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Abstract

In this work an analysis of the Judd-Ofelt phenomenological {2, intensity parameters for the Pr** jon in fluoroindate

glass is made. Different Pr3*

concentrations, namely 1, 2, 3 and 4 mol% are used. The experimental oscillator strengths

have been determined from the absorption spectra. A consistent set of parameters is obtained only with the inclusion of odd
rank third order intensity parameters and if the band at 21470 cm ™' is assigned to the *H, —° P, transition and the 'I

component is incorporated in the *H, — P, transition at 22700 cm ™~

1. Introduction

The understanding of the optical properties of the
Pr** ion in inorganic compounds is of great impor-
tance due to jts potential technological applications
as, for example, in optical fibers, optical amplifiers
and lasers.

In this context fluoroindate glasses seem to be a
particularly useful host for rare earth ions due to
their optical quality, chemical stability and low
phonon cut off frequency (<500 cm™'). We have
recently described several optical properties of Bri*
ion in these glasses [1,2]. In the present paper we
report on the optical absorption of Pr** jon in
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fluroindate glasses and on the analysis of the data
through a modified Judd—Ofelt theory.

The 4f—4f intensity model [3,4] describes the
absorption and emission properties of rare earth ions
in a great number of compounds. However, it has
been observed in many cases that the standard theory
[3,4] leads to a negative value of the phenomenologi-
cal (), intensity parameter for the Pr** ion [5,6].
This negative value is also observed for the Pr** ion
in fluoroindate glasses, as shown below. These re-
sults are in contradiction to the definition of the {2,
parameters. It has been argued [5] that this value is
due to the fact that, in Pr®”, the first opposite parity
excited configuration (4f'5d') lies very close to the
4f2 ground configuration (~ 1500 cm™!), causing a
breakdown in the energy differences approximation
used to determine the absorption and emission coef-
ficients in the standard Judd—Ofelt model [3,4].
Therefore higher order contributions to the forced
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electric dipole matrix elements might be of consider-
able importance [7,8]. These introduce additional
effective operators of even and odd rank.

In the present analysis of the Pr®" absorption
intensities these additional effective operators are
considered. Different sets of phenomenological in-
tensity parameters {2, (A=1, 2, 3, 4, 5, 6) are
obtained and discussed. It is also shown that a better
quality set of parameters is obtained if the band at
22700 cm™! is the *H, —°P,, 'I, transitions and
that at 21470 cm™" is the *H, —°P,.

2. Theory
2.1. 0dd rank intensity parameter

The standard Judd--Ofelt calculations of the forced
electric dipole mechanisms [3,4] involves intermedi-
ate states belonging to an excited configuration
4f"~15d(B) which has opposite parity to the ground
4f" configuration (A) and differs from it by a one-
particle excitation. Both electronic configurations are
assumed to be totally degenerate. This procedure
leads to transition probabilities which depend on the
so-called even rank intensity parameters, £, and the
total oscillator strength of a transition between two
manifolds, with the total angular momentum, J,
given by [5,9]

8w meo
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XY QAN T UDat Ny, (1)
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where o is the transition energy (in wavenumbers),
x=(n*+2)? /9n is the Lorentz local field correc-
tion (n being the refractive index of the medium)
and U™ is a unit tensor operator of rank A.

The dynamic coupling mechanism [10] known to
be of importance for 4f—4f intensities leads to an
oscillator strength expression which has the same
form as Eq. (1), so that the experimental even rank
£, parameters absorb both mechanisms. Since for
Pr’* jon the barycenters of both configurations (A
=4f2, B =4f'5d") are separated by a small energy
difference, AE=E, — E; = 15000 cm ™", the ap-

proximation used to derive Eq. (1), E, , — E, 5=

Ej o —Egg=E, — Eg, is less valid. It is therefore
conceivable that additional even and, mainly, odd
rank effective operators may be of importance 10
determine the correct intensities.

