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Tungstate fluorophosphate glasses of good optical quality were synthesized by fusion of the
components and casting under air atmosphere. The absorption spectra from near-infrared to visible
were obtained and the Judd–Ofelt parameters determined from the absorption bands. Transition
probabilities, excited state lifetimes and transition branching ratios were determined from the
measurements. Pumping with a 354.7 nm beam from a pulsed laser resulted in emission at 450 nm
due to transition1D2→3F4 in Tm31 ions and a broadband emission centered at'550 nm attributed
to the glass matrix. When pumping at 650 nm, two emission bands at 450 nm (1D2→3F4) and at
790 nm (3H4→3H6) were observed. Excitation spectra were also obtained in order to understand
the origin of both emissions. Theoretical and experimental lifetimes were determined and the results
were explained in terms of multiphonon relaxation. ©2003 American Institute of Physics.
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I. INTRODUCTION

Thulium ion (Tm31) has been recognized as one of t
most efficient rare-earth~RE! ions for obtaining laser emis
sion, frequency upconversion, as well as to be used in op
amplifiers, when doping different hosts.1–5 Laser emission
and amplified spontaneous emission studies have bee
ported in crystals, bulk glasses, and optical fibers doped w
Tm31.1–3 Frequency upconversion in a variety of Tm31

doped materials was also investigated in the past.6–13Of par-
ticular interest is the possibility of obtaining strong blu
emission from Tm31 doped materials pumped in the red a
in the infrared. Upconversion laser emission and amplifi
spontaneous emission studies have been reported for T31

doped optical fibers and channel waveguides.1,2,12,13

Recently a number of reports became available wh
detailed spectroscopic properties of Tm31 were analyzed in
glasses such as fluorozirconate,14,15 fluoroindate,16–18

fluorophosphate,19,20 fluoroindogallate,21 and silicate.22 Each
glass host presents certain characteristics that favor spe
applications. In particular, fluorophosphate glasses have b
recently investigated because of their potential as a laser
material and optical amplifier.19,23–25

In this work, tungstate fluorophosphate glasses h
been chosen as host matrices to study the spectroscopic

a!Author to whom correspondence should be addressed; electronic
cid@df.ufpe.br
1490021-8979/2003/93(3)/1493/5/$20.00
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erties of Tm31. Two previous articles report some of th
physical properties of these glasses.26,27 In Ref. 26 physical
properties were investigated with respect to chemical co
position. Density, refractive index, and characteristic te
peratures were measured. The Raman spectra of this g
allowed us to conclude that the vitreous network is form
by WO4, PO4 and PO3F tetrahedra with a variable numbe
of nonbridging atoms. Nonlinear absorption measureme
performed at 660 nm,27 have shown that these glasses can
used for optical limiting due to the large two-photon abso
tion coefficient. Their performance can be controlled by a
justing the tungsten oxide concentration.

The present work includes the investigation of on
photon absorption and emission spectroscopy, lifetime m
surements and the study of red-to-blue upconversion p
cesses. We first deduced the Judd–Ofelt parameters from
absorption spectra to access theoretical spectroscopic q
tities such as transition probabilities, branching ratios, a
radiative lifetimes. Further the samples were excited
354.7 or 650 nm laser light producing emissions that w
analyzed according to its spectrum and time evolution. T
theoretical and experimental level lifetimes measured w
understood considering radiative relaxation, multiphonon
cay, and energy transfer among Tm31 ions. A mechanism is
also proposed to describe the origin of the upconversion p
cess observed.
il:
3 © 2003 American Institute of Physics
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II. EXPERIMENTAL AND THEORETICAL
BACKGROUND

A. Experiment

The glass samples studied have the following comp
tions in mol %: (48–x)NaPO3– 12 BaF2– 40 WO3–xTmF3,
wherex50; 0.2; 0.4; 0.6; 0.8; 1.0. TmF3 was synthesized by
fluoration of Tm2O3 at 400 °C for 2 h with ammonium bif-
luoride NH4F, HF in a platinum crucible. Then the exce
was volatilized at 500 °C for 1 h. All components we
mixed and melted in air atmosphere at 1000 °C for 1 h in a
platinum crucible. The melt was then casted in a mold p
heated near the transition temperature~415 °C! and treated at
this temperature for 2 h in order to remove mechanical str
Large samples of good optical quality were prepared.

