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The optical properties and temperature-dependent concentration quenchingj diiddescence 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 the*F,—*11,/, stimulated emission cross section and {Rg, radiative lifetime. For the samples
doped with 1 wt % of NgOj 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 Bld;, 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 dbh&zubeen performed. The influence
of the local coordination ions on the optical properties of Ein these fluorophosphate glasses shows the
existence of a clear crossover between the behavior of fluorinelike and oxygenlike coordination anions.

I. INTRODUCTION cesses. For a good efficiency, fluorescence lifetimes &f Nd
ions must be close to the calculated radiative lifetime. The
Fluoride phosphate glasses have been a subject of incredietime of an excited state is determined by all the compet-
ing interest in the last few years. Glasses based on fluoriddB9 radiative and nonradiative decay processes; the latter in-
generally have low linear and nonlinear refractive indicesclude both Nd-Nd self-quenching and multiphonon relax-
low dispersion, and good transparency from ultraviolet to thetion. Concentration quenching and multiphonon emission

infrared region of the optical spectruM.These special op- &€ dependent on the lasing ion and the glass Halstsa

tical properties make them attractive candidates for applical'€V'0US work; some of the authors have studied the lumi-

L : nescence quenching of tH&4,—%1,,,, laser transition in
tions in high performance optics and laser technology. To hree different fluoride glasses, by investigating the thermal

gether with a high resistance to radiation damage théﬁd concentration dependence of lifetimes. Although mul-

!uminescence phgracteristics of laser material; are impOTtaE\ honon relaxation of théF 5, state is negligible for fluoride
in order to optimize the output power and efficiency deliv- lasses, at a concentration higher than 1 mol % the experi-

ered by a solid-state laser system which mainly depend Of,enq) [ifetime was shorter than the predicted radiative life-
the loss at the lasing wavelength within the active medium. time even at helium temperature. Moreover, from the thermal
All of these properties are influenced by glass structure. Fopehavior of lifetimes aTE dependence for the nonradiative
a glass laser, the effects of site-to-site variations, in the largend-Nd relaxation process was found in the 15-100 K tem-
signal gain regime, cause hole burning and reduced energerature range for all the studied samples which is in agree-
output. Therefore, the knowledge of the distribution of specment with a two-site nonresonant process.
troscopic properties for laser ions in glass is important to  The aim of this work is to establish a correlation between
select the optimum host glass and operating conditldns. glass-matrix composition and R spectral properties in
the case of fluorophosphate glasses the structure and relatidorophosphate glasses with different oxygen to fluorine ra-
spectroscopic properties mainly depend on the oxygen ttio; in particular, to investigate the nature of the nonradiative
fluorine ratio! Nd-Nd relaxation process in order to compare it with the
A knowledge about the most important laser parameterabove mentioned features in pure fluoride matrices. The
requires a detailed spectroscopic study of the optical propestudy includes absorption and emission properties, lifetimes,
ties of paramagnetic ions, which are influenced by the glasBuorescence quenching processes, and site-dependent ef-
structure® These properties include absorption and emissioriects. This is followed by a short study of the time-resolved
cross sections, peak wavelengths and linewidths, lifetimegesonant line-narrowedD,— 'F, emission of Ed" in the
and quantum efficiencies, and fluorescence quenching prafass with a molar fluorine to oxygen ratio of 6.04.
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Il. EXPERIMENTAL TABLE I. Judd-Ofelt parameter£10~2° cn) calculated from

) . the absorption spectra for Kitl (1 wt %).
Fluorophosphate glass samples were obtained with the

molar composition (65X)Al (PO;)5-23.44Bak-18.75Cak- Glass Q, Q Q6
14.06Mgk-(37.5+x)AlF; (x=0, 1, 2, 2.5, and 3 We have

studied five samples with a theoretical molar fluorine to oxy-A 2.33 2.78 4.43
gen ratio(F/O) 4, 4.84, 6.04, 6.88, and 8 which have beenB 2.19 2.80 4.38
labeled as glasses, B, C, D, and E, respectively. The C 2.12 2.79 4.46
samples were doped with 1 wt % of Md;. GlassC was D 1.83 2.84 4.33
also doped with 0.5, 2, and 5 wt % of Md;. They were E 1.84 2.84 4.32

