indicated by the
root-mean-square deviation,drms, equal to 831028. This
value favorably compares with results obtained for other ion-
host combinations.29,30 The phenomenological Judd-Ofelt
parameters for Eu31 ions in NBEu fluorophosphate glass are
found to beV253.24, V455.11, V652.89, in 10220 cm2

units.
By means of theseVt parameters, the radiative emission

probabilities can be calculated through the following equa-
tion:

A~J,J8!5
64p4n3

3h~2J11!c3
@xedSed~J,J8!1xmdSmd~J,J8!#.

~6!

Also, one defines the radiative lifetime for a given excited
stateSLJ

TABLE I. Measured and calculated~effective! oscillator strengths of Eu31 ions in NBEu15 fluorophos-
phate glass. Transitions are from the (7F0 ,

7F1) states to the levels indicated. Wavelengths correspond to
average transition energies.V253.24,V455.11,V652.89 ~in 10220 cm2 units!; drms5831028.

Levels
Wavelengths

~nm!
f expt

~1028!
f calc

~1028!
Residuals

~1028!

5D1 531.0 5 3 2
5D2 464.2 8 5 3
5D3 415.5 3 4 21
5L6 394.5 105 108 23
5G2

5L7 380.0 88 92 24
5G4,5,6

5D4 362.4 17 15 2
5H4,5,6,7 319.6 98 94 4
5(I ,H)5

5F2,3,4,5
5I 4 298.0 85 86 21

5(I ,H)6
5I 7 286.0 38 21 17

12 078 54BALDA, FERNÁNDEZ, ADAM, AND ARRIANDIAGA



t rad5
1

(
i
Ai~J,J8!

~7!

and the branching ratio for aSLJ→S8L8J8 transition

b~J,J8!5
A~J,J8!

(
i
Ai~J,J8!

, ~8!

where the summation is over all transitions from the excited
state to the terminal levels. The results are given in Table II
for transitions from the5D0 level to the 7FJ levels ~J
51,2,4,6!.

Transitions to7F3 and 7F5 are forbidden:28,31 U (t)50
andDJÞ0,61, whereas transitions to7F2,

7F4, and
7F6 are

pure electric dipole ones. The5D0→7F1 transition, on the
other hand, is magnetic-dipole allowed. It is well known that
magnetic contributions depend on thexmd factor only, the
line strength being constant whatever the material. Thus, by

means of data determined by Weber32,33 for YAlO3 crystals
@Amd(J,J8)5107 s21 andnc axis51.94# we were able to de-
termine the magnetic dipole probability of 51 s21 shown in
Table II. This value is consistent with results obtained for
parent materials, e.g.,Amd (J,J8) is equal to 58 s21 for
Ba~PO!3 glass and 66 s21 for Ba-Zn-Lu fluoride glasses,
respectively.34,35

Finally, the radiative lifetime is found to be equal to 4.2
ms for 5D0, which is in good agreement, within 10%, with
the experimental value of 3.8 ms measured for a 0.5% doped
sample. This shows the validity of the Judd-Ofelt calculation
for Eu31 ions, provided that thermalization between the
ground state and the first excited state is taken into account.

B. Time-resolved FLN studies

Time-resolved line-narrowed fluorescence spectra of the
5D0→7F0,1,2 transitions of Eu

31 in NBEux glasses were ob-
tained between 4.2 and 200 K by using different resonant
excitation wavelengths in the7F0→5D0 inhomogeneous ab-
sorption profile. These spectra were obtained at different
time delays after the laser pulse. Figure 2 shows the spectra
at 4.2 K for samples doped with 2, 5, 10, 15, 20, and 25
mol % of Eu31 obtained at 1 ms after the laser pulse by
exciting at the high energy side of the7F0→5D0 inhomoge-
neous absorption profile~577.2 nm!.

1. 5D0˜
7F 0 emission spectra

At low concentrations and time delays, the5D0→7F0
spectra show a narrowed peak~effective linewidth around 11
cm21! that varies linearly with laser excitation wavelength.
At concentrations equal or higher than 2 mol % and as time
increases, besides the narrow line, a broad~nonselected!
emission appears indicating the existence of energy transfer

FIG. 2. Time-resolved line-narrowed emission spectra of
5D0→7F0,1,2 transitions of Eu

31 ions in NBEu glass doped with 2,
5, 10, 15, 20, and 25 mol % of Eu31 ions. The fluorescence was
measured at 4.2 K at a time delay of 1 ms after the laser pulse and
under excitation at 577.2 nm.

