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Optical properties and frequency upconversion fluorescence
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Optical spectroscopic properties of Tm31-doped 60TeO2210GeO2210K2O210Li2O
210Nb2O5 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 transition1

D2→3F4 of the Tm31 ion with photon energy larger than the band-gap energy of the
glass matrix. Excitation at 655 nm originates a frequency upconverted emission at 450 nm (1D2

→3F4) and emission at 790 nm (3H4→3H6). The radiative lifetimes of levels1D2 and 3
H4 were

measured and the differences between their experimental values and the theoretical predictions are
understood as due to the contribution of energy transfer among Tm31 ions. © 2003 American
Institute of Physics.@DOI: 10.1063/1.1555674#
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I. INTRODUCTION

Tellurium-oxide glasses~TG! have been intensively in
vestigated because of their special properties such as
large resistance against devitrification, the possibility to
corporate a large amount of rare-earth~RE! dopants and the
high refractive index, which allow their utilization as nonlin
ear optical materials.1–16An important characteristic of thes
materials is the relatively low cutoff phonon energy co
pared with other oxide glasses such as silicate or phosp
glasses. This property has motivated a large number of
periments dedicated to the study of the optical propertie
TG doped with RE ions, and thus these glasses are reve
to be strong candidates for uses in photonic devices. M
attention was given particularly to Tm31 -doped TG because
of the possibility of producing blue laser radiation pumpi
in the infrared and optical amplification.9–11 In previous
works, TG were chosen as a host to study energy tran
processes between RE ions in doubly and triply dop
samples.4,12–16

In this work, we present spectroscopic properties
Tm31 ion in alkali niobium tellurite glasses. This glass com
position has been presented recently.3 The addition of alkali
and niobium oxides in the TG increases the rigidity of t
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vitreous network and shifts the characteristic temperature
higher values. Raman scattering, differential scanning c
rimetry, and optical spectroscopy of Nd31 -doped samples
were reported. Very large emission cross sections for Nd31

transitions in comparison with other oxide glasses were m
sured, which indicates that this glass can be used for op
amplification. Efficient frequency upconversion~UC! emis-
sion in Tm31/Yb31 codoped samples excited at 1064 nm h
been reported.4 High brightness emission around 800 nm w
recorded besides weaker emissions in the blue and red. S
ies of blue cooperative luminescence in Yb31 -doped TG
excited in the infrared was reported5 and the contribution of
optical phonons for the process was exploited to obtain
hancement of the upconversion process. More recently, la
upconversion enhancement due to Tm31 was observed in
samples codoped with Nd31. 6

In the present work with singly doped Tm31 samples,
the absorption spectra were used to determine the oscil
strengths of each transition and to obtain parameters suc
transition probabilities, branching ratios, and excited sta
radiative lifetimes. The samples were excited in the ultrav
let and in the red. UC blue fluorescence and infrared em
sion were observed when red light was used for excitati
The fluorescence bands were investigated as well as
mechanisms involved in their emissions. Excited state l
times were compared to radiative lifetimes theoretically d
il:
9 © 2003 American Institute of Physics
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 [This a
termined and the differences observed, due to nonradia
relaxation processes, were analyzed.

II. EXPERIMENT

Samples with mol % compositions of (602x)TeO2

210GeO2210K2O210Li2O210Nb2O52xTm2O3 were
prepared through appropriate mixtures of reagent-gr
TeO2, Nb2O5, Li2CO3, K2CO3, GeO2, and Tm2O3. The
reagents were melted in gold crucibles for 30 min at appro
mately 800 °C in air. Liquids were quenched to room te
perature in steel molds and annealing treatments were
formed at temperatures near the glass transition tempera
for 2 h and then cooled slowly at room temperature. La
quantities of RE ions could be incorporated in the samp
which still present a good thermal stability, i.e., a high res
tance against devitrification. The samples studied have
following concentrations in mol % of Tm31:ET (x50);
ET2 (x50.2); ET4 (x50.4); ET6 (x50.6); ET8 (x50.8);
ET10 (x51.0); ET15 (x51.5); ET20 (x52.0). They are
stable against atmospheric moisture and samples with dim
sions of several millimeters could be prepared.