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 #or glassC in the 300-900 nm range. The line strength of
preheated brass mould and annealed at 490 °C. Finally thglectric-dipole transitions betweehninitial [(S,L)J) and ter-
samples were cut and polished for optical measurements. minal |(S',L’)J’) manifolds in the Judd-Ofelt treatméfit
The samples temperature was varied between 4.2 and 300ay be written in the forth
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 where (), are the Judd-Ofelt intensity parametéd®) and
an argon laser. The fluorescence was analyzed with a 0.22 the (||U"||) are the doubly reduced unit tensor operators cal-
SPEX monochromator, and the signal was detected by aulated in the intermediate-coupling approximatioNine
Hamamatsu R7102 extended IR photomultiplier and finallyabsorption bands lying between 350 and 900 nm and origi-
amplified by a standard lock-in technique. nating from the®l 3, ground state were integrated, and these
Lifetime measurements were performed with a tunabledata together with the value for the Ridconcentration and
dye laser of 9 ns pulse width and 0.08 Chiinewidth. The  the refractive index were fitted by a computerized least-
emission was detected with a Hamamatsu R7102 photomukquares program to yield the best-fit values for the Judd-
tiplier. Data were processed by a EGG-PAR boxcar integraofelt parameters),, €,, and Q6_7'8 It is known that the
tor. reduced matrix elemenf$)!|? are almost independent of the
The®Dy— 'F,, transition of E4™ was excited by a pulsed jon environment. To estimate th@, parameters we have
frequency doubled Nd:YAG pumped tunable dye laser of Qutilized the values reported by Carnall, Crosswhite, and
ns pulse width and 0.08 ¢ linewidth. The time-resolved ~ Crosswhité® for Nd®* ions in Lak. The JO parameters ob-
fluorescence was analyzed and detected with a EGG-PARiined for the five samples are displayed in Table I. These

S= X Q(S,LHINUY(SL)I)?, (1)
t=2,4,6

optical multichannel analyzer. values are in good agreement with those previously reported
for the N&* ion in different glass material$=° ), is the
IIl. SPECTROSCOPIC RESULTS most sensitive to local structure and host composition, and

its value is indicative of the amount of covalent bondtfig.
As can be seen in Table | th@, value is higher for the
The room-temperature absorption spectra were recordegemple with the higher amount of phosphates which have a
for all samples in the 300—2500 nm spectral range using #ore covalent bonding character. Since flg parameter
Cary 5 spectrophotometer. The spectral resolution of theeflects the asymmetry of the local environment at thé"Nd
spectrophotometer was 0.5 nm at wavelengths below 1108ite, a smaller value for the sample with the highest F/O ratio
and 2 nm, above. As an example Fig. 1 shows the spectrugiiggests a more centrosymmetric coordination environment.

A. Absorption properties
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FIG. 2. Room-temperature fluorescence spectrum of the

FIG. 1. Room-temperature absorption spectrum ot Nidns in 4F 35— 115 transition Nd™ (1 wt %) in glassC obtained under
glassC doped with 1 wt % of N¢O5. excitation with an argon laser.
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B. Emission properties The stimulated emission cross section can be determined

The “Fqy—%1,,, Steady-state fluorescence spectra affOm Spectral parameters usiig
room temperature were measured for the five samples by
exciting the samples with an argon laser. Figure 2 shows this p ]
emission spectrum for glagd. For all samples studied the 7p(Np) = g1 CrPAN of AL("Far); ()], @
emission bands are inhomogeneously broadened due to site-
to-site variation in the local ligand field, and the wavelengthwhere ), is the peak fluorescence wavelengthis the re-
of the fluorescence peak only shows a small variation rangfractive index,A\. is the effective linewidth of the transi-
ing from 1048 to 1050 nm. Since the emission band istion andA[(*Fs);(*111,)] is the radiative transition prob-
slightly asymmetric, an effective linewidth was determinedability for this transition.
by integrating the fluorescence line shape and dividing by the The radiative transition probability from initial’ mani-
intensity at the peak fluorescence emission waveletgth. fold |(S',L")J’) to terminal manifold(S,L)J) is given by

4

647e?

