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Abstract 

Fluoroindate glasses containing 1, 2, 3, and 4 mol% ErF 3 were prepared in a dry box under an argon atmosphere . 
Absorption spectra of these glasses at room temperature were obtained. The Judd-Ofelt parameters ~, (A = 2, 4, 6) for f-f 
transitions of E r  3÷ ions as well as transition probabilities, branching ratios, radiative lifetimes, and peak cross-sections for 
stimulated emission of each band were determined. The concentration effect on the intensities is analyzed. The optical 
properties of the fluoroindate glasses doped with E r  3÷ ions are compared with those of other glasses described in the literature. 
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L Introduction 

Since the discovery of fluoride glasses [1 ], there has 
been an increasing interest in the determination of the 
optical properties of heavy metal fluoride glasses 
doped with rare earths ions. A few years ago, it was 
found that InF3-based systems have more stable 
compositions and better chemical properties [2] than 
other classes of glasses [3-5 ]. Their extended infrared 
transmission range (-~8 /zm) [2,6], will allow the 
manufacture of optical fibers operating up to 5 /zm, 
making possible the delivery of CO laser power. 
Devices based on rare earth ions in glasses, for 
example laser glasses, are characterized by absorption 
and emission probabilities which are influenced by the 
ligand field of the surrounding rare earth ions. Among 
the rare earth ions, E r  3÷ is one that has been studied 
the most since its laser oscillation is utilized as an 
optical fiber amplifier. 

The Judd-Ofe l t  theory [7,8] is a useful theory for 
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estimating the probability of the forced electric dipole 
transitions of the rare earth ions in various environ- 
ments. In this theory of f - f  transitions, the so-called 
intensity parameters 122,/24 and/26 can be determined 
experimentally from the measurements of the absorp- 
tion spectra and refractive index of the host material. 
From these parameters, several important optical 
properties, e.g., oscillator strengths, radiative transi- 
tion probabilities, branching ratios, spontaneous emis- 
sion coefficients and peak cross-sections for stimulated 
emission, can be evaluated. In the present paper, we 
have determined these quantities for the Er 3÷ ion as a 
dopant in fluoroindate glasses for several E r  3÷ c o n -  

c e n t r a t i o n s .  

2. Theory 

In this work we have used the f - f  intensity model 
described in detail elsewhere [9,10]. Thus, only a short 
summary and the most essential formulas will be 
given. 

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 [11]. 
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( 

f =  (4.318 x 10 9/ClaZ) J K(a)  dA ( l )  

where K(a) is the spectral absorption coefficient, A is 
in nm, and C and I are the concentration of Er  3. ions 
in mol ×1000 cm 3 and the absorption path length, 
respectively. 

From the f - f  intensity model, the oscillator strength 
of a transition between two multiplets is given by 

f = [8rf-mco/3h(2J + 1)]X 

× ~ .Oa(4fN(o~SL)JIIU~*~II4fN(,~'S'L')j')2 (2) 
A =2,4,6 

where m is the mass of the electron, c is velocity of 
light, h is Planck's constant, ~r is the mean frequency 
for the transition, and X is defined below. 

The intensity parameters S2 a are determined from a 
least-squares fit to the values of the measured oscil- 
lator strengths, using Eq. (2), after the subtraction of 
the magnetic dipole contribution. The quality of the fit 
can be expressed by the magnitude of the root-mean- 
square (r.m.s.) deviation, defined by 

r.m.s. = (f~.lc -fExp)Z/(P - 3) (3) 

where p is the number of parameters. 
The total spontaneous emission probability between 

the J and J '  levels is given by 

Ajj, = [64'rrao'3/3h(2J + I)](xS + XmdSmd) (4) 

where X = n( n2+ 2) 2/9 and X,,d = n3 are the effective 
field corrections at a well-localized center in a medium 
of isotropic refractive index n. S and Sma are the 
electric dipole and magnetic dipole line strengths 
defined by 

