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Optical transitions of Ho3+ ions in fluorozirconate glass
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Optical-absorption and emission spectra are presented for Ho + ions in Auorozirconate (ZBLA)
glass [the nominal composition of ZBLA glass (in mo1%) is S7, ZrF4, 34, BaF2, S, LaF3, and 4,
A1F3], The measured oscillator strengths and radiative rates for several transitions were compared
with calculated values. Nonradiative transition rates for the excited states were determined by the
difference between the measured rates and the calculated radiative rates. Multiphonon emission and
energy-transfer effects accounted for the nonradiative transitions. The low-temperature multipho-
non emission rates are in agreement with the rates predicted by the phenomenological energy-gap
law, when one uses parameters obtained previously for ZBLA:Er +. The crystallization of ZBLA
glass was studied, with Ho + and Er'+ ions as probes. Isochronal heating data indicate that the
glass undergoes rapid devitrification around 630 K. The crystallization of ZBLA is found to involve

two distinct processes.

I. INTRODUCTION

The discovery of fluoride glasses based primarily on
zirconium or hafnium fluoride is quite recent. ' Prepara-
tion of these glasses is straightforward and the resulting
samples exhibit a wide range of transparency, extending
from about 0.2 pm to 7 p,m. This characteristic, along
with an idex of refraction near 1.5 and good resistance to
degradation from water or weak acids make these materi-
als promising candidates for optical fibers. The composi-
tion of the glasses is such that the trivalent lanthanides
are easily incorporated, which may make these glasses
good laser hosts.

At this time, studies on the optical properties of rare-
earth ions in fluoride glasses have been on Nd +, Eu +,
and Er +. These investigations have shown that the
inhomogeneous broadening of the emissions is narrower
than that observed in oxide glasses. This is believed to be
due to the ion's substitution into the less perturbed
network-former sites. Also, transitions between J mani-
folds which are normally absent or greatly quenched in
oxide glasses are more intense in fluoride glasses. It has
been presumed, and explicitly shown, that this arises
from the low phonon energies ( —500 cm ') of the
fluoride glass hosts which reduce nonradiative transitions
due to multiphonon emission.

The optical properties of Ho + have been studied in
numerous crystalline and oxide glass hosts. ' The pur-
pose of this investigation is to study the optical properties
of Ho + in fluorozirconate glass (ZBLA:Ho) to better
understand the behavior of rare-earth ions in this host,
and to augment our earlier results on ZBLA:Er.

II. EXPERIMENTAL METHODS

The samples used in this study were prepared at the
Rome Air Development Center (RADC), Hanscom Air

Force Base (AFB) laboratory using methods described ear-
lier. The starting composition (in mol%) was 57, ZrF4',
34, BaF2', 3, LaF3', 4, AlF3', and 2, HoF3.

For low-temperature measurements, a Sulfrian helium
cryostat, or a CTI Cryodyne Cryocooler Model 21SC was
utilized. High-temperature measurements were made
with the sample enclosed in a copper holder with small
windows for the excitation and emission light. Tempera-
ture control was accomplished by using resistance heaters.
Temperature control below room temperature was +1 K,
while above room temperature it was +5 K.

Emission- and excitation-spectra measurements were
made by exciting the samples with light from a 75-W
xenon-arc lamp which had been passed through a 0.22-m
Spex monochromator. The fluorescence was focused into
a 0.8-m Spex monochromator, and a mirror was used to
route the light emerging from the exit slit to the appropri-
ate detector. These detectors were a cooled RCA C31034
photomultiplier tube (PMT) for the visible and a cooled
Optoelectronics OTC-22-53 PbS cell for the infrared The.
emission monochromator and PMT response was correct-
ed by using a quartz-iodine lamp traceable to the National
Bureau of Standards. The signal from the detector was
preamplified and passed to a lock-in amplifier whose
reference was a variable-speed light chopper in the excita-
tion beam. The output of the lock-in may be displayed on
an X- Y recorder or stored by a Hewlett-Packard HP-85
mincomputer.