ALSLLDINS L= pmgre

n?+2)?
e RCCHBRI TS ®

wheren(n?+2)2/9 is the local field correction for the N  anions. As can be seen in Table Ill, the narrowest effective
ion in the initial J’ manifold, n is the refractive index) is  linewidth corresponds to the sample with the highest content
the wavelength of the transition, adds the terminal mani- of fluoride ions. The stimulated emission cross section is

fold. determined by(},, Qg, and the effective fluorescence line-
The radiative lifetime is related to the radiative transitionwidth. Because of the small variations of these quantities
probabilities by with the F/O ratio, the stimulated emission cross section is

L similar for the five samples. The radiative lifetime of the
_ 2 .
. A F 4, state only depends on tlfg, and()g parameters, which
R s ALSLLDIGES LI @) as shown in Table I, do not vary much with fluorine to oxy-
gen ratio. However the correction for the local field at the
The branching ratios can be obtained from the transitioiNd*" site, introduces a dependence on the refractive index.
probabilities by using Since the refractive index is smaller for the higher F/O ratio

these samples show the longest lifetimes.
AL(S',L")JI"5(S,L)J]

BL(S',L")JI";(SL)I]= C. Lifetime results

& ALSTL)IBS, L] The decays of th&F ;,,—*I ,;,, transition were performed

(5) with a narrow band0.08 cm * linewidth) tunable dye laser
of 9 ns pulse width, exciting the sample at thg,,— G,

The radiative transition probabilities and branching ratiosabsorption band575 nm). The measured fluorescence life-
for the fluorescence from théF 4, to the I, states were time at room temperature of the five samples doped with 1
calculated by using the Judd-Ofelt parameters and B}s. wt % of Nd,O; are displayed in Fig. 3. As can be observed
and(5). These values are listed in Table II, together with thethe lifetimes linearly increase when the fluorine to oxygen
total spontaneous emission probability/g). ratio increases.

The resulting radiative lifetime and stimulated emis- The concentration dependence of the decays of'fhg
sion cross section for th&F;,—*l,y, transition are pre- state between 0.5 and 5 wt % of M} were obtained in the
sented in Table Ill together with the effective fluorescence4.2-300 K temperature range for gla8s The decays were
linewidth. It is known that the effective linewidth is nar- found to be single exponentials at all temperatures and con-
rowed by using monovalent halide rather than divalent oxidezentrations. This behavior may be due to the use of narrow-

TABLE II. Branching ratios and spontaneous emission probabil-  ABLE Ill. Room-temperature emission properties of Nd1
ity (W) for the*Fa,— 415 (3=9/2, 11/2, 13/2, 15/transitions of Wt %) in the five studied samples.
Nd®" (1 wt %) in the five studied samples.

Refractive  Algg Op R Texp
F 31— Mo Mup Map M We(sTH Glass index (nm (10 %0cm?)  (us) (w9
GlassA 0.366 0.521 0.106 0.0056 1835 A 1.4589 28.50 2.56 545 472
GlassB 0.369 0.519 0.106 0.0055 1808 B 1.4528 27.94 2.57 553 476
GlassC 0.366 0.521 0.107 0.0056 1802 C 1.4477 27.84 2.60 555 482
GlassD 0.372 0.517 0.105 0.0055 1767 D 1.4438 27.73 2.52 566 489
GlassE 0.373 0.516 0.105 0.0055 1748 E 1.4396 27.70 2.53 572 494
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FIG. 5. Temperature dependence of fiig, state lifetime of
Nd®* ions in glassC. (X) 0.5 wt %, (+) 1 wt %, (O) 2 wt %, and
() 5 wt %. Lifetimes were obtained by exciting at 575 nm and