The absorption spectra in the 300–3000 nm range w
obtained using a double beam spectrophotometer. Fluo
cence experiments with excitation at 360 nm was done u
a spectrofluorimeter equipped with a xenon lamp of 450
For excitation in the 608 – 690 nm range, a Nd:YA
pumped dye laser~pulses of'10 ns) with DCM dissolved in
DMSO ~dimethyl sulfoxide! as the active medium was use
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.

III. RESULTS AND DISCUSSION

The absorption bands observed from the near-ultravi
to the near-infrared spectra of RE-doped glasses are us
due to 4f 24 f transitions and these absorptions are mai
associated with induced electric dipole transitions.1,2 The os-
cillator strengthP of each absorption band can be expres
as

P5
mc2n2

Npe2x
E k~v !dv, ~1!

wherem is the electron mass,c the speed of the light,N is
the number of ions in a unit volume,e the electron charge,n
is the refractive index of the sample, and*k(v)dv is the
integrated absorption coefficient. The local field factor
electric dipole transitions is given byx5(n212)2/9n. The
value of *k(v)dv for each absorption band can be det
mined from the absorption spectrum.

The oscillator strength for a given transition betwe
two multipletsJ and J8 can be calculated using the Judd
Ofelt ~JO! theory17,18 and is given by

P5
8p2mv

3h~2J11!

~n212!2

9n (
l52,4,6

Vlu ^aJiUlibJ8& u2,

~2!
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wheren is the mean frequency between the two multiple
~in cm21), Ul (l52, 4, 6) are unit tensor operators of ran
l, and Vl are the JO intensity parameters. The ter
^aJiUlibJ8& are the reduced matrix elements.19

Equation~1! allows us to obtain theP value for each
transition and these values can be used in Eq.~2! to deter-
mine the JO intensity parameters. The spontaneous radia
emission probability betweenJ andJ8 levels for electric di-
pole transitions is given by

AJJ85
64p4v3e2

3hc3~2J11!

n~n212!2

9

3 (
l52,4,6

Vlu ^aJiUlibJ8& u2. ~3!

The radiative lifetime of an excited state is calculated
tR5(SJ8 AJJ8)

21, and the branching ratio corresponding
the emission from levelJ to J8 is given bybJJ85AJJ8 tR .
We also used the energy-gap law20 to estimate the mul-
tiphonon relaxation rate in our samples.

Figure 1 shows the absorption spectrum correspond
to transitions from the ground state3

H6 of the Tm31 ion to
their excited states associated to the 4f 11 configuration in
sample ET6. The oscillator strengths were determined fr
this spectrum. The obtained experimental and theoretical
ues ofP as well as the JO parameters are presented in T
I. Changes were not observed in the line shape or in
positions of the absorption bands for different Tm31 concen-
trations. An absorption band corresponding to the3

H6→1D2

transition does not appear in this spectrum because the
ergy of the1

D2 level is higher than the band-gap energy

TABLE I. Values of the experimental and theoretical oscillator strengt
and intensity parameters.V253.37310220 cm2 ; V451.03310220 cm2 ;
andV658.51310221 cm2

Transitions DE (cm21) PEXP PTHEO

3
H6→3F4 5835 2.6631026 2.7831026

3
H6→3H5 8283 1.9931026 1.6931026

3
H6→3H4 12640 2.7331026 2.7931026

3
H6→3F2,3 14575 2.9631026 3.0631026

3
H6→1G4 21276 8.6431027 8.3031027

3
H6→1D2 28050 ••• 1.8631026

FIG. 1. Absorption spectrum at room temperture~sample ET6!.
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the TG. However, its energy was determined performing
experiment where fluorescence in the blue region was in
tigated exciting the samples in the ultraviolet region as
scribed below.

Radiative transition probabilities, branching ratios, a
excited state lifetimes of all levels were determined using
JO theory and the results are presented in Table II. The er
in the calculated values were estimated as'15%.