Lifetime measurements were made utilizing a Bioma-
tion 610B transient recorder and a Nicholet 1070 signal
averager. This system allowed lifetimes as short as 10 ps
to be measured. For all lifetime measurements, except the
I6 and I7 levels, the flourescing level was directly excit-

ed. For the I6 and I7 levels the I'5 level was excited.
This was found to result in a faster signal acquisition time
with no measureable change in lifetime.

Optical-absorption measurements were made with the
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use of a Perkin-Elmer 330 spectrophotometer. At all
times the spectral resolution eras much greater than the
observed linewidths. Integrated intensities were calculated
by numerical integration.

f (a,J;b,J')= 8&mv n(n +2)
3h(2J+1)e n~

X SED (a,J;b,J'), (2)

III. EXPERIMENTAL RESULTS

The absorption spectrum of the 2.0 at. % Ho + sample
was measured in the range from 250 to 2600 nm. The os-
cillator strengths (f) of the absorption transitions were
calculated using the equation

f= i J a(v)dv,
me X

where N is the number of ions per cm and a is the ab-
sorption coefficient. All transitions were assumed to be
electric dipole in nature, except for the Is~ I7 transi-
tion, which has a substantial magnetic dipole component.
The values are presented in Table I. Values for Ho + in
several other hosts are shown for comparison. The value
for N, the concentration, was taken to be equal to the con-
centration in the starting mixture. This has been found to
be accurate for previous rare-earth dopings of fluoride
glasses. In several instances where levels of different J
manifolds overlap, the unresolved intensity was assigned
to the group of levels. The average frequencies v of the
transitions were taken to be the centers of gravity of the
absorption bands.

The magnitude of the measured oscillator strengths of
many trivalent rare earths in solids and solutions has been
calculable from the theory put forth independently by
Judd' and Ofelt. ' The assumptions of the theory were
well described earlier ' therefore, only those formulas
needed for application of the theory will be presented.

In the Judd-Ofelt theory, the electric dipole oscillator
strength of a transition of average frequency 7 from a lev-

el J to the level J' is

where n is the refractive index of the medium, and SED is
the electric dipole line strength,

SED(a,J;b,J') =e g Q, ((f J~ (
U'"(

~f J') )
t =2,4, 6

In Eq. (3) the Q, are phenomenological parameters to be
determined for the particular ion-host combination, and
the squared terms are the matrix elements of the doubly
reduced unit tensor U'" for the rare-earth ion, whose
intermediate-coupled eigenstate is represented by

~ f J).' The matrix elements calculated by Weber et al.
for Ho + in LaF& were used. ' This is a reasonable ap-
proximation, since the matrix elements are almost host in-
variant. ' By substituting Eq. (3) into Eq. (2) and using
the experimentally determined values of the oscillator
strengths of the various observed transitions (Table I), a
least-squares-fitting approach was used to find the 0, pa-
rameters. The variation in n with transition wavelength
was well accounted for by using Cauchy's relation with
n =2 +8/A, , with 2 =1.505 83 and 8 =3478.14 nm .

Since magnetic dipole transitions make a large contri-
bution to the I8~ I7 oscillator strength, this transition
was deleted in fitting the Judd-Ofelt parameters. The pa-
rameters are Q2 ——2.28)& 10 cm, 04 ——2.08 & 10
cm, and Q6 ——1.73)&10 cm . The calculated oscillator
strengths are presented in Table II. A measure of the
quality of the flt can be noted from the rms deviation 5
between the measured and calculated oscillator strengths

g (&f)'
5 (4)

+transition +param

TABLE I. Measured oscillator strengths of Ho + in various hosts at 300 K. All transitions are from the 'Is level to the levels indi-

cated.

Level ZBLA LaF3'
Oscillator strength (10 )

YA103' Germanate glass TeBurite glass"

5I
5I
'I5

5F
5S„5F4
F3, F2, E8

5G

'G,
'G4, 'K7
G2~ H5, H6
G3, 19

'G3, 'Ls~ '~~0~ 'D4

Fp, 04
'Reference 9.
Reference 12.

