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Blue and ultraviolet upconversion(UC) emissions at 455 and 363 nm were observed from Tm3+

doped fluoroindate glasses pumped at 650 nm. The time behavior of the UC signals was studied for
different Tm3+ concentrations. The measurements revealed the origin of the UC process as well as
allowed to quantify the interaction between Tm3+ ions. The results indicate that a two-step
one-photon absorption process is responsible for the UC emissions, and dipole-dipole interaction
provides the main contribution for energy transfer(ET) among active ions. The critical distance
between Tm3+ ions at which the ET rate is equal to the decay rate of noninteracting Tm3+ ions was
determined. ©2004 American Institute of Physics. [DOI: 10.1063/1.1769596]

I. INTRODUCTION

The optical properties of rare earth(RE) doped solids
have been extensively investigated.1,2 However, the search
for new materials with improved functionality is still an ac-
tive area. In particular, the investigation of optimized glasses
for efficient lasing and frequency upconversion(UC) pro-
cesses requires more effort due to their potential
applications.1,2

Amongst the enormous variety of existing glasses, fluo-
ride systems are attractive materials for photonics because
large amount of RE ions can be introduced in the matrix and
they can be used to fabricate special optical fibers and fiber
lasers. Moreover, due to cut-off phonons of low energy, the
nonradiative relaxation rate of RE excited states in fluoride
glasses is small and thus the luminescence efficiency is
larger than in other systems. Indeed, it well characterizes the
good performance of fluoride glasses in color displays and
lasers.

Recently, a class of fluoride systems—fluoroindate
glasses(FIG)—has gained attention because a number of im-
provements in their characteristics were developed.3 Nowa-
days, FIG samples can be prepared with good optical quality,
large stability against atmospheric moisture, and low optical
attenuation from 0.25mm to 8 mm. Optical properties were
studied in a large number of RE-doped FIG samples3–16 and
the results demonstrate the large potential of this material to
be used in upconverters, optical amplifiers, lasers, and sen-
sors.

In this article we report on the spectroscopic properties
of Tm3+-doped FIG by single wavelength pumping in the red
region. The Judd-Ofelt(J-O) theory17,18 was used to obtain
the quantum efficiency of the 4f-4f transitions and other
spectroscopic parameters. The dynamics of the fluorescence
was investigated and energy transfer(ET) processes among

Tm3+ ions were studied. UC from red to blue and ultraviolet
was studied and the mechanism which originated the upcon-
verted emissions was elucidated.

UC in Tm3+ doped fluoroindate glasses has been previ-
ously studied using continuous wave(CW) lasers for
excitation.12 The present report provides different informa-
tion because different glass compositions were used and be-
cause the excitation source is a pulsed laser that allows a
better characterization of the dynamics of the UC process.

II. EXPERIMENT

The samples used have the following composition in
mol %: s39−xdInF3-20ZnF2-20SrF2-16BaF2-2GdF3-2NaF-
1GaF3-xTmF3, wherex=1.0, 2.0, and 3.0. The glass synthe-
sis was implemented using standard proanalysis oxides and
fluorides as starting materials following the procedure given
in Refs. 3–8. Samples with dimensions 0.231.031.0 cm3

were used.
The absorption spectra of the samples were measured

a)Author to whom correspondence should be addressed; electronic mail:
cid@df.ufpe.br

FIG. 1. Absorption spectrum of fluoroindate glass with 1.0 mol % of Tm3+

ions.
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using a double-beam spectrophotometer that operates from
400 cm−1 s2.5 mmd to 30 000 cm−1 s0.33mmd.

The Nd:YAG(YAG—yttrium aluminum garnet) pumped
dye laser used for the fluorescence experiments operates at
5 Hz with <10 ns pulses, peak power of<20 kW, linewidth
of <0.5 cm−1, and could be tuned over the 620–690 nm
range. The linearly polarized dye laser beam was focused
into the sample with a 3 cm focal length lens and the fluo-
rescence was collected along a direction perpendicular to the
incident beam direction by a 5 cm focal length lens. The
signal was processed using a digital oscilloscope connected
to a computer.

III. RESULTS AND DISCUSSION

The absorption spectrum of the FIG sample withx=1.0
is presented in Fig. 1. The spectra for other samples are

similar with no shift in the wavelengths of the absorption
peaks. The intensities of the bands vary linearly with the
concentration of Tm3+. All transitions are inhomogeneously
broadened. Each assignment in Fig. 1 corresponds to the
upper level of transitions originating from the Tm3+ ground
multiplet s3H6d.