FIG. 3. Line-narrowed fluorescence spectra of the5D0→7F0
transition in NBEu glass doped with 10 mol % of Eu31 obtained
under excitation at 577.2 nm at different time delays after the laser
pulse ranging from 10ms to 12 ms. Measurements were performed
at 4.2 K.

TABLE II. Calculated spontaneous emission probabilities, ra-
diative lifetime, and branching ratios for transitions from the5D0
level of Eu31 ions in NBEu15 fluorophosphate glass.~md! and~ed!
stand for magnetic and electric dipole, respectively.

Transitions l ~nm! A ~s21! trad ~ms! b

5D0→7F1 590 51 ~md! 4.2 0.22
5D0→7F2 609 104 ~ed! 0.44
5D0→7F4 698 78 ~ed! 0.33
5D0→7F6 802 2.5 ~ed! 0.01
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between discrete regions of the inhomogeneous broadened
profile. Also as time increases, the relative intensity of both
emissions changes, and the broad one becomes stronger. As
an example, Fig. 3 shows the time evolution of the
5D0→7F0 low temperature~4.2 K! emission spectra for the
sample doped with 10 mol % of Eu31. The Eu31 ions were
excited on the high energy side of the inhomogeneous ab-
sorption band using a 577.2 nm laser pulse. At higher con-
centrations the transfer process appears at shorter time de-
lays, but in all cases energy transfer produces a relative
increase of the broad emission with respect to the narrow
band~see Fig. 2 in Ref. 25!.

The5D0→7F0 spectra were also performed by exciting at
the low energy side of the inhomogeneous broadened ab-
sorption band as a function of time delay. Figure 4 shows the
spectra for the sample doped with 10 mol % of Eu31 ob-
tained with a 579.8 nm laser pulse. The pattern of these
spectra at 4.2 K reveals that the broad emission practically
disappears, indicating that excitation energy can migrate
mainly in one direction. Nevertheless, at temperatures higher
than 40 K, the broad emission also appears on the high en-
ergy side of the narrow peak.

2. 5D0˜
7F 1 emission spectra

Figure 2 shows the time-resolved fluorescence-narrowed
spectra of the5D0→7F0,1,2 emissions at 4.2 K obtained un-
der resonant excitation at 577.2 nm within the7F0→5D0
inhomogeneous broadened absorption band for different con-
centrations. The spectra were obtained at a time delay of 1
ms. As can be observed, at a low concentration~2 mol %!,
5D0→7F1 transition shows three distinct main peaks due to

the Stark splitting of the7F1 state, meaning that the Eu31

ions are located in sites withC2v symmetry or lower. How-
ever, for concentrations higher than 2 mol %, one additional
peak appears beside the high energy component. As we shall
see in the next section, this is due to the presence of phonon
assisted energy transfer within the inhomogeneous broad-
ened profile of a similar nature to the one present at the
5D0→7F0 emission.

As was also observed for other glasses,6,7,13,16–19the Stark
components of the7F1 multiplet noticeably differ in their
evolution with excitation energy. The high energy~shortest
wavelength! component is considerably sharper than the oth-
ers and its location is more sensitive to the excitation energy.
Figures 5 and 6 show the time-resolved emission spectra for
samples doped with 2 and 10 mol % of Eu31 ions at 4.2 K
obtained under different resonant excitation wavelengths
along the7F0→5D0 transition, and at 1 ms after the laser
pulse. If compared with the7F2 multiplet, the evolution of
the 5D0→7F1 emission with the excitation wavelength is
noticeable. As we mentioned before, besides the high energy
7F1 Stark component of the

5D0→7F1 emission~obtained by
exciting at the high energy wing of the7F0→5D0 absorption
band at 576.9 nm!, Fig. 6 shows a bump at around 16 980
cm21 which evolves with time and grows with concentration.
In order to further investigate the origin of this additional
emission peak in the5D0→7F1 transition, time-resolved
emission spectra were performed under resonant excitation at
the 7F0→5D0 inhomogeneous broadened absorption band
and at different time delays after the laser pulse ranging be-
tween 50ms and 12 ms. As a first example, Fig. 7 shows the
time-resolved spectra for a glass doped with 10 mol % of
Eu31 ions obtained under excitation at the high energy side

FIG. 4. Time-resolved line-narrowed fluorescence spectra of the
5D0→7F0 transition in NBEu glass doped with 10 mol % of Eu31

obtained under excitation at 579.8 nm at different time delays after
the laser pulse ranging from 10ms to 12 ms. Measurements were
performed at 4.2 K.

