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Excitation of the transition *H,—!D, in a Pr’*-doped fluoroindate glass at ~588 nm results in
efficient blue emission at ~480 nm which is ascribed to the *P,—3H,. The upconversion process is due
to an energy transfer involving a pair of Pr’" ions. The dynamical behavior of the anti-Stokes emission
is described using a rate-equation model which allows one to obtain the energy-transfer rates involving
the pair states which contribute to the upconversion process.

I. INTRODUCTION

Laser spectroscopic studies of energy transfer involv-
ing rare-earth (RE) ions in solids have helped to establish
a broad understanding of these processes. Among the
several phenomena already investigated, the cooperative
energy transfer between ions in pairs or larger aggregates
has been demonstrated in a large number of compounds. !
This is a multipolar interaction through which a number
of ions de-excite simultaneously and transfer the released
energy to a nearby ion which is promoted to an excited
state of high energy. Subsequent emission from that
higher excited state produces photons with higher energy
than the energy of the absorbed photons (anti-Stokes
emission). This effect, known as a frequency upconver-
sion, is attracting a great interest because of the possibili-
ty of fluoride-crystal-based upconversion lasers.? Re-
cently, fluoride glasses became available with large up-
conversion efficiencies and fluorozirconate fiber lasers
have been reported. 3

Fluoroindate glasses are now emerging as a promising
group of halide glasses for optical amplifiers and also for
fibers lasers.*”® These glasses present higher transparen-
cy in the mid-infrared range (up to 8 um) compared to
fluorozirconate glasses and are more stable against at-
mospheric moisture. Studies of their optical properties in
the visible region have also attracted attention since
rare-earth ions can be easily incorporated in these com-
pounds. It is now well established that the nonradiative
relaxation rates of dopant ions levels in fluoroindate
glasses are small due to their smaller phonon energies in
comparison with other fluoride-based glasses.” !!

In this paper we report frequency upconversion studies
in fluoroindate glasses doped with Pr’*. The generation
of anti-Stokes fluorescence (*Py—’H,) excited via the
3H,—'D, transition is studied. The phenomenon, which
corresponds to a two-ion cooperative energy-transfer pro-
cess involving Pr®t ions, is described by
'D,+'D,—3P,+!G,+phonons—3P,+>H,+ phonons.

The energy transfer is followed by blue emission corre-
sponding to the transition from level 3P, to the ground
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state. The observation of this kind of process in
LaFy:Pr’* was due to Zalucha, Wright, Fong;'? after-
wards it was extensively studied by other groups in a
variety of crystalline systems. 1318 The effect was also in-
vestigated in borate glasses!® and more recently in silica-
based fibers doped with Pr3*. %

Here we exploit the upconversion effect as a spectros-
copical probe to investigate some characteristics of
Pr**.doped in the fluoroindate matrix. In particular, the
dynamics of the upconverted fluorescence is studied to
evaluate upconversion transfer rates.

II. EXPERIMENTAL

The glass samples studied have the following composi-
tions: (mol. %) (39-x)InF;-20 ZnF;-16BaF,-20SrF,-
2GdF;-2NaF-1GaF;-xPrF; (x=0.05; 0.1; 0.2; 1; 2).

InF; was obtained by fluoration of In,O; at 400 °C with
NH,F and HF in a platinum crucible. Then, all the
fluoride components were mixed and heated in a dry box
under argon atmosphere at 700 °C for melting and 800 °C
for fining. After the fining process the melt was poured
and cooled into a preheated brass mold. The obtained
samples have a good optical quality and are nonhygros-
copic. Previous studies with this material have been re-
ported recently. %711

The excitation within the !'D, band of Pr’t was
achieved with a Nd:YAG pumped dye laser which pro-
duces 8-ns pulses of ~20 kW (linewidth of ~0.5 cm™!).

The linearly polarized excitation beam was focused
into the sample with a 15-cm focal length lens and the
emitted fluorescence was collected along a direction per-
pendicular to the incident beam. The signal was analyzed
in a 0.5-m spectrometer equipped with a photomultiplier
tube.

