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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 transitiotD,—3F, in Tm®" ions and a broadband emission centereg®%0 nm attributed

to the glass matrix. When pumping at 650 nm, two emission bands at 456Dya-(CF,) and at

790 nm €H,—3H;) 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.

[DOI: 10.1063/1.1536017

I. INTRODUCTION erties of Tni*. Two previous articles report some of the

Thulium ion (Tn#*) has been recognized as one of thePhysical properties of these glas$@8’ In Ref. 26 physical
most efficient rare-earttRE) ions for obtaining laser emis- Properties were investigated with respect to chemical com-
sion, frequency upconversion, as well as to be used in opticalosition. Density, refractive index, and characteristic tem-
amplifiers, when doping different hosts’> Laser emission peratures were measured. The Raman spectra of this glass
and amplified spontaneous emission studies have been rallowed us to conclude that the vitreous network is formed
ported in crystals, bulk glasses, and optical fibers doped witlhhy WO,, PO, and PQF tetrahedra with a variable number
Tm3*.*® Frequency upconversion in a variety of ¥m  of nonbridging atoms. Nonlinear absorption measurements,
doped materials was also investigated in the fasStof par-  performed at 660 nif, have shown that these glasses can be
ticular interest is the possibility of obtaining strong blue ysed for optical limiting due to the large two-photon absorp-

emission from Trii* doped materials pumped in the red andyion coefficient. Their performance can be controlled by ad-
in the infrared. Upconversion laser emission and ampllflequsting the tungsten oxide concentration.

spontaneous emission studies have been reported ff Tm
doped optical fibers and channel waveguitig&>*3

Recently a number of reports became available wher
detailed spectroscopic properties of ¥mwere analyzed in

The present work includes the investigation of one-
ghoton absorption and emission spectroscopy, lifetime mea-
Surements and the study of red-to-blue upconversion pro-
glasses such as fluorozircondtd® fluoroindatels 18 cesses._We first deduced the Judd—QfeIt parameters from the
fluorophosphaté®2fluoroindogallaté® and silicate?? Each ~ 2PSorption spectra to access theoretical spectroscopic quan-
glass host presents certain characteristics that favor speciffiti€S Such as transition probabilities, branching ratios, and

applications. In particular, fluorophosphate glasses have bed@diative lifetimes. Further the samples were excited by

recently investigated because of their potential as a laser hodp4.7 or 650 nm laser light producing emissions that were
material and optical amplifiér-3-2° analyzed according to its spectrum and time evolution. The

In this work, tungstate fluorophosphate glasses havéheoretical and experimental level lifetimes measured were
been chosen as host matrices to study the spectroscopic prapderstood considering radiative relaxation, multiphonon de-
cay, and energy transfer among Tmions. A mechanism is

dAuthor to whom correspondence should be addressed; electronic mai?‘ISO proposed to describe the origin of the upconversion pro-
cid@df.ufpe.br cess observed.
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II. EXPERIMENTAL AND THEORETICAL TABLE I. Chemical compositions of the glasses studied in this work.
BACKGROUND

A. Experiment

Chemical compositiorimol %)

Sample NaPG, Bak, WO, Tmk;

The glass samples studied have the following composiz
. . NBWT2 47. 12 4 2
tions in mol %: (48x)NaPQ—12 Bah—40 WO,—XTMFs,  nowra P - o
wherex=0; 0.2; 0.4; 0.6; 0.8; 1.0. TmFwas synthesized by nBwTe 47.4 12 40 0.6
fluoration of TmO5 at 400 °C for 2 h with ammonium bif- NBWT8 47.2 12 40 0.8
luoride NH,F, HF in a platinum crucible. Then the excess NBWT10 47 12 40 1.0

was volatilized at 500°C for 1 h. All components were
mixed and melted in air atmosphere at 1000 °€C Xch in a

platinum crucible. The melt was then casted in a mold Prémined using theP values obtained using Eq@_) and (2)
heated near the transition temperat(#25 °Q and treated at  The term inside the squared modulus is the reduced matrix
this temperature for 2 h in order to remove mechanical stresg|emen£®-3%
Large samples of good optical quality were prepared. The probability of radiative emission between takand