There are alternative ways to take these additional
effective operators into account. The one used in this
work is to consider that all but the ground 4f*
configuration are degenerate and to take the expan-
sions

1 I &y
(EAa"EB) (EA—EB) (EA_EH)2

(with similar expressions for E, .. and &),

where
E,,=E,+s,, Eyo=E\, +eg,
and assuming
€, '
(EA'"EB) , (EA_EB) <h (2)

It is also convenient to use the average encrgy
denominator method (AEDM) [11], where all energy
differences, (E, — Ey), are replaced by a single av-
erage energy, A E, which to a first approximation is
equal to the energy difference between the ground
(4f") and the first opposite parity excited configura-
tion (4f¥~!5d). Thus, substituting | /(£, — E,) in
Eq. (1) by the expansions given in Eq. (2) and
following the same procedure as in the standard
Judd~Ofelt theory, the total oscillator strength due to
the forced electric dipole mechanism can be rewrit-
ten as
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where
ep+e, Ep— &y a
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The modulus of the quantities, &, and &, are less
than 1. The additional contribution associated with
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Table 1

Values in the intermediate coupling for the matrix elements

(U] = (‘I’NIII’J’HU(“H‘["N(//J)2. Those tor A=1, 3, 5 are taken

from Ref, [12] and include the factor £} and those for A=2, 4, 6

from Ref, [13]. {yJ|="H, [9]

wr wr wr wr wP WP

3H5’ 0.0002 0.1095 0.0000 0.2034 00013 0.6106
H,.'F, 00000 0.5080 0.0000 0.4369 0.0010 0.2603
R, 'F, 00043 0.0820 0.0077 0.4015 0.0000 1,1904
1G4 0.0000 0.0019 0,0000 0.0044 00000 0.0119
1D2 0.0000 0.0020 0.0000 0.0165 0.0133 0.0493
SPU 0.0000 0.0000 0.0000 0.1713 0.0000 0.0000
3P1 0.0000 0.0000 0.0000 0.1721 0.0919 0.0000
'1,,°P, 0.0000 0.0081 0.0066 0.0809 0.0620 0.1576

&, is also modulated by the contribution due to the
dynamic coupling mechanism [11]. This contribution
is not formally included in Eq. (3), but its effect is
expected to be considerably attenuated. Therefore, in
a phenomenological treatment, for fitting purposes,
the quantity (1 — &,)* may be taken as a constant
which is absorbed by the (,(A =2, 4, 6) parame-
ters.

2.2. Reduced matrix elements

The matrix elements of odd order calculated with
the new approximation using the wavefunctions sup-
plied by Dr M. Porcher (private communication) are
included in the Table 1.

3. Experimental

The fluoroindate glasses with batch compositions
(mol%) 34InF,-20ZnF,-20SrF,~6GaF;~2NaF~(18
— x)BaF,-xPrF, (x=1, 2, 3 and 4 mol%) have
been prepared by melting ultrapure powders (Merck,
Fluortran) in a platinum crucible at 800°C for 1 h
and then at 850°C for fining, in a dry box under Ar
atmosphere. The liquid was cast into a preheated
mold at 260°C and then cooled to 20°C.

The absorption spectra have been recorded at 300
K using a spectrophotometer (Cary 17) in the spec-
tral range 400 to 2500 nm and an IR spectrophotom-
eter (Bomen) in order to measure the band at 4280
nm (Fig. 1).
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Fig. 1. Absorption spectrum of Pr3* in fluorcindate glasses, at
room temperature in the spectral range (A) from 400 to 700 nm
and (B) from 700 to 2500 nm. Samples with x=1, 2, 3, 4 mol%
of Pr*™,

Table 2

Experimental oscillator strengths f, (X 1079) obtained from the
absorption spectra for Pr3* jon in fluoroindate glasses with
different concentrations. T' = 300 K

C (mol%)
10 20 30 40
H,—°P, 629 674 644 660 22700

Energy
(em™")