S = e  2 ~ O,{fN(c~St)JI IU~*~l l fN(ceSt)J ' )  2 (5) 
A = 2 . 4 , 6  

Smd ~ -  (eh/4rrmc)(fN(aSL )JHL + SllfN(eeSt )J') e 
(~,) 

The reduced matrix elements <llU~ll> and <IlL + Sll) 
in the last two equations were obtained from Ref. 
[10]. A~j, is related to the radiative lifetime r R of an 
excited state by 

r R = 1 / ~  Ass, (7) 
j ,  

and the peak cross-section for stimulated emission, pp, 
which is essential in predicting the laser perfomance, is 
given by 

pp = A 4 A j j , / 8 r r c n e A a  ( 8 )  

where a is the average emission wavelength and Aa is 
the emission linewidth. 

The branching ratio/3~j, corresponding to the emis- 
sion from an excited J level to J '  is 

# s J '  = A H ' I ~  Ajj ,  (9) 
j ,  

3. Experimental 

The fluoroindate glasses with bath compositions 
(mol%) of 20ZnF2-20SrF2-2NaF-16BaF 2-6GaF 3- 
( 3 6 - x ) I n F  3 and xErF 3 with x = 1 , 2 , 3 and 4 were 
prepared. The mixtures were heated in a platinum 
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Fig. 1. Absorpt ion spectrum of Er 3~ in fluoroindate glass containing 
1.0 mol% of Er  3+, at room temperature  (a) from 300 to 700 nm and 
(b) from 700 to 1600 nm. 
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crucible at 800°C for 1 h for melting and 850°C for 
finish. Both heatings were performed in a dry box 
under an argon atmosphere. The melt was cast into a 
preheated mold at 260°C and slowly cooled up to 
room temperature. The samples were cut and polished 
into the shape of parallelepipeds. The refractive in- 
dices were measured using a refractometer (Pulfrich 
PR 2-Carl Zeiss/Jena), and a value of 1.49 was 
obtained for all samples. The density of the four 
samples varied between 4.8 and 5.0 g c m  -3, depending 
on the concentration. 

The absorption spectra were recorded at room 
temperature using a CARY 17 spectrophotometer in 
the spectral range from 300 to 1600 nm. The absorp- 
tion path lengths of the samples were 2.07 mm, 1.77 
mm, 2.01 mm, and 1.43 mm for the concentrations 1, 2, 
3, and 4 mol%, respectively. The CARY spectro- 
photometer provides a graph of K(A) as a function of 
the wavelength A. 

4. Results and discussion 

Fig. 1. shows the absorption spectra of E r  3+ ion in 
the fluoroindate glasses in the spectral range from 300 
to 700 nm (a) and from 700 to 1600 nm (b) at room 
temperature. The hypersensitive t r a n s i t i o n s  4115/2 

2H11/2 a n d  4115/2 ~ 4Gll/2 can be identified from 
their intense absorptions. Also, it is important to note 
the complex aspect of t h e  4115/2 ~ 4113/2 transition. 
The spectra obtained for each sample show identical 
characteristics, while there is only a change in the 
intensity of the different bands as the concentration of 
E r  3+ is  changed. 

For comparison, the energy level diagrams of the 
Er 3÷ free ion and the Er 3÷ ion in fluoroindate glass, 
obtained from the absorption spectra, are shown in 
Fig. 2. With the exception of small shifts, the energy 
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Fig. 2. Energy level diagram of Er 3÷ in fluoroindate glass, at room 
temperature ,  obtained from absorption spectra compared to re- 
ported [12] free ion levels (1 eV=  8065.479 cm-1). 

levels obtained for the Er 3÷ ion are in good agreement 
with those reported by Dieke [12] for the free ion. 