FIG. 5. Time-resolved line-narrowed emission spectra of
5D0→7F0,1,2 transitions of Eu

31 ions in NBEu glass doped with 2
mol % of Eu31 ions. The fluorescence was measured at 4.2 K at a
time delay of 1 ms after the laser pulse and at different excitation
wavelengths.
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of the7F0→5D0 transition~577.2 nm! at 4.2 K and at 77 K.
As can be observed the high energy Stark component of the
5D0→7F1 transition decreases as time increases at a rate
similar to the one of the7D0→5F0 narrow peak, giving rise
to a broad side band which is partially hidden by the other
two enhanced Stark components.

As a second example, in Fig. 8 we present the time re-
solved site-selective emission spectra obtained under excita-
tion at the low energy wing of the7F0→5D0 transition
~579.8 nm! at 4.2 and 77 K, for time delays ranging between
50ms and 12 ms. As can be seen, at helium temperature, and
in accordance with the results obtained for the5D0→7F0
transition, transfer is negligible and the spectra mainly con-
sist of three peaks. However, at 77 K and as time increases,
besides the three peaks a shoulder appears on the high energy
side of the first Stark component of the5D0→7F1 transition,
the intensity of which grows stronger as time increases.

C. Lifetimes results

Lifetimes measurements performed at 77 K as a function
of excitation wavelength, for samples doped with 2, 5, 10,
15, 20, and 25 mol % of Eu31, have shown that lifetimes
remain nearly constant at wavelengths corresponding to the
high energy side of the absorption band but then decrease as
wavelength increases.25 These measurements also showed a
slight increase of the5D0 lifetime with Eu31 concentration
indicating the presence of transfer between europium ions.
This fact, together with the single exponential character of
the decays, suggests that the transfer process may be fast
enough to drive the system of excited centers to thermal
equilibrium. Another interesting feature is the wavelength

dependence of lifetimes which shows a two-step behavior as
excitation wavelength increases, supporting the existence of
at least two broad varieties of Eu31 field sites.

In this work lifetime measurements were obtained as a
function of temperature and concentration. The decay times
of the 5D0 state were measured with a narrow band~0.08
cm21! tunable dye laser of 9 ns pulse width. The samples
were excited at the7F0→5D0 transition and the lumines-
cence collected at the high energy Stark component of the
5D0→7F2 emission~612 nm!. The observed decays remain
single exponential at all temperatures and concentrations,
which may be due to the use of narrow band laser excitation.
As an example, Fig. 9 shows the room temperature logarith-
mic plot of the experimental decays for the samples doped
with 5, 15, and 25 mol %, obtained by exciting at 578 nm.

Lifetime data as a function of concentration at 4.2 K, 77
K, and room temperature are shown in Fig. 10. As can be
seen at concentrations higher than 20 mol %, lifetime de-
creases with temperature. Figure 11 shows this temperature
dependence for the samples doped with 20, and 25 mol % in
the 4.2–300 K range.

IV. DISCUSSION

A. 5D0˜
7F 0 emission spectra

The time evolution of laser-induced resonant line-
narrowed fluorescence is produced by a combination of ra-
diative decay and nonradiative transfer to other nearby ions.
Subsequent fluorescence from the acceptors ions replicate
the inhomogeneously broadened equilibrium emission pro-
file, showing that transfer is not to resonant sites but to the

FIG. 6. Time-resolved line-narrowed emission spectra of
5D0→7F0,1,2 transitions of Eu

31 ions in NBEu glass doped with 10
mol % of Eu31 ions. The fluorescence was measured at 4.2 K at a
time delay of 1 ms after the laser pulse and at different excitation
wavelengths.