The analysis of the absorption spectra was made using
the J-O theory.17,18 From the integrated absorbance spectra
three intensity parameters, which are dependent on the ligand
field and dominate the transition probabilities
in the glass, were determined:V2=2.36310−20 cm2,
V4=1.59310−20 cm2, and V6=1.21310−20 cm2. Oscillator
strengths for transitions originating from the ground multip-
let are given in Table I. Branching ratios, radiative lifetimes,
and multiphonon relaxation rates were determined for all
Tm3+ levels and the results are presented in Table II. The
procedure to calculate the quantities given in Table I and
Table II is based on Refs. 17 and 18 except for the mul-
tiphonon relaxation rates which were calculated using the
“energy gap law”19 considering the energy of the cut-off
phonon mode of the FIG matrixs<500 cm−1d.20

The fluorescence spectrum with transition3H6→3F2 be-
ing resonantly excited at 650 nms15 385cm−1d is shown in
Fig. 2. The emitted intensities at<22 000 cm−1

s<455 nmd and 27 550 cm−1 s<363 nmd have the same or-
der of magnitude. The intensity at<12 500 cm−1

s<800 nmd was attenuated 1500 times to be included in the

TABLE I. Experimental fexp and theoreticalf theo oscillator strengths for
transitions originated from the ground multiplets3H6d.

Excited multiplet Energyscm−1d fexp s310−6d f theo s310−6d

3F4 5920 1.79 1.85
3H5 8320 1.43 1.29
3H4 12 771 1.92 1.94
3F3,2 14620 2.95 2.98
1G4 21 445 0.70 0.56
1D2 28 011 1.91 1.90

TABLE II. Energy gap, radiative transition probabilities AJJ8, branching
ratiosbJJ8, radiative lifetimestR, and multiphonon relaxation rates WMP of
Tm3+ ion at room temperature.

Transition
Energy gap

scm−1d AJJ ss−1d bJJ8 bJJ sexpd tR smsd WMP ss−1d

3F4→3H6 5920 140 1 7117 2.3310−04

3H5→3F4 2400 4 0.025 6170 3.9310+04

3H6 8320 157 0.975 5.6310−10

3H4→3H5 4451 16 0.022 1251 6.2310−01

3F4 6851 59 0.074 1.5310−06

3H6 12 771 722 0.904 2.2310−20

3F3→3H4 2006 2.7 0.002 576 3.231005

3H5 6457 169 0.098 1.2310−05

3F4 8857 45 0.026 3.1310−11

3H6 14 777 1516 0.874 4.6310−25

3F2→3F3 374 0.0 0.0 1143 2.1310+09

3H4 2380 6.2 0.007 4.3310+04

3H5 6831 112 0.128 1.7310−06

3F4 9231 291 0.333 4.2310−12

3H6 15 151 464 0.532 6.1310−26

1G4→3F2 6294 10 0.008 791 3.1310−05

3F3 6680 34 0.028 3.8310−06

3H4 8674 128.2 0.102 8.4310−11

3H5 13 125 435.3 0.345 3.3310−21

3F4 15 525 105.3 0.083 8.2310−27

3H6 21 445 549.5 0.434 1.2310−40

1D2→1G4 6566 77 0.005 67 7.1310−06

3F2 12 860 589 0.044 1.3310−20

3F3 13 234 499 0.034 1.8310−21

3H4 15 240 674 0.046 3.8310−26

3H5 19 691 38 0.003 1.5310−36

22 093F4 220 91 7031 0.477 0.544 3.7310−42

3H6 28 011 5836 0.396 0.350 5.4310−56

FIG. 2. Emission spectra of Tm3+-doped glass for excitation at 650 nm
(sample concentration:x=1.0).

FIG. 3. Excitation spectra of UC emissions. Points represent experimental
results. The solid line is a guide to the eyes(sample concentration:x=1.0).
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same figure. The fluorescence intensity at<800 nm vary lin-
early with the laser intensity while the emissions at 455 nm
and 363 nm show a quadratic dependence. The intensity of
the fluorescence bands vary linearly with the Tm3+ concen-
tration. The emission at<800 nm is attributed to transition
3H4→ 3H6 that occurs after phonon-assisted decay from3F2

to 3H4. The blue and ultraviolet emissions are attributed to
transitions1D2→ 3F4 and 1D2→ 3H6, respectively. The cal-
culated branching ratio of the 455 and 363 nm transitions
given in Table II are comparable, in agreement with the spec-
trum of Fig. 2. Blue emission corresponding to1G4→3H6 is
not observed in this case because the multiphonon relaxation
rate from1D2 to 1G4 is small. Also, because of the laser pulse
durations<10 nsd, excitation from3F4 to 1G4 is not effective
as a CW experiments.12,21

Figure 3 shows the excitation spectra of the UC emis-
sions. Note that both intensities are maximized when the dye
laser wavelength is in resonance with transition3H6→ 3F2.
No UC emission is observed when the laser is tuned to tran-
sition 3H6→ 3F3.