The experimental and calculated oscillator strengths 
for the different samples are presented in Table 1. The 
excited J levels are given in column 1, and in the other 
columns are given the values of fexp and fcalc (least- 
squares adjusted values) for each sample obtained 
from Eqs. (1) and (2). The average wavelengths were 
taken to be the baricenters of the absorption bands. 
From these results, it is noted that the oscillator 
strengths do not vary significantly with the concen- 

Table 1 
Compar ison  of exper imental  and calculated 6 oscillator strengths,  f, (×  10 ) for 4 absorption from the I~5t2 ground state of  Er  3÷ ion in fluoroindate 
glass for different Er  3÷ concentrat ions 

Upper  state I mol% 2 mol% 3 mol% 4 mol% 

exp calc exp calc exp calc exp calc 

4G9/2 2.13 1.65 1.53 1.36 1.31 1.35 1.13 1.27 
4GH :2 8.14 7.92 8.03 7.77 7.52 7.22 7.83 7.58 
2G9/2 0.56 0.55 0.64 0.68 0.62 0.62 0.59 0.66 
4F3/2, 4F5/2 0.76 0.63 1.05 0.86 0.81 0.77 0.86 0.86 
4F7/2 1.56 1.67 1.95 1.87 1.73 1.75 1.89 1.83 
2H~/2 4.15 4.52 3.98 4.43 3.58 4.09 3.86 4.31 
453 / 2 0.40 0.33 0.234 0.46 0.27 0.41 0.324 0.46 
4F9/2 2.05 2.35 1.91 2.03 2.03 1.99 1.99 1.91 
419/2 0.32 0.43 0.26 0.30 0.30 0.31 0.34 0.27 
4 I  ] I/2 0.40 0.38 0.55 0.51 0.52 0.46 0.54 0.51 
"I13:2 1.00 0.95 1.07 1.19 1.10 1.09 1.17 1.18 

r.m.s. = 0.26 )< 10 -6 0.23 × 10 -6 0.22 × 10-6 0.20 )< 10 -6 
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Table 2 
Intensity parameters ~(2a (in units of 10 : " c m : )  and spectroscopic 
quality factor ,04/,0, of the Er  ' ion in the fluoroindatc glass for 
different Er 3' concentrations 

Concentration $L s~2~ ,(2,, s'2~/.Q, 
(mol%) 

t 2.17 2.31 0.89 2.60 
2 2.46 1.63 1.23 1.32 
3 2.18 1.68 1.10 1.53 
4 2.45 1.47 1.22 1.20 

tration, showing that in this concentration range the 
doping effect on the intensities is small. The measure 
of the quality of the fit between the measured and 
calculated oscillator strengths is given by the r.m.s. 
deviation in the last row of Table 1. For the hyper- 

"~ 4 sensitive trans i t ions  4I~5, 2 ~ - H ~ t ,  2 a n d  I~5,~ - - ,  

4G~/2 (Fig. l(a)) the values obtained for the oscillator 
strength are smaller than those values reported by 
Reisfeld [9] in fluorozirconate and other fluoride 
glasses for equivalent concentrations. The r.m.s, devia- 
tion of the fitted values is smaller than that reported 
for fluorozirconate glass. This may be explained by the 
fact that in the fluoroindate glasses the hypersensitive 
transitions are weaker than in the other fluoride 

glasses [9,13]. The r.m.s value (0.20 x 10 ") is lower 
for the 4.0 mol% sample and shows a small tendency 
to decrease from 1.0 to 4.0 tool%. Thus, the predic- 
tions of the f-f  intensity model in this fluoroindate 
glass improve with increasing concentration up to 4 
tool%. 

Table 2 lists the three intensity parameters /2a 
obtained by the least-squares fitting of the experimen- 
tal oscillator strengths. Also included is the spectro- 
scopic quality factor /24//26 for all samples. The 
squared reduced matrix elements, [U¢~)] 2, were taken 
from Ref. [10]. The value of each/2~ parameter varies 
only slightly with concentration. This variation is more 
pronounced in the /24 and/26 values, as can be noted 
in the 1 mol% sample which has a larger/24//2~ ratio. 
The similarity in the behaviour of the /2~ parameters 
in the samples with concentrations of 2, 3 and 4 mol% 
may be explained by the fact that the Er 3+ ions are 
surrounded by similar environments. The hyper- 
sensitive transitions 4I 2 H  and - - ,  1 5 / 2  ~ 11 / '2  4II5:2 

~G~.: are less affected by the inhomogeneity of the 
environment in these matrices than in other glasses 
[14] . The relatively small values of/22 ( ~ 2.0 x 10 ~0 
cm 2) indicate the high degree of homogeneity of these 
glasses [15 ]. 

