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We investigate the linear optical properties and energy transfer processes in tungstate
fluorophosphate glass doped with thulium (Tm?*) and neodymium (Nd**) ions. The linear
absorption spectra from 370 to 3000 nm were obtained. Transitions probabilities, radiative
lifetimes, and transition branching ratios were determined using the Judd-Ofelt [Phys. Rev. 127, 750
(1962); J. Chem. Phys. 37, 511 (1962)] theory. Frequency up-conversion to the blue region and
fluorescence in the infrared were observed upon pulsed excitation in the range of 630—700 nm. The
excitation spectra of the luminescence were obtained to understand the origin of the signals. The
temporal decay of the fluorescence was measured for different concentrations of the doping ions.
Energy transfer rates among the Tm3* and Nd** ions were also determined. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2200737]

I. INTRODUCTION

Energy transfer (ET) processes among rare-earth (RE)
ions are important in solid state systems because they can
favor luminescence emission and therefore the reduction of
laser threshold or enhancement of amplifiers gain can be ob-
tained. This is usually exploited by the introduction of donor
ions into the host material in addition to the acceptor ions,
which are responsible for the luminescence of interest. The
donor ions are excited by the incident light source and trans-
fer all or fraction of the absorbed energy to the acceptors.

Large band gap crystals and special glasses doped with
RE ions are frequently investigated for uses in lasers, optical
amplifiers, and frequency converters with basis on ET
mechanisms. In particular, thulium (Tm**) and neodymium
(Nd**) ions are recognized as efficient RE ions for obtaining
laser emission and frequency up-conversion (Uc)."? A large
number of reports are available where detailed spectroscopic
properties of Tm>* and Nd** were analyzed in glasses such
as ﬁuorozirconate,l_4 ﬂuoroindate,s_8 ﬂuorophosphate,g’10
and silicate."*"" The investigation of ET processes between
Tm3* and Nd** was reported for different host materials.'>"
Each host presents certain characteristics that favor specific
applications. For example, fluorophosphate glasses have
been investigated because of their potential as laser materials
and optical amplifier media.”'*"

Here we present results for tungstate fluorophosphate
(TFP) glass that is a new emerging photonic material. Re-
cently, TFP glasses have been considered as host materials
for fluorescence studies of RE ions and for nonlinear optics.
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In Ref. 16 physical properties of TFP were investigated with
respect to their chemical composition. Density, refractive in-
dex, and characteristic temperatures were measured. Struc-
tural characterizations were performed by x-ray absorption
near edge structure (XANES) at the tungsten L; and Ly ab-
sorption edges and by Raman spectroscopy. These studies
allowed the conclusion that the vitreous network is formed
by WOyg octahedrons. It was observed the break in the linear
phosphate chains, the formation of P-O-W bonds and the
presence of W—O-W bonds when the WO; concentration is
larger than 30% molar, due to formation of WOg clusters.
Raman spectroscopy indicates that the energy of the cutoff
phonons is =930 cm™'. Spectroscopic properties of Tm3*
doped TFP were reported in Ref. 17. Transitions probabili-
ties, branching ratios, and radiative lifetimes associated to
the Tm?* states were determined. Frequency up-conversion
processes and a characterization of multiphonon relaxation in
TFP were also reported. The optical nonlinearity of TFP was
studied in the visible and in the infrared'®" and their perfor-
mance for optical limiting applications was controlled adjust-
ing the WOj; concentration.

In the present paper we study optical properties and ET
processes in (Tm** and Nd**) doped TFP. Linear optical ab-
sorption spectroscopy was used to determine the transition
probabilities, branching ratios, and radiative lifetimes of
Nd** levels. The samples were excited with pulsed lasers
operating in the visible range and ET between Tm** and
Nd** were investigated. UC emission in the blue region and
fluorescence in the infrared were observed and the mecha-
nisms contributing for the emissions were clarified. The
study of the dynamics of the fluorescence signals allowed the
determination of ET rates between Tm>** and Nd** ions.

© 2006 American Institute of Physics
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TABLE I. Chemical compositions of the samples (in mol %).

