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Abstract

Indium fluoride-based glasses constitute a new generation of materials for applications in the mid-infrared range.
Fluoroindate glasses with the following compositions (in mol%): (40 — x)InFs, 20ZnF,, 20SrF,, 16BaF,, 2GdF;, 2NaF,
and xNdF;. with x = 1.0,1.5,...,4.0 NdF; mol% were prepared in a dry box under argon atmosphere. The absorption
spectra at room temperature in the spectral range 300-5000 nm were obtained. The experimental oscillator strengths,
Jexp> Were calculated from the areas under the absorption bands. Using Judd-Ofelt theory and the fit process of least
square, the phenomenological intensity parameters Q; (4 = 2,4, 6) were obtained. From f-f intensity model the theo-
retical oscillator strengths f., are calculated. In order to evaluates potential applications of Nd** ions in fluoroindate
glasses, the spectroscopy parameters: transition probability between multiplets A, branching ratio f,,, radiative
lifetime 7, peak cross-section for stimulate emission p,,, for each band were obtained. The results were compared with
those reported in the literature for similar glasses in the same concentrations and show that 4F; 52— 1, /2 transition has
the most potential for laser application with a peak fluorescence at 1036 nm. © 2001 Elsevier Science B.V. All rights

reserved.

1. Introduction

There is interest in the study of rare-earth-
doped heavy metal fluoride glasses. These materi-
als are transparent from ultraviolet (UV) to the
infrared (IR) region; they can be easily prepared
and a range of concentrations of transition metal
and rare earth can be incorporated into the glass
[1].

Besides the well-known zirconate glasses, sev-
eral compositions based on indium fluoride, called
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fluoroindates, have been studied [2]. Compared to
fluorozirconate glasses, these compositions have
greater transparency in the mid-infrared range (up
to 8 um) smaller multiphonon emission rates,
chemical stability, and are also more stable against
atmospheric moisture [2-4]. We have recently de-
scribed several optical properties of Er'", Pr’" and
Tm?" ions in such glasses [5-11].

The Judd-Ofelt theory [12,13] is used to esti-
mate the probability of forced electric dipole
transitions. In this theory of f—f transitions, the so-
called intensity parameters, Q;, with 1 =2, 4 and
6, can be determined experimentally from the
measurements of the absorption spectra and re-
fractive index of the host material. From these
parameters, several important optical properties,
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e.g., oscillator strengths, radiative transitions
probabilities, branching ratios, spontaneous emis-
sion coefficients and peak cross-sections for stim-
ulated emission [14], can be evaluated. In this
paper, we have determined these quantities for the
Nd*" ion-doped fluoroindate glasses for several
Nd*" concentrations. A comparative analysis be-
tween fluoride and other glasses in similar con-
centrations is made.

2. Experimental
2.1. Glass preparation

The samples used in this study have the fol-
lowing composition (in mol%): (40 —x)InF;,
20ZnF,, 20SrF,, 16BaF,, 2GdF;, 2NaF, and
xNdF;. The InF; and NdF; were obtained using
the ammonium bifluoride process [2]. An excess of
NH,FHF was added to the desired amount of
oxides In,O3 and Nd,Os, in platinum crucible held
at 400°C. To analyze the effect of the concentra-
tion on optical properties of Nd*" in fluoroindate
glasses the concentration, x, was varied from 1.0 to
4.0 (x: 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0). All fluoride
components were mixed and heated in a dry box
under argon atmosphere at 700°C for melting and
850°C for fining. The liquid was then cast into a
brass mold at 270°C and cooled to room temper-
ature. Starting materials were chemical reagents
(Aldrich and Merck, pro-analysis grade). The
samples obtained were transparent and had pale
lilac color. The samples were cut and polished into
the shape of parallelepipeds.

2.2. Measurements

Density measurements were made using the
Archimedean method in distilled water, and varied
between 5.02 and 5.16 g/cm?®, depending on the
concentration of Nd*" ion. The experimental error
on the density was 40.02. The refractive indices
were measured using an Abbe refractometer, and
the following indices were measured: 1.499 for the
samples with x varying from 1.0 to 2.5; 1.510 for
the sample with x = 3.0, and 1.525 for the samples
with x = 3.5 and 4.0, with an accuracy +0.005.