FIG. 7. Time-resolved line-narrowed emission spectra of
5D0→7F0,1 transitions of Eu

31 ions in NBEu glass doped with 10
mol % of Eu31 ions. The fluorescence was measured at 4.2 and 77
K, exciting at the high energy wing of the7F0→5D0 absorption
band~577.2 nm! at different time delays after the laser pulse rang-
ing between 50ms and 12 ms.
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full range of sites within the inhomogeneous profile. In this
case, a quantitative measure of the transfer is provided by the
ratio of the intensity in the narrow line to the total intensity
of the fluorescence in the inhomogeneous band.

One of the kinetic methods of migration investigation
consists in analyzing time-resolved luminescence spectra af-
ter selective excitation.24 As we have shown above at low
temperature~4.2 K! the 5D0→7F0 luminescence spectra re-
veal energy migration with increasing time delay only in the
Stokes part of the inhomogeneous line shape. Neglecting the
dispersion in the radiative decay rate, and using the Fo¨ster
formula for dipole-dipole energy transfer, one can write for
the relationship between the integral intensities of the broad
background emissionI B , and the narrow luminescence com-
ponentI N ,

lnS I BI N 11D5g~EL!t1/2. ~9!

The macroscopic parameterg(EL) has the meaning of an
integral characteristic, reflecting the average rate of excita-
tion transfer from donors to the ensemble of spectrally non-
equivalent acceptors.24

FIG. 8. Time-resolved site-selective emission spectra of
5D0→7F0,1 transitions of Eu

31 ions in NBEu glass doped with 10
mol % of Eu31 ions. The fluorescence was measured at 4.2 and 77
K exciting at the low energy wing of the7F0→5D0 absorption band
~579.8 nm! at different time delays after the laser pulse ranging
between 50ms and 12 ms.

FIG. 9. Logarithmic plot of the fluorescence decays of the5D0
state for samples doped with 5, 15, and 25 mol % of Eu31. The
decays were obtained by exciting at the7F0→5D0 absorption band
~578 nm! and collecting at the first Stark component of the
5D0→7F2 emission~610 nm!. Measurements were performed at
295 K.

FIG. 10. Decay times obtained under excitation at 578 nm and
collecting at the first Stark component of the5D0→7F2 emission
~610 nm! as a function of Eu31 concentration. Measurements are
performed at 4.2, 77, and 295 K.

FIG. 11. Temperature dependence of the5D0 state lifetime of
Eu31 ions in glasses doped with 20 and 25 mol %. Lifetimes were
obtained by exciting at 578 nm and collecting the fluorescence at
the first Stark component of the5D0→7F2 emission~610 nm!.
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We have analyzed the time-resolved site-selective fluores-
cence spectra of the5D0→7F0 transition obtained at differ-
ent excitation wavelengths along the high energy side of the
7F0→5D0 inhomogeneous absorption profile at different
time delays between 10ms and 12 ms according to Eq.~9!.
As an example, Fig. 12 shows the results for the samples
doped with 10 and 20 mol % of Eu31 at 77 K for an excita-
tion wavelength of 577.2 nm. As can be observed a linear
dependence of the ln(I B/I N11) function ont1/2 was found,
indicating that a dipole-dipole mechanism of interaction
among the Eu31 ions dominates in this time regime. The
same behavior was also observed in additional measurements
at different temperatures and different excitation wave-
lengths. The small variation of the energy migration rate,
g(EL), with excitation wavelength suggests an energy mis-
match~energy differenceDE between nearby sites! indepen-
dent mechanism. If this were the case, there are two possible
mechanisms for the energy transfer:36 one phonon assisted
transfer or a two-site nonresonant process~involving one
phonon action at each of two sites!, which should show a
linear andT3 temperature dependence, respectively, being
both independent of energy mismatchDE.

In order to further investigate the nature of the transfer
mechanism we have measured the temperature dependence
of the energy migration rate by analyzing the5D0→7F0
time-resolved spectra according to Eq.~9! between 4.2 and
200 K. The upper temperature limit was established because
at temperatures higher than 200 K the5D0→7F0 spectra
only show the broad component. The spectra were obtained
by exciting at the high energy wing of the7F0→5D0 transi-
tion ~577.2 nm!. The dependence of the energy migration
rate on temperature for the sample doped with 10 mol % of
Eu31 is shown in Fig. 13. As can be observed the transfer
rate does not vary significantly between 4.2 and 77 K, but
then increases with temperature. The transfer rate between
77 and 200 K closely follows aT3 temperature dependence
relationship as shown in Fig. 14.

