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Optical absorption and emission spectra are presented for Dy’- ions in fluorozirconate (ZBLA) glass. 
The measured oscillator strengths and radiative rates for several transitions are compared with calcu- 
lated values. Radiative transition rates for the excited states are determined by using the Judd-Ofelt 
theory (B. R. Judd, Phq’s. Rev. 127, 750 (1962); G. S. Ofelt, J. C&WI. Phys. 37, 51 I (1962)). Thermal 
evolution of the radiative rate is observed for the 4Fg,2 level and is well accounted for by Stark level 
thermalization. Energy transfer effects are responsible for the nonradiative transitions. ril IYXXACLKI~~K 
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Introduction 

Easy preparation and good optical prop- 
erties make fluorozirconate glasses very 
promising materials for mid-infrared optical 
fibers and as new hosts for laser applica- 
tions (I, 2). By comparison to oxide 
glasses, phonon energies as low as 480 cm-’ 
in this fluoride host lead to reduced 
multiphonon emission rates; this results in 
a better emission efficiency between J- 
states of the rare-earth ions. In addition, 
their wide range of transparency, from 250 
nm to 6 pm, permits potentially the obser- 
vation of numerous laser transitions. 

The optical properties of several rare- 
earth ions have already been extensively 
studied in fluorozirconate glasses. At the 
moment, data are available for Nd”, Tb3+, 
Eu?‘, Eu3+, Er3+, Ho3+, Pr3+, and Tm3* 
ions (3-16). The present work adds to these 
previous reports. Absorption and emission 
spectra of Dy’+ ions in fluorozirconate 

glasses (ZBLA) are shown. The Judd-Ofelt 
calculations are carried out in addition to 
the lifetime measurements. 

Experimental 

The samples used in this study were of 
the composition 57 ZrF4-34 BaFz-(5-x) 
LaF3-4 AlF3-x DyFj where x is equal to 
0.1, 0.5, and 2. The method for preparing 
the glass has been largely discussed in pre- 
vious reports (3, 17) and will not be de- 
tailed here. 

The absorption spectra were recorded by 
using a Cary 14 spectrophotometer that op- 
erates from 200 nm to 2.5 Frn and a Perkin- 
Elmer 1330 IR spectrophotometer above 
2.5 pm. The emission measurements were 
carried out with light from a 75-W Xenon 
lamp. The excitation wavelength was se- 
lected through a Jobin-Yvon Model H25 
monochromator. The emitted light was fo- 
cused into a Jobin-Yvon HRIOOO mono- 
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FIG. 1. Absorption spectrum of Dy’+ ions in ZBLA glass. Quantum numbers S and L are not well 
defined for the a-f bands. However, the hP5,z, 6P7iz, and Vii2 states can be reasonably assigned to b, c. 
and e, respectively (18). 

chromator and then detected by a Hama- 
matsu R928S photomultiplier tube. The 
signal was sent to an EGG Model 128A 
lock-in amplifier before being displayed on 
an X-Y recorder. The reference to the 
lock-in amplifier was a 40-Hz chopper in 
the excitation beam. The emission intensi- 
ties were not corrected for instrument re- 
sponse. 

Low-temperature measurements were 
realized by means of a Leybold-Heraeus 
Model ROK lo-300 cryogenerator con- 
trolled by a Variotemp HRl temperature 
regulator. Above room temperature, the 
sample was mounted on a brass holder the 
temperature of which is controlled by a re- 
sistance heater. In practice, temperatures 
in the range 11-550 K could be achieved. 

Lifetimes were measured by using an 
SRS Model 280 boxcar-averager. 

Results 

The room-temperature absorption spec- 
trum of ZBLA : Dy3+ (2 mole%) is shown in 
Fig. 1. Transitions in the infrared and the 

visible are easily assigned. No transition 
corresponding to the 6F112 level could be 
found. Higher energy absorption bands 
largely overlap, resulting in a loss of accu- 
racy. Previous investigators pointed out 
that quantum numbers S and L are not rea- 
sonably well defined for these levels (18). 
However, most of the energy levels could 
be determined and the energy diagram is 
represented in Fig. 2. 