The absorption path lengths (/) of the samples
were, respectively, 0.135 (1.0), 0.148 (1.5), 0.157
(2.0), 0.158 (2.5), 0.151 (3.0), 0.156 (3.5) and 0.131
cm (4.0) with an accuracy +0.002.

Absorption spectra were measured at room
temperature using a spectrophotometer (CARY
2400) in the spectral range from 300 to 2500 nm
and a spectrophotometer (Perkin Elmer) from
2500 to 10,000 nm. The measured spectral ab-
sorptions were normalized using the sample
thickness, / (cm), and the doping concentration, C
(mol%). The thus modified spectra were used for
the calculation of: oscillator strengths, phenome-
nological intensity parameters, €2;, spontaneous
emission transition probabilities, branching ratios,
radiative lifetimes and peak cross-sections, using
the intensity model as described previously [5-11].

3. Results

The absorption spectra of the Nd*" occur due
to the transition from the ground state 419/2, to
various excited states. The excited atoms relax via
radiative or multiphonon transitions to the possi-
ble upper laser level in a shorter time compared to
its radiative lifetime. Figs. 1 and 2 show the
absorption spectrum of Nd** ion in fluoroindate
glasses at room temperature for the sample of
3.5 mol% in the spectral range from 300 to 2500 nm
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Fig. 1. Absorption spectrum of Nd*" ion in fluoroindate glass
at room temperature, in the spectral range from 340 to 760 nm.
Sample with x = 3.5 mol% of Nd**.
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Fig. 2. Absorption spectrum of Nd** ion in fluoroindate glass
at room temperature, in the spectral range from 760 to 2700
nm, and inset from 4000 to 10,000 nm. Sample with x = 3.5
mol% of Nd*".

and from 2500 to 10,000 nm. The spectrum for
each sample has similar bands.

It is well established that OH™ content in glas-
ses shifts the optical spectra from that observed for
isolated Nd** ions [15]. The presence of a small
amount of OH™ is confirmed from the shifts ob-
served in the IR bands of the spectrum, Fig. 2.

Table 1 includes the transitions from 419/2
identified in the studied spectral range, showing
the transitions that are considered as having su-
perimposed, the baricenter of each band or group
of bands and the matrix elements of Carnall [14]
are also included.

Table 1

Energy values, J' states, oscillator strengths and matrix elements for

Table 2 includes the oscillator strengths ob-
tained from the absorption spectra and calculated
from the J-O model, the r.m.s. values, are also
included. From these we observed that the better
fit is obtained in the sample of 3.5 mol%
(0.41 x 107°). The measured oscillator strengths
show little variation and depend on the Nd**
concentrations; only *Fy /2 and 2P, /> transitions are
almost independent of concentration. These values
are in agreement with the reported N*' ions in
other glasses [16-19].

The intensity parameters, Q;, determined from
the least square fit of the measured absorption band
intensities are given in Table 3. These parameters
show the general tendency @2, < Q4 < Q4 in the
seven samples studied. The same tendency is ob-
served for Nd** ion in all glasses and crystals [20].

From the J-O parameters the spontaneous
emission probability, A, radiative lifetime, 7, the
branching ratio, f3,,, and peak cross-section for
stimulated emission, p,, have been computed. The
parameters obtained for any transitions are shown
in Table 4.

The magnitude of p, for the Nd**, *Fip — i
transition is directly related to the magnitude of the
@, and Q4 parameters.

4. Discussion

The location, intensity and breadth of the ab-
sorption bands are determined by interaction of

Nd*' in fluoroindate glasses (ground state o)

Upper state from *Iy/, Energy (cm™)

Matrix elements

Uy’ u;’ U
Ty 1972 0.0194 0.1073 1.1652
“Fy) 11533 0.0 0.2293 0.0549
“Fs,". *Hop 12537 0.0102 0.2451 0.5124
“Frp. *Ss),° 13492 0.0010 0.0449 0.6597
“Fy), 14715 0.0009 0.0092 0.0417
H,y, 15948 0.0001 0.0027 0.0104
“Gs))", °Gop 17328 0.9736 0.5941 0.0673
Ky *Gy)y", *Gopa 19270 0.0664 0.2180 0.1271
Kisjz, 2Gypy's (°D,2P); 5. *Guna 21457 0.0010 0.0441 0.0364
Py, 2Ds)s 23440 0.0 0.0369 0.0021
“Ds)2. *Dy),", 2o, “Digs 28526 0.0050 0.5257 0.0479

#Transition with greater contribution in the matrix elements. Systematic errors in the energy +50 cm™'.

