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Optical-absorption, -emission, and -excitation spectra are presented for Er’* ions in
fluorozirconate glass. Measured oscillator strengths of the transitions between J manifolds
at 300 and 15 K are compared with calculated electric and magnetic dipole oscillator
strengths. Radiative rates for five luminescing states were calculated. The nonradiative
rates from these excited states were determined by calculating the difference between the
measured rates and the calculated radiative rates. The low-temperature nonradiative rates
are in agreement with the phenomenological energy-gap law followed by rare-earth ions in a
number of crystals and glasses. The temperature dependence of the lifetimes was analyzed
using the Huang-Rhys theory of multiphonon emission. Values for the “I;,, radiative and
nonradiative rates obtained by the above methods are compared with those obtained apply-
ing the method Flaherty and DiBartolo used to study MnFyEr3+. The multiphonon emis-
sion rates in fluorozirconate glass are much lower than the rates for the same levels of Er**
in oxide glasses. Measurements of the bandwidths of the ground and excited states of Er’*
and the nearly exponential decay of the emissions indicate a relatively narrow distribution of
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site symmetries compared to oxide glasses.

I. INTRODUCTION

Heavy-metal fluoride glasses are generating a
great deal of interest because of their potential use in
the growing laser and optical-fiber communications
industries.!~> One promising candidate is fluorozir-
conate glass, which is highly transparent from 0.3 to
6.0 um, relatively easy to prepare, and can be doped
with rare-earth fluorides without the need of charge
compensation.

The optical properties of Er’* in various materi-
als have been extensively studied.®~!° The purpose
of this paper is to present data on the optical proper-
ties of Er’* in fluorozirconate glass. Broadband ex-
citation is employed, resulting in optical properties
which are the sum of the transitions of the individu-
al ions in various sites within the glass. The radia-
tive and nonradiative rates of the transitions receive
special attention. The probability for magnetic di-
pole transitions can be readily calculated given the
appropriate wave functions. The electric dipole
transitions are forbidden within the 4f!! configura-
tion of Er**, but forced electric dipole transitions
occur due to admixing of odd-parity terms of
higher-energy configurations into the 4f'! configu-
ration, and by perturbations in this configuration by
odd-order terms of the host’s Stark field. Judd!!
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and Ofelt'? independently showed that by using
several simplifying assumptions, the probabilities of
forced electric dipole transitions can be expressed as
the sum of a small number of phenomenological
parameters. These parameters are determined by a
best fit of calculated and observed oscillator
strengths. The parameters may then be used to cal-
culate the electric dipole contribution to the total
spontaneous-emission probabilities. By subtracting
the calculated radiative rates from the measured
rates, the probability of nonradiative transitions can
also be found. This method of determining radiative
and nonradiative rates of rare-earth transitions has
been used for solutions, crystals, and glasses.> 131
Other methods for calculating radiative and non-
radiative rates have been developed. Flaherty and
DiBartolo?® formulated expressions for the nonradi-
ative rate between two levels using the lifetimes and
integrated intensities of these transitions at two dif-
ferent temperatures. The radiative rate of the higher
energy level may then be determined. Huang and
Rhys?! developed a theory describing the tempera-
ture dependence of the nonradiative rate which is
based on a single-configuration-coordinate model in
which the parabolas representing the ground- and
excited-state oscillators both have the same force
constants, but whose minima are offset. Struck and
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Fonger?? present a more general treatment which
places no constraints on force constants or offsets.
They have also shown?? that their treatment reduced
to the Huang-Rhys expression if equal force con-
stants are assumed, an assumption which should
hold for Er’t because the 4f electrons are well
shielded by the 5s and Sp electrons.

II. THEORY

The theory and methods for calculating the prob-
ability of radiative transitions of rare-earth ions has
been well described earlier'!—'724~26; thus only a
short summary and the most essential formulas will
be given. The free-ion states of a rare-earth ion are
composed of linear combinations of Russell-
Saunders states which are found by diagonalizing
the combined electrostatic and spin-orbit energy ma-
trices. The effect of the host’s Stark field reduces
the (2J+1)-fold degeneracy of the free-ion states
and causes a small admixing of states. Because the
effect of the field on the 4" configuration is small
it is treated as a perturbation of the free-ion states.