FIG. 3. Lifetimes of the’F 4, state as a function of fluorine to
oxygen ratio for the five glasses studied doped with 1 wt % of
N s s Qs by s 1 ) I L kAo

L . .. transition.

sition. Symbols stand for the experimental values, and solid line is
the linear fit. Data correspond to room temperature.

times is observed even at helium temperature. This behavior
band laser excitation. As an example Fig. 4 shows the roonrcould be associated with a rapid energy diffusion between
temperature logarithmic plot of the experimental decays folNd®" ions that can lead to a spatial equilibrium within the
glassC doped with 1, 2, and 5 wt % of N®;. The lifetime Nd®* system. In the transfer rapid limit the donor transfer
values as a function of temperature are displayed in Fig. 5takes place so quickly that transfer times for different donor-

The fluorescence decays for tHE5,—*l,,,, emission —acceptor pairs are averaged out and the whole system exhib-
were also measured as a function of the excitation wavelts @ simple exponential decay as is experimentally
length along thél 4, *Gs/, absorption band at 4.2 K. Fig- observed.*® In order to investigate the energy migration
ure 6 shows that the lifetim@vhich remains single exponen- Process we have analyzed the relation between the absorp-
tial) does not exhibit a monotonic variation with wavelengthtion and equilibrium luminescence spectra. If the diffusion

as should correspond to the case of only one kind of statigate exceeds by far the excited-state decay rate, then, during
tical site distribution for N&' ions. 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

IV. DISCUSSION will be reached. The actual pattern of this distribution,
A. Absorption and equilibrium luminescence spectra p(E,T,Z), and of the corresponding luminescence spectra
- depends neither on the excitation method nor on the migra-
As can be seen in Fig. 5, at low temperatures and concefy, narameters. It is only governed by the density of states
trations the lifetime nearly approaches the radiative Ilfetlmeg E), the temperature, and the fraction of excited centers

hence the rate of nonradiative decay by multiphonon emisz'lg In the limit of high temperature or low density, where

sion must he sm_all. As concentration rises the de_cays réMafle nhumber of available quantum states is much greater than
single exponential but a decrease in the experimental life-
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FIG. 4. Logarithmic plot of the fluorescence decays offRg, FIG. 6. Lifetimes of the’F, state as a function of excitation

state for glassC doped with(+) 1, (O) 2, and(d) 5 wt% of  wavelength along thélg,—*Gs, absorption band for glas€
Nd,O;. The decays were obtained by exciting at ftig,—*Gs/, doped with 1 wt % of NgO;. Lifetimes were obtained at 4.2 K and
absorption band and monitored at the emission peak of theollecting the fluorescence at the emission peak of Fhg—*111),
4F 3,— 1 11 transition. Data correspond to 295 K. transition.



53 TEMPERATURE-DEPENDENT CONCENTRATION QUENCHIE. . . 5185

0.4 Ea
° 'n 4
— nO
~ 14 £ — xxxxx 4 2K
) r0.3 o ~ 00000 77K
Q o 3 ooooo 300K
N O -
W L0.2 — &
3 — 14 NQ: > 27
c e 3
- -0.1 & A
K o
e 2
-3 === T === 0.0 °
10400 10900 11400 11900 20 T T T T T
b 0 5 10 15 20 25 30

L=t
Energy (ecm™') . 2
[Nd203 concentration (wt%)]