Absorption spectra were obtained using a spectrophohj’ |evels is given by
tometer operating from 200 to 3000 nm. The study of excited 4 3.0
states was performed using a Nd:yttrium—aluminum—garnet 64 ve

' BT T Q,\(aJJuMbd)?, (3)
. . f JJ 3h 2J+1) 3)(62 A d

(YAG) laser, which produces 10 ns pulses with a repetition ( C™ " "\2246
rate of 5 Hz. For excitation at 354.7 nm the th|r'd hafT“O”'C Ofwherexez n(n?+2)%9 is the effective field correction for
the laser light was generated using a potassium dlhydroge(I:‘hwission at a well-localized center in a medium of isotropic
phosphate crystal. For the experiments in the visible range

. Refractive indexn, h is the Planck’s constant anglis the
Nd:YAG pumped dye laser operating from 608 to 682 MMelectron chargeA; . is related to the radiative lifetimeg of

was used. :
o . . an excited state b
The fluorescence emission was dispersed using a 0.50 m y
spectrometer, with a resolution of 5 A, coupled to a photo- 1 4
multiplier. The signals were recorded using a digital storage TR_EJ,AJJ, (4)

oscilloscope connected to a computer. All data were taken at dthe b hi i ding to th .
room temperature. and the branching rati@;; , corresponding to the emission

from an excited level to J', is

B. Theoretical background

®)

The features normally observed in the absorption spectra
of a RE ion are 4-4f transitions. In the theory of a free RE ||| RESULTS AND DISCUSSION
ion, these transitions are forbidden because they would con-

nect states having the same parity, but in the solid state the Thﬁ exp?nments wlere performed ;,?f'ng “%TgState fluoro-
influence of the crystalline field on the RE ion allows suchPhosphate glass samples containing difterent Trooncen-

4f transitions. Most of the #4f transitions are induced ations with matrix composition as presented in Table I.

electric dipole transitions and usually magnetic dipole tran-A. Absorption measurements
sitions can be neglectéd:* The intensity of an absorption
band can be evaluated by the dipole strenBtlwhich is
determined using the relatigh

The absorption spectrum of the NBWT10 glass is pre-
sented in Fig. 1 where the absorption bands are attributed to
transitions from the ground statéHs) to excited states of

230In¢c? 5
ZW gi(0)d(0)=4.32<10 "XA, (1)
@ 020
where m is the electron mass; the speed of lightN the 5
Avogadro number, ané the electron chargéA is the inte- z 0.15- MM, 4y
grated absorption associated with the considered transition. _% ’ ¢ ‘e s
According to the Judd—Ofelt thed¥/*° from the stan- 8 H,—F, |
dard 4f-4f intensity model, the oscillator strength of a tran- S 0.10
sition between two multipletaJ andbJ’ is given by 3 ' Hy—F,
5~ G,
8mmy & 0.05-
P= o xa 2 Q(ad[[UMb)?, 2) § \ /
3h(23+1) "%\ Fae k=4 \ / \
. . 8 000 —
where v is the mean frequency between the two levgéts 2 1

cm ), xa=(n?+2)?%/9n is the Lorentz local field correction 400 800 1200 1600 2000
for the absorption(n being the refractive index of the me- Wavelength (nm)

dium), U™ is a unit operator of rank and(2, are the Judd—

Ofelt intensity parameters. THe, parameters can be deter- FIG. 1. Absorption spectrum of the NBWT10 glass sample.
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TABLE II. Oscillator strengths and intensity parameters.

Transitions Energycm*
o ) Pexe Prveo Excitation: 354.7 nm
3He—3F, 5835 2.2&10°°¢ 2.61x10°°
SHe—3Hsg 8283 1.6510°° 1.47x10°©
3H,—3H, 12 640 2.7%10°8 3.05x10°8 16
SHe—3%F2s 14575 2.4410°° 2.57x10°°© ’
SHe—1G, 21276 8.4x 107 7.48x10°7 1.2
SHe—1D, 28 050 6.53x 1077 ’

0,=5.28<10 2 cn?; 0,=2.32x10 2 cn?; Qg=1.16x10 2 cn?