The 4F9,2 emission spectra in the visible 
region were recorded at 11, 100, 190 K, and 
at room temperature. Excitation was at 387 
nm into the “a” band. The 11 K and room- 
temperature spectra are reported in Fig. 3. 
They clearly show thermalization pro- 
cesses. Weak bands are observable in the 
high-energy side of the 4F912 -+ 6H1512 and 
4F912 -+ 6H13,2 transitions at 293 K. They 
peak at 21,959 and 18,514 cm-‘, respec- 
tively, and are not present in the lower tem- 
perature spectra. These weak bands are un- 
doubtedly due to emission from the 411512 
level to 6H1~,~ and 6H13/2. Other effects are 
observable inside the emission bands from 
4Fw to 6H1 1/2, 91112 + 6H9,2, and 6F912 -t 
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FIG. 2. Energy level diagram of Dy’- ions in ZBLA glass. Levels CI to,fare detailed in Fig. I 

6H7j2, when the temperature is raised above 
I I K. They are probably due to thermaliza- 
tion of higher lying sublevels of the 4Fg,? 
state. 

Lifetimes were measured as a function 
of temperature from 11 to 550 K for the 
4Fg/z * 6H13,2 transition. The results are 
shown in Table I for a 0. I, 0.5, and a 2% 
doped sample. In most cases the decay 

curves could be fitted to single exponen- 
tials. Above room temperature, a few mea- 
surements were nearly single exponential 
with a ratio between the first and third r- 
folding times of 0.8. The first e-folding time 
was then chosen as the lifetime. Usually, 
because of increasing nonradiative rates 
with temperature, experimental lifetimes 
decrease when a given sample is warmed 
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FIG. 3. Emission spectra of Dy” ions in ZBLA glass from the IF,,? level. Transitions marked with an 
x are from the “I,S.z level. 

from 11 to 550 K. In our case, the opposite 
phenomenon is observed at all impurity 
concentrations. Thermalization processes 
of higher lying sublevels of the 4b7g‘9/T state 

TABLE I 

MEASURED 4F9.2 EMISSION LIFETIME AS A FUNCTION 
OF TEMPERATURE AND CONCENTRATION FOR 

ZBLA : Dy” 

with longer lifetimes are very likely respon- 
sible for that temperature dependence. Un- 
usual behavior of lifetimes versus tem- 
perature has been already observed for 
rare-earth ions in fluorozirconate glasses 
t 10, 15) and in crystals (19). From the data 
it is possible to present a fitted curve of the 
experimental data, assuming sublevel ther- 
malization within the “E;:? state. 

Temperature (K) Lifetime (+I 

0.1% 0.5% 2% 0.1% 0.5% 

I1 II II 
20 20 20 
49 51 40 
84 80 72 

118 110 99 
I41 151 

161 170 - 
201 199 196 
231 231 245 
260 260 - 
294 295 293 
343 338 353 
388 397 398 
445 440 445 
493 490 490 
540 545 537 

911 
902 
944 
947 
939 
- 
960 
943 
966 
998 

1033 
992 
985 

1063 
1081 
1025 

765 
762 
784 
812 
817 
844 
816 
849 
836 
841 
885 
949 
969 
973 

985 

2% 

574 
594 
593 
596 
605 
622 
- 

633 
673 

662 
696 
701 
695 
698 
699 

Judd-Ofelt Calculations 

The oscillator strengths of the absorption 
bands can be determined experimentally 
using the following equation: 

where m and e are the mass and charge of 
the electron and c is the velocity of light. 
The number of optically active ions. N, is 
calculated from the starting glass composi- 
tion. N is found to be equal to 3.23 x IO” 
ions/cm’ for the 2% doped sample. (Y(V) is 
the measured absorption coefficient at a 
given frequency. 

The theoretical oscillator strengths are 
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TABLE II 

OSCILLATORSTRENGTHSOFD~~+ IONS 
IN ZBLA GLASS 

Transition 

1696 98 101 -3 
1282 365 365 0 
1097 218 216 +2 

975 7.4 0.6 +6.8 
907 181 190 -9 
806 108 93 +15 
755 26 18 +8 
474 15 15 0 
452 36 37 -I 
427 9.4 4.7 f4.J 

R? (IO ?(I cm*) = 3.22 rms deviation (lOeH) = 8.0 
0, (lOmzo cmZ) = I.32 
II, (10~“’ cm’) = 2.38 

calculated by use of the Judd-Ofelt 
parameterization (20, 21). For an electric 
dipole transition SLJ + S’L’J’ of average 
frequency u, the calculated oscillator 
strength is: 

with 

3478.14 n = 1.50583 + ___ 
A’( nm) ’ (3) 

for ZBLA glass. The intensity parameters, 
0,, are typical of a given ion-host combina- 
tion. The reduced matrix elements, UC’), are 
only slightly sensitive to the host. We used 
the U(l) elements calculated by Carnal1 for 
Dy3+ aquo and Dy3+ in LaF, (22, 23). In the 
case of the (hF,1,2, 6&d and PFw 6H~d 
absorption bands, an appropriate co’mbina- 
tion of the respective matrix elements is 
used. All transitions are assumed to be 
electric dipolar, except for the 6H,5,z -+ 
6H13~2 transition which exhibits a nonnegligi- 
ble magnetic dipolar contribution (24). 