FIG. 7. Relation between the R (1 wt %) absorption and

Il_Jminescence spectra in gIg& SSO“d ILne) 4|9/2_H4F3/2 absorp- FIG. 8. Effective decay rates as a function of concentration at
tlon_ band profile.(Dashed ling "F3/,—"lg;; luminescence band three different temperatures for glaSs (X) 4.2 K, (O) 77 K, and
profile. (O), In[p(E)/g(E)]. T=300 K. (J) 300 K. Solids lines are the fit to a linear dependence on the

o square of the NgD; concentration.
the number of centers, the distribution becomes a Boltzman

distribution and the equilibrium temperature can be obtainedesses, relaxation via fast Nd-Nd difussion processes and
from the slope Inp(E)/g(E)]. Figure 7 shows the relation subsequent deexcitation via energy sinks should be taken
between the N absorption and luminescence spectra forinto account, as they occur even at low temperatures. Figure
the *l g *F 3, transition in glas<C doped with 1 wt % of 9 shows the plot ofVygng(T) in the 4.2—100 K range for
Nd,O;. The absorption cross section was taken proportionagjlass C doped with 2 and 5 wt % of N@;. As can be

to g(E) and the luminescence band profile proportional toobserved the nonradiative rate has a nearly linear dependence
p(E); (profiles areas being normalized’he temperature de- with temperature.

rived from the slope calculation, account taken of the |t is well known that the N&" fluorescence quenching
branching ratio for the'F 5,— %14, transition, was 300 K depends on glass compositidior this mixed fluorophos-
which agrees with the experimental temperature and demorphate glass we could expect an intermediate behavior be-
strates that the energy migration process drives the system @feen a pure fluoride and a pure phosphate. In a previous

excited centers to thermal equilibrium. work® some of the authors have investigated the temperature-
dependent concentration quenching of’Ndluorescence in

B. Temperature-dependent concentration quenching three pure fluoride glasses. These fluoride glasses show a

of Nd3* fluorescence strong thermal quenching between 15 and 100 K where the

. 4 .. nonradiative rates were found to increase with temperature as
The lifetime of the“F s, state of Nd" ion in the doped 13 \pich is in agreement with a two-site nonresonant pro-
glasses should be governed by the sum of probabilities foée,ss in the short-wavelength regime as has been shown by
several competing processes such as radiative decay, NONkg5|stein Lyo, and Orbact For comparison, Fig. 10 shows
diative decay by multiphonon emission, and energy transfef,, therr,nal ciuenching of Nd fluorescence,in a pure fluo-

g o
to qther Nd |?ns. If one assumes that the purely radiative jqq glass and in the investigated fluorophosphate glass for
lifetimes 75 of *F 4, levels are independent of Rid concen-

tration and temperature, and disregarding multiphonon relax-
ation processes, the variations of the experimental lifetimes 3
can be related with the nonradiative Nd-Nd relaxation pro-
cesses by the simple relation:

N
1

Tow=Tr -+ Wrand T)- (6)

Figure 8 shows the effective decay rates for glastoped
with 0.5, 1, 2, and 5 wt % of NgD; at room, liquid-nitrogen,
and liquid-helium temperatures. In this concentration range M
the effective decay rates show a linear dependence on the 0 : : : :
square of NdO; concentration, indicating that Nd-Nd energy 0 25 50 75 100
transfer probably occurs in the framework of a limited-
diffusion regime. The diffusion is, however, fast enough to T (K)
give exponential fluorescence decays.

A detailed study of the thermal dependence of lifetimes FiG. 9. Plot of the nonradiative Nd-Nd relaxation rate in the
was presented in Fig. 5. These results suggest the presence4gf—100 K temperature range for gla@sdoped with a(O) 2, and
a quite strong thermal quenching mechanism between 4.27) 5 wt % of Nd,O;. Symbols stand for the experimental values,
and 100 K. If we disregard the multiphonon relaxation pro-and solid lines are the fit to a linear dependence on temperature.