144.0
72.0
11.6
1.5

267.4
355.4
235.8

1045.6
231.9
47.4

337.1
54.9
62.6

273.5
215.0

68.0
36.0
6.2

131.0
140.0
93.0

436.0
110.0
21.0

148.0
25.0
31.0

120.0
106.0

128.0
64.0
12.0
4.0

217.0
270.0
174.0
745.0
210.0
51.0

252.0
49.0
54.0

260.0
173.0

90.0
26.0

124.0
158.0
98.0

2403.0
136.0
45.0

557.0

78.0

208.0
115.0
28.0

470.0
640.0
422.0

3577.0
531.0
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TABLE II. Calculated oscillator strengths of Ho + in ZBLA glass. All transitions are from the I8
level to the levels indicated.

Level

I6
5g

5g

5F

S, F
F3, F2, E8

56
56 3~
G2) Hg, H6

56 3L

63 L8, M)Q D4
F2, H4

Oscillator strength (10 )

%avelength
{nm)

1163
894
753
643
537
478
450
416
384
360
345
332
287
277

Oscillator
strength

96
18
1.5

252
341
240

1053
233
49

296
87
74

309
190

Residual

—24
—6

0
15
14
4

—7
—1

—2
41

—32
—11
—36

25

where g(hf) is the sum of squares of deviations,

N„,„„„,„ is the number of transitions, and N~„, is the
number of parameters. The rms deviation is 0.23)&10
which is comparable to the rms deviations found by ap-
plying the Judd-Ofelt theory to rare-earth ions in other
systems.

The forced electric dipole transition probabilities for ex-
cited states were calculated from the equation

64m. v n(n +2)
3(2J+ 1)hc

From these values it is possible to calculate the radiative
lifetime v of an excited state i,

(6)

where the summation is over electric and magnetic dipole
transitions to all terminal states j and the branching ratio

p= ' =~;A(i,j) .A (i,j)
A l,J

The values of A, ~, and P for the various transitions are
given in Table III. For the I7~ I8 transition the total
spontaneous transition probability (electric —plus—
magnetic-dipole) was found using the relation '

8 2J' 1

2J+1
to be equal to 64 s

The emission spectra of Ho + at 300 and 14 K are
shown in Figs. 1(a) and 1(b), respectively. In both cases
the excitation was at 288 nm. For all the emission lines
shown in the figure the excitation spectra were measured.
Based on these spectra, and the energies of the J mani-
folds obtained by absorption measurements, the fluores-
cent transitions were assigned. In Fig. 1 the line marked
by an asterisk is due to the transition F3~ Is and the
line marked by a plus is due to the transition 64.~ Is',

other emission assignments are given in Table III.
Five emissions were observed due to transitions from

the Pi( D3) level to lower excited states. In Table III
calculated and experimentally determined branching ra-
tios are compared. The average relative error is about
20%.

When samples were warmed from 14 K to room tem-
perature, it was found that the emission at —18 300 cm
(546 nm) broadens considerably (Fig. 1). The broadening
arises from an increase in intensity of the high-energy side
of the emission. This increase is due to thermalization of
the Fq level by the S2 level, with the former level having
a larger transition probability to the Is ground state
(Table III). The transition rate of the F4~ I7 emission
is much lower than the 'Sz~ I7 emission (Table III) so
insignificant broadening occurs for their combined emis-
sions, at —13300 cm ' (725 nm) (Fig. 1). In order to
determine the energy gap E between these two levels the
ratio of the S2( Fz)~ Iq emission intensity (I7) to the
S2( F4)~ Is emission intensity (I, ) is plotted as a func-

tion of temperature in Fig. 2. An analysis based on a
four-level system comprised of the F~ (level 1), S2 (level
2), I7 (level 3), and Is (level 4) J manifolds predicts that
the ratio I, /Is is

1500 1000
I

WAVELENGTH ( nm )

500

4—
COI-
Z
ui 2

0 Al
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z
LUI-
z
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Z
Ui
O
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N

+
A AW

) ZBLA:Ho 300 K

( b ) ZBLA:Ho + 15 K

10 15 20 25
PHOTON ENERGY ( 10 cm )

FIG. 1. Emission spectra of Ho + in ZBLA glass at {a) 300
K and (b) 15 K. The symbols above the bands are explained in
the text.
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TABLE III. Predicted spontaneous-emission probabilities of Ho + in ZBLA glass. Included are the predicted and measured

branching ratios for the PI ( D3) level.