Table 3 
Radiative transition probabilities, branching ratios, radiative lifetimes and peak cross-section of Er  3 ion in fluoroindate glass at room 
temperature 

Transition Average A ~. A ~:~. ,8,.  T~ p~, 
energy (s ' ) (s ' ) (ms) (in units of 
(cm ' )  10 -")cm ~) 

~I~:2 ----, ~I::~ 6602 69.64 35.17 1.0000 9.54 0.4879 
41tt ._~ -o 41: .: 10279 79.37 0.8593 10.83 (/.2563 

41 t3:: 3677 3.63 9.37 0.1407 0.2386 
al~: 2 ~  41~.~ 12612 159.57 0.8906 5.58 0.2328 

41 ~ ~ .: 6010 17 27  0.0964 0.4810 

~I t a ,: 2333 1.01 2.16 0.0177 0.3464 
4F9:2 ~ 4115.'2 15379 1307.2 0.8142 0.0623 1.1547 

41 ~ ~ ~ 8777 243 0.1514 1.9989 
4 I ~ ,  5100 47.67 0.0297 3.4387 
aI u , :  2767 7.61 0.0047 6.3495 

4S~:: -~ 4 I : : :  18552 674.06 0.7175 1.06 0.7218 
~ I t , :  11950 180.14 0.1917 1.1063 
41~.: 8273 59.77 0.0636 1.6004 
~1 ~ :, 5940 22. l 3 0.0236 2.2319 
~F~: 3173 3.37 0.0036 4. 1799 

2H ~ t ,~ --'4I ~ ~:  19267 3295.5 0.6968 0.2 l 1 2.1767 
41 j ,  2 12665 936.06 0. 1979 3.2878 
4i ~ ~: 8988 334.56 0.0707 4.6366 
41 ~. ~ 6655 135.81 0.0287 6.2648 
4 F,,:: 3888 27.08 0.0057 10.7420 
4S 3 : 715 0. t 7 0.0 58.8770 

~F7:~ ---, 41 ~ 20592 2088.1 0.6601 0.316 1.3233 
~I ~3:: 13990 654.81 0.2070 1.9312 
~I ~ :~ 10313 262.31 0.0829 2.6244 
41 q:: 7980 121.52 0.0384 3.3993 
4F~:: 5213 33.88 0.0107 5.2025 
4S~ : 2040 2.03 0.0006 13.3060 
: H u ,,2 1325 0.56 0.0002 20.4390 
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Table 3. Continued 

Transition Average A~s a. A./'~ ,8,,2, 
energy ( s - l )  (s ' ) 
( c m - ' )  

rR 
(ms) 

Pp 
(in units of 
10 -20 cm 2) 

4Fw24Fs/2 -"+4115/2 22362 1230.5 
41 ~/2 15760 430.75 
41 ~/2 12083 194.12 
419/2 9750 101.99 0.0509 
4F,/2 6983 37.47 
4S3/2 3810 6.09 
2Htl/2 3095 3.26 
4F7/2 1770 0.61 

2G,~/2 ---+ alts/2 24692 794.63 
411:.. 180.90 312.47 
4II I/2 14413 158.03 0.1108 
I~,2 12080 93.05 

"F,.2 9313 42.64 
4S3/2 6140 12.22 0.0086 
2 H ~ ~ / 2 5425 8.43 
4F7/2 4100 3.64 
4Fs/2 2330 0.67 

4G i1/2 ----~' 4|15;2 26457 10886 
41 ~3;2 19855 4601.4 
4lit/2 16178 2489.1 
41,)/2 13845 1560.1 
4F~/2 11078 799.22 
4S~/2 7905 290.39 
2H~,/2 7190 218.51 
4F7/2 5865 118.6 0.0056 
4F5/2 4095 40.37 
2G9/2 1764 3.23 