1
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Table 2

Energy, experimental and calculated oscillator strengths (fep,fea) in unit of 106, deviation and r.m.s. of Nd** in fluoroindate glasses for all concentrations

x=1.0,1.5,..

.,4.0 in mol%*

4.0

3.5

3.0

2.5

2.0

1.5

1.0

(cm™)

A fcxp fcal A f;‘xp .f(l:al A

f ;:al

Sexp

/ lcal A

Sexp

S A

Sexp

A f (l:xp f ;:al A

/ vl:al

Sexo
1972 0.01

11533
12537
13492
14715
15948
17328

—-0.51
-0.13

1.45
1.33

-0.30 0.94

1.46
1.33
4.98
5.56
0.42
0.11
7.36
3.20

1.16
1.47

—-0.16

1.46
1.40
5.05
5.56

1.30
1.52
5.21
5.21

148 -0.46

1.02
1.50
5.27
5.34

—-0.80

1.48
1.47
5.06
5.64
0.42

147 -0.78 0.68
1.35
0.11

5.01
5.58

-1.39  0.69

1.40

1.20

0.14
0.27
-0.35

0.12

0.12
0.18
-0.30
—-0.07

1.38
5.09
5.64

0.10
0.38
—-0.31

1.57
5.44
5.33

0.35

0.10
0.40
—-0.38
—0.06
—-0.03
—-0.08

1.45
5.41

1.28 0.06
0.53
-0.26  5.20

1.34

0.35
-0.47
-0.06

532 497

5.06

0.16 5.25

-0.35

532 479

5.08

N

5.53

5.21

5.34

-0.07 036 042

—-0.03

-0.06 0.35

0.36 042

-0.07 035 042

—-0.03

-0.05 036 042

-0.01

0.35 040

0.10 0.11

03

0.
—-0.10

0.11

7.

0.08

-0.03 0.08

-0.04 0.08 0.11

—-0.08

0.08 0.12

0.08
7.41

0.11

0.08

-0.07 7.29 -0.07 7.48 58

729  7.36

440 3.29

7.57
3.30

-0.06 7.49

7.47

-0.06 7.59 7.67

7.46 7.52

1.51
0.37
-0.10
-0.37

3.22
0.81

4.73

1.18

1

0.9

4.11

1
1

1.1

1.18
0.36
-0.11

-0.31

4.48

0.98

0.
-0.10 0.24 0.35

-0.32  6.21

424 3.26

1

3.25 1.2

0.97 4.46

0.50
-0.10 0.23

3.12

0.78

19270 4.09
21457

0.38
-0.12 024 034

—-0.28

1.19 0.81

0.4
-0.12 022 034

-0.30 596 6.24

1.24  0.83

0.24 0.36

39 1.19 0.83

.22 0.83
0.25
6.05

0.38
-0.11

1.20 0.82

28

1.

0.35

0.34

23440 0.23 0.33

28526

r.m.s.

5.90  6.27

0.63 x 10°¢

6.34 6.64

0.46 x 10°°

6.52

—-0.37 6.37

-0.33 597 6.34

5.70  6.03

0.41 x 10°¢

0.50 x 10=¢

0.51 x 10¢

0.58 x 10°¢

0.67 x 10°°
4 Systematic error in the energy +50 cm
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Nd** ion with local crystalline fields. Each ab-
sorption band usually consists of a multiplicity of
states. Unlike the local crystal field experienced by
Nd*" ion in crystalline hosts, the crystal field at
sites in glasses varies from site to site. This distri-
bution of crystal fields results in the inhomoge-
neous broadening of the absorption spectra of rare
earth ions in amorphous media. Owing to this in-
homogeneous broadening some bands are as-
sumed to be superimposed because they are not
resolved.