Transition

I7~ I8
I6-+ Is

I

5I

I4~ Is
I7
I6

5I
'F5~'Is

5I
5I
'I,
5I

Average frequency
(cm ')

5092
8596
3504

11186
6094
2590

13273
8181
4677
2087

15547
10455
6951
4361
2274

RED (s ')

57.7
140.3

14.3
51.7
72.3

5.0
7.8

37.5
30.4
4.2

1435.7
341.1
77.0
6.0
4.5

w~ (ms}

6.5

7.8

12.5

0.54

Branching ratj.os
Calculated Measured

1.00
0.91
0.09
0.40
0.56
0.04
0.10
0.47
0.38
0.05
0.77
0.18
0.04

Sg( F4)~ Is
I

5I
5I
5I
5F

18608
13516
10012
7422
5335
3061

1144.2(2790.7)
782.0(287.9)
138.1(206.4)
34.9(109.0)
36.3(18.5)
0.4(4.6)

0.47(0. 18) 0.54(0.82)
0.37(0.08)
0.07(0.06)
0.02(0.03)
0.02

P)+ D3 —+ Is

I6
5I
5I
5F
5S 5F
5F

Es
G6

5G

64, K7
'H6

32942
27850
24346
21756
19669
17395
14334
12264
11501
10705
8909
6934
5133

55.2
1987.6
1660.4
220.3
226.5

54. 1

121.0
138.4
317.8

11.6
158.3
37.0
66.8

0.20 0.01
0.39
0.33
0.04
0.05
0.01
0.02
0.03
0.06

0.03

0.01

0.39
0.32
0.07
0.06

0.08

I7 C7(v)h v7 9A42e + 5A32

Is Cs(v)h vs 9Aq~e " + 5A&&
(9)

where A;J is the probability for a spontaneous transition
between levels i and j, and C7(v) and Cs(v) represent the
response of the detection system in the frequency range of
Iq and Is, respectively. At low tempreatures (E&&kT)
this equation gives the ratio of the S2—+ I7 and S2~ I8
transition rates. With the use of the values from Table
III, Eq. (9) yields the ratio I7/Is ——0.68 for T=O. This
value agrees with the experimentally determined value of
0.67 at low temperatures. The solid curve in Fig. 2 is the
result of substituting the calculated transition rates from
Table III and a value of E =90 cm ' in Eq. (9). The
value obtained is in agreement with the Sz, Fq splittings
observed in other hosts. "

The temperature dependence of the lifetimes of the J
manifolds P~( D3), S2( Fq), F5, I6, and Iz are shown

1.0— ZBLA:Ho

'S, ('F, )

CO

0.5—
Ch.

~o
o

I )

0 100 200
TEMPERATURE ( K )

FIG. 2. Ratio of the intensities of the S2('F4)~ I7(I7) and

&2( F4)~ Is(I8) emissions as a function of temperature.

300

in Figs. 3—6. Although luminescence was detected from

the Gq and F3 levels, the lifetimes were too fast to mea-

sure. The errors in these measurements are estimated to
be -5%. The decays of the measurable transitions, ex-

cept the S2( F4) emission, could be fitted to a single ex-
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80—

60—

0
0 0

lal 40—

F

'p &'0 )
1 3

W„„&0&= 9.1 x 10' s-i
5 x 480 cm ' phonons

E 2—
LU

I
LU
L. ~yO) = 80 e-1

7 x 480 cm-1 phonone

5I6

20-
NQO) = 2.0 x 10 ' s"'

5 x 4BO cm ' phonone

NET= 100 x exp(-E/kT) e-1
E=5.0 cm-1

I f I f

100 200 300 400 500
TEMPERATURE ( K )

FIG. 3. Temperature dependence of the 'P~('D3) and I'5
emission lifetimes.

