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Dynamics of energy transfer and frequency upconversion
in Tm 3* doped fluoroindate glass
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Departamento de Fisica Universidade Federal de Pernambuco 50670-901 Recife, PE, Brazil

Y. Messaddeq
Instituto de Quimica Universidade do Estado de S&o Paulo 14800-900 Araraquara, SP, Brazil

(Received 29 September 2003; accepted 19 May 004

Blue and ultraviolet upconversioftJC) emissions at 455 and 363 nm were observed fron?*Tm
doped fluoroindate glasses pumped at 650 nm. The time behavior of the UC signals was studied for
different Tn?* concentrations. The measurements revealed the origin of the UC process as well as
allowed to quantify the interaction between ¥mons. 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 transfgT) among active ions. The critical distance
between Trd* ions at which the ET rate is equal to the decay rate of noninteractintj ibms was
determined. €2004 American Institute of Physid®DOl: 10.1063/1.1769596

I. INTRODUCTION Tm3* ions were studied. UC from red to blue and ultraviolet
was studied and the mechanism which originated the upcon-

The optical properties of rare eartRE) doped solids verted emissions was elucidated.

have been extensively investigatedHowever, the search UC in Tm** doped fluoroindate glasses has been previ-

for new materials with improved functionality is still an ac- ously studied using continuous wavegCW) lasers for

tive area. In particular, the investigation of optimized glassegxcitation*? The present report provides different informa-

for efficient lasing and frequency upconversiddC) pro-  tion because different glass compositions were used and be-

cesses requires more effort due to their potentiacause the excitation source is a pulsed laser that allows a

applications-? better characterization of the dynamics of the UC process.
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; EXPERIMENT

they can be used to fabricate special optical fibers and fiber

lasers. Moreover, due to cut-off phonons of low energy, the ~The samples used have the following composition in

nonradiative relaxation rate of RE excited states in fluoridgmnol %: (39-X)InF;-20ZnF,-20Srk-16Bak-2GdF;-2NaF-

glasses is small and thus the luminescence efficiency i$Gak-xTmF;, wherex=1.0, 2.0, and 3.0. The glass synthe-

larger than in other systems. Indeed, it well characterizes th&is was implemented using standard proanalysis oxides and

good performance of fluoride glasses in color displays andluorides as starting materials following the procedure given

lasers. in Refs. 3-8. Samples with dimensions 8.2.0x 1.0 cn?
Recently, a class of fluoride systems—fluoroindatewere used.

glassegFIG)—has gained attention because a number of im- ~ The absorption spectra of the samples were measured

provements in their characteristics were developbbwa-

days, FIG samples can be prepared with good optical quality,

large stability against atmospheric moisture, and low optical

1.5 F [
attenuation from 0.2%m to 8 um. Optical properties were N Fa
studied in a large number of RE-doped FIG sanpiésand 12k s
the results demonstrate the large potential of this material to
be used in upconverters, optical amplifiers, lasers, and sen- 08l , .
sors. F H, no |

In this article we report on the spectroscopic properties
of Tm**-doped FIG by single wavelength pumping in the red
region. The Judd-OfeltJ-O) theory"*® was used to obtain
the quantum efficiency of thef#f transitions and other
spectroscopic parameters. The dynamics of the fluorescence
was investigated and energy transfBi) processes among

T . )
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3author to whom correspondence should be addressed; electronic maiFIG. 1. Absorption spectrum of fluoroindate glass with 1.0 mol % ofTm
cid@df.ufpe.br ions.
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TABLE |. Experimentalf,,, and theoreticalfy,q, oscillator strengths for

3 3
transitions originated from the ground multipl€H,). 10r H-H,
9 9 plet) D, +°F,
Excited multiplet ~ E ) o (X10)  fye (X107 = o o8} 'D,~»H
xcited multiplet nergycm 1) exp (X107°) theo (X 107°) = :m: . X 1500 2 ]
- 9 =
F, 5920 1.79 1.85 ® S gsl
®Hyg 8320 1.43 1.29 < .
*H, 12771 1.92 1.94 c® o4k
Fy, 14620 2.95 2.98 2=
G 21445 0.70 0.56 w2
4 : . @ e 02r
D, 28011 1.91 1.90 £ & L) \ }d M,,
w
0OF I 1 ) 2 W 5
using a double-beam spectrophotometer that operates from 12000 13000 22000 24000 26000 25000
400 cnt! (2.5 um) to 30 000 cnit (0.33 um). Energy (cm")

