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Optical spectroscopic properties of Pmdoped 60Te@-10GeQ,—10K,0—10Li,O
—10Nb,Og glass are reported. The absorption spectra were obtained and radiative parameters were
determined using the Judd—Ofelt theory. Characteristics of excited states were studied in two sets of
experiments. Excitation at 360 nm originates a relatively narrow band emission at 450 nm attributed
to transition'n, 3, of the Tn?" ion with photon energy larger than the band-gap energy of the
glass matrix. Excitation at 655 nm originates a frequency upconverted emission at 45@pm (
—3F,) and emission at 790 nnl,—3Hg). The radiative lifetimes of levelsp, and®n, were
measured and the differences between their experimental values and the theoretical predictions are
understood as due to the contribution of energy transfer amonty Tams. © 2003 American
Institute of Physics.[DOI: 10.1063/1.1555674

I. INTRODUCTION vitreous network and shifts the characteristic temperatures to
higher values. Raman scattering, differential scanning calo-
Tellurium-oxide glasse$TG) have been intensively in-  rimetry, and optical spectroscopy of Rd -doped samples
vestigated because of their special properties such as thgere reported. Very large emission cross sections fot*Nd
large resistance against devitrification, the possibility to in+ransitions in comparison with other oxide glasses were mea-
corporate a large amount of rare-eafftE) dopants and the  g,req, which indicates that this glass can be used for optical

high refraTtive in(.jelz_,l\évhich allow theirhutilizati(_)n.as fn?]nlin- amplification. Efficient frequency upconversi¢dC) emis-
ear optical material5:®An important characteristic of these ¢ in T+ /b codoped samples excited at 1064 nm has

materials is the relatively low cutoff phonon energy COM-peen reportel High brightness emission around 800 nm was

pared with other oxide glasses such as silicate or phOSphaFgcorded besides weaker emissions in the blue and red. Stud-

glasses. This property has motivated a large number of ex—s of blue cooperative luminescence in 3Yb-doped TG

. . ; . |
periments dedicated to the study of the optical properties Oe]‘3 cited in the infrared was reportednd the contribution of

TG doped with RE ions, and thus these glasses are revealed . :
ptical phonons for the process was exploited to obtain en-

to be strong candidates for uses in photonic devices. Muc f1h . M vl
attention was given particularly to T -doped TG because ancemen_t of the upconversion process. More recent y, large
upconversion enhancement due to *fmwas observed in

of the possibility of producing blue laser radiation pumping .

: : : o0 1] : samples codoped with Nd. ©

in the infrared and optical amplificatioh’! In previous o

works, TG were chosen as a host to study energy transfer [N the present work with singly doped P samples,

processes between RE ions in doubly and triply dopedhe absorption spectra were used to determine the oscillator

sampled:12-16 strengths of each transition and to obtain parameters such as
In this work, we present spectroscopic properties oftransition probabilities, branching ratios, and excited states

Tm3* ion in alkali niobium tellurite glasses. This glass com- radiative lifetimes. The samples were excited in the ultravio-

position has been presented recefffihe addition of alkali let and in the red. UC blue fluorescence and infrared emis-

and niobium oxides in the TG increases the rigidity of thesion were observed when red light was used for excitation.

The fluorescence bands were investigated as well as the
dAuthor to whom correspondence should be addressed; electronic maimeChamsrnS involved in the'_r (f,'mIS.SIO_nS. Excited ?tate life-
cid@df.ufpe.br times were compared to radiative lifetimes theoretically de-
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termined and the differences observed, due to nonradiative