Figure 2 shows the excitation spectrum of the emiss
at 454 nm, which was attributed to the1

D2→3F4 transition of
the Tm31 ion. A clear enhancement is observed when
excitation wavelength is'360 nm, indicating the energy o
27 778 cm21 for level 1

D2 . It is important to note that for this

TABLE II. Energy gapDE , transition probabilitiesAJJ8 , branching ratios,
bJJ8 , between multipletsJ and J8 and radiative lifetime,tR , for each
excited state

Transitions DE (cm21) AJJ8 bJJ8 tR (ms)

3
F4→ 3

H6 5 821 363.84 1 2.75
3

H5→ 3
F4 2 499 10.08 0.03 2.80

3
H6 8 320 346.43 0.97

3
H4→ 3

H5 4 306 27.84 0.01 0.50
3

F4 6 805 150.77 0.08
3

H6 12 626 1822.90 0.91
3

F3→ 3
H4 1 930 5.22 1.0 E-3 0.31

3
H5 6 236 495.76 0.15

3
F4 8 735 84.10 0.03

3
H6 14 556 2656.56 0.82

3
F2→ 3

F3 610 0.023 1.08E-5 0.46
3

H4 2 540 23.50 0.01
3

H5 6 846 203.02 0.09
3

F4 9 345 1052.30 0.49
3

H6 15 166 876.53 0.41
1

G4→ 3
F2 6 111 18.12 0.01 0.33

3
F3 6 721 69.04 0.02

3
H4 8 651 346.66 0.11

3
H5 12 957 955.82 0.31

3
F4 15 456 208.79 0.07

3
H6 21 277 1449.26 0.48

1
D2→ 1

G4 6 501 260.89 0.01 0.02
3

F2 12 612 1238.66 0.03
3

F3 13 222 1671.07 0.04
3

H4 15 152 2402.78 0.06
3

H5 19 458 133.97 0.3E-2
3

F4 21 957 25 314.6 0.62
3

H6 27 778 9962.26 0.24

FIG. 2. Excitation spectrum of the emission at 454 nm~sample ET6!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

186.217.234.225 On: Tue
n
s-
-

e
rs

n

e

excitation condition this is the only emission observed in
visible spectrum. This result is in good agreement with
predictions of the JO theory since the branching ratio of
1

D2→3F4 transition is about 0.62.
Emission spectra of the samples, excited at 360 nm,

presented in Fig. 3. Although the fluorescence intensities
crease with Tm31 concentration, we note that the sampl
have different sizes and thus the signal intensities canno
directly related to the Tm31 concentration. However, a linea
dependence of the 450 nm emission intensity with Tm31

concentration was inferred. We emphasize that the pre
results corroborate the interpretation given in Ref. 21
Tm31 -doped gallium lanthanum sulfide glasses where
cited states of Tm31 with energy larger than the energy ga
of the host glass, were shown to be strongly shielded.
other words, these results show that the overlap between
4f wave functions and the extended Bloch waves of the g
is small. Analogous observations were reported for Tm31

-doped fluorophosphate glasses.22

In another experiment, the samples were excited usin
pulsed dye laser operating at'655 nm ~in resonance with
transition 3

H6→3F2) and two fluorescence bands were o
served as presented in Figs. 4~a! and 4~b!. To identify the
mechanisms and energy pathways contributing for e
emission, we investigated the dependence of the fluoresc
intensity versus laser power. The results are given in Fig
and the slopes of the straight lines indicate the numbe
absorbed laser photons for each emitted photon. The e
sion at '450 nm shown in Fig. 4~a! is assigned to the
1

D2→3F4 transition of the Tm31 ion. The quadratic depen
dence of the UC intensity as a function of the laser intens
indicates that a two-step one-photon absorption proc
~transition 3

H6→3F2 followed by transition3
F2→1D2) origi-

nates the blue emission. The emission at'790 nm shown in
Fig. 4~b! is due to the3

H4→3H6 transition of the Tm31 ion
and its excitation spectrum is presented in Fig. 6. The str
band centered at'685 nm is due to the resonant excitatio
of transition3