I I I

100 200 300 400 500
TEMPERATURE ( K )

FIG. 5. Temperature dependence of the 5I6 emission lifetime.

ponential. The decay of the Sz( F4) emission was nearly
single exponential, with a ratio between the first and third
e-folding time of )0.80. For this transition the first e-
folding time was used as the value for the lifetime.

Changes in optical properties of rare-earth ions can be
utilized as a probe to study the crystallization of ZBLA
glass. Isothermal and ischronal devitrification experi-
ments were performed on 2 mo1% Er +-doped ZBLA
samples used in Ref 8. .The emission from the

S3/g ~ Ii5/z transition was measured at 15 K after each
stage of thermal treatment. For the isochronal devitrifi-
cation experiments the sample was kept at a fixed tem-
perature for 15 min and then quenched. As the sample
was heated to successively higher temperatures, the inho-
mogeneously broadened emission was replaced by a num-
ber of resolvable lines, with relative intensities similar to
those observed in RbMgF3. Er. 4 After each temperature

treatment, the spectrum obtained was deconvoluted into
two components. One is the luminescence characteristic
of Er3+ in ZBLA glass, shown as spectrum (a) in Fig. 7.
The other is the luminscence of Er + in the devitrified
fraction of ZBLA glass, shown as spectrum (b) in the
same figure Also s. hown is the ratio of the luminescence
intensity of the devitrified glass to the total intensity, plot-
ted as a function of temperature. The fraction of devitri-
fied material increases markedly at 630 K. This tempera
ture is somewhat lower than the crystallization tempera-
ture reported from analysis of differenital scanning
calorimetry (DSC) and differential thermal analysis
(DTA) measurements. ' Measurements similar to those
described above were also performed on ZBLA:Ho. After
heating a sample to 615 K for 10 h and remeasuring its
emission spectrum, only slight changes were observed.
This indicates that the Stark splitting of the J manifolds
is less for Ho3+ than for Er +

0.2 5S (5F )
5)

7

CO

F

LlJ

0.1—
LL

W„go) = 500 e-1

B x 470 cm-1 phonone

CO

E

LLI

LU
U

~O
0

0 0 0 0

i+ET 4500 x exp(-E/kT) e 1

E=4.7 cm 1

NET 150 x exp(-E/kT) s-1

E=5.0 cm 1

I

200
I

400
I

600
TEMPERATURE ( K )

FICi. 4. Temperature dependence of the 'S2{'I'4) emission
lifetime.

I I I

100 200 300 400 500
TEMPERATURE ( K )

FIG. 6. Temperature dependence of the I7 emission lifetime.
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600
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WAVELENGTH ) nm )
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For isothermal devitrification experiments the same
procedure was used to determine the fraction of the sam-

ple which had devitrified. This is plotted as a function of
heating time, for two different temperatures, in Fig. 8.
Note the initial delay, whose magnitude depends on the
temperature, followed by a period in which the devitrifi-
cation occurs. In addition to the emission fluorescence
measurements described previously, decay measurements
were also made at 15 K on a devitrified sample of
ZBLA:Er. Before treatment the decay was almost single
exponential, with a first e-folding time of 600 ps. After
devitrification the decay was single exponential with a
lifetime of 460 ps. The single-exponential decay indicates
that the rare-earth ion occupies one-site symmetry in the
devitrified host.

IV. DISCUSSION

The magnitude of the nonradiative transitions from the
various emitting states of Ho + in ZBLA is important for
determining the radiative efficiency. The radiative effi-

ciency TI can be determined from the lifetime and radia-

tive rate of the state in question and the equation

g =~8 rad,

where r is the measured lifetime

1
farad+ ~nonrad .