; N =
relaxation processes, were analyzed. 5 o
2 O <
£ g 3 5
Il. EXPERIMENT 51 - < S
- " 5| 8 3 8 &
Samples with mol % compositions of (6&)TeO, S 5 Ex” . T
—10GeQ— 10K,0—10Li,O—10Nb,Os—xTm,053  were g & 8 ® 8
prepared through appropriate mixtures of reagent-grade -3 Y i #'_.
TeO,, Nb,Os, Li,COs, K,CO3, GeG,, and TmO;. The s \A .
reagents were melted in gold crucibles for 30 min at approxi- g
mately 800 °C in air. Liquids were quenched to room tem- g

perature in steel molds and annealing treatments were per- " 20000 15000 10000 5000

formed at temperatures near the glass transition temperature

for 2 h and then cooled slowly at room temperature. Large

guantities of RE ions could be incorporated in the samples  FIG. 1. Absorption spectrum at room tempert@sample ET§.

which still present a good thermal stability, i.e., a high resis-

tance against devitrification. The samples studied have the

following concentrations in mol % of T :ET (x=0); where v is the mean frequency between the two multiplets

ET2 (x=0.2); ET4 x=0.4); ET6 x=0.6); ET8 x=0.8); (inem 1), UMN(A=2, 4, 6) are unit tensor operators of rank

ET10(x=1.0); ET15=1.5); ET20&=2.0). They are X\, and (, are the JO intensity parameters. The terms

stable against atmospheric moisture and samples with dimegaJ|U*|bJ’) are the reduced matrix elements.

sions of several millimeters could be prepared. Equation (1) allows us to obtain thé® value for each
The absorption spectra in the 300—3000 nm range wertiansition and these values can be used in 2jto deter-

obtained using a double beam spectrophotometer. Fluoresiine the JO intensity parameters. The spontaneous radiative

cence experiments with excitation at 360 nm was done usingmission probability betweehandJ’ levels for electric di-

a spectrofluorimeter equipped with a xenon lamp of 450 Wpole transitions is given by

For excitation in the 608 — 690 nm range, a Nd:YAG 64nv3e? n(n2+2)?

Wavenumber (cm™)

pumped dye lasgpulses of~ 10 ns) with DCM dissolved in Ayy=

DMSO (dimethyl sulfoxidé as the active medium was used. 3hcd(2J+1) 9

The fluorescence emission was dispersed using a 0.50 m

spectrometer, with a resolution of 5 A, coupled to a photo- X Y, 0,](adJuMbd’y |2 (3)
N=2,4,6

multiplier. The signals were recorded using a digital storage

oscilloscope connected to a computer. All data were taken afne radiative lifetime of an excited state is calculated by

room temperature. r=(23 A;3) %, and the branching ratio corresponding to
the emission from level to J’ is given by 8,5 =A;y TR.

lll. RESULTS AND DISCUSSION We also used the energy-gap fAwo estimate the mul-

The absorption bands observed from the near-ultraviolgfiPhonon relaxation rate in our samples. _
to the near-infrared spectra of RE-doped glasses are usually Figure 1 shows the absorption spectrum corresponding
due to 4 —4f transitions and these absorptions are mainlyl© transitions from the ground state, oflthe Tmﬂ lon to
associated with induced electric dipole transitidAghe os- their excited states associated to the"4configuration in
cillator strengthP of each absorption band can be expresse&amme ET6. The oscillator strengths were determined from

as this spectrum. The obtained experimental and theoretical val-
ues ofP as well as the JO parameters are presented in Table
mcn? I. Changes were not observed in the line shape or in the

- Nwezxf «(v)do, @) positions of the absorption bands for different nconcen-

) _ . trations. An absorption band corresponding to thg- 1o,
wherem is the electron mass; the speed of the lightN is  transition does not appear in this spectrum because the en-

the number of ions in a unit volumethe electron chargey  ergy of theln, level is higher than the band-gap energy of
is the refractive index of the sample, arfid(v)dv is the

integrated absorption coefficient. The local field factor forTapLE I. Values of the experimental and theoretical oscillator strengths,
electric dipole transitions is given by=(n?+2)%/9n. The  and intensity parameters),=3.37x10"Xcn? ; 0,=1.03x10 Lcn? ;
value of [k(v)dv for each absorption band can be deter-andQs=8.51x10 * cn?

mined from the absorption spectrum.