Optical-absorption measurements were made with a
double-beam spectrophotometer. For all measurements
the spectra resolution was much greater than the ob-
served linewidths. All the data was taken at room tem-
perature.
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III. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectrum in the visible
range, obtained with the x=0.2 sample. The broad
features of several Angstroms bandwidth can be easily
identified with transitions from the ground state (*H,) to
the excited states of the Pr’" ion. The bands positions
and the relative intensities observed agree with previous
reports on Pr’* ions in other fluoride hosts.?"?> The
large bandwidths result from the site-to-site variation of
the crystalline-field strength. The spectra obtained for
the other studied samples are similar, except for the
bands intensities and their linewidths which are depen-
dent on the Pr’™ concentration. No changes in the wave-
lengths of maxima were observed. This is because the ab-
sorption bands are due to electronic transitions within
the 41 shell which is not very sensitive to the crystalline
field.

Figure 2 shows the upconverted fluorescence spectrum
obtained for one of the samples. The band peaking at
~480 nm (transition 3P, — *H ) was obtained by exciting
the *H,—'D, transition at 588 nm. The small feature
centered around 468-nm corresponds to transition
(*P,,'Iy)—3H,. Similar spectra was observed when ex-
citing with the laser wavelength tuned from 586 to 590
nm.
The intensity of the upconverted fluorescence exhibits
a quadratic dependence with the Pr** concentration and
with the laser intensity. This behavior indicates that two
Pr** ions and two incident photons participate in the
process which generates each photon of the upconverted
fluorescence signal. The results are explained according
to the following process: A pair of neighboring Pr’** ions
are both excited to the !D, state by the laser pulse. Then
cross relaxation takes place and the energy stored in the
two ions is redistributed inside the pair in such way that
one of the ions is promoted to the 3P2 state; afterwards a
blue fluorescence is observed to arise from the °P,
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FIG. 1. Absorption spectrum of Pr*" in fluoroindate glass at
room temperature (sample with x=0.2).
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FIG. 2. Fluorescence spectrum corresponds to the transition
3P,—3H,. The excitation wavelength was in resonance with
the transition >H, —'D,. (Sample with x=0.2).

state.* 718 A fraction of the energy stored in the pair is
dissipated by emission of phonons.

The temporal evolution of the blue emission is illustrat-
ed in Fig. 3 for the studied samples. As can be seen a
similar behavior is observed for all samples, with rise and
decay times which are Pr’" concentration dependent.
The solid lines represent the fitting to the expression

—t/74 —t/7,

(e —e ) for each sample where 7, and 74
represent the rise and decay times of the upconverted
fluorescence, respectively. The values obtained for 7, and
7, are shown in Table I. Their dependence with the Pr*
concentration is due to energy transfer among the excited
ions and their neighbors.?’

The dynamical behavior of the anti-Stokes intensity
signal can be derived from rate equations for the popula-
tions of the pair states involved in the process. The tem-
poral evolution after excitation of the populations of the
initial state of the pair (that is, the pair state directly
pumped by the laser) and of its final fluorescent state (one
ion in the P, state and another ion in the ground state)
can be described by

hy=—[Wphx)+y(x)in,, (1)
r'12=—7/2(X)n2+W12(x)n1 s (2)

when n, and n, are the populations of the pair states
|1)=|'D,, 'D,) and [2)=|*P,, 3H,), respectively.
¥ ,(x) represents the relaxation of state |1) due to all pos-
sible mechanisms except the transfer to state |2). W,(x)
is the energy-transfer rate from state |1) to state [2), and
¥,(x) is the total radiative relaxation rate from the state

TABLE I. Observed rise and decay times of the blue fluores-
cence *Py—3H, for all studied samples.

x 7, (us) T4 (us)
0.05 17 224
0.1 17 193
0.2 16 126
1.0 4 50
2.0 1 22
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FIG. 3. Time evolution of the upconverted fluorescence: (a) x=0.05; (b) x=0.1; (c) x=0.2; (d) x=1; (e) x=2.
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|2). The solutions for these equations are

n()=n,(0) T (3)
nz(t z__"‘_(o.)_lf_‘l_ 772'._e4(W12+71”) ) 4)
Witvi—7,

To compare with the measured rise and decay time we
first note that 7, ' is the larger of the two rates
(y,+ W) and y,; 75 ! corresponds to the smaller rate.