T

(10)

TEMPERATURE (K)

FIG. 7. Ratio of the Er+ S3/2~ I/5/2 emission intensity
from the devitrified fraction of ZBLA glass ( A„) to the total in-

tensity {Ao), d(s a function of temperature. The spectra shown

are the emissions (a) before and (b) after devitrification.

WET ——WET(0)exp( —ElkT) . (12)

The values obtained from the best fit to the data are

WET(0) =87 s ' and E =33 cm
A negligible multiphonon emission rate would be ex-

pected for the 'I7 state; yet, a considerable increase in life-
time below 20 K is evident in Fig. 6. The calculated radi-
ative rate for this level was subtracted from the inverse of
the lifetime at each temperature. The difference is plotted
as the circles in Fig. 10. Again, Eq. (12) may be applied
to this data. The solid line, which represents the best fit,
is given by WE&(0)=150 s and E =5.0 cm . For the
I') ( D3) and I"5 decays, the sharp drop in the values of

the lifetime below 50 K is small, so energy-transfer pro-

10—3

(o } l)3/2: Er

() 5l~ t Hos+

W„d is the radiative rate of the state, and W«~ez is the
nonradiative rate. The nonradiative rate can be further
defined as the sum of WNR and WET, which are the non-

radiative rates due to multiphonon emission and energy
transfer, respectively. For low rare-earth ion concentra-
tions 8'ET —-0, which allows nonradiative rates due to
multiphonon emission to be determined directly. Previous
work on ZBL:Nd indicated that concentration quenching
is significant for concentrations above 1 at. %. In
ZBLA:Er, lifetime quenching was observed when the con-
centration was increased from 0.5 to 2.0 at. %. The most
pronounced effect noted was a rapid decrease in lifetime
as the temperature was raised above 10 K. This type of
decrease is also apparent in Figs. 3—6.

In order to determine the functional dependence of
WFT on temperature, the lifetime of the S5~2~ It&~2
transition for both concentrations of ZBLA:Er was mea-

sured over a narrow temperature range. It has been
shown that the multiphonon emission rate is negligible
for this level. By subtracting the inverses of the lifetimes
of the 0.5% sample from the 2% sample, the energy-
transfer rate at that temperature is found. Figure 9 is a
semilogarithmic graph of WET versus inverse tempera-
ture. The results for Er + are shown as open circles. The
data indicated an exponential dependence on inverse tem-

perature, from which it follows that WET can be
described by

1.0—

( o ): 615 K

( ~ }:630 X

UJ

0-O~
K 10 ~y

1

U
. 1O

K
hl
R
LLJ

10
1

0 4 6 8
T~ME (h )

FIG. 8. Ratio of the emission intensity from the devitrified
fraction of ZBLA glass (A„) to the total intensity (Ao) as a
function of time at temperatures of 615 K (open circles) and 630
K (solid circles).

10
0

)

0.05
I

0.10
1/T (K')

Q. 15

FICx. 9. Energy-transfer rate of the Er + I(3/2 + I/5/2 and
Ho + I7~ Is emissions as a function of inverse temperature.
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106

105 .

t80K
the transition. The most commonly used expression, the
single-frequency phonon model, developed by Riseberg
and Moos is

LI

K
X
O
tO
0)
X

103 ~z0z0
I',
CL

1IP .

10 ~ 3p

Ho

Er

101
1000

4I'] l/2

2000 3000 4000 5000

ENERGY GAP ( cm ])

FIG. 10. Multiphonon emission rates of Er3+ (Ref. 8) and
Ho + in ZBLA glass at 80 K as a function of the energy gap to
the next lower level.