=PI, 219 248 223 247 21470
-°p, 096 109 101  1.08 20867
-'p, 177 202 211 238 17014
-'ag, 025 022 022 028 10000

—’E,, °F, 649 713 821 116 6556
—°H,,%F, 149 150 180 127 5094
—%H, 143 151 161 153 2336
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Table 3
Values of the oscillator strength calculated using Eq. (3), foq
(X10*%), and residuals values A (X10*®) corresponding to
Table 2

Table 5

Comparison of the values of &,, A=1,3, 4,5, 6 of Pr*" ionin
fluoroindate glasses with different concentrations. 7 = 300 X. ({2,
in unit of 1072° em?)

Jeu A C (mol%) (2, 0, 0, (oA o2
1.0 20 30 40 10 20 3.0 4.0 Designation A
) —5336 167 344 S5T3
623 669 639 654 —006 —005 -005 —006 ;‘g 1?); fg _Z; 9 100 ae 3B
233 263 238 266 004 0I5 015 0.9 : . : : : :
3.0 79.15  —4795 176 307 688
083 088 086 075 ~-013 —021 —015 —033 20 1oe  _csa re gu i
081 090 101 093 —096 —090 —1.10 —145 : : : : : :
009 0.10 012 0.10 —0.16 —012 —010 ~—0.18 Desigastion B
673 730 837 735 024 017 016 0.9 Lo _63958  8.09  L19  487 68
145 159 179 154 —004 —009 —001 —027 0 Ceohss 3080 130 ses 1o
L10 123 145 124 —033 —028 —0.16 ~-0.29 0 00338 813 072 11 ous
40 63518 2531 105 624  7.49

The oscillator strength is obtained from the area
under the absorption band after transformation of the
mean wavelength (A) corresponding to the band
baricenter to a convenient scale, using

f= (4318 X 107° /C/N)[K (M) dA, (4)

where K(A) is the spectral absorption coefficient, A
isin nm and C and / are the concentration of Pr3*
ions in mol X 1000 cm™ and the absorption path
length, respectively (Table 3).

3.1. Searching a best fit for Pr** in fluoroindate
glasses

The experimental values of the oscillator strengths
(Table 2), together with the values of the intermedi-
ate coupling coefficient for the matrix elements, UV
(Table 1), have been used to determine different sets
of intensity parameters, 2,, using Eq. (3) and a least
square procedure,

Table 4

Comparison of the values of £,, A=3, 4, 5, 6 of Pr** ion in
fluoroindate glasses with different concentrations. T = 300 K 0,
in unit of 1072° cm?)

C (mol%) Designation A Designation B

2 0, 0, 0, 0, 0, 0, 0
1.0 ~1391 081 135 942 9963 148 458 4.13
20 ~1462 0.87 150 10.05 97.95 1.57 540 4.65
3.0 ~1261 099 119 1022 6698 151 473 5.71
4.0 ~1391 0.69 154 9.89 8639 133 595 482

The following combinations have been calculated
Dr60 Dyuser Dazser Dyases Q15456 asase
and {2, ,,,5¢ assuming that the absorption bands at
21372 and 22562 cm’ belong either to the transi-
tions *H, —°P, and *H, —°P, +'I, (set A) or to
the transitions *H, —°P, +'I and *H, »°P, re-
spectively (set B). The results are given in Tables
4-7 for the sets (23,56 (A and B), £2,;,5. (A and
B), ;3,56 (A and B) and (2, (A and B).

In order to evaluate the quality of the fit, two
criteria have been used:

(1) A set of (2, parameters is acceptable if all its
values are positive.

Table 6

Comparison of the values of {2,, A=2,3,4,5, 6 of Pr** ion in
fluoroindate glasses with different concentrations. T = 300 K. (oA
in unit of 10720 ¢m?)