Absorption spectra were obtained using a spectrop
tometer operating from 200 to 3000 nm. The study of exci
states was performed using a Nd:yttrium–aluminum–ga
~YAG! laser, which produces 10 ns pulses with a repetit
rate of 5 Hz. For excitation at 354.7 nm the third harmonic
the laser light was generated using a potassium dihydro
phosphate crystal. For the experiments in the visible rang
Nd:YAG pumped dye laser operating from 608 to 682 n
was used.

The fluorescence emission was dispersed using a 0.5
spectrometer, with a resolution of 5 Å, coupled to a pho
multiplier. The signals were recorded using a digital stora
oscilloscope connected to a computer. All data were take
room temperature.

B. Theoretical background

The features normally observed in the absorption spe
of a RE ion are 4f -4 f transitions. In the theory of a free R
ion, these transitions are forbidden because they would c
nect states having the same parity, but in the solid state
influence of the crystalline field on the RE ion allows su
4 f transitions. Most of the 4f -4 f transitions are induced
electric dipole transitions and usually magnetic dipole tr
sitions can be neglected.1,2,4 The intensity of an absorption
band can be evaluated by the dipole strengthP which is
determined using the relation28

P5
2303mc2

Npe2 E « i~s!d~s!54.32310293A, ~1!

where m is the electron mass,c the speed of light,N the
Avogadro number, ande the electron charge.A is the inte-
grated absorption associated with the considered transiti

According to the Judd–Ofelt theory29,30 from the stan-
dard 4f -4 f intensity model, the oscillator strength of a tra
sition between two multipletsaJ andbJ8 is given by

P5
8p2mn

3h~2J11!
xa (

l52,4,6
Vlu^aJ8iUlibJ&u2, ~2!

wheren is the mean frequency between the two levels~in
cm21!, xa5(n212)2/9n is the Lorentz local field correction
for the absorption~n being the refractive index of the me
dium!, Ul is a unit operator of rankl andVl are the Judd–
Ofelt intensity parameters. TheVl parameters can be dete
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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mined using theP values obtained using Eqs.~1! and ~2!.
The term inside the squared modulus is the reduced ma
element.29–31

The probability of radiative emission between theaJ and
bJ8 levels is given by

AJJ85
64p4n3e2

3h~2J11!c3 xe (
l52,4,6

Vlu^aJiUlibJ8&u2, ~3!

wherexe5n(n212)2/9 is the effective field correction fo
emission at a well-localized center in a medium of isotro
refractive indexn, h is the Planck’s constant ande is the
electron charge.AJJ8 is related to the radiative lifetimetR of
an excited state by

tR5
1

(J8AJJ8
~4!

and the branching ratiobJJ8 , corresponding to the emissio
from an excited levelJ to J8, is

bJJ85
AJJ8

(J8AJJ8
. ~5!

III. RESULTS AND DISCUSSION

The experiments were performed using tungstate fluo
phosphate glass samples containing different Tm31 concen-
trations with matrix composition as presented in Table I.

A. Absorption measurements

The absorption spectrum of the NBWT10 glass is p
sented in Fig. 1 where the absorption bands are attribute
transitions from the ground state (3H6) to excited states of

FIG. 1. Absorption spectrum of the NBWT10 glass sample.

TABLE I. Chemical compositions of the glasses studied in this work.

Sample

Chemical composition~mol %!

WO3 TmF3NaPO3 BaF2

NBWT2 47.8 12 40 0.2
NBWT4 47.6 12 40 0.4
NBWT6 47.4 12 40 0.6
NBWT8 47.2 12 40 0.8
NBWT10 47 12 40 1.0
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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the Tm31 ion. The absorption band corresponding to the1D2

level cannot be observed in the spectrum because the
gap energy of the glass matrix is smaller than the energ
the transition between the3H6 and 1D2 levels. It was ob-
served that the amplitude of the bands decreases for lo
Tm31 concentrations but their spectral position does
change. From the absorption bands, we calculated the ex
mental oscillator strengths using Eq.~1! and then determined
the Vl intensity parameters as described in Sec. II B.

Table II presents the experimental and theoretical os
lator strengths together with the intensity parameters
tained. For the3H6→1D2 transition, we estimated a trans
tion energy of 28 050 cm21. The values reported in Table I
were used to calculate the spectroscopic parameters with
sis on the Judd–Ofelt theory.