Intensity (arbitrary units)
o
o

0.4f
, , , Y
the Tnt™ ion. The absorption band corresponding to tbe 200 450 500 S50 600 650 700
level cannot be observed in the spectrum because the band Wavelength (nm)
gap energy of the glass matrix is smaller than the energy of o o
the transition between th§-|6 and 1D2 levels. It was ob- FIG. 2. Emission spectra for excitation at 354.7 nm.

served that the amplitude of the bands decreases for lower
Tm3* concentrations but their spectral position does Nokyr the NBWT10 glass. The quantities,, , 7 and B,y

change. From the absorption bands, we calculated the expe(jjere calculated using Eg3), (5), and(6), respectively, and
mental oscillator strengths using Ed) and then determined the results are included in Table Il

the ), intensity parameters as described in Sec. Il B.

Table Il presents the e>_<perimer_1tal and theoretical osciIB_ Emission spectra
lator strengths together with the intensity parameters ob-
tained. For thééHg— 1D, transition, we estimated a transi- All samples were pumped by a 354.7 nm light beam
tion energy of 28050 cit. The values reported in Table Il which allows excitation of théD, level of the Tni* ion.
were used to calculate the spectroscopic parameters with b&he emission spectra obtained are shown in Fig. 2. Notice
sis on the Judd—Ofelt theory. that only two emission bands are observed in the 350—700

Table Ill gives the energy of possible—J’ transitions NmM range. The band centered at 450 nm is attributed to the

'D,—3F, transition of the TM" ion because its intensity
increases for increasing values of Tmconcentratiort® The

TABLE Ill. Values of the energy gap\E, transition probabilitiesA;; broad emission band centered around 550 nm is due to the
branching ratiosg;; , between multiplets andJ’, and radiative lifetime,  glass matrix because it is observed when pure glass samples,
7r, for each excited state. without Tn**, are excited. This band is attributed to the
— =) transition from the conduction band to the valence band of
Transitions AE (cm™) Ajy By Tr(n9 . :
the vitreous material because the gap between these two
°Fy— *He 5835 248.24 1 4028 bands is~18 000 cm .
3 . 3 . .
Hs 3::4 gggg 23(;'94 8'858 4203 Only one Tni" transition is observed when thd®,
SH,— S, 4357 575 0.003 sa2  levelis excited, in agreement with the theoretical predlctlons
F, 6805 109.13 0.070 based on the Judd—Ofelt theory. As can be seen in Table lll,
SHe 12640 144165  0.926 the transition probability between the stal@, and®F, is
3Fy— °H 1948 2.92 0.001 501 i i i -
3 4 much higher than the others and the branching ratio of this
3Hy 6305 399.91 0.200 e "
3F 8753 65.77 0.032 transition is ~0.76. In other words, the transitiohD,
4 . . 3 " o
3Hy 14588 1527.96 0.765 —°F4 is the most probable transition. We note that similar
3F,— 3k, 587 0.0048 2.882 597 behavior was reported for Tifi doped fluorophosphate
3H, 2535 1813 0.010 glasseg?
sz 8393 82; o %—0531 The upconversion(UC) fluorescence spectra of P
354 15 1‘;5 67872 oio&ls doped samples for excitation at 650 nm are shown in Fig. 3.
1G,— 5, 6101 7.49 0.003 454 T'hle UC emission at 450 nm is aSS|gped1[m2—> F, tran-
G 6688 44.43 0.020 sition of Tn?* and the down conversion fluorescence band
3H, 8636 290.06 0.131 at 790 nm is assigned to thtH,—3Hg transition!® The
°H 12 993 779.12 0.353 i
RIS number of absorbed photons for each UC photon emitted
Fa 15441 135.62 0.061 was determined plotting the fluorescence intensity as a func-
Hs 21276 945,55 0.429 . : : S y .
1D, 16, 6774 215.78 0.007 34  tion of the Ia:?‘er_lntensny as shown in Fig. 4. The quadratic
3F, 12875 573.91 0.019 dependence indicates that two laser photons are necessary to
3k, 13462 1412.38 0.048 generate each photon at 450 nm. The linear behavior of the
3H, 15410 2107.18 0.071 i i i i i
signal emitted at 790 nm as a function of the laser intensity
°H 19 767 98.48 0.003 oo ; ;
3’ indicates a simple down conversion process.
Fa 22215 22357.96 0.761 i .
SH, 28 050 2598.12 0.088 Figure a) shows the proposed pathway which leads to

the 790 nm fluorescence. After absorption of one photon
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Energy(cnt') (a) ®) ©