— =)
The oscillator strength for a given transition betweenTranSltlons AE(em ) Poe Prreo
two multipletsJ a7nl<gJ’ can be calculated using the Judd— sz:a gggg i-gg 18:§ i.ggxx 18:2
, 1 1 Hg—°H . .
Ofelt (JO) theory*”*®and is given by 3HZJHi 12640 > 7% 10-5 5 70x 10-5
8m’mv  (n?+2)? 1o zHGJFm 14575 2.96¢ 10‘3 3.06% 10-?
SE@T D on e W @IVIbIY e, oaars 86410 8.30x10™7
4, Hg1D, 28050 1.86x 10

)
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TABLE Il. Energy gapAE , transition probabilitied\;;: , branching ratios,

By, between multiplets] and J’ and radiative lifetime,rg , for each ]
excited state
20000+
Transitions AE (cm™ 1) Asy By 7 (MS)
%, He 5821 363.84 1 2.75 g 150004
SHg Fa 2 499 10.08 0.03 2.80 1
Hg 8 320 346.43 0.97 E 1am_
SHy Hs 4 306 27.84 0.01 0.50 ET20
000
o]

:

Intensity (arbitrary units)

3
3
3
3
%, 6 805 150.77 0.08 ET10
3he 12 626 1822.90 0.91 . ET8
3y 3, 1930 522  10E-3 031 f/\__‘h ET4
3 6 236 495.76 0.15 | ET2
3k, 8 735 84.10 0.03 LT ET
3 ¥ T T T T T
: wo um ume om o & s
Fo— F3 . . - . Wavel
%, 2 540 23.50 0.01 ength (nm)
3
3H5 6 846 203.02 0.09 FIG. 3. Emission spectra of the glass samples for excitation at 360 nm
3F4 9 345 1052.30 0.49 (samples ET, ET2, ET4, ET8, ET10, and EJ2Gurves were displaced in
He 15 166 876.53 0.41 the vertical axis but were traced using the same arbitrary units.
1oy %, 6111 18.12 0.01 0.33
3, 6721 69.04 0.02
3
Hy 8 651 346.66 0.11 o " _ . .
%, 12 957 955.82 031 e'xc':ltatlon condition thls is the'or'lly emission observed' in the
3, 15 456 208.79 0.07 visible spectrum. This result is in good agreement with the
3He 21 277 1449.26 0.48 predictions of the JO theory since the branching ratio of the
Dy ?34 6 501 260.89 0.01 0.02 'p,—3F, transition is about 0.62.
2 12 gg ig?i-g? g-gi Emission spectra of the samples, excited at 360 nm, are
3:3 15 152 2402.78 0.06 presented in Fig. 3. Although the fluorescence intensities in-
3HZ 19 458 133.97 0.3E-2 crease_with Trﬁ+ concentration, we note that.t_he samples
%, 21 957 25 314.6 0.62 have different sizes and thus the signal intensities cannot be
%o 27778 9962.26 0.24 directly related to the TR concentration. However, a linear

dependence of the 450 nm emission intensity with®Tm
concentration was inferred. We emphasize that the present

the TG. However, its energy was determined performing aﬁenglr'[s corroborate the interpretation given in Ref. 21 for
experiment where fluorescence in the blue region was investm”" -doped gallium lanthanum sulfide glasses where ex-

tigated exciting the samples in the ultraviolet region as decited states of T with energy larger than the energy gap
scribed below. of the host glass, were shown to be strongly shielded. In

Radiative transition probabilities, branching ratios, andother words, these results show that the overlap between the
excited state lifetimes of all levels were determined using the#f wave functions and the extended Bloch waves of the glass
JO theory and the results are presented in Table II. The errof§ Small. Analogous observations were reported for®Tm
in the calculated values were estimateckas5%. -doped fluorophosphate glassés.