—_
1

Waa-na(T) (10%s7")
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FIG. 12. Steady-state excitation spectra*bf,—*Fs, transi-
FIG. 10. Lifetimes as a function of temperature for®dons  tion in glassC doped with 1 wt % of NgO; for luminescence

(6.4x10%° cm™3) in (M) a pure fluoride glas¢BIGazYTZr) and  monitored at two different wavelengths within tH&,—%114),
(O) in glassC. Lifetimes were obtained by exciting at 575 nm and emission band. Measurements were performed at 4.2 K.
collecting the luminescence at the emission peak of the
4F3/,— 14, transition. Data for the fluoride glass correspond to sampleC doped with 2 wt % of EyO5. These spectra were
Ref. 6. obtained at room temperature and at two different time de-

lays of 20us and 8 ms after the laser pulse, by exciting at the
the same concentratiof=6.4x10%° ions/cn?). As can be high energy side of the inhomogeneous absorption band. As
seen the fluorophosphate glass fails to show the temperatucan be observed, for the spectrum at 8 ms subsequent fluo-
dependence of fluoride glasses in spite of its high fluorineescence from the acceptors ions tends to replicate the inho-
content. The observed linear behavior Wyy.ng(T) with mogeneously broadened equilibrium emission profile, show-
temperature can be related with the mixed nature of the fluoing that transfer is not only to resonant sites but to the full
rophosphate glass which seems to enhance the siteange of sites within the inhomogeneous profile. This effect
dependent effects. It is well knowhthat if the energy mis- was found to be independent of the energy mismatch be-
match, AE, between nearby sites is large enough, onetween the narrow peak and the barycenter of the equilibrium
phonon-assisted transfer is independeni\& and a linear emission line showing that energy transfer is in this case a
dependence with temperature occurs. In order to investigatene-phonon-assisted process.
this hypothesis, we have performed fluorescence line narrow- In the next section we shall see how lifetimes and homo-
ing experiments with EUi in the same glass matrix. Al- geneous linewidths significantly depend on excitation wave-
though the local environment of Blimay be altered from length showing the existence of a great variety of local fields
that of the Nd™-doped glass and therefore its value as aenvironments at the activator ion in this mixed anion fluoro-
probe of intrinsic glass structure may be compromised, it iphosphate glass matrix.
the variation of local environment from site to site which
influences the energy-level positions and therefore the possi- C. Site-dependent effects

bility of finding resonant or phonon-assisted energy transfer. ) . i
Figure 11 shows the time evolution of the time-resolved _12King advantage of the tunability and narrow bandwidth

resonant line-narrowe?D ,— ’F , emission band of B4 in g)f the ;I'i-sapphire ring laser as an exc_itat_ion source for the
I 95— "F 35, we have performed the excitation spectra of this

transition collecting the luminescence at different wave-
lengths along théF,,— ), 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 thé'F,—*l;,,, emission.

The steady-state emission measurements were obtained
for excitation into the®*l4,—*F5, 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

575 576 577 578 579 goes to low energies through the low-energy Stark compo-
nent of the®F 5, doublet. Also as excitation wavelength in-
Wavelength (nm) creases, a strong narrowing and redshift of the emission
spectra occur.

FIG. 11. Room-temperature fluorescence spectra of the These results suggest that the fluorophosphate, which has
°Dy— Fy transition in glas<C doped with 2 wt % of ExO; ob- a mixed nearest-neighbor coordination, contdidisregard-
tained under excitation at 576.3 nm at two time delays after thdng the geometry of the first coordination shedl range of
laser pulsg+) 20 us and(solid line) 8 ms. sites produced by the statistical effect of replacing a specified

8ms
+++++ 20#5

Intensity (arb. units)
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FIG. 13. Steady-state emission spectra'B,,— "1/, transi-

tion in glassC doped with 1 wt % of NgO; for different excitation
wavelengths along the low-energy Stark component of g,

FIG. 14. (a) Lifetime of the line-narrowed fluorescence of the
level. Measurements were performed at 4.2 K.