The Nd:YAG (YAG—yttrium aluminum garnetpumped
dye laser used for the fluorescence experiments operates - 2. Emission spectra of Tifidoped glass for excitation at 650 nm
5 Hz with ~10 ns pulses, peak power 820 kW, linewidth ~ (SamPle concentration=1.0.
of =0.5 cnt}, and could be tuned over the 620-690 nm . o _
range. The linearly polarized dye laser beam was focuse@iMilar with no shift in the wavelengths of the absorption
into the sample with a 3 cm focal length lens and the fluoP€aks. The intensities of the bands vary linearly with the
rescence was collected along a direction perpendicular to tHgPncentration of Trf. All transitions are inhomogeneously
incident beam direction by a 5 cm focal length lens. Thebroadened. Each assignment in Fig. 1 corresponds to the
signal was processed using a digital oscilloscope connectePPer level of transitions originating from the Pground

to a computer. multiplet (°Hy).
The analysis of the absorption spectra was made using
Il RESULTS AND DISCUSSION the J-O theory”*® From the integrated absorbance spectra

The absorption spectrum of the FIG sample with1.0  three intensity parameters, which are dependent on the ligand
is presented in Fig. 1. The spectra for other samples arfield and dominate the transition  probabilities
in the glass, were determined(),=2.36x10%°cn?,

TABLE I. En'ergy gap, radiative tran5|.t|on probabllltle_sJﬁ branching 0,=1.59x 10720 sz, and Qg=1.21X 10720 crr?. Oscillator
ratios B,y, radiative lifetimesrg, and multiphonon relaxation ratesy of

Tm3* ion at room temperature. strengths for transitions originating from the ground multip-
let are given in Table I. Branching ratios, radiative lifetimes,
Energy gap and multiphonon relaxation rates were determined for all
Transition  (cm™)  Ay(s™) By Bu(exp 7w (us) Wyp (s7) Tm®* levels and the results are presented in Table . The
3, —3H, 5920 140 1 7117 2.810% procedur_e to calculate the quantities given in Table | and
3H,—F, 2400 4 0025 6170 3@10¢  Table Il is based on Refs. 17 and 18 except for the mul-
H, 8320 157 0975 5810710 tiphonon relaxation rates which were calculated using the
3H,—%H, 4451 16  0.022 1251 62109 “energy gap law*® considering the energy of the cut-off
3F, 6851 59  0.074 1.51076 phonon mode of the FIG matri¢=500 crn‘l).20
*He 12771 722 0.904 2210 The fluorescence spectrum with transitity, — °F, be-
2F3H3H4 2006 2.7 0.002 576 3210°  jng resonantly excited at 650 nfi5 385cm?) is shown in
Hs 6457 169  0.098 12 wi Fig. 2. The emitted intensities at=~22000 cm?!
3':4 8857 45 0.026 3k 1025 (=455 nm and 27 550 cmt (=363 nm have the same or-
Hs larrr 1816 - 0.874 4610 der of magnitud The intensit t=~12 500 cm?
3’ 3 00 gnitude. e intensity a cm
P2 Fs 37 00 00 143 2E10° (=800 nm) was attenuated 1500 times to be included in the
SH, 2380 6.2 0.007 48104
3H, 6831 112 0.128 1.%10°%
3F, 9231 291 0.333 421012
*H, 15151 464  0.532 6:410°2 o [, —— %3
16,-%, 6294 10 0.008 791 34107 > 455 m
°F, 6680 34  0.028 3.8107 » 2 f“\
c

3H, 8674 128.2 0.102 841011 25 x|
3H 13125 435.3 0.345 38102 £ > // \\
3F, 15525 105.3 0.083 8:210°% cw®
3H, 21 445 549.5 0.434 1210740 - 3 1o}
D,—G, 6566 77 0.005 67  7X100 2%
%, 12 860 589  0.044 1810 5 b
°F, 13 234 499  0.034 181072 ok , . .
H, 15 240 674  0.046 3810% 14750 15000 15250 15500
3H, 19 691 38  0.003 151073 Energy (cm")
2209F, 22091 7031 0.477 0.544 371042

3H6 28011 5836 0.396 0.350 5410756 FIG. 3. Excitation spectra of UC emissions. Points represent experimental

results. The solid line is a guide to the eysample concentrationx=1.0).
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TABLE Ill. Decay timesp of the excited multiple$D, and ®H,.

X Tp(19)
D, multiplet

1.0 26

2.0 13

3.0 6
°H, multiplet

1.0 560

2.0 139

3.0 44

same figure. The fluorescence intensity=&®00 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 *froncen-
tration. The emission a&=800 nm is attributed to transition
3H,— 3Hg that occurs after phonon-assisted decay fébp

to 3H,. The blue and ultraviolet emissions are attributed to
transitions'D,— 3F, and 'D,— Hg, respectively. The cal-
culated branching ratio of the 455 and 363 nm transitions
given in Table Il are comparable, in agreement with the spec-
trum of Fig. 2. Blue emission corresponding'®,— *Hj is

not observed in this case because the multiphonon relaxation 0.00% e e
rate from'D,, to 'G,, is small. Also, because of the laser pulse
duration(=10 n9, excitation from3F4 to G, is not effective

as a CW experimen‘fg.'21

Jerez, de Araujo, and Messaddeq
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Figure 3 shows the excitation spectra of the UC emis- 04 10 27 74 204 s4é

sions. Note that both intensities are maximized when the dye AL BN AL B 7
laser wavelength is in resonance with transititty — °F,.
No UC emission is observed when the laser is tuned to tran-

sition 3Hg— 3F.