Sample NaPO; BaF, WO;, TmF; NdF;
NBW(0.2Tm) 47.8 12 40 0.2
NBW(1Tm) 47.0 12 40 1.0
NBW(INd) 47.0 12 40 ‘e 1.0
NBW(0.2Tm;0.5Nd) 473 12 40 0.2 0.5
NBW(0.2Tm;0.75Nd) 47.05 12 40 0.2 0.75
NBW(0.2Tm;1Nd) 46.8 12 40 0.2 1.0

Il. EXPERIMENTAL DETAILS

The glass samples studied have the following starting
compositions in mol %: (48-x-y) NaPOs-12 BaF,-40 WO;-
x TmF;-y NdF;, where x=0, 0.2, and 1.0; y=0, 0.5, 0.75,
and 1.0. TmF; and NdF; were synthesized by fluoration of
Tm,O5 and Nd,O;. Each oxide was mixed with ammonium
bifluoride (NH,F, HF), heated at 300 °C for fluoration and
then at 500 °C for evaporation of the excess of ammonium
bifluoride. All components were mixed and melted in air
atmosphere at 1000 °C for 1 h in a platinum crucible. The
melt was then casted in a mold preheated near the transition
temperature (415 °C) and treated at this temperature for 2 h
in order to remove mechanical stress upon cooling. Samples
with typical dimensions of 0.5 1.0 0.2 cm® and good op-
tical quality were obtained.

Absorption spectra were obtained using a double-beam
commercial spectrophotometer operating from
370 to 3000 nm. The dynamic of the excited states was stud-
ied using a dye laser pumped by the second harmonic of a
Nd:YAG (yttrium aluminum garnet) laser, which produces
8 ns pulses with a repetition rate of 5 Hz operating from
630 to 700 nm.

The fluorescence emissions were dispersed using a
0.50 m spectrometer, with a resolution of 5 A, coupled to a
photomultiplier. The signals were recorded using a digital
oscilloscope connected to a computer. All data were taken at
room temperature.

lll. RESULTS AND DISCUSSION
A. Optical absorption and spectroscopic parameters

The experiments were performed using samples contain-
ing different Tm** and Nd** concentrations with matrix com-
positions presented in Table I.

Figure 1 presents the absorption spectra of the samples
that display the positions of the Tm?* and Nd** multiplets
located in the energy band gap of the TFP glass. All transi-
tions are inhomogeneously broadened and their bandwidths
are larger than the spectrophotometer resolution. The absorp-
tion bands represent transitions from the Tm** ground state
(3H6) and from the Nd** ground state (419/2) to the excited
states of the 4f configuration of the respective ion. The spec-
tra of the samples containing Tm3* and Nd3* present all lines
shown in Figs. 1(a) and 1(b) for the singly doped samples.

To analyze the results we recall that the majority of the
absorption bands in RE ions are associated to electric dipole
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FIG. 1. Absorption spectra of representative samples: (a) NBW(1Tm); (b)
NBW(INd). Samples thickness: 2 mm.

(ED) transitions but few magnetic dipole (MD) transitions
are known. The dipole strength, P, of a transition, written in
esu units, can be expressed as?®

2.2
men J k(v)dv, (1)

- Nme’x,

where m is the electron mass, ¢ the speed of the light, N is
the number of ions per unit volume, e the electron charge, n
is the refractive index of the sample, and [«(v)dv is the
integrated absorption coefficient which is determined from
the absorption spectrum. The Lorentz local field factor for
ED transitions is y,=(n*+2)?/9n. The refractive index, mea-
sured using the prism-coupling technique, is 1.70 at
632.8 nm.

The oscillator strength of a transition between two states
aJ and bJ' can be calculated using the Judd-Ofelt (JO)

theoryzo’21 and is given by
8mmcy
P=——"— Q,[(ad|[ UV |||, 2
T l)xaxzz%ﬁ Aadlu™]bJ") )

where 7 is the mean frequency between the two states (in
em™), UM (A=2,4,6) are tensor operators of rank \, and
Q, are the JO intensity parameters. The terms (aJ|U™|[bJ")
are the reduced matrix elements that are host independent.
The values used here were obtained from Ref. 22. The ),
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TABLE II. Dipole strengths of Nd** transitions from 419/2.

Energy gap chp Plhco
al bJ' (cm™) (X107 (X107
Iy Ly, 4054 1.32 1.91
*Fy, 11 440 2.48 2.58
Fsp 2H9/z 12 469 8.41 8.93
Fap 283 13 416 9.77 9.43
*Fop 14 581 1.65 7.14
Gsp, *Gopy 17 182 2.84 2.84
Gy 19 006 4.99 4.86
Gy, 19 533 2.78 1.71

parameters are determined by the standard-least squares fit-
ting method.