J

e2#

Smalat;bJ" )=
4m

The calculated states have the configuration-
interaction energy included in the matrix to be diag-
onalized. The necessary coupling coefficients are
treated as parameters which are adjusted to obtain a
best fit of the calculated J levels to those observed
for the rare-earth ion in the host. The calculated
states have the form

|flaSLW)= 3, Cous | fNaSLT) , (1
a,S,L

where the C,5 are the coupling coefficients
transforming the R-S states to intermediate-coupled
states. The bracketed quantities indicate that the to-
tal angular momentum J is a good quantum number
but the spin and orbital quantum numbers, S and L,
respectively, are not. The symbol a includes all oth-
er quantum numbers needed to specify the states.
Magnetic dipole and electric quadrupole transitions
require no change in parity between states and thus
can be allowed transitions, subject to selection rules,
between states of a given configuration. The line
strength for magnetic dipole (md) transitions be-
tween J manifolds is

2 — —
> ((fMaSL||IL+2S||fMa'S'L'1"))? . )
(4

The probabilities for electric quadrupolar transitions of rare-earth ions have been found to be very much small-

er17,25

than dipolar transitions and are not considered in this work. The electric dipole (ed) line strengths are

calculated in the Judd-Ofelt approach as the sum of intensity parameters £, and doubly reduced matrix ele-
ments of tensor operators U 0 of rank ¢, with r=2,4,6 due to the selection rule |AJ | <2I and [ =3 for

lanthanides, and is

Selal;bd)=e2 3 Q({fMaSLY||UP||fMa'S'L'1)) . (3)

t=2,4,6

The intensity parameters ), contain terms which
are difficult to calculate. These include contribu-
tions from the crystal field, the interconfigurational
radial integrals, and the average energy separation of
the opposite parity configuration.

The oscillator strength of a transition of average
frequency ¥ from a level J to a level J' is

8mmv

(aJ;b) ) =—F"——
4 3h(2J +1)e?n?

X [XedSed(aJ;bJ')

+XmaSmalal;b6J")] , 4)

where the X terms correct for the effective field at a
well-localized center in a medium of isotropic re-
fractive index n and are given by X q=n(n2+2)%/9
for electric dipole transitions and X,q=n> for mag-

[

netic dipole transitions. In calculating the oscillator
strength the selection rules for magnetic dipole tran-
sitions must be considered, i.e., AS=AL =0,
AJ=0,%+1 (but not 0« or 0—0). First-principles
calculations of the (), parameters are hampered by
the uncertainties which are inherent in the terms
these parameters contain. The common way of
determining the ), parameters is to determine the
oscillator strengths of the transitions by measure-
ments of the integrated absorption coefficients.
This relationship is

me’N

[ ovidv (5)

and
In[Iy(v)/I(v)]

oV)=—"-"", (6)
t

where N is the number of ions per cm® and ¢ is the
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absorption path length. Through Eq. (5) the oscilla-
tor strengths of the various observed transitions may
be used in Eq. (4). A least-squares-fitting approach
may then be used to find the Q, parameters which
give the best-fitted oscillator strengths.

The matrix elements of L+2S and U'? are calcu-
lated using formulas given elsewhere.!””?* Since the
free-ion eigenstates show only small changes with
host, it has been found that the matrix elements of
U are essentially the same from host to
host.®!41525 In this work the matrix elements cal-
culated by Weber!” for Er’* in LaF; have been used.
By using free-ion eigenstates, equal population in
the Stark levels of the initial J state are assumed, a
condition which is only approximately fulfilled at
room temperature. It has been found that the addi-
tion of transitions to many different states tends to
average the effects of unequal level populations.

The total spontaneous-emission probability is
given by

64t v

Alal;b) )= """
3(2J + ke

(XedSed +deSmd ) ’
(7

which is related to the radiative lifetime 7 of an ex-
cited state i by

1 .
—= Y Al,j), (8)
i j
where the summation is over electric and magnetic
dipole transitions to all terminal states j.