According to the J-O theory these oscillator
strengths are a function of the three J-O parame-
ters (€25, €4, Q) and can be represented as linear
combinations of these parameters. The J-O pa-
rameters are functions of crystal field parameters,
intraconfigurational radial integral and energy
separation of the 4f™ states and the opposite parity
configurations. Hence, these parameters are de-
pendent on the oscillator strengths and are found
to vary from site to site. For Nd*' ions the in-
tensity of ‘Iy, — *Gs), transition is the principal
determining factor for €,. This transition satisfies
the | AJ |, | AL | <2 and AS = 0 selection rule for
hypersensitive transitions [21]. This transition has
the larger oscillator strength compared with all the
other transitions. The €,, involves the longer-
range terms in the crystal field potential and is the
most sensitive to local structure changes [21]. The
variation of Q, (0.03 <AQ,<0.25) indicates the
homogeneity of the hosts, in this case, fluoroindate
glasses. Also the relatively smaller £,
(<2.0 x 1072° cm?) in all glasses studied indicates
the covalence in the bonding [21].

From Table 1, since the matrix elements
(*F2||U?||*1;) are zero for the Nd** ion, Q, will
not have any affect on the stimulated emission
parameters of Nd*" ions [22]. The luminescence
branching ratio can then be represented as de-
pendent on only one parameter Q = Q4/Q which
is usually considered as the spectroscopic quality
factor [22]. Table 3 shows that in the samples
studied, the Q is almost independent of the con-
centration. In practice, it has been observed that Q
varies only in a narrow range.

Peak cross-sections are dependent on the in-
tensity parameters, Q;, and the bandwidth, A/.;.
Both are affected by composition changes. The
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Table 3

Intensity parameters Q; (1 = 2,4,6) for Nd** ion in fluoroindate glasses for all concentrations

Q, (x10%) 1.0 1.5 2.0 2.5 3.0 35 4.0

[0} 1.34 1.31 1.21 1.21 1.09 1.18 1.27

Q 2.40 2.52 2.54 2.60 2.64 2.44 2.46

Qs 3.97 4.14 4.19 4.19 4.09 4.06 4.05

Q4/Q6 0.60 0.61 0.60 0.62 0.64 0.60 0.60

Error rms (x10~%) 0.02 0.02 0.01 0.01 0.01 0.01 0.02
Table 4

Energy, radiative transition probabilities, branching ratios, radiative lifetimes and peak cross-sections (in units of 1072 cm?) of Nd**
ion in fluoroindate glasses at room temperature®

Transition Average energy (cm™') Ay (s7h) De By 7, (ms)
4F3/2 — 4111/2 9561 384.77 1.87 0.3629

419/2 11533 675.33 1.55 0.6370 0.9
4Fs;p — L 10565 1188.01 0.41 0.3743

419/2 12537 1985.14 3.51 0.6254 0.3
4S3/2 — 4111/2 11520 2390.82 3.68 0.3828

419/2 13492 3840.78 3.14 0.6150 0.16
419/2 14715 137.81 0.10 0.6062 4.36
4G5/2 — 4F5/2 4791 125.97 10.48 0.0119

4F3/2 5795 222.92 8.66 0.0211

i 15356 4147.79 3.27 0.3933

419/2 17328 5959.75 2.90 0.5652 0.09
4Gy, — *Fsp 6733 97.69 1.35 0.0230

4F3/2 7737 148.23 1.18 0.0350

Tiip 17298 1656.55 0.53 0.3910

419/2 19270 2290.14 0.47 0.5405 0.23
2Gyjr — I 19485 426.63 0.06 0.3694

419/2 21457 569.72 0.06 0.4933 0.86
4P1/3 — 453/2 9948 109.15 2.11 0.0350

*Fs)» 10903 143.69 1.93 0.0460

4Ds)y — *Gy)z 7069 196.87 3.74 0.0057

4G7/2 9256 441.95 2.86 0.0128

4Gsp 11198 782.58 2.36 0.0228

2H11/2 12578 1109.02 2.10 0.0323

Systematic error in the energy £50 cm~'. Random error estimated to be < 3%.