That transition is neglected in the fitting 
procedure. 

The measured and calculated oscillator 
strengths are listed in Table II. The Judd- 
Ofelt parameters for the ZBLA-Dy3+ com- 
bination are found to be fl: = 3.22 x lo-?” 
cm2, an4 = 1.35 X 1O-2n cm?, and fi6 = 2.38 
x 10e20 cm?. The quality of the fit is given 
by the root-mean-square deviation which is 
equal to 8.0 X IO-*. This value represents a 
fairly good agreement between measured 
and calculated oscillator strengths; it is 
somewhat lower than the rms deviations 
calculated for ZBLA: Er3+ and ZBLA: 
Ho3+ (10, 12) and comparable to other 
Dy3+-doped systems (25). 

The radiative transition probability for a 
SLJ + S’L’J’ electric-dipole emission is 
calculated from the following equation: 

A(J;J’) = 
647r4e2 1 n(n’ + 2)? 

3(2J + I)h s;r 9 
x c fl,((SLJI lU”‘1 IS’L’J’))? (4) 

r-2.4.h 

The total spontaneous emission probabil- 
ity ( WR) for an SLJ excited state is given as 
the sum of the A(J;J’) terms calculated 
over all terminal states. The radiative life- 
time and branching ratios are determined 
by the following expressions, respectively: 

TR = & for an SLJ excited state (5) 

and 

P= 
A(J;J’) 

WR 
for an SLJ -+ S’L’J’ transition. (6) 

For the 6H13,z * 6H151z emission, electric 
plus magnetic dipole, the radiative transi- 
tion probability is: 

A(J. J,) = 8d 25’ + 1 
> - ~ J a(u)du. Nh2 25 + 1 (7) 

This relation is obtained by combining 
Eqs. (1) and (4) extended to electric- and 
magnetic-dipole transitions. The integral 
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TABLE III 
CALCULATED RADIATIVE TRANSITION 

PROBABILITIES, RADIATIVE LIFETIMES, AND 
BRANCHING RATIOS OF Dy3+ IN ZBLA GLASS 

Transition A (nm) A (set-‘1 rR (ms) p 

6H,3,2 + 6H~~t2 
6H, m -+ 6ff~3,2 

6H~sn 
“F912 -+ 6F,~2 

6F312 

6F5~2 

6F712 

%I2 
‘F9l2, 6&~2 

6F~m, 6ff912 

‘-HI ,n 
‘HI 312 

6H~ si2 

41W2 -+ ‘F9i2 

6FV2 
6F3,2 

‘F5/2 

6F712 

6H5~2 

6F9n 1 6ff7n 

6F,m 6ff9,2 

‘HI 112 

6H13/2 

6ff~5,2 

2865 
4156 

1373 
1280 
1155 

996 
923 
831 
748 
658 
573 
480 

9709 
1203 
1126 
1029 

917 
842 
768 
698 
616 
537 
452 

19.5 51.2 1.000 
4.0 13.5<l 0.052 

70.4 0.948 
0 1.6 0 
0 0 
3.2 0.005 
3.0 0.005 
2.1 0.003 

15.4 0.026 
20.2 0.034 
31.7 0.053 

371.1 0.615 
155.8 0.259 

0.1 2.7 0 
0 0 
0.3 0.001 
0 0 
0 0 
0 0 

10.7 0.029 
24.1 0.065 
12.4 0.034 
42.8 0.116 

278.6 0.755 

” The small magnetic-dipole contribution to the 
6HIliz -+ 6H,312 emission is not taken into account. 

term is the integrated absorption coefficient 
for the 6H,5,2 + 6H,3,2 transition. It is to be 
noted that the 6H15j2 + 6H13,2 absorption 
band overlaps an O-H absorption band lo- 
cated at 2.9 pm. This is due to the reaction 
of the glass with the ambient atmosphere 
during the making procedure. The O-H 
contribution to the 6H15,2 + 6ZZ13,2 integrated 
absorption coefficient was subtracted be- 
fore processing Eq. (7). The results are 
summarized in Table III for the 6ZZ13,2, 
6H11/2, 4F9,2, and 4Z15,2 levels. 