The multiphonon-emission rate of an excited state
i to an adjacent, lower-lying state at some tempera-
ture in the absence of energy transfer is

1 1
WNR = — T (9)

Tobs Ti

where 7, is the observed lifetime of state i at that
particular temperature and the subscript NR stands
for nonradiative.

As stated earlier, several techniques exist for
calculating the temperature dependence of
Wixr- 272222 Huang and Rhys?! developed a
single—configuration-coordinate model where non-
radiative transitions between levels occur with a
single-phonon energy #w. Their expression for the
nonradiative rate is given by

Wxr =N exp | —S, 1+’|
1—r
X 3 |So ‘
=0 1—r
| p+j
X |Soqi | i+, (10)

where N is a constant on the order of 10" s™!, p is
the number of phonons required to span the energy
gap between the two levels, and r = exp(—#w /kT).
The Huang-Rhys factor is So=AE /2#w, where AE
is a measure of the relative offset between these lev-
els.

Flaherty and DiBartolo? developed a method for
calculating the nonradiative rate based on measure-
ments of integrated emission intensities and life-
times at different temperatures. If a fluorescent lev-
el B is excited entirely through nonradiative transi-
tions from a higher-lying fluorescent level 4, the
nonradiative rate W,y is given at temperatures T,
and T, by

1
W"B(T‘)_T,,(m
1
TA(Tz)
75(T)) L(Ty) Ig(Ty) |
— 15(Ty) Ip(Ty) L(T,)
(11)
and
W5 (Ty)= —
AB Z_TA(TZ)
1
TA(TI)
75(Ty) L(Ty) Ig(Ty) |~
T rp(T)) I(T,) LTy |
(12)

where 74 and 7p are the measured lifetimes and I,
and I are the measured integrated intensities of lev-
els 4 and B, respectively. The radiative rate of level
A may be found by substituting W,p from Eq. (11)
or (12) and the value of 74, at the same temperature,
in Eq. (9). This technique requires only relative
measurements of intensities; no absolute intensity
measurements or calibration of the detection system
is required.

In principle, it is possible to use time-dependent
perturbation theory to calculate the multiphonon-
emission rate. Uncertainties in determining some of
the parameters limit the theory to order-of-
magnitude estimates.?’> A phenomenological mod-
el of multiphonon emission based on this
perturbation-theory expression was developed by
Riseberg and Moos?’ and applied by several investi-
gators.®1820:2526 The model assumes that only pho-
nons of a single frequency are active in the nonradi-
ative transition. The expression for the temperature
dependence of the nonradiative rate is
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TABLE I. Compositions and properties of some heavy-metal fluoride glasses.

Composition (mol %)

T, T, Density
Glass ZrF, HfF, BaF, LaF, ThF, AlF, ErF; (°C) (°C) (g/cm?)
ZBT? 58 33 9 315 394 4.86
ZBL® 60 35 5
HBT? 58 33 9 319 396 6.19
HBL? 58 33 9 332 415 5.56
ZBLA: 0.5% Er 57 35.5 3 4 0.5 ~310 ~390 4.61
ZBLA: 2.0% Er 57 34 3 4 2 ~310 ~390 4.61

2Reference 29.
bReference 30.

P
exp(#iw /kT) 13

Wiw(T)=Wnr(0) exp(fio /kT)—1

where p is the number of phonons emitted in the
transition and Wygr(0) is the low-temperature
multiphonon-emission rate. This expression has
been found to account fairly well for the tempera-
ture dependence of the nonradiative rate, as deter-
mined by using Eq. (9) at different temperatures. It
has been noted that the single-phonon models work
best when the highest-energy phonon mode is used,
i.e.,, the transition occurs in the lowest order
of p possible, so long as energy is con-
served.!71820.2225-27 The only exceptions to this
trend occur when the highest-energy phonons are
very weak compared to the rest of the phonon spec-
trum. In this case the more dominant, lower-energy
phonon modes appear to be responsible for the non-
radiative transitions.®?°

III. EXPERIMENTAL METHODS

The samples used in this study were prepared us-
ing methods described earlier.>?*% Two samples
were prepared, with 2.0 at. % Er’* and 0.5 at. %
Er’*t added to the melt. The compositions of
several common heavy-metal fluoride glasses and
some of their properties are given in Table 1.2%3°
The glass transition temperature is given by 7, and
the onset of crystallization by T,. The addition of
AlF; to the samples extends the range of composi-
tions under which glass formation is possible.?®
Measurements of the final compositions have always
indicated that they are within ~1—2 mol % of the
starting composition.”® The glasses will be identi-
fied based on their compositions, as indicated in
Table I.