effective bandwidth is a measure of the overall
extent of the Stark splitting of the J manifolds, and
is inhomogeneous due to the site-to-site variations
in the local fields with which the rare earth ion
interacts. The intensity of the *F3;, — *I;;,, laser
transition is dependent only on the €, and €
parameters, because of the triangle rule
|J' —J| <A< |J'+J| [23]. For a large cross-
section, (assuming constant Alyr) Q4 and Qg
should be as large as possible. In addition the
fluorescence branching ratio to I /2 should be as
favorable as possible. Since Q, does not enter, the

branching ratios for Nd*, 4F, ,2 fluorescence can
be expressed in terms of the ratio Q4/€Qs.

In the Nd*" ion, the only excited J manifold
that is not relaxed predominantly by multiphonon
process is the *F3/, manifold [16]. This state fluo-
resces in four bands centered approximately at
~880, ~1060, ~1350 and ~1800 nm, correspond-
ing transitions from the *Iy/2, *111/2, *113/2 and *I;5),
excited states, respectively.

The observed fluorescence decays in neodym-
ium glass are typically non-exponential even at the
smallest concentration where ion—ion interactions
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Table 5

Laser emission characteristics of some commercial Nd-doped phosphate glasses [20], for comparison with the sample of 3.5 mol%

(FLU-35) analyzed in this work®

Glass ED-2 ED-8 LG-650  LHG-5 P-107 EV-1 L-41 FLU-35
Ay [nm] 30 36.1 33.5 26.5 21.7 325 14

Jp [nm] 1062 1063 1059 1054 1054 1054 1056 1036
Traa [11S] 326 287 856 322 314 564 943

pe % 102 [cm?] 2.9 3.1 1.1 3.9 47 1.9 1.87

#Random error estimated to be < 3%.

are negligible. This non-exponential decay arises
from the inhomogeneity of the samples. Different
sites have different local fields and the odd har-
monics in the expansion of these fields, which enter
into the J-O parameters, have a site-to-site varia-
tion. The parameters determined from the inte-
grated absorption spectra as in this case, are
therefore an effective average over the different
sites. The decay, on the other hand, is a summa-
tion of the decay of different sites having different
decay rates. We find that the decay rate at early
times may be less than the calculated radiative
rate, while at later times in the decay it is greater.
At larger neodymium concentrations, concentra-
tion quenching by ion-ion interaction becomes
important. These interactions, however, also de-
pend upon the line strength Seq [16] and hence also
reflect the effects of the compositional changes on
the J-O parameters [24].

An examination of the energy levels, Table 1,
and Figs. 1 and 2, shows that the Gy, J manifold
has a larger energy than the *F3, J manifold by
~9400 cm~'. An electric-dipole transition between
these manifolds could reduce the net cross-section
for stimulated emission below that calculated for
the *F3/, — I, ), transition [16].

To compare the results of the emission param-
eters, Adesr, Ap, Trad, and p; in Table 5 we include
the results obtained in this work, FLU-35, and
those reported by Jacobs and co-workers [25] on
some of the commercially available laser phos-
phate glasses. Although these glasses may have
different compositions, the results are similar.

5. Conclusions

Our analysis shows that the J-O theory can be
employed for predicting the relevant spectroscopic

parameters associated with the possible laser
transitions. As observed in all the other composi-
tions, the three J-O parameters are ordered as
Q, < Q4 < Q¢. Comparison of the present results
with other Nd*"-doped glassy hosts shows agree-
ment. From magnitudes of the radiative properties
we suggest that 4F3/2 — 1y > transition has the
most potential for laser application with a peak
fluorescence at 1036 nm. These data which show
that rare-earth ions in fluoroindate glasses, are
locally coordinated as in borate, phosphate and
germanate glasses, making them potentially ame-
nable to intensity analysis using the J-O model.
The small ©,’s in all samples may be associated
with the micro-structural homogeneity around the
Nd** ions. The fact of Q, < 2.0 indicates cova-
lence in bonding.
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