— 50- Excitation: 650 nm A,
Z 4 7Y 'D,
c
to |y .
] | 2 450
£ L»» NBWT10 450 5
< 20t NBWTS 15 :! * lué °F
£ NBWTS 1 H,
g 1o / s NBWT4 S v v 3’?5
= 0 __—~"\_NBWT2 790 ¢

20 s 700 80 900 0 v H,

Wavelength (nm) T

FIG. 3. Fluorescence spectra observed for excitation at 650 nm. £ 5 Energy level diagram of T# and possible transition pathways in

the experiments. Solid lines represent electric dipole transitions while dotted
lines refer to nonradiative transitions.

from the incident laser beam, a nonradiative relaxation from

state®F; to state®H, occurs. Afterwards, one photon with a

wavelength of 790 nm is emitted. Figuregbpand Hc) il-  C. Excited state lifetimes

lustrate two possible pathways for the upconverted emission  The |ifetime of an excited RE state in a glass matrix is
at 450 nm. In Fig. f) a two-photon transition to the con- governed by radiative and nonradiative processes. The non-
duction band of the glass followed by nonradiative decay tqadiative processes can be due to multiphonon relaxation or
state'D, is represented. In Fig.(§) a two-photon stepwise tg energy transfer between the RE ions. The probability of
absorption is considered to populate levBl,. In order to  myltiphonon relaxation is larger for a glass matrix with large
determine which route is dominant, we measured the excitaphonon energies while the energy transfer between RE ions
tion spectra of the emissions at 450 and at 790 nm which argcreases by increasing the rare earth concentration. Hence,

plotted in Flg 6. The emission at 790 nm iS more efﬂcientthe ||fet|me Of an excited state can be described by
for excitation at~684 nm because the laser wavelength is 1

resonant with transitiodHs—°F5. On the other hand, the E: Wt W (6)
upconverted emission at 450 nm is more efficient for excita- 7 7r MPTED

tion at ~657 nm. We note that the pathway shown in Fig.\ ere is the actual lifetimeyy is the radiative lifetimeWyp
5(b) would be more efficient for excitation at 684 nm than atig yhe probability of relaxation due to multiphonon emission

?57 n;n becguse of one-photqn resonance _With transitiog, W¢ey is the probability of energy transfer among neigh-
H,—°F3 which has an absorption cross section larger tharg)Or ions.

transition®Hg— 3F,. However, for the route shown in Fig. The lifetimes of the*H, and 'D, levels were deter-
5(c) the maximum efficiency at657 nm is understood con-  inaq under 650 nm excitation, measuring the decay rate of
sidering that the energy of photons at1680 nm is smaller thaf,e emissions at 790 and 450 nm, respectively. The results
the energy gap between stafiés, .and§ D> V‘,o{h'le for €XC= given in Table IV show that and 7 are very much different
tation at ~657 nm both transitionsHe—"F;, and *Ha  Zihough the error estimated in the calculations maf is

— "D, are resonant. Accordingly, we conclude that the path-_5q04™ The discrepancy betweerand 7 can only be un-

way responsible for the frequency upconversion process ierstood considering that nonradiative processes dominate
the one shown in Fig. ().

300 —A— Emission at 450 nm

o Emission at 790 nm (slope: 1.0) —O— Emission at 790 nm
g A  Emission at 450 nm (slope: 2.0) E ] \Q
g 101 5 ZOOJ
£ >
g 2 A
[ é \
O
8 < o
S
€ 2 1009
o
S ﬁ A/e/!

1 i LENL N B §
50 100 200 o il

640 650 660 670 680 690
Wavelength (nm)

Log (Laser intensity)

FIG. 4. Dependence of the 450 and 790 nm emission intensities on 650 nm
excitation power. FIG. 6. Excitation spectra of the fluorescence bands at 450 and at 790 nm.