H6→3F3 with subsequent nonradiative relaxatio
~NRR! to level 3

H4 from where transition3
H4→3H6 occurs

originating emission at'790 nm. The feature centered

FIG. 3. Emission spectra of the glass samples for excitation at 360
~samples ET, ET2, ET4, ET8, ET10, and ET20!. Curves were displaced in
the vertical axis but were traced using the same arbitrary units.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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'660 nm corresponds to the absorption to3
F2 state followed

by NRR to 3
H4 and emission at'790 nm. NRR by mul-

tiphonon relaxation~MP! from levels3
F2,3 to 3

H4 is efficient
because the energy gap is relatively small ('2000 cm21),
which corresponds to an energy smaller than the energ
three cutoff phonons of the glass matrix.3

The flourescence signals centered at'450 and

FIG. 4. ~a! Upconverted emission of tellurite glasses excited at 655
~samples ET2, ET4, ET6, and ET8!; ~b! Stokes emission spectra of tellurit
glasses for excitation at 655 nm~samples ET2, ET4, ET6, and ET8!. Curves
were displaced but were traced using the same arbitrary units.

FIG. 5. Dependence between the fluorescence intensity and laser s
intensity.
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'790 nm present a linear dependence as a function of Tm31

concentration.
The lifetimes of3

H4 and 1
D2 states were measured an

compared with the predictions made using the JO the
However, as shown in Table III, the measured lifetimes
different from the radiative lifetime. This indicates that no
radiative processes due to MP relaxation and/or energy tr
fer ~ET! have to be considered. Accordingly, the excited st
lifetime is described as (t)215(tR)211WNR, weret is the
actual lifetime,tR is the radiative lifetime calculated usin
the JO theory, andWNR is the nonradiative relaxation rat
which includes MP relaxation and ET to neighbor RE ion
The difference betweent and tR for the 3

H4 level could be
due to both nonradiative processes but applying the ene
gap law19 we estimate for the3H4 state a lifetime of'10 ms,
which is about two orders of magnitude larger than the m
sured lifetime. This is a clear indication that MP relaxation
negligible and ET processes are playing an important role
the relaxation process for all samples. Moreover, the res
in Table III indicate thatWNR increases for increasing value
of x, which is expected when ET is dominant. Another ind

rce

FIG. 6. Typical excitation spectrum of the emission at 790 nm~sample
ET10!.

FIG. 7. Energy transfer rate for the3H4 level as a function of the Tm31

concentration squared.
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cation that ET processes are dominant can be obtained s
ing the temporal decay of the fluorescence signals. The m
surements did not show a single exponential decay
exhibited a time behavior typical of ET assisted processe23

In the case of the1D2 multiplet the measured lifetime is lim
ited by the time resolution of the experimental system an
nonradiative relaxation rate, larger than 105 s21, can be esti-
mated. Also in this case ET is expected to be the domin
relaxation process because the 4f wave functions are rela
tively shielded from interaction with the host matrix and t
energy gap for the next Tm31 level below the1

D2 level is
'6500 cm21. A possible explanation for the large ET rat
is the formation of Tm31 clusters and an indication of thi
effect is obtained plottingWNR as a function of Tm31 con-
centration, as calculated from Table III. As shown in Fig.
WNR presents a quadratic dependence withx, but a strong
nonlinear reduction inWNR for x→0 indicates that the Tm31

ions are not homogeneously distributed.

IV. CONCLUSION

In summary, we reported on optical spectroscopic pr
erties of Tm31 -doped tellurite glass. Physical paramete
such as oscillator strengths, branching ratios between T31

multiplets, and radiative and nonradiative relaxation ra
were determined. The frequency upconversion of red ligh
blue light was also investigated. The results herein prese
for this glass composition will be useful to support its futu
application in photonic devices. However, the exploitation
this system for laser operation still requires a better con
of the Tm31 clustering formation.

TABLE III. Theoretical and experimental lifetimes of3
H4 and1

D2 levels

3
H4 level 1

D2 level

Calculated radiative lifetime 500ms (615%) 24ms (615%)
Measured lifetime
Sample ET2 (x50.2) 20262.0ms 3.162.0ms
Sample ET4 (x50.4) 18662.0ms 3.062.0ms
Sample ET6 (x50.6) 15862.0ms 3.062.0ms
Sample ET8 (x50.8) 14262.0ms 3.662.0ms
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