The observed behavior, weak dependence of the transfer
rate on excitation wavelength~weak dependence on the en-

ergy mismatch! together with aT3 temperature dependence,
is consistent with a two-site nonresonant process involving
one phonon action at each of the two sites as has been shown
by Holstein, Lyo, and Orbach.36 This phonon assisted trans-
fer process was previously observed in other Eu31 doped
glasses.23 As far as concerns the low temperature behavior,
the excitation wavelength dependence of the transfer rate
was found to be slightly higher than at 77 K but nearly
temperature independent as shown in Fig. 13. As pointed out
in Ref. 24, this result is consistent with a mismatch depen-
dent transfer process assisted by one acoustic phonon with
the conditionkT!DE andDE.0, whereDE is the energy
mismatch.

The concentration dependence of the spectral migration
rate investigated from the FLN resonant spectra of samples
with different concentrations obtained at 77 K and at 1 ms
after the laser pulses,25 further supports the dipolar nature of
the ion-ion coupling mechanism.

FIG. 12. Time evolution analysis of the5D0→7F0 lumines-
cence spectra by means of Eq.~9! for samples doped with 10 and 20
mol % of Eu31. The spectra were obtained at different time delays
after the laser pulse, between 10ms and 12 ms, by exciting at the
high energy wing of the7F0→5D0 transition~577.2 nm!. Symbols
~experimental data!. Solid lines~fit!. Data correspond to 77 K.

FIG. 13. Transfer rate as a function of temperature between 4.2
and 200 K for the sample doped with 10 mol % of Eu31 ions. The
transfer rate was obtained from the time resolved5D0→7F0 lumi-
nescence spectra measured by exciting at 577.2 nm at different time
delays after the laser pulse from 10ms to 12 ms.

FIG. 14. Temperature dependence of the transfer rate between
77 and 200 K for the sample doped with 10 mol % of Eu31 ions.
The transfer rate was obtained from the time resolved5D0→7F0
luminescence spectra measured by exciting at 577.2 nm at different
time delays after the laser pulse from 10ms to 12 ms. Symbols
~experimental data!. Solid line ~linear fit!.
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B. 5D0˜
7F 1 emission spectra

The nature of the energy transfer process can also be ana-
lyzed by means of the time-resolved site selective emission
spectra for the5D0→7F1 transition. As we mentioned above,
the 5D0→7F1 emission shows more than the three peaks
corresponding to the full Stark splitting of the7F1 level.
Figure 7 shows the time resolved5D0→7F1 spectra for the
sample doped with 10 mol % of Eu31 ions obtained by ex-
citing at the high energy wing of the7F0→5D0 transition. In
this figure we can see that the intensity of the peak located
around 16980 cm21 increases with time delay, whereas the
first Stark component intensity diminishes. Moreover, the
linewidth of the first Stark component does not change sig-
nificantly with increasing time delay in agreement with a
nonresonant transfer process. As shown in the same figure,
the spectral shape of this transition is similar at 4.2 and 77 K.

The 5D0→7F1 time resolved spectra obtained under ex-
citation at the low energy side of the7F0→5D0 transition at
77 K ~see Fig. 8! also show a shoulder on the high energy
side of the first Stark component which increases with time
whereas the first component slightly decreases. However, at
helium temperature, only the three peaks corresponding to
the splitting of the7F1 level are observed. A similar behavior
for this transition was found by Motegi and Shionoya21 by
studying energy migration among Eu31 ions in a Ca~PO3!2
glass using time-resolved spectroscopy. The spectral features
of the5D0→7F1 transition at 77 K were analyzed in terms of
a phonon-assisted dipole-dipole process.