4G~/2 ~ 4Its/z 27451 2919.3 
'~I~2 20849 1278.9 0.2180 
4111/2 17172 714.61 
4I~/2 14839 461.13 
4F,/2 12072 248.28 
4S3/2 8899 99.46 
2HI,/2 8184 77.36 
4F7/2 6859 45.54 
4F5/2 5089 18.60 
2G,~/2 2758 2.96 
4Gtl/2 994 0.14 

0.6138 
0.2149 
0.0968 

0.0187 
0.0030 
0.0016 
0.0003 
0.5573 
0.2192 

0.0653 
0.0299 

0.0059 
0.0025 
0.0005 
0.5182 
0.2190 
0.1185 
0.0743 
0.0380 
0.0138 
0.0104 

0.0019 
0.0002 
0.4976 

0.1218 
0.0786 
0.0423 
0.0169 
0.0132 
0.0078 
0.0032 
0.0005 
0.0 

0.50 

1.7964 

0.70 

0.5550 

1.3074 

0.048 

5.6930 

13.4590 

0.17ms 
1.5967 

0.7227 
1.0417 
1.4023 

2.6909 
6.2417 
8.8184 

38.5800 
0.3265 
0.4417 

0.6627 
0.8605 

1.4780 
1.9586 
3.4331 
3.0054 
3.9556 
4.8760 

7.1047 
9.9863 

10.9540 

19.2760 
44.7290 

1.2264 

1.9445 
2.2435 
2.4423 
3.7514 
4.0777 
4.8667 
6.5751 

12.1080 
33.0740 

The calculated magnetic dipole contributions to the 
observed intensities are very Small except for the  4113/2 

4115/2,4111/2 ~ 4113/2 a n d  419/2 -----) 4Ill/2 radiative 
transitions. In these cases, the magnetic dipole contri- 
butions are in agreement with those reported by Shinn 
et al. [16] for Er 3+ in ZBLA glass [16]. 

Table 3 gives the energies of the possible J ~ J' 
transitions involving the eleven J levels obtained from 
the absorption spectrum of the sample with a con- 
centration of 1 mol%, which has the highest spectro- 
scopic quality factor (/24//26 = 2.60). The quantities 
A j j, ,  /3j j,, r R and pp were calculated on the basis of 
Eqs. (6)-(9), respectively, and the results are included 
in Table 3. The values obtained for these quantities 
are comparable to those reported for other fluoride 
glasses [9,17]. 

5. Conclusions 

We have investigated the reliability of the predic- 
tions of the f - f  intensity model for Er 3÷ doped 
fluoroindate glass with different concentrations (1-4 
mol%) at room temperature. This investigation sup- 
ports this model remarkably well, as can be noted 
from the small r.m.s, deviations obtained, in com- 
parison to similar results reported for other glasses. 

The spectroscopic properties found from the absorp- 
tion spectra of the Er 3÷ ion doped to fluoroindate 
glass are similar to other Er 3+ ion doped glasses [9]. 
The small variation of /22 with concentration may be 
associated with the micro-structural homogeneity 
around the Er 3+ ions. The differences between the 
values of A~ and fljs, as determined here, and those 
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reported for the same parameters in other systems, 
may be due to the fact that in our investigation only 
electric dipole like transitions were considered, except 
for t he  4113/2 4115/2 , 4Il l /2 4I and 419/2 ----) 13/2~ -'~ 
4Ill/2 transitions which have considerable magnetic 
dipolar contributions (Table 4). 

Our analysis provides evidence that Er-doped 
fluoroindate glass has a higher degree of homogenity 
than other Er-doped glasses [14]. This, coupled with 
low phonon energies [15], makes Er-doped fluoro- 
indate glass a promising material for use as a fiber 
laser or fiber amplifier. 
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