Equation (1) allow to calculate P for each transition and
these values can be used in Eq. (2) to determine the JO
parameters. The spontaneous emission probability between
aJ and bJ' states is

A= 647t n(n®+ 2)2S s 3)
T 3pr+ NG| 9 CERTEOMD(-
The ED line strengths is defined as
Sep=¢ 2 Q[al|UM]bs), )

A=2.4.6
and the MD line strength is given by

( e*h? ) P2

Smp = 1672mc> |<aJ||L+2S||bJ >| . (5)
Sgp is host dependent through the (), parameters while Sy
is independent of the host.

MD transitions can only take place between components
of the same LS coupling multiplet for which AJ=0,=1.
Their dipole strengths assume values that are one order of
magnitude smaller than SED.2 Therefore, the contribution of
Syvp Will be neglected here.

The radiative lifetime of an excited state is calculated by
mx=(2,A,;)7" and the branching ratio corresponding to the
emission from level J to J' is given by B, =A;; 7x.

Table II presents the dipole strengths obtained for the
Nd** ion using the optical absorption spectrum and Egs. (1)
and (2). The JO parameters calculated were (),=7.28
X107 cm?,  Q,=455X102°cm?,  and Q4=6.18
X 1072! cm?. The root-mean-square deviation of the mea-
sured and calculated line strengths was 3.1 X 1077, The radia-
tive transition probabilities, the branching ratios for each
Nd3* transition and the radiative lifetimes of all levels are
presented in Table III. The spectroscopic parameters related
to Tm** were given in Ref. 17. Notice that although the band
corresponding to *Hg— 'D, (Tm3") transition is not ob-
served in the absorption spectrum of Fig. 1, its energy was
determined in Ref. 17 performing an experiment where fluo-
rescence in the blue region was investigated exciting the
samples in the ultraviolet region. The position of level lD2
was determined as 28 061 cm™!. The relatively narrow fluo-
rescence bandwidth and the frequency corresponding to the
'D,—*H, transition show that the overlap between the 4f
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TABLE III. Transitions from (SL)J to (S'L')J’ states. Energy gap (AE),
radiative transition probability (A,;s), Branching ratio (8,,/), and radiative
lifetime (7) of Nd3*.

AE Ay TR
(SL)J (s’ (cm™) (s7) By (ps)
ip Iy, 2114 18.44 1.000 54232
s T 1940 13.20 0.244 18 473
o 4054 40.94 0.756
*Lisn 3 2062 15.84 0.267 16 838
L 4002 31.58 0.532
Iy 6116 11.96 0.201
*Fy s 5324 19.55 0.005 258
o 7386 390.17 0.101
L 9326 1924.98 0.496
o 11 440 1546.81 0.399
*Fy) *Fy, 956 0.35 0.000 199
isp 6280 175.70 0.035
L 8342 957.27 0.190
T 10282 542.41 0.108
oy 12 396 3353.99 0.667
Hy,, *Fy), 155 0 0 1145
‘Fy, 1111 0.08 0
s 6435 116.38 0.133
3 8497 195.54 0.224
L 10437 61.00 0.070
o 12551 500.26 0.573
4Fy ’Hy) 836 0.05 0 191
Fsp 991 0.46 0
‘Fy 1947 1.13 0
s 7271 649.86 0.124
Y 9333 458.55 0.087
p 11273 1592.00 0.303
o 13387 2543.80 0.485
S *F, 182 0 0 181
2H9/2 1018 0.02 0
*Fy 1173 0 0
*Fyp 2129 0 0
s 7453 5.75 0.001
Hi3n 9515 1313.23 0.238
L 11455 1459.68 0.265
o 13 569 2734.04 0.496
4Fop *Ss 1012 0.01 0 245
*F, 1194 0.80 0
*Hy,, 2030 0.95 0
*Fy, 2185 3.07 0.001
Fyp 3141 6.59 0.002
Hisp 8465 932.30 0.228
. 10527 1449.91 0.355
T 12 467 1414.45 0.346
Iy 14 581 277.82 0.068

wave functions and the extended Bloch waves of the glass is
small. This result is in agreement with Ref. 23 where excited
states of Tm>" with energy larger than the energy gap of
gallium lanthanum sulfide glasses were shown as efficiently
shielded. Similar observations were reported for Tm** doped
fluorophosphate glasses.9