Discussion 

Despite the very good fit obtained for the 
Judd-Ofelt parameters calculation (see Ta- 

ble II), the agreement between predicted 
and measured lifetimes, T,,I~ and 7eXP, is not 
perfect. The former is equal to 1.6 ms (see 
Table III) and the latter to nearly 1.1 ms. 
The experimental value has been deter- 
mined for the 0.1% doped sample for which 
no energy transfer between Dy3+ ions is ex- 
pected. Moreover, we have chosen the 
value obtained at high temperature where a 
more equal population in the Stark levels of 
the 4F912 state brings the experimental con- 
ditions closer to the Judd-Ofelt theory re- 
quirements. The exclusion of the well- 
known hypersensitive 6H15,2 + (6FI~,~ + 
6ZZ912) transition from the fitting procedure 
has no dramatic effect on the Judd-Ofeld 
parameter values. Consequently there is lit- 
tle effect on the predicted radiative life- 
times. The ratio (T,,,~ - Q-,,,,)/T,,~~ is nearly 
30% which is somewhat higher than the es- 
tablished limits of lo-25% (10). Neverthe- 
less, valuable information on ZBLA : Dy’+ 
optical properties is still obtainable with 
this technique. 

As reported in Table I, the lifetime data 
for the 4F912 level exhibit a general trend to 
increase with temperature. The radiative 
emission rate (WR), multiphonon emission 
rate (WMP), and energy transfer rate (WET) 
account for the observed lifetime according 
to the following equation: 

1 /rCCp = W = W, + W,p + WET. (8) 

where W is the total rate (set-I) for the 
level in question. From Fig. 2, it can be 
seen that the energy gap between the 4F912 
level and its next lower lying level (6F3a) 
is equal to 7850 cm-‘. A negligible 
multiphonon emission rate is then expected 
for the emitting level (15). For the 0.1% 
doped sample, the rare-earth ions are sup- 
posedly randomly distributed in the glassy 
host and sufficiently far apart to prevent 
any Dy3+-Dy3+ energy transfer. In conse- 
quence, the total rate for the 0.1% sample is 
equal to the radiative rate and should be 
temperature independent. Figure 4 portrays 
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FIG. 4. Total emission rate (W) of the 4F9,z level as a 
function of temperature for ZBLA : Dyx+. 

the plot of the total rates for the 0.1, 0.5, 
and 2% samples as a function of tempera- 
ture. The constant line expected for the 
0.1% sample is not observed. We have to 
take into account thermalization processes 
of higher lying sublevels of the 4F9,2 state. 
Previous investigators pointed out that sub- 
levels radiative rates could be different 
within a given SLJ state (10). The tempera- 
ture effects observed inside the 4F9,2 emis- 
sion bands support this possibility. The 
thermalization process for a two-sublevel 
system may be expressed by the following 
equation: 

w 
R 

= glwRl + g2WR2emaEikT 
g, + g2e-AEIkT ’ (9) 

where WR is the 4F9,~ radiative rate, AE is 
the energy gap between sublevels with radi- 
ative rates WR1 and wR2, and k is the Boltz- 

man’s constant. In this equation, it is as- 
sumed that (i) the (25 + 1) sublevels are 
distributed in two “main sublevels” with 
degeneracies gl and g2 where gl + g2 = 
2 J + 1, and (ii) the number of emitting ions 
per second for the 4F9,2 state is equal to the 
sum of emitting ions per second for each 
“main sublevel.” WRI, wa2, and AE are de- 
termined by a least-square fitting procedure 
to be the experimental rates shown in Fig. 4 
for the 0.1% doped sample. In a glassy ma- 
terial, one cannot predict the degeneracy of 
perturbed levels for a given state. As a 
result, Table IV presents data obtained sys- 
tematically for every combination of (gi, g2) 
as long as (gr + gJ is equal to (2J + 1). The 
parameters obtained for gl = 1,2,8, or 9 do 
not agree with physical meaning. Either the 
energy gap AE is equal to -530 cm-‘, 
which is more than the width at half-maxi- 
mum (-400 cm-‘) for the 4F9,2 absorption 
band, or WRl is found to be negative. These 
values are not realistic. For gI = 3 to 7, it is 
difficult to choose the best set of parame- 
ters as the root-mean-square deviation is 
very similar in all fits. However, it is of 
importance to point out that theoretical val- 
ues of WR, and the energy gap AE are al- 
most insensitive to the degeneracies distri- 
bution when gl varies from 3 to 7. As an 
example, the fitted curve obtained for gl = 