In our case, the spectral behavior of the first Stark com-
ponent of the5D0→7F1 transition together with its associ-
ated peak is similar to the one observed for the5D0→7F0
emission. When excitation takes place at the high energy
wing of the7F0→5D0 transition, at low temperature~4.2 K!,
the 5D0→7F1 spectra reveal the existence of energy migra-
tion with increasing time delay in the Stokes part of the line
shape. However under excitation at the low energy side of
the 7F0→5D0 transition the5D0→7F1 emission at 4.2 K
only shows the three expected peaks and therefore no trans-
fer occurs. In addition, as concentration rises there is also a
parallel behavior between the time evolution of the narrow
and background lines of the5D0→7F0 emission and the first
Stark component and side band~bump! of the 5D0→7F1
spectra. This parallelism between5D0→7F0 and

5D0→7F1
spectral components is also present at different time delays,
different excitation wavelengths, and different temperatures.

In order to confirm that the nature of the spectral kinetics
within the 5D0→7F0 and

5D0→7F1 spectral components is
the same, we have analyzed the time evolution of the relative
intensity of the first component of the5D0→7F1 emission
and its associated peak by making use of Eq.~9! as we did
for the 5D0→7F0 emission. In this case we have performed
a Gaussian deconvolution of the5D0→7F1 spectra and cal-
culated the intensity ratio of the first Stark component and its
side broadband at different time delays ranging between 50
ms and 12 ms. As an example, Fig. 15 shows these results for
the sample doped with 10 mol % of Eu31 at 4.2 and 77 K for
spectra obtained exciting at 577.2 nm~see Fig. 7!. As can be
seen the experimental points show a linear dependence on
t1/2. Theg values obtained from the slope of the straight lines
are similar to those obtained for the5D0→7F0 emission.

These features support the assumption of dipole-dipole pho-
non assisted energy transfer between5D0 states.

C. Estimation of the crystal field strength

As we have seen in the preceding experimental results,
the time resolved emission spectra obtained under selective
excitation along the7F0→5D0 transition show the variation
of the 7F1 splitting with respect to the7F0→5D0 energy.
Although crystal field calculation is not the main purpose of

FIG. 15. Analysis of the time evolution of the first component
and its side broadband in the5D0→7F1 luminescence spectra by
means of Eq.~9! for the sample doped with 10 mol % of Eu31. The
spectra were obtained at different time delays after the laser pulse
between 50ms and 12 ms by exciting at the high energy wing of the
7F0→5D0 transition ~577.2 nm!. Symbols ~experimental data!.
Solid lines~linear fit!.

FIG. 16. Time-resolved line-narrowed emission spectra of
5D0→7F0,1,2 transitions of Eu

31 ions in NBEu glass doped with 0.5
mol % of Eu31 ions. The fluorescence was measured at 4.2 K at a
time delay of 1 ms after the laser pulse and at different excitation
wavelengths.
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this work, we have used the time-resolved site-selective
emission spectra as a function of excitation wavelengths
along the7F0→5D0 absorption band to give an estimation of
the crystal field strength. Figure 16 shows some of these
spectra at 4.2 K for the sample doped with 0.5 mol % of
Eu31 ions. The average peak position energies of the three
7F1 bands are plotted as a function of excitation energy in
Fig. 17. In order to give a comparison between the crystal
field ~CF! strength in these compounds and other measured
glasses, we have calculated the CF parameters (Bkq) assum-
ing that in a first approximation the splitting of7F1 level
depends on thek52 terms of the second-order CF
potential.20 Defining an average CF parameterB2 as
[(B20)

212(B22)
2] 1/2, in Fig. 18 we present the variation of

B2 as a function of the
7F0→5D0 energy calculated with the

experimental data in Fig. 16. Figure 18 also shows for com-
parison other published values ofB2 in different
glasses.6,9,13,19It is worthwhile noting that the average crystal
parameterB2 increases by a factor of three as7F0→5D0
ranges from low to high energy, therefore suggesting a large
variation in the local environment of the Eu31 ions in these

glasses. This result is consistent with the assumption of pho-
non assisted energy transfer processes among Eu31 ions
mentioned above. Although the results in Fig. 18 suggest that
the local environment of Eu31 ions in this glass is similar to
the one found in fluoride-type glasses some spectral features
of the fluorescence emission show an intermediate behavior
between a pure phosphate and a pure fluoride. The influence
of glass composition on the emission spectra of Eu31 can be
described by the ratio of the5D0→7F2 and