Therefore, for long times, the fluorescence signal de-
cays with an exponential decay time equal to 7, and we
have observed decay times which are about one order of
magnitude longer than the lifetime of the 3P, state. Con-
sequently, 7, | must be identified with (W, +y,) and 7,
is equal to y,. It is interesting to note that (W, +y ) is
higher than 275! [7, is the lifetime of state 'D, deter-
mined by resonance fluorescence measurements for isolat-
ed ions, 7, =460 us (Ref. 23)]. This is a reasonable result
since the decay rate of a pair state |m )=1i,j) is deter-
mined by the relation v, =y, +vy;+Wy(i,j), where v,
and v are the ions relaxation rates and Wr(i,j) is the to-
tal probability of transfer between the ions in the states i
and j. The determination of W(i,j) is only possible
when Wi(i,g) and Wy;(j,g) (g designates the ground
state) are negligible compared to y;, y; and Wi, j). "
For example, in the specific case of state |'D,,'D, ) reso-
nant fluorescence measurements cannot provide reliable
values to derive W, and y, because the 7, value ob-
tained in those experiments corresponds to isolated
atoms. Moreover, the value of W, ('D,,°H,) may be
affected by the excitation power density.

It is important to emphasize that we do not expect that
multiphonon processes give an important contribution to
the lifetime of levels 'D, and *P,. As has been shown be-
fore?!"?* multiphonon decay rates exhibit an exponential
dependence on the energy gap. In the present case, the
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energy difference between the centers of the *P, and 'D,
is AE ~3800 cm ', while for the bands 'D, and 'G, we
have AE ~6800 cm ~!. Those energy gaps correspond to
a large number of high-energy phonons and the corre-
sponding decay rates are negligible in comparison with
the values calculated from Table 1.

Finally, it is worthwhile to note that the large
efficiency observed for upconversion generation in the
fluoroindate glasses deserves further investigation which
is beyond the scope of the present work. In fact, consid-
ering a density of 5 g/cm® (Ref. 8) results in a distance of
~39 A between Pr** ions for a sample with 0.2 mol. %.
On the other hand, the Forster’s critical transfer dis-
tance?® for two rare-earth ions is ~20 A. Therefore the
large efficiency observed suggests clustering of the RE
ions as proposed in Ref. 26 for other fluoride glasses.
However more investigations are necessary to elucidate
this point.

IV. CONCLUSION

Efficient blue upconversion was observed under excita-
tion with an orange laser beam resonant with the
SH,—'D, transition of Pr’*. Fluorescence transients
were investigated and their rise and decay times were
fitted by a model which considers the energy transfer in-
side a pair of Pr’" ions as the dominant mechanism for
generation of the upconverted signal. The present results
show the large potential of fluoroindate glasses to be used
as efficient hosts for upconversion generation.

ACKNOWLEDGMENTS

This work was supported in part by the Brazilian
Agencies Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq) and Financiadora Na-
cional de Estudos e Projetos (FINEP).

IFor references on the subject, see, Spectroscopy of Solids Con-
taining Rare Earth Ions, edited by A. A. Kaplyanskii and R.
M. Macfarlane (North-Holland, New York, 1987).

2A. Silversmith, W. Lenth, and R. M. Macfarlane, Appl. Phys.
Lett. 45, 1977 (1987).

3). Y. Allain, M. Monerie, and H. Poignant, Electron. Lett. 26,
166 (1990).