Table III gives the energy of possibleJ→J8 transitions

TABLE II. Oscillator strengths and intensity parameters.

Transitions Energy~cm21! PEXP PTHEO

3H6→3F4 5835 2.2831026 2.6131026

3H6→3H5 8283 1.6531026 1.4731026

3H6→3H4 12 640 2.7831026 3.0531026

3H6→3F2,3 14 575 2.4431026 2.5731026

3H6→1G4 21 276 8.4031027 7.4831027

3H6→1D2 28 050 ¯ 6.5331027

V255.28310220 cm2; V452.32310221 cm2; V651.16310220 cm2

TABLE III. Values of the energy gapDE, transition probabilitiesAJJ8 ,
branching ratios,bJJ8 , between multipletsJ andJ8, and radiative lifetime,
tR , for each excited state.

Transitions DE ~cm21! AJJ8 bJJ8 tR ~ms!

3F4→ 3H6 5835 248.24 1 4028
3H5→ 3F4 2448 6.94 0.029 4203

3H6 8283 231 0.970
3H4→ 3H5 4357 5.75 0.003 642

3F4 6805 109.13 0.070
3H6 12 640 1441.65 0.926

3F3→ 3H4 1948 2.92 0.001 501
3H5 6305 399.91 0.200
3F4 8753 65.77 0.032
3H6 14 588 1527.96 0.765

3F2→ 3F3 587 0.0048 2.882 597
3H4 2535 18.13 0.010
3H5 6892 87 0.051
3F4 9340 889.82 0.531
3H6 15 175 678.72 0.405

1G4→ 3F2 6101 7.49 0.003 454
3F3 6688 44.43 0.020
3H4 8636 290.06 0.131
3H5 12 993 779.12 0.353
3F4 15 441 135.62 0.061
3H6 21 276 945.55 0.429

1D2→ 1G4 6774 215.78 0.007 34
3F2 12 875 573.91 0.019
3F3 13 462 1412.38 0.048
3H4 15 410 2107.18 0.071
3H5 19 767 98.48 0.003
3F4 22 215 22 357.96 0.761
3H6 28 050 2598.12 0.088
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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for the NBWT10 glass. The quantitiesAJJ8 , tR and bJJ8
were calculated using Eqs.~3!, ~5!, and~6!, respectively, and
the results are included in Table III.

B. Emission spectra

All samples were pumped by a 354.7 nm light bea
which allows excitation of the1D2 level of the Tm31 ion.
The emission spectra obtained are shown in Fig. 2. No
that only two emission bands are observed in the 350–
nm range. The band centered at 450 nm is attributed to
1D2→3F4 transition of the Tm31 ion because its intensity
increases for increasing values of Tm31 concentration.15 The
broad emission band centered around 550 nm is due to
glass matrix because it is observed when pure glass sam
without Tm31, are excited. This band is attributed to th
transition from the conduction band to the valence band
the vitreous material because the gap between these
bands is'18 000 cm21.

Only one Tm31 transition is observed when the1D2

level is excited, in agreement with the theoretical predictio
based on the Judd–Ofelt theory. As can be seen in Table
the transition probability between the states1D2 and 3F4 is
much higher than the others and the branching ratio of
transition is '0.76. In other words, the transition1D2

→3F4 is the most probable transition. We note that simi
behavior was reported for Tm31 doped fluorophosphate
glasses.19

The upconversion~UC! fluorescence spectra of Tm31

doped samples for excitation at 650 nm are shown in Fig
The UC emission at 450 nm is assigned to1D2→3F4 tran-
sition of Tm31 and the down conversion fluorescence ba
at 790 nm is assigned to the3H4→3H6 transition.15 The
number of absorbed photons for each UC photon emi
was determined plotting the fluorescence intensity as a fu
tion of the laser intensity as shown in Fig. 4. The quadra
dependence indicates that two laser photons are necessa
generate each photon at 450 nm. The linear behavior of
signal emitted at 790 nm as a function of the laser inten
indicates a simple down conversion process.