&eff 9e —90/kT+ 5
(13)

With the use of the values of the radiative rates (Table III)
and the calculated value of E =90 cm ', the effective ra-
diative rate was determined. When subtracted from the
inverse of the lifetime below 50 K, the remainder could be
fitted by Eq. (12), with WET(0)=4500 s ' and E=4.7
cm

It is interesting that an expression such as Eq. (12) can
fit the temperature dependence of the energy transfer so
well. One explanation lies in the thermaliz ation of
higher-energy Stark levels of the J manifold. In glass, the
different site symmetries cause a lowering of the reso-
nance between the Stark levels of adjacent ions. This de-
creases the probability of energy transfer. i5 Thermali-
zation of the higher-energy Stark levels may remove this
mismatch, resulting in an enhanced energy-transfer rate.
A second possibility is a multistep diffusion type of ener-

gy transfer that involves resonant two-phonon-assisted
processes. The theoretical expression for such a process
contains a Boltzmann population term which dominates
the temperature dependence of the energy-transfer rate.
Further study will be required before the physical signifi-
cance of the value of E in Eq. (12) is understood. Here it
will be treated as an empirical parameter.

Several expressions have been shown to adequately ac-
count for the temperature dependence of the multiphonon
emission rate. These expressions are based on the as-
sumption that phonons of a single energy fico are active in

cesses are neglected. The I6 level also shows the sharp
decrease in lifetime and then a fairly constant lifetime un-
til —150 K. This is indicative of a low activation energy
and thus for simplicity a constant value of WET(0) =100
s ' was used. For the Sz( F4) levels the situation is
more complicated, due to the thermalization of these lev-
els. The effective radiative rate of the transition is6'

9g a('Z, )e 90/k'-+5 g W('S, )

T

WNa = WNR(0)
exp(%co)

exp enrico
—1

P

(14)

WNR (0)=N exp( —So )S~&/p!, (15)

where X is a constant on the order of 10' s ', and p is
again the number of phonons involved in the transition.
Because of the inhomogeneous broadening of the Ho +
luminescence and absorption bands in the host, it is prac-
tically impossible to estiinate the magnitude of So for a

where p is the number of phonons required to span the en-

ergy gap between adjacent levels, and WNR(0) is the low-

temperature multiphonon emission rate. It has been
shown that the energy of the phonons active in the nonra-
diative transition is about 460—500 cm . This value is
consistent with the highest-energy phonons present in the
ZBLA host. ' The observed multiphonon emission rates
for the Pi( Dq), Sz( F4), Fz, and I6 levels were calcu-
lated from Eq. (11) by using the radiative rates predicted
by the Judd-Ofelt theory, the fitted values of the energy
transfer, and the measured lifetimes. Because of inhomo-
geneous broadening, the energy gaps cannot be explicitly
known. However, it is possible to establish reasonable
limits on the gap values from the absorption and emission
spectra. The initial values of p and irico calculated from
the relation p =E/fico and substituted into Eq. (14).
These values, along the value of WNR(0), were adjusted to
give the best fit to the observed rate. The final values are
shown in Figs. 3—6. Note that the values of fico are in the
range found previously. With the use of the calculated
multiphonon emission, energy transfer, and radiative rates
in Eq. (11), the calculated lifetimes were determined.
They are shown as solid lines in the figures. It should be
noted that the multiphonon emission rate predicted for
the I7 transition was very low ( «1 s ') at all tempera-
tures of interest. The line drawn in Fig. 6 is thus the sum
of the calculated radiative and energy-transfer rates.

Another expression for the temperature dependence of
the nonradiative rate was developed by Huang and
Rhys. Their theory is also based on the assumption of
interactions with single-frequency phonons. It can be
shown that their expression is identical to Eq. (14) except
for a multiplicative factor exp( 2nSO), wh—ere So is the
Huang-Rhys factor and n is the phonon occupation num-
ber (n =[exp(fico/kT) —1] ') if So is small. For rare-
earth ions, S0 is typically. no greater than 0.1, ' ' which
makes exp( —2nSo) change from unity at low tempera-
tures to 0.92 at 600 K, for a phonon energy of 500 cm
It was shown previously that this was indeed the case
when both models were used to fit the same data.