5D0→7F1 emis-
sion intensities which is related to the Judd-Ofelt parameter
V2. This parameter is related to the covalency and/or struc-
tural changes in the vicinity of Eu31 ions.38,34 In our case,
according with a more covalent bonding character expected
for the fluorophosphate glass, the ratio of the
(5D0→7F2)/(

5D0→7F1) intensities gives a value of two
which is higher than in pure fluoride glass16 ~around one! and
in fluoroberilate glasses9 where the5D0→7F1 emission is
dominant. However, the observed lifetime of the5D0 state is
closer to the one found in fluorides12,16 which may indicate
that the Eu31 ion sites have a higher symmetry than in phos-
phate glasses. This combination of properties may be related
with the mixed nearest-neighbor coordination as the influ-
ence of the local environment in the Eu31 spectra not only
depends on the geometrical changes of coordination but also
on the nature of the coordinating species.

V. CONCLUSIONS

~i! From steady-state optical-absorption measurements,
the Judd-Ofelt parameters were derived and used to calculate
the radiative lifetime of the5D0 level.

~ii ! Resonant time-resolved fluorescence line-narrowing
spectroscopy shows the existence of energy migration be-
tween discrete regions of the inhomogeneous broadened5D0
spectral profile. The analysis of the5D0→7F0,1 emission
spectra obtained as a function of time, concentration, and
temperature shows that the electronic mechanism responsible
for the Eu31-Eu31 interaction is of the dipole-dipole type. At
low temperatures the average transfer rate parameter slightly
depends on wavelength, showing a temperature independent
behavior. This result is consistent with a mismatch depen-
dent transfer process assisted by one acoustic phonon. In the
77–200 K temperature range the weak dependence of the
average transfer rate on excitation wavelength together with
its T3 temperature dependence indicates that energy transfer
corresponds to a two-site nonresonant process involving one
phonon action at each site. This crossover in the intraline
transfer mechanism around 77 K points out to the necessity
of more experimental investigations involving broad tem-
perature ranges where different kinds of phonon assisted
mechanisms may appear. Up to now, too few systems~crys-
tals included37! have been studied in such a way so as to be
able to conclude any general feature concerning the behavior
of rare earths doped glasses.

~iii ! The decays from the5D0 state were found to be
single exponential for all temperatures and concentrations
and their values slightly increase with concentration. This
behavior suggests that the transfer process may be fast
enough to drive the system of excited centers to thermal
equilibrium. The wavelength dependence of lifetimes shows
a two-step behavior as excitation wavelength increases

FIG. 17. Energy of the Stark components of the7F1 emission of
Eu31 in NBEu glass doped with 0.5 mol % of Eu31 with respect to
the 7F0→5D0 excitation energy.

FIG. 18. Values of theB2 parameter as a function of
7F0→5D0

energy for some glasses.~1! corresponds to our experimental data;
~s! and ~d! represent data on ZBLAN and BIGaZYT fluoride
glasses, respectively, from Ref. 19;~n! represents data on NaBaZn
silicate glass from Ref. 6;~h! stands for data on KCaAl fluorob-
erillate glass from Ref. 9; and~3! stands for data on sodium alu-
minosilicate glass from Ref. 13.
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which supports the existence of at least two broad varieties
of Eu31 field sites.

~iv! In spite of the high concentrations of Eu31 dopant
attained in these glasses, the luminescence thermal quench-
ing measured from the temperature dependence of lifetimes
is small. This result could be very important for applications
such as light converters, optical amplifiers and other optical
devices.

~v! The strong increase of the average crystal parameter
B2 as a function of the7F0→5D0 energy suggests a large
variation in the local environment for the Eu31 ions in these
glasses. Although this variation is similar to the one found in
fluoride-type glasses, the spectral features of the5D0→7F2
emission show an intermediate behavior between a pure

phosphate and a pure fluoride. This combination of proper-
ties can be understood by taking into account the mixed
nearest-neighbor coordination, as the influence of the local
environment in the Eu31 spectra not only depends on the
geometrical changes of coordination but also on the nature of
the coordinating species.
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12 086 54BALDA, FERNÁNDEZ, ADAM, AND ARRIANDIAGA