B. Infrared emission and blue up-conversion
fluorescence

Figure 2 shows the fluorescence spectrum corresponding
to Tm** transitions 'D,— >F, (centered at ~454 nm) and
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FIG. 2. Fluorescence spectra for excitation at 660 nm. (a) Up-conversion
emission 'D,— *F, in Tm*. (b) Infrared emission corresponding to transi-
tions (CH,—>H) in Tm* and (*F;,—"L,,) in Nd*; (c) change in the
(*Fy,—"Iy) signal due to energy transfer from Tm** [sample
NBW(1Tm)—closed circles; sample NBW(INd)—solid line; sample
NBW(0.2Tm;1Nd)—open circles].

*H,—’H, (centered at ~800 nm), and to Nd** transition
*F,,,— 1y, (centered at ~880 nm). These results were ob-
tained with the dye laser operating at 660 nm, in resonance
with transition 3H()—>3F2. Figure 2(a) shows a linear de-
crease of the UC emission with Tm** concentration. Figure

J. Appl. Phys. 99, 113525 (2006)

2(b) shows the fluorescence spectrum obtained with samples
NBW (1Tm) and NBW(1INd) from 760 to 910 nm. The mea-
surements show that the emission at =800 nm is due to the
Tm?* ions and the emission at =880 nm is due to Nd** ions.
Both emissions are also observed in the codoped samples
containing Tm** and Nd**. Figure 2(c) shows enhancement
of the Nd** emission at ~880 nm due to the presence of
Tm* in the samples. Note that the intensity at =880 nm
increases by =~100% when 0.2% of Tm** is added to the
sample with 1.0% of Nd**. We recall that level *Fs,, has a
long lifetime and is usually exploited for laser emission in
various hosts.

The dependence of the fluorescence signals with the la-
ser intensity was investigated for all samples. It was ob-
served that the UC intensity at =454 nm presents a quadratic
dependence as a function of the laser intensity indicating that
a two-photon absorption process originates the blue emis-
sion. The emission at =800 nm, corresponding to transition
SH,—*H, (Tm?"), is due to the excitation of *H,— *F; tran-
sition with subsequent nonradiative relaxation (NRR) to
level *H, from where the emission at ~800 nm originates.
NRR from *F, and 3F3 levels to the *H, state by mul-
tiphonon relaxation (MPR) is efficient because of the rela-
tively small energy gap (=2000 cm™') which corresponds to
less than the energy of three cutoff phonons of the glass
matrix.

The signal intensity at =880 nm presents a linear depen-
dence with the laser intensity indicating that only one laser
photon is involved in the excitation process. This emission is
enhanced due to ET from Tm** to Nd** and the attributed ET
pathway is from level *H, to (*Hy,,*Fs5,) because of the
large spectral overlap between these levels and because the
oscillator strength of transitions *Fs,, —*I,,, and *H,— *H,
are both very large. State *F,,, is populated by NRR from
4F s> and emission at =880 nm is observed corresponding to
*Fyn— "oy

Excitation spectra of the emissions centered at =~454,
~800, and =880 nm were recorded to investigate further the
excitation routes corresponding to the observed fluorescence
signals. The results for all samples are similar. Figure 3(a)
shows that the blue emission is peaked when the excitation
wavelength is =660 nm corresponding to resonant excitation
of transition *Hy— >F,. This is in agreement with previous
observation reported for Tm** doped TFP," and the emission
corresponding to 1D2H3F 4, transition is due to the NRR
from *F, to *H, followed by the excited state absorption
3H4—> 1D2. Figures 3(b) and 3(c) show that the other two
emissions reaches maximum amplitude when the laser wave-
length corresponds to the resonant excitation of the 3H6
—3F 5 transition, which is two times more efficient than tran-
sition *H,— *F,. The absorption of radiation at 657.7 nm is
mainly due to Tm** ions because the oscillator strengths of
transition 419,2—>4F9/2 in Nd* is ~ ten times smaller than
the oscillator strength of transition 3H6H3F 3

Figure 4 summarizes the pathways followed by the ex-
citation energy for the fluorescence signals.
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FIG. 3. Excitation spectrum of the blue and infrared emissions [sample:
NBW(0.2Tm;INd)]: (a) emission at =454 nm; (b) at =800 nm; (c) at
~883 nm.