It has been noted that in using the single-frequency
phonon model [Eq. (14)] the validity of the WNR(0)
values obtained experimentally should be checked. This
can be accomplished by applying an approximation of the
Huang-Rhys expresssion shown below, which is valid for
small S0 and T=0: ' '



particular nonradiative transition. The values of So were
determined by using the values of p and WNR(0), shown
in Figs. 3—6, and %=1&(10' s '. This value of X is
based on the phonon energies and the sound velocities in
ZBLA, as well as previous determinations in other
fluoride hosts. As was found previously for Er + (Ref.
8), the values of So for all fluorescent levels of Ho + are
within the range 0.01—0.1. Thus, the values of WNR(0)
are beli=ved to be reasonable.

It has been shown that for rare-earth ions in solids, the
multiphonon emission rate for a particular level has an
exponential dependence on the energy gap to the next
lower level. *' ' ' This empirical "energy-gap law" is
expressed as

WNR ——C exp( ab,E),—
where C and n are positive constants characteristic of the
host. This expression can not be used if the nonradiative
transition is forbidden by selection rules or when one- or
two-phonon processes are involved. ' The values of these
constants have been determined previously for ZBLA to
be C =1.88&10' s ' and a=5.77X10 cm. In Fj.g.
10 the fitted low-temperature multiphonon emission rates
for the various Ho + transitions (circles) are plotted semi-
logarithmically versus energy gap. Also shown are the
values for several transitions of Er + (triangles) and the
predicted values of W&R (solid line) obtained by substitut-
ing the values of C and u for ZBLA in Eq. (16). The
values found for Ho + are in agreement with these
predicted values. This agreement is indicative that the
values of WNa, WET, and Wr, d are indeed reasonable.

The phase-transition properties of glass are important
and at this time not well understood. Recent work has
been useful in pointing out the complexities in the cry-
stallization behavior of fluorozirconate glass. 6 How-
ever, more information and new techniques are highly
desirable. Figures 7 and 8 illustrate the potential for util-
izing new methods to study devitrification. As shown in
Fig. 8, there is a temperature-dependent incubation time
for the crystallization of ZBLA glass. The latter stage of
the crystallization in isothermal heating can be described
by the equation

A„=Ho[1 —exp( kt)], —
where k is a constant. Our data suggest that the crystalli-
zation of ZBLA glass involves two distinct stages.

The existence of an incubation period for crystallization
is well known, but not understood. A controlled atmo-
sphere should be used if the observed incubation time is to

be understood. In our sample, a surface cloudness associ-
ated with light scattering from crystallites was evident, in-
itially followed by thermal deformation of the sample.
The center of the sample remained glassly until near the
end of the incubation time. This observation is consistent
with the experimental results of Weinberg et al. 6 On the
other hand, they have also shown that about 2~10
crystallites/cm of 1-pm size are present in untreated
ZBLA glass. The growth or multiplication of these initial
crystallites could compete with surface crystallization. As
described in the preceding section, devitriflcation changes
the decay kinetics of "S3~z of Er + ions from nearly single
exponential to a single-exponential decay. This suggests
that Er3+ ions in the devitrified host occupy a single site.
Lucas et al. showed that rare-earth ions substitute for
network-forming ions (Zr and La) in ZBLA glass. The
present result of the decay kinetics appears to be con-
sistent with this idea. Obviously, a detailed study is need-
ed.

V. CONCLUSIONS

It was shown recently that the radiative transition rates
of Er + in ZBLA glass can be predicted accurately, by the
Judd-Ofelt theory. This technique has also been used for
Ho + in the same host Th. e differences between the mea-
sured and radiative rates are attributed to two sources;
multiphonon emission and energy transfer. The multi-
phonon emission rates were found to depend on the ener-

gy gap to the next lower level in the same manner as for
ZBLA:Er. The temperature dependence of the multipho-
non emission rates were well described by single-frequency
phonon models which have been used successfully. ' '
The energy-transfer —rate temperature dependence can be
described by a Boltzmann population-type expression.

The devitrification of ZBLA glass was studied by using
rate-earth ions as probes. The glass undergoes rapid devi-
triflcation at a temperature near 630 K. After devitriflca-
tion, the single-exponential decay of the fluorescence sug-
gests that the rare-earth ion occupies a single type of site.
This is in agreement with the conclusions of Lucas et al.
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