For low-temperature measurements, a Sulfrian
helium cryostat, or a CTI Cryodyne Cryocooler
Model 21SC with a resistence heater which allows
temperature control within =1 K over the range
14—300 K, was utilized. Above room temperature

the sample was enclosed in a copper holder with
small windows for the excitation light and the
fluorescence. In this case a copper-Constantan ther-
mocouple was mounted directly on the sample to
measure the temperature. The temperature above
room temperature was controlled within +5 K with
a resistance heater.

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 mono-
chromator and mirrors were used to route the light
emerging from the exit slit to the appropriate detec-
tor. These detectors were a cooled RCA C31034
photomultiplier tube (PMT) for the visible, a cooled
RCA 7102 PMT for the near infrared, and a cooled
Optoelectronics OTC-22-53 PbS cell for the in-
frared. The signal from the detector was preampli-
fied and passed to a lock-in amplifier that was syn-
chronized with a variable-speed light chopper in the
excitation beam. The output of the lock-in amplifier
may be displayed on an X-Y recorder or stored on
tape by a Hewlett-Packard HP-85 minicomputer.
Lifetime measurements were made utilizing a
Biomation 610B transient recorder and a Nicholet
1070 signal averager. This system allowed lifetimes
as short as 10 us to be measured. For all lifetime
measurements the fluorescing level was directly ex-
cited. This is especially important when nonradia-
tive rates are slow. Optical-absorption measure-
ments were made using a Cary 14 spectrophotome-
ter with either (0—0.1)- or (0—1.0)-OD (optical den-
sity) slidewires, or a Perkin-Elmer 330 spectropho-
tometer. At all times the spectral resolution was
much greater than the observed linewidths. In-
tegrated intensities were calculated by numerical in-
tegration. The intensity of the exciting light at the
sample position was measured with a Photo
Research 310 photometer-radiometer and the excita-
tion spectra are corrected accordingly, except where
noted.
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FIG. 1. (a) Absorption spectrum of Er’* in ZBLA. (b) *I;,,—*Is,, excitation spectrum of Er’*+ in ZBLA.

IV. EXPERIMENTAL RESULTS shown were observed; however, their low intensity
with respect to the noise made it impossible to accu-
The absorption spectrum of the 2.0 at.% Er’* rately correct their intensities. The absorption coef-
sample is shown in Fig. 1(a), with the *Iy3,,—*I5 ficients of the 0.5 at. % Er’* sample were only one-
excitation spectrum shown in Fig. 1(b) for compar- fourth as large as the absorption coefficients of the
ison. Excitation bands of higher energy than those 2.0 at. % Er’* sample except for the band at 12 500
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FIG. 2. Emission spectrum of Er’* in ZBLA at (a) 300 K and (b) 14 K. The symbols above the bands are explained in
the text. Bands plotted as dotted lines have had their intensities increased by a factor of 20.
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FIG. 3. Energy-level diagram of Er** as a free ion
(Ref. 6), and for the present work. Also indicated are the
lifetimes (in ms) of the fluorescent levels at 14 K.