C (molw) 0, 0, N 05 2,
Designation A
1.0 -2.77 -16.38 1.67 1.13 10.05

2.0 —3.32 -17.17 1.89 1.23 10.80
3.0 —2.48 —14.51 175 0.99 10.78
4.0 —3.82 —15.85 1.86 1.23 10.75

Designation B

1.0 0.20 99.55 143 4.66 4.13
2.0 -0.21 98.03 1.63 531 4.66
3.0 0.08 66.96 149 476 57

4.0 -0.79 86.68 1.53 562 4.84
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Table 7

Comparison of the values of Oy, A=2,4,60f Pr** in fluoroin-
date glasses with different concentrations of Pr®*. 7 =300 K ({2,
in unit of 1072° cm?)

C {mol%) Designation A Designation B

£, £, £y £, £, £
1.0 =179 211 571 -192 309 224
2.0 —235 242 625 -249 348 573
3.0 -161 212 692 -177 3.10 6.4l
4.0 —288 242 627 —3.03 344 577

(2) The best set is the one for which the root
mean square values of the fit (rms) is the smallest.

4. Discussion

Table 7 shows that the standard Judd—Ofelt model
gives negative (2, values for both A and B sets for
all samples. This fact is in contradiction with the
definition of the (2, parameters,

Examination of part A of Tables 4—6 indicates
that the best fit is obtained for {2, ,;, (set B). All
{2, for all samples are positive. The large values of
{2, may be indicative of the important contribution
given to the total oscillator strength by the odd (2,
(Table 8), which varies between 18.41% for the 3.0
mol% sample to 22.29% for the 4.0 mol% sample.
The larger values may also come from the fact that
almost all the matrix elements are zero.

From Tables 4 and 5, set B, we note for all
samples a large effect on the values of (2;,4,
parameters, when (2, is included (Table 5). Mean-
while, when (2, is included (Table 6) the values of
€2, .56 are almost constant. The effect of the inclu-
sion of {2, and {2, on 2,, 5, may be seen as the

Table 8

Percentual average values of the contribution of the even and odd
parts to the oscillator strength for the best set of (2, (A=3, 4, 5,
6) (set B), for different concentration (C) of Pr’*. The r.m.s.
values (in unit of 107°) are also included

C (mol%) va:n (%) ded (%) T.m.s
1.0 78.37 21.63 0.59
2.0 78.37 21.63 0.68
3.0 81.59 1841 0.65
4.0 77.71 2229 0.89

following: (a) (2, has almost zero matrix elements
and appears more as a fitting parameter (Table 5B),
(b) £2, is associated to the contribution of electric
dipole and dynamic coupling mechanism. These con-
tributions may mutually cancel since they have op-
posite sign. This cancellation can produce small or
near zero values for (2, for all concentrations of
Pr’* and not affect the values of 2,5, (Table
6B). The small variations of {2, with the concentra-
tion of Pr** in the fluoroindate glasses, may indicate
a high microstructural homogeneity of these glass
hosts. Among the various combinations of (2, pa-
rameters studied in this work only one of them
produces positive values for all (2, parameters (A =
3, 4, 5, 6) and for all concentrations of Pri*,

Also, with the modified oscillator strength Eq.
(3), the quality of the fit is better than those reported
in the literature for Pr** in similar glasses [3,4,14,15]
and obtained with the standard Judd—Ofelt model.

5. Conclusions

Using the standard Judd-Ofelt theory, no satisfac-
tory set of intensity parameters (2, (A=2, 4, 6)
could be obtained for Pr’* doped fluoroindate
glasses. However by attributing the bands centered at
21470 cm™' to the *H, — P, transition and that at
22700 cm™' to the *H, —P,,'l, transition and by
considering odd third order {2, contributions, a bet-
ter coherence has been obtained. The best set of {2,,
which gives the smallest rms values of the oscillator
strength was found for (2, (A=3, 4, 5, 6). This
configuration is the only one which gives positive
£, values for all samples studied. The odd factors
which were taken into account contribute for about
20% to the oscillator strength.

The best fit does not include any (2, contribution,
indicating that the contributions of the electric dipole
and the dynamic coupling associated with it, cancel
each other.
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