The fluorescence bands show a nonexponential temporal
decay for the three samples. Values of rise time in the range
150–316 ns were measured for transition3H4→ 3H6 with
decay time varying from 560 to 44ms, as presented in Table
III. The rise time of the UC transitions follows the laser pulse
rise time for all samples while the decay time decreases from
26 to 6ms as the Tm3+ concentration increases.

The proposed UC pathway is illustrated in Fig. 4 where
it is indicated that the blue and UV emissions are due to a
two-step one-photon absorption.

We recall that the cut-off phonons in the FIG matrix is
<500 cm−1 and thus, the multiphonon relaxation rate be-
tween levels1D2 and 1G4 is negligible. Energy transfer
among Tm3+ ions is the main mechanism contributing to the
lifetime of level 1D2. The lifetime of the3H4 level is also
dominated by processes of ion-ion interaction as in other
glasses.1,2,22

When ET among the emitting atoms(donors) and traps
of excitation (acceptors) occurs the fluorescence decay can
be described byFIG. 4. Excitation routes for UC emissions at 455 and 363 nm.

FIG. 5. Time dependence ofPstd as determined monitoring the UC emission
at 455 nm. Excitation wavelength: 650 nm.(a) sample concentration:x
=1.0;(b) x=2.0;(c) x=3.0. The solid line is a theoretical fitting based on the
Inokuti-Hirayama model.

TABLE III. Decay timestD of the excited multiples1D2 and 3H4.

x tDsmsd

1D2 multiplet
1.0 26
2.0 13
3.0 6

3H4 multiplet
1.0 560
2.0 139
3.0 44
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Istd = 10expS−
t

t0
− PstdD , s1d

wheret0 is the lifetime of the isolated ions in the absence of
ET. Pstd is the transfer function which assumes different
forms according to the sample concentration, origin of the
interaction among the ions, and time range.Pstd may have
contributions due to ET processes which originate UC emis-
sions, cross relaxation, and other processes between donors
and acceptors that contribute to frequency downconversion
emissions. Accordingly with the theoretical model of Inokuti
and Hirayama23 Pstd is given by the expression

Pstd =
4pR0

3

3
cGS1 −

3

s
DS t

t0
D3/s

= gt3/s, s2d

wherec is the concentration of acceptors andR0 is the criti-
cal distance between Tm3+ ions at which the ET rate is equal
to the decay rate of the donor ion,s is the parameter of the
multipolar interaction [s=6,8, or 10 for dipole-dipole,
quadrupole-dipole, and quadrupole-quadrupole interactions,
respectively] and Gf1−s3/sdg is the Gamma function. The
ET donor-acceptor can be of two types:(a) static transfer
(ST), where the energy is transferred from an excited donor
to an unexcited acceptor, and(b) fast diffusion, where the
energy is transferred from an excited acceptor after migration
to donors.24 The ST process is expected to give the main
contribution in our experiments because we have not ob-
served pure exponential decay for any sample. Fast diffusion
may be important for larger Tm3+ concentrations.

Figures 5(a)–5(c) illustrate the dynamical behavior of
the blue emission at<455 nm with excitation at 650 nm for
x=1.0, 2.0, and 3.0. The solid lines represent Eq.(1) fitted to
the data points assumingt0=67 ms, which is the value cal-
culated using the J-O theory. An analogous procedure was
employed for the other emissions.

To infer the kind of interaction between donors and ac-
ceptors the logarithm ofPstd versus the logarithm oft was
examined. The results, obtained by extracting an exponential
part, exps−t /t0d, from the recorded fluorescence signal, cor-
respond toPstd`th, with 0.48,h,0.59. This behavior is
also illustrated in Fig. 5. The value ofh<0.5 indicates that
dipole-dipole interaction is the main mechanism for ET
among the ions.

The parameterg in Eq. (2) was determined for all
samples and the results are presented in Fig. 6 which dis-
plays a linear dependence ofg with the Tm3+ concentration.
From the data of Fig. 6 the values ofR0 were calculated and
the results are presented in Table IV. A comparison between
R0 and the average distance among Tm3+ ions,Rav, obtained
assuming a homogeneous distribution of ions, shows that the
actual distribution of dopants is not homogeneous. Notice
that there is a good agreement between the values ofR0

determined from the results related to3H4 and 1D2 mani-
folds.

IV. CONCLUSIONS

In summary, we investigated the spectroscopic properties
of Tm3+ doped FIG and characterized the main physical pro-
cesses taking place when a pulsed laser at 650 nm is used as
the excitation source. Frequency upconversion was observed
from red to blue and ultraviolet. The interaction among Tm3+

ions revealed by nonexponential decay of transitions1D2
→3F4,

1D2→ 3H6, and 3H4→ 3H6 was studied using the
Inokuti-Hirayama procedure. The results indicate a dominant
dipole-dipole interaction among Tm3+ ions. The data allowed
us to determine the critical distance for different concentra-
tions and show that the Tm3+ ions are not homogeneously
distributed in the samples.
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