C. Excited states lifetimes and energy transfer rates

The lifetimes of states *H , (Tm**) and iF 2 (N were
determined and compared with the predictions based on the
JO theory. As shown in Table IV the measured lifetimes are
different from the calculated radiative lifetimes. This indi-
cates that the contributions of nonradiative processes due to
MPR and/or ET have to be considered. Accordingly, the ex-
cited state lifetime is given by 77! =71}1+WNR, were 7 is the
actual lifetime, 75 is the radiative lifetime calculated using
the JO theory, and Wyy is the nonradiative relaxation rate

J. Appl. Phys. 99, 113525 (2006)
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which includes the MPR rate (Wyp) and ET rate (Wgp) to
neighbor RE ions. The difference between the theoretical and
the measured lifetime of the *H, level in the sample
NBW(0.2Tm) is due to the MPR contribution and its value
(Wyp=48 442 s7!) was already determined in Ref. 17. The
decrease of the *H, level lifetime when Nd** is introduced in
the TFP samples is another indication that ET processes are
contributing for the relaxation of Tm** ions. The results in
Table IV indicate that Wyg increases as the Nd** concentra-
tion is increased which is usual when ET processes are rel-
evant. The lifetimes reported correspond to an average of
three measurements but the uncertainty of 1 us does not al-
low a precise determination of Wgr. Taking into account the
value determined for Wy for sample NBW(0.2Tm) and a
lifetime of 15 us it is possible to estimate the order of mag-
nitude of Wgr as 1.7 X 10* s™!. This is a reasonable value
because the ET process is resonant.

In the case of the *F;,, (Nd**) multiplet we first note that
the value 7 (°F 12) =203 us for sample NBW(INd) is smaller
than the lifetime determined using JO theory that is 258 us.
From this we determine Wyg=1050 s~'. Since the energy
gap between levels *F,,, and *I, is =5324 cm™', a small
Wyp=80 s~! is expected if Wyp is estimated using the en-
ergy gap law.” Hence, an ET rate of 970 s™' is obtained for

TABLE IV. Experimental and theoretical lifetimes of levels *H , (Tm**) and
4 3+
Fy, (Nd).

3H4 ‘F. 312

Sample (Tm3*) (Nd*)
Theoretical radiative lifetime 640 us 258 us
Experimental lifetime
NBW(0.2Tm) (20%1) ws e
NBW(0.2Tm;0.5Nd) (16x1) us (183+2) us
NBW(0.2Tm;0.75Nd) (15+1) us (170£2) us
NBW(0.2Tm;1Nd) (13£1) ws (160+2) us
NBW(1Nd) (203+2) us
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processes involving Nd** ions. For the sample
NBW(0.2Tm;1Nd) a value for Wgp=1324 s~! can be deter-
mined comparing the measured lifetime of *F, level and the
result for sample NBW(1Nd). The most probable mechanism
of ET in this case 1is a cross relaxation
[Nd**(*F5,,) : Tm** (PHg) ] — [Nd**(*1,5,) : Tm**(’F,)].  Ac-
cordingly, Table IV indicates that the lifetime of level 4F3,2
increases with reduction of the Nd** content as expected
when cross relaxation is present.

IV. CONCLUSION

The results for (Tm?*,Nd**) doped tungstate fluorophos-
phate glass in this paper can be summarized in the following
way: (i) the radiative relaxation rates, the branching ratios,
and the fluorescence lifetimes of Nd** were calculated based
upon linear absorption measurements and the Judd-Ofelt
theory; (ii) energy transfer rates among Tm>* and Nd>* ions
were estimated from the analysis of the temporal behavior of
the fluorescence signals; and (iii) the excitation pathways for
the frequency up-conversion process and the linear fluores-
cence observed were identified with basis on the analysis of
the experiments.

The data presented here and the previous results of Refs.
16-19, demonstrate the large potential of the TFP glass for
photonic applications. A patent was recently deposited24
where the effect of two-photon absorption in TFP glass was
exploited for three-dimensional (3D) optical storage. Pres-
ently we are using RE ions-doped TFP samples to develop
single-mode fibers and planar waveguides, aiming the inves-
tigation of the materials performance as optical amplifiers.
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