TABLE IV 
FITTED PARAMETERS AS A FUNCTION OF 

DEGENERACIES g, AND g, IN EQUATION (9). FOR 
THE 4F9,2 LEVEL (g, + g? = 2J + 1) 

g, g2 WR, (see-‘1 WRZ (set-‘) AE (cm-‘) rms 

1 9 1075 894 532 26.8 
2 8 1075 813 520 27.9 
3 7 1088 855 261 27.4 
4 6 1093 808 236 27.8 
5 5 1081 663 294 26.2 
6 4 1083 562 266 26.2 
7 3 1083 320 263 26.2 
8 2 1081 -82 253 26.2 
9 1 1082 -122 232 26.2 
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FIG. 5. Energy-transfer rate (WET) of the Tgj2 level 
as a function of temperature for ZBLA : Dy3+. 

g2 = 5 is presented in Fig. 4 for the 0.1% 
doped sample. Eq. (9) usually accounts for 
thermalization effects between SL J states. 
We show here that it can be applied to tem- 
perature effects inside a given SLJ state. 
Even though WR2 cannot be determined 
within reasonable limits, Eq. (9) gives valu- 
able information on the energy gap respon- 
sible for the thermalization effects. 

The data reported in Fig. 4 show that 
Dy3+-Dy3+ energy transfer is present in the 
0.5 and 2% samples for the 4F9,2 level. It has 
been pointed out that the multiphonon 
emission rate is negligible for this level. At 
a given temperature, by subtracting the to- 
tal rate of the 0.5 or 2% sample from the 
fitted curve obtained for the 0.1% sample, 
the energy transfer rate is found. The 
results are shown in Fig. 5 as a function of 
temperature. The usual exponential depen- 
dence on inverse temperature (12, 15) is 
not observed. Moreover, one can observe a 
decrease of the energy transfer rates with 
temperature which is quite unexpected. 

The Forster-Dexter expression for electric 
dipole-dipole transfer probability is (26) 

where 7s is the sensitizer radiative lifetime 
and (& is the activator integrated absorp- 
tion cross section. The distance between 
sensitizer and activator is RsA. The normal- 
ized line-shape functions for the activator 
and sensitizer are FA(E) and fs(E). The 
overlap between FA(E) andfs(E) is found to 
be temperature dependent as shown in Fig. 
6. This should contribute to increase the 
transfer probability when the temperature 
is raised from II to 550 K. On the other 
hand, we have shown that the radiative rate 
(l/~s) decreases with temperature. This 

195 200 205 210 215 220 

WAVENUYBER (10 2 cm- 1) 

FIG. 6. Emission and excitation overlap of the 4Fg~2 
level as a function of temperature for ZBLA : Dy”. 
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phenomenon will decrease the transfer 
probability and it has to be predominant 
compared to thermal broadening of emis- 
sion and excitation bands. 

Infrared emissions from the 6H11,2 (-1.7 
pm) and 6H1X,2 (-2.9 pm) levels were not 
investigated. However, their characteris- 
tics may be determined from the calculated 
radiative rates reported in Table III and the 
multiphonon emission rates calculated by 
the “energy-gap law” expressed as: 

WM~ = Ceeati. (11) 

The value of constants C and (Y have been 
determined previously for ZBLA glass to 
be C = 1.88 x lOin see-l and cx = 5.77 X 

10m3 cm at 80 K (IO). The energy gap AE is 
determined from Fig. 2. For the “Hi iiz level, 
the multiphonon emission rate is found to 
be equal to 17,580 set-I at 80 K and 29,674 
set-I at 300 K, leading to predicted life- 
times equal to 57 and 34 psec, respectively. 
The 6HI I,2 level is predominantly de-excited 
by multiphonon emission, whatever the 
temperature is. Very weak emission is ex- 
pected, if any. Conversely, for the hHlj,z 
level, the multiphonon emission rate is 33.6 
set’ at 80 K and 65.7 set-’ at 300 K, lead- 
ing to predicted lifetimes of 18.8 and 11.7 
msec, respectively. Multiphonon emission 
is still predominant but of the same order of 
magnitude as radiative emission. Effective 
emission in the 2.9~pm region may be pre- 
dicted at liquid nitrogen temperature and at 
room temperature. 

Conclusion 

In summary, our experimental results ob- 
tained by absorption and emission spectros- 
copy applied to ZBLA : Dy’+ are in agree- 
ment with the Judd-Ofelt theory. The 
lifetime increase with temperature is ex- 
plained as being due to thermalization of 
high-energy Stark levels within the 4Fy,2 
emitting state. Dy3+-Dy3+ energy transfer 
is observed even at 0.5% Dy’+ concentra- 

tion and is found to decrease with tempera- 
ture. Again, Stark level thermalization may 
be responsible for that. Infrared emission is 
predicted at 2.9 pm from the ‘jH13,2 level. 
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