Figure 5~a! shows the proposed pathway which leads
the 790 nm fluorescence. After absorption of one pho

FIG. 2. Emission spectra for excitation at 354.7 nm.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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from the incident laser beam, a nonradiative relaxation fr
state3F3 to state3H4 occurs. Afterwards, one photon with
wavelength of 790 nm is emitted. Figures 5~b! and 5~c! il-
lustrate two possible pathways for the upconverted emis
at 450 nm. In Fig. 5~b! a two-photon transition to the con
duction band of the glass followed by nonradiative decay
state1D2 is represented. In Fig. 5~c! a two-photon stepwise
absorption is considered to populate level1D2 . In order to
determine which route is dominant, we measured the exc
tion spectra of the emissions at 450 and at 790 nm which
plotted in Fig. 6. The emission at 790 nm is more efficie
for excitation at'684 nm because the laser wavelength
resonant with transition3H6→3F3 . On the other hand, the
upconverted emission at 450 nm is more efficient for exc
tion at '657 nm. We note that the pathway shown in F
5~b! would be more efficient for excitation at 684 nm than
657 nm because of one-photon resonance with trans
3H4→3F3 which has an absorption cross section larger th
transition3H6→3F2 . However, for the route shown in Fig
5~c! the maximum efficiency at'657 nm is understood con
sidering that the energy of photons at 680 nm is smaller t
the energy gap between states3H4 and 1D2 while for exci-
tation at '657 nm both transitions3H6→3F2 and 3H4

→1D2 are resonant. Accordingly, we conclude that the pa
way responsible for the frequency upconversion proces
the one shown in Fig. 5~c!.

FIG. 3. Fluorescence spectra observed for excitation at 650 nm.

FIG. 4. Dependence of the 450 and 790 nm emission intensities on 65
excitation power.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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C. Excited state lifetimes

The lifetime of an excited RE state in a glass matrix
governed by radiative and nonradiative processes. The n
radiative processes can be due to multiphonon relaxatio
to energy transfer between the RE ions. The probability
multiphonon relaxation is larger for a glass matrix with lar
phonon energies while the energy transfer between RE
increases by increasing the rare earth concentration. He
the lifetime of an excited state can be described by

1

t
5

1

tR
1WMP1WET , ~6!

weret is the actual lifetime,tR is the radiative lifetime,WMP

is the probability of relaxation due to multiphonon emissi
andWET is the probability of energy transfer among neig
bor ions.

The lifetimes of the3H4 and 1D2 levels were deter-
mined, under 650 nm excitation, measuring the decay rat
the emissions at 790 and 450 nm, respectively. The res
given in Table IV show thatt andtR are very much different
although the error estimated in the calculations oftR is
;20%. The discrepancy betweent and tR can only be un-
derstood considering that nonradiative processes domi

FIG. 5. Energy level diagram of Tm31 and possible transition pathways i
the experiments. Solid lines represent electric dipole transitions while do
lines refer to nonradiative transitions.

FIG. 6. Excitation spectra of the fluorescence bands at 450 and at 790
m
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the lifetime of the levels. Since, as presented in Table IV,
lifetimes are not dependent on the Tm31 concentration, we
conclude thatWET can be neglected and thus the actual li
times are due to multiphonon~MP! emission. In fact, MP
relaxation is expected to be relevant because these tung
glasses have large cutoff phonon energy~'940 cm21!.26

This interpretation allows us to determine the MP relaxat
rate for 3H4 and 1D2 levels from Eq.~6! which givesWMP

(3H4)548 442 s21 andWMP (1D2)5192 810 s21. The value
of WMP (3H4) is in agreement with estimates based in t
energy gap lawconsidering that the relaxation between3H4

and3H5 levels involves 4–5 phonons. The lifetime of lev
1D2 is small because it is positioned in the glass conduc
band, which favors nonradiative relaxation.

IV. CONCLUSION

Spectroscopic properties of Tm31 ions in tungstate fluo-
rophosphate glasses were studied. When excited at 354.
only one fluorescence band of Tm31 at 450 nm, due to the
1D2→3F4 transition, is observed. A broadband center
around 550 nm, corresponding to decay from the conduc
band to the valence band of the glass matrix, was also
tected. The excitation at'655 nm produced emission at 45
nm due to decay from1D2 to 3F4 and emission at 790 nm
corresponding to the3H4→3H6 transition. The excitation
mechanisms involved in these processes were determ
based on the excitation spectra. The results are in g
agreement with predictions based on the Judd–Ofelt the
No quenching mechanism was observed in the range of 0
1.0 mol % of Tm31 as reported for other fluorophospha
glasses.32 The lifetimes of the excited states of Tm31 were
found to be dominated by multiphonon relaxation.
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