°D,— ’F, hypersensitive transition of Bl in glassC doped with
2 wt % of Eyp05 obtained by exciting along theF ,— °D, absorp-

number of one type of anion by another. This effect is felttion band. (b) Linewidth of the time-resolved resonant line-

through the diffe_rent elect_ronegativities of the3 an{ons and th‘?\arrowed5Do—>7F0 emission band of B as a function of exci-
strengths of their respective bond_s Wlth the>Né' There- tation wavelength along théF,— 5D, absorption band in glasd
fore at the shorter-wavelength excitations we should observgopeq with 2 wt % of Ey0,. Measurements were performed at 1
emissions from N&" ions largely coordinated with fluorides s after the laser pulse. Dashed line is only a guide for the eyes.
whereas at the longer-wavelength excitations, emission fromata correspond to 4.2 K.
mainly oxide-coordinated Nid ions should be dominant.
As Fig. 13 shows we failed to observe the narrowing effecthe optical properties of rare earths in these fluorophosphate
by exciting at the high-energy side of the low-energy Starkglasses we have performed fluorescence line-narrowing spec-
component of théF 5, doublet. This is probably due to the troscopy on E&i". It is well knownt*?223that the®D y— 'F,,
presence of the aforementioned energy transfer betweeransition of EG" is ideally suited for a study of line broad-
high- and low-energy Nt sites and/or to some mixing with ening in glasses because a single transition between nonde-
the emission produced by accidentally exciting low-fieldgenerate levels can be studied with no overlapping from
sites at the high-energy Stark component of'fg, doublet.  neighboring crystal-field components. Moreover, the energy
As mentioned above, the site-dependent decay times fayap betweenD,, state and the next lowéF ¢ state is about
the *F5,— %111, Nd®* emission measured at 4.2 (See Fig.  ten times the highest involved phonon energy. Therefore, the
6) show that the lifetime, which displays a variation of aboutprobability of nonradiative deexcitation 8D, state by mul-
100 us, does not exhibit a monotonic change with wave-tiphonon processes is very small. At low dopant concentra-
length. Moreover, longer decay times occur at shorter excitions and temperatures, cross relaxation via ion-ion interac-
tation wavelengths, and vice versa. These results point out tiion can be disregarded and the measured lifetimes of the
the existence of a strong site segregation for neodymium iAD, state can be considered mainly radiative. Thus their de-
these mixed fluorophosphate glasses, suggesting once mgrendence with excitation wavelength should parallel the
that those sites having predominantly fluoride coordinationvariations of the electric dipolar transition rafésOn the
are excited at shorter wavelengths, whereas oxidiclike coomther hand, ions in different environments have different
dination sites are excited at longer ones. electron-phonon coupling strengths and therefore will have
In spite of the good resolution of our narrow bandwidth different homogeneous linewidths. Because homogeneous
Ti-sapphire ring laser as an excitation source for thdinewidth, Av, and relaxationor dephasingtime 7 are re-
41 90— *F 4, transition, accidental coincidences of the Starklated by the expressiafiy=(277) ", we can obtain comple-
components belonging to different sites mainly containingmentary information by working either in the frequency or
fluoride or oxide coordinators, may limit the expected site-the time domairf® Figure 14a) shows the results obtained
selection process in the emission spec¢fay. 13, if com-  for the decay of the line-narrowed fluorescence of the
pared with lifetimes. In order to overcome these difficulties®D,—’F, hypersensitive transition of Bl which is very
and to address the influence of the local coordination ions osensitive to small changes in the chemical surroundings of
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the ion?® As can be observed, the dependence on excitatiothe *F4,—*l,,, stimulated emission cross section and the
wavelength (by exciting along the’F,—°D, absorption “F,, radiative lifetime for Nd* in five samples with differ-
bang of the EJ" lifetime presents similar featurésee Fig.  ent fluorine to oxygen ratios. THe, parameter decreases as
6) than the fluorescence decay for #@;,— 111, €mission e fluorine to oxygen ratio increases, indicating a more co-
of Nd*™" as a function of the excitation wavelength along theyient honding in glasses with a lower F/O ratio. The effec-
hypersensn!v.élg,zﬂ Gsp transition. As it is we_lllknowi"?a}_ tive linewidth of the*F3,— Iy, transition decreases when
larger transition prgbablhty of this hypersensmve transmon,[he fluorine to oxygen ratio increases.