4Y. Messaddeq and M. Poulain, Mater. Sci. Forum 67/68, 161
(1991).

SM. C. Brierley and C. A. Millar, Electron. Lett. 24, 438 (1988).

6T. Sugana, Y. Miyasima, and T. Komuki, Electron. Lett. 26,
2042 (1990).

7R. M. Almeida, J. C. Pereira, Y. Messaddeq, and M. A. Ae-
gerter, J. Non-Cryst. Solids 161, 105 (1993).

8Y. Messaddeq, A. Delben, M. A. Aegerter, A. Soufiane, and M.
Poulain, J. Mater. Res. 8, 885 (1993).

9R. Reiche, L. A. O. Nunes, C. C. Carvalho, Y. Messaddeq, and
M. A. Aegerter, Solid State Commun. 85, 773 (1993).

103, J. L. Ribeiro, R. E. O. Diniz,Y. Messaddeq, L. A. Nunes,
and M. A. Aegerter, Chem. Phys. Lett. 220, 214 (1994).

For a recent review of fluoride glasses, their synthesis and

properties, see for example, M. Poulain, A. Soufiane, Y. Mes-
saddeq, and M. A. Aegerter, Braz. J. Phys. 22, 205 (1992).

12D, J. Zalucha, J. C. Wright, and F. K. Fong, J. Chem. Phys.
59, 997 (1973).

133, C. Vial, R. Buisson, F. Madeore, and M. Poirier, J. Phys.
(Paris) 40, 913 (1979); R. Buisson and J. C. Vial, ibid. 42,
L115(1981).

14A . Lezama, M. S. Oria, and Cid B. de Aratjo, Phys. Rev. B
33, 4493 (1986).

150. L. Malta, E. Antic-Fidancev, M. Lemaitre-Blaise, M.
Dexpert-Ghys, and B. Piriou, Chem. Phys. Lett. 129, 557
(1986).

16y, L. Khong, G. D. Jones, and R. W. G. Syme, Phys. Rev. B
48, 672 (1993).

7M. Mujaji, G. D. Jones, and R. W. G. Syme, Phys. Rev. B 48,
710 (1993).

18F. Pelle and Ph. Glodner, Phys. Rev. B 48, 9995 (1993).

19E. M. Pacheco and Cid B. de Aratjo, Chem. Phys. Lett. 148,
334 (1988).

20E, S. Moraes, M. M. Opalinska, A. S. L. Gomes, and Cid B. de
Araujo, Opt. Commun. 84, 2799 (1991).



50 FREQUENCY UPCONVERSION OF ORANGE LIGHT INTO BLUE. .. 16 223

21y, L. Adam and W. A. Sibley, J. Non-Cryst. Solids 76, 267
(1985).

223, L. Adam, W. A. Sibley, and D. R. Gabbe, J. Lumin. 33, 391
(1985).

231, E. E. de Aratjo, M.S. thesis, Universidade Federal de Per-
nambuco, 1994. [We have studied the temporal decay of the
fluorescence following the direct excitation of levels 'D, and
3P,. For the samples with x=0.05, 0.1, and 0.2, we have ob-
tained a nonexponential behavior which indicates the oc-
currence of energy transfer to nearest acceptors for short
times (f <50 us). For longer times the behavior is dominated
by nearly isolated donors. For the samples with higher con-

centrations (x=1.0 and 2.0) we have observed a fast exponen-
tial decay which indicates an energy migration process. Al-
though these results express a behavior associated to the ma-
jority of the ions, they give us a qualitative understanding for
the behavior of the ions which participate in the pair-
upconversion process.]

24C. B. Layne, W. H. Lowdermilk, and M. J. Weber, Opt. Com-

mun. 18, 173 (1976).

25R. K. Watts, in Optical Properties of Ions in Solids, edited by

B. DiBartolo (Plenum, New York, 1975), p. 317.

263, Y. Allain, M. Monerie, and H. Poignant, Electron. Lett. 27,

445 (1991).