Figure 2 shows the excitation spectrum of the emission [N another experiment, the samples were excited using a
at 454 nm, which was attributed to the,—¢, transition of ~ Pulsed dye laser operating at655nm (in resonance with
the Tn#* ion. A clear enhancement is observed when theransition *hs—3,) and two fluorescence bands were ob-
excitation wavelength is=360 nm, indicating the energy of Served as presented in Figgapand 4b). To identify the

27778 cm ! for level ',. It is important to note that for this Mechanisms and energy pathways contributing for each
emission, we investigated the dependence of the fluorescence

intensity versus laser power. The results are given in Fig. 5

1.2 and the slopes of the straight lines indicate the number of
absorbed laser photons for each emitted photon. The emis-
) sion at ~450 nm shown in Fig. @) is assigned to the
i 0.8 1p,3F, transition of the TM" ion. The quadratic depen-
g dence of the UC intensity as a function of the laser intensity
£ indicates that a two-step one-photon absorption process
Z o4 (transition *Hg—3F, followed by transition®r,—'p,) origi-
2 nates the blue emission. The emissior=at90 nm shown in
E Fig. 4(b) is due to the®H,3H; transition of the TM" ion
and its excitation spectrum is presented in Fig. 6. The strong
°'°32° 220 20 330 band centered at 685 nm is due to the resonant excitation

War om) of transition®Hg : F5 With subsequent n_o_nradlatlve relaxation
(NRR) to level n, from where transitior®H,—3Hs occurs
FIG. 2. Excitation spectrum of the emission at 454 (gample ET§ originating emission at=790nm. The feature centered at
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FIG. 6. Typical excitation spectrum of the emission at 790 (mample
ET10).

~790 nm present a linear dependence as a function 6f Tm
concentration.

The lifetimes of®H, and 'p, states were measured and
compared with the predictions made using the JO theory.
However, as shown in Table Ill, the measured lifetimes are
different from the radiative lifetime. This indicates that non-
radiative processes due to MP relaxation and/or energy trans-
fer (ET) have to be considered. Accordingly, the excited state

FIG. 4. (a) Upconverted emission of tellurite glasses excited at 655 nmjifetime is described a57071:(7'R)71+WNR1 wereris the

(samples ET2, ET4, ET6, and EJf&b) Stokes emission spectra of tellurite
glasses for excitation at 655 nfsamples ET2, ET4, ET6, and ET&urves
were displaced but were traced using the same arbitrary units.

~660 nm corresponds to the absorptioritg state followed
by NRR to3H, and emission at=790 nm. NRR by mul-
tiphonon relaxatiorfMP) from levels®r, , to 3, is efficient
because the energy gap is relatively smal2000cm 1),
which corresponds to an energy smaller than the energy

three cutoff phonons of the glass matfix.

The flourescence signals centered at450 and

Log (fluorescence intensity)

O Emission at 790 nm (slope: 1.05)
o Emission at 450 nm (slope: 2.12)

104

1 T
100

Log (laser intensity)

actual lifetime, g is the radiative lifetime calculated using
the JO theory, andV,y is the nonradiative relaxation rate
which includes MP relaxation and ET to neighbor RE ions.
The difference between and 7 for the 3H, level could be
due to both nonradiative processes but applying the energy-
gap law® we estimate for thén, state a lifetime of~10 ms,
which is about two orders of magnitude larger than the mea-
sured lifetime. This is a clear indication that MP relaxation is
negligible and ET processes are playing an important role in

Fhe relaxation process for all samples. Moreover, the results

in Table Il indicate thatVyg increases for increasing values
of x, which is expected when ET is dominant. Another indi-

4500+ .
“» °H, level
2 4000+
© ]
)
@ 35001
E
§3ooo-
& a
I.u <
2500{ g
6 10 20 30 4 S0 6 70

(Tm™" concentration)® x 10°

FIG. 5. Dependence between the fluorescence intensity and laser sour¢G. 7. Energy transfer rate for thi, level as a function of the T

intensity.

concentration squared.
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