J. Appl. Phys., Vol. 93, No. 3, 1 February 2003 Poirier et al. 1497

TABLE IV. Experimental and theoretical radiative lifetimes of tte, and Tecno[cgico-CNPq, Programa de Nucleos de Exoela-

1

D levels. PRONEX/MCT (Brazil) and Conseil Rgional de Bretagne
*H, level 1D, level (France are gratefully acknowledged.

Theoretical radiative lifetime 642s 34 us

Experimental lifetime

Sample NBWT2 2¥2.0us 4.7+2.0us

Sample NBWT4 2¥2.0us 45-2.0us Isee, for exampldRare-Earth Doped Fiber Lasers and Amplifieenlite_d
Sample NBWT6 28:2.0us 4.6+2.0us 2by M. J. F DigonnetDekker, New York, 1998 and references there_ln.
Sample NBWTS 182.0us 45+2.0us See, fo'r mstan_ce, M Yamane and 'Y. AsahaBasses for Photonics
Sample NBWT10 182.0us 4.3+2.0us (Cambridge University Press, Cambridge, UK, 2000

3J.Y. Allain, M. Monerie, and H. Poignant, Electron. Le?6, 166 (1990.
4See, for example, R. Reisfeld and C. K. Jorgendersers and Excited
States of Rare-EartfSpringer, New York, 1977

e - . . SK. Hirao, S. Tanabe, S. Kishimoto, K. Tamai, and N. Soga, J. Non-Cryst.
the lifetime of the levels. Since, as presented in Table IV, the ggjigs135 90 (1991,

lifetimes are not dependent on the Ticoncentration, we  ©D. C. Yeh, R. R. Petrin, W. A. Sibley, V. Madigou, J. L. Adam, and M. J.
conclude thaWgr can be neglected and thus the actual life- Suscavage, Phys. Rev.38, 80 (1989.

. ; »
times are due to multiphonofMP) emission. In fact, MP Qéf(rfg;g' R. Moncorge, and C. Pedrini, IEEE J. Quantum Electn.

relaxation is expected to be relevant because these tungstat§ Tanabe, K. Tamai, K. Hirao, and N. Soga, Phys. Rev7B 2507
glasses have large cutoff phonon enefgy940 cm1).26 (1993.
This interpretation allows us to determine the MP relaxationlg'-- B. Shaw, R. S. F. Chang, and N. Djeu, Phys. Res@6609(1994.

0 .
3 1 ; : E. W. J. L. Oomen, J. Lumirb0, 317 (1992.
rate for°H, and’' D, levels from Eq.(6) which givesWiyp 1K, Hirao, S. Todoroki, and N. Soga, J. Non-Cryst. Solidkg 40 (1992.

(°H,)=48442 5" andWyp ('D,)=1928105". Thevalue 12 s . Gomes, C. B. de Afdo, B. J. Ainslie, and S. P. Craig-Ryan, Appl.
of Wyp (°H,) is in agreement with estimates based in the Phys. Lett57, 2169(1990.

energy gap |av\considering that the re|axati0n betwe:a-ﬂ‘4 B33 R. Bonar, M. V. D. Vermelho, A. J. Mc Laughlin, P.V.S. Marques, J. S.

3 i _ PP Aitchson, A. G. Bezerra, Jr., J. F. Martins-Filho, A. S. L. Gomes, and C. B.
and*°Hs levels involves 4-5 phonons. The lifetime of level de Aratjo, Opt. Commun141, 137 (1997).

D, is small because it is positioned in the glass conductionsg g Quimby, J. Appl. Phy<€0, 1683(2001).
band, which favors nonradiative relaxation. 15w, Tian and B. R. Reddy, Opt. Let26, 1580(2001).
183, Kishimoto and K. Hirao, J. Appl. Phy80, 1965(1996.

], R. Martin, V. D. Rodriguez, R. Alcalaand R. Cases, J. Non-Cryst.
IV. CONCLUSION Solids 161, 294 (1993.

) ) ) ) 18 P .
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