corresponds to an increase of covalent bonding, and because(.. The d f théF... stat found to be sinal
the field strength of the rare-earth ligand increases by diva- i) € decays o g2 Stale Were found fo be single
lent oxide anions rather than monovalent fluoride ions, theexponentlal for all .temperatures and concgntrgtlons. For the
distribution of lifetimes as a function of excitation energy SaMPles doped with 1 wt% of M@, the lifetimes were
gives us a picture of the type of anion coordination around®Und to be linear dependent on the F/O ratio. _

the rare earth. Therefore, at shorter wavelengths we have an (iil) Quenching of the N fluorescence by Nd-Nd inter-
enhanced probability of fluoride-coordinated rare-earth iongctions is already present at concentrations higher than 1
whereas at longer wavelengths oxide coordinated sites b&it %. As the concentration rises the decay remains single
come dominant. This lifetime result is mirrored by the mea-€xponential but a decrease in the experimental lifetime is
sured linewidth of the time-resolved resonant line-narrowedPbserved even at helium temperature, showing that relax-
°Dy— 'F, emission band of Ei as a function of excitation ation via fast Nd-Nd diffusion processes occurs.

wavelength along thé F,—°D, absorption band. Figure (iv) From the relation between the absorption and lumi-
14(b) shows this wavelength dependence obtained at 4.2 Kescence spectra, the thermodynamical equilibrium tempera-
and 1 ms after the laser pulse in sam@ldoped with 2wt %  ture of the energy distribution of the excitations has been
of Eu,0O;. At this concentration and temperature, energyestimated. The obtained result is in agreement with the ex-
transfer between Eii ions can be neglected. Although the perimental temperature demonstrating that the energy migra-
spectral width of the laser pul$8.08 cnmi*) could be much  tion process drives the system of excited centers to thermal
narrower than the expected homogeneous linewidth we wergquilibrium.

limited by the spectral resolutiof8 cm ') of the optical (v) The observed linear behavior Wy, no(T) with tem-
multichannel analyzer. Nevertheless as the results are gogskrature between 4.2 and 100 K can be related with the
enough in order to be compared with lifetimes we made namixed nature of the fluorophosphate glass which enhances
deconvolution in the resulting spectra. It is clear from thisthe site-dependent effects giving a broad energy distribution
figure that homogeneous linewidths are dominated by lifefor the energy levels of N& and allowing for one-phonon-
time broadening caused by rapid phonon relaxation proassisted ion-ion cross relaxation processes.

cesses and therefore also yield a very valuable information (vi) The influence of the local coordination ions on the
about the strength of ion-phonon coupling in this glass mapptical properties of Eli in these fluorophosphate glasses
trix, confirming once more that the less efficient and moreinvestigated by fluorescence line-narrowing spectroscopy
distorted local environments correspond to the oxideshows the existence of a clear crossover between the behav-
coordinated sites. Our results are somewhat different fronor of fluorinelike and oxygenlike coordination anions. This
those found in other fluorophosphate glassesn our  sharp segregation of sites with relatively large differences in
system there is a clear crossover between the behavior @iectron-phonon Coup”ngs should give a broad energy distri-
fluorinelike and oxygenlike coordination anions. This sharppution of energy levels in the case of Nddoped glass.
segregation of sites with relatively large differences in

electron-phonon couplings should also give a broad energy

distribution for the energy levels of Nd, thus reinforcing ACKNOWLEDGMENTS
the hypothesis that energy transfer betweeri’Ndns takes
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