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 transititit, — 3Hg with
decay time varying from 560 to 44s, as presented in Table
Ill. The rise time of the UC transitions follows the laser pulse
rise time for all samples while the decay time decreases from OO ™ " % % % & 70

26 to 6 us as the Tri" concentration increases.

300004 i%
1D2--
25000
£
134._. € g
— 20000 [Te]
‘TE <} w©
) Al
~ 3
o 150004 F, o
o
® *H,
[
Lu 10(!!)- 3
Hsd-
]
50004 3F4
04 Hy e

FIG. 4. Excitation routes for UC emissions at 455 and 363 nm.
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FIG. 5. Time dependence &{t) as determined monitoring the UC emission
at 455 nm. Excitation wavelength: 650 nifa) sample concentrationx
=1.0;(b) x=2.0;(c) x=3.0. The solid line is a theoretical fitting based on the
Inokuti-Hirayama model.

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? and thus, the multiphonon relaxation rate be-
tween levels'D, and 'G, is negligible. Energy transfer
among Tni* ions is the main mechanism contributing to the
lifetime of level 'D,. The lifetime of the®H, level is also
dominated by processes of ion-ion interaction as in other
glasseg:>%?

When ET among the emitting atongdonorg and traps
of excitation (acceptors occurs the fluorescence decay can
be described by
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10 010 TABLE IV. Comparison between the critical distanBg and the average
distance between the Tnions R,, obtained assuming a homogeneous spa-

osl {008 tial distribution of ions.
'D

2 X Emission(cm* sV A Ray (A
~ osh loos (cm™) y (s Ry (A) av (A)
E / 1.0 22222 0.11 17 21
~ OAp 3H 4004 2.0 22222 0.22 17 17
/ 4 / 3.0 22222 0.34 17 15
ozl oz 1.0 27550 0.16 17 21
2.0 27 550 0.26 18 17

Y (°H,)

0o ) . . 000 3.0 27550 0.37 18 15
1 2 3 1.0 12 610 0.03 17 21
% (mol%) 2.0 12 610 0.05 17 17
3.0 12610 0.08 17 15
FIG. 6. Linear dependence gfwith Tm3* concentration.
¢ The parametery in Eqg. (2) was determined for all
I(t) = 10exr<— — - P(t)), (1) samples and the results are presented in Fig. 6 which dis-
70

plays a linear dependence gfwith the Tn* concentration.
where, is the lifetime of the isolated ions in the absence OfFrom the data of Fig. 6 th_e values B were caICL_JIated and
the results are presented in Table IV. A comparison between

ET. P(t) is the transfer function which assumes different and the average distance amona®Tions. R... obtained
forms according to the sample concentration, origin of theRO 9 9 Poan

interaction among the fons, and time rangét) may have assuming a homogeneous distribution of ions, shows that the

contributions due to ET processes which originate UC emiSactual distribution of dopants is not homogeneous. Notice

sions, cross relaxation, and other processes between donctghsat there is a good agreement between the valueRyof

and acceptors that contribute to frequency downconversio el;[jermmed from the results related %H“ and ‘D, mani-
emissions. Acgordingly with the theoretical model of Inokuti "0 0~
and Hwayam%\ P(t) is given by the expression V. CONCLUSIONS
. ﬁgcl“ (1 ) §> < t )3/s= s %) In summary, we investigated the spectroscopic properties
3 ’ of Tm3* doped FIG and characterized the main physical pro-
cesses taking place when a pulsed laser at 650 nm is used as
wherec is the concentration of acceptors aRglis the criti-  the excitation source. Frequency upconversion was observed
cal distance between T¥hions at which the ET rate is equal from red to blue and ultraviolet. The interaction among®Tm
to the decay rate of the donor iosjs the parameter of the jons revealed by nonexponential decay of transitiobs
multipolar interaction [s=6,8, or 10 for dipole-dipole, _>3|:4, 'D,—3H,, and 3H,—°%Hg was studied using the
quadrupole-dipole, and quadrupole-quadrupole interactiongnokuti-Hirayama procedure. The results indicate a dominant
respectively and I'[1-(3/s)] is the Gamma function. The dipole-dipole interaction among Tthions. The data allowed
ET donor-acceptor can be of two types)y static transfer ys to determine the critical distance for different concentra-

(ST), where the energy is transferred from an excited donofions and show that the Thions are not homogeneously
to an unexcited acceptor, art) fast diffusion, where the (distributed in the samples.

energy is transferred from an excited acceptor after migration
to donors’®* The ST process is expected to give the mainACKNOWLEDGMENTS
contribution in our experiments because we have not ob-
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