cm~! (800 nm) which was more intense. This
sample’s absorption spectrum also contained weak
bands at ~13514 cm~' (740 nm) and ~17361
cm~! (576 nm). Comparison with earlier work on
Nd** in ZBL glass?® shows absorption bands at the
same three positions. The concentration of Nd** in
our sample was determined to be about 0.005 at. %
(8.2x10'7 cm™3) by comparing the intensities of
the Nd** bands with those of ZBL:Nd**.?® The
emission spectra of Er** at 300 and 14 K are shown
in Figs. 2(a) and 2(b), respectively. In these figures
the line marked with an asterisk is the transition
4S3,,—*I,3 5, the line marked with a plus is the
transition 2Hy,,—*I3, the line marked with a
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FIG. 4. *S3,,—*I15/, emission spectrum of Er’t in
ZBLA (solid line) and RbMgF; (dotted line).
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circle is the transition Hgy/,—*I;,,, and the line
marked with a double asterisk is the transition
485, ,2. All other transitions are from excited
states to the ground state. An energy-level diagram
for ZBLA:Er, using the data presented in Figs. 1
and 2, is shown in Fig 3. Included are the energy
levels of the free ion,® and the measured lifetimes at
14 K.

In an amorphous host an impurity ion does not
occupy any one site symmetry, but instead occupies
a large number of different sites. This results in in-
homogeneous broadening of the emission and ab-
sorption lines. The high-resolution emission spec-
trum of the *S;,,—*Is,, transition (solid line),
which shows the extent of the ground-state splitting
and inhomogeneous broadening, is presented in Fig.
4. Superimposed on this spectrum is the same emis-
sion of Er’* from one site in RbMgF;.!° It is ap-

TABLE II. Measured oscillator strengths of Er** in various hosts. All transitions are from

the *I1s,, level to the levels indicated.

Oscillator strength (X 108)

YA108 Y,0® PZGL* ZBLA: 0.5% Er

ZBLA: 2.0% Er

Level 300 K 300 K 300 K 300 K 300 K 15 K
I3, magnetic dipole 59 52 o0 46 46 46

electric dipole 68 73 125 103 131
N P 31 34 67 49 56 52
Top 25 31 32 25 20 21
‘Fo ) 115 173 176 180 164 175
483 41 34 41 33 39 47
Hy1p 243 1103 278 436 394 452
‘Fip 112 113 125 138 141 128
*Fs ) 63 47
o 60 40 35 61 71 3
H,,, 42 61 56 47 47 54
*Gun 431 2055 581 778 841 875

2Reference 15. PZGL is a glass composed of (in mol %) 46 PbF,:22 ZnF,:30 GaF,:2 LaF;.
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TABLE III. Calculated oscillator strengths of Er** in
ZBLA glass. All transitions are from the *I,s,, level to
the levels indicated.

Oscillator strength (X 108)

Oscillator
Level Wavelength (nm)  strength  Residual
T 1516 97.6 28
P 976 42.2 7
o/ 800 23.9 -1
“Fopn 653 173.7 6
Sy 542 37.4 -5
2Hun 521 432.0 4
N 487 153.2 —15
4Fs50,*F3 448 68.4 -7
Hyp 406 62.2 —15
‘G 378 780.4 -2

parent that the ground-state splitting of Er** in this
glass is no broader than that in RbMgF; crystals.
The data in Fig. 4 suggest that the types of site sym-
metries in ZBLA are fewer in number than in oxide
glasses. This has been previously explained as being
due to Er** substituting only as a network former,
unlike the case for oxide glasses, where Er’* may
substitute for both network formers and modif-
jers. 1528

The oscillator strengths of the absorption transi-
tions were calculated using Eq. (5). All transitions
were assumed to be electric dipole in nature, except
]

sum of squares of deviations

for the *Is,—*I3,, transition, which has a sub-
stantial magnetic dipole component. The values for
both glass samples are presented in Table II. Values
for Er’* in several other hosts are shown for com-
parison. The value of N, the concentration, was tak-
en to be equal to the concentration in the starting
mixture. This has been found to be true for previ-
ous rare-earth dopings of fluoride glasses.”® The
value of the *I,,, oscillator strength for the 0.5
at. % Er’* sample was estimated by integrating the
entire band and subtracting the contribution due to
0.005 at. % Nd*+. The index of refraction was mea-
sured at two wavelengths and the indices of refrac-
tion at all other wavelengths were calculated using
Cauchy’s equation n =4 +B /A% with 4=1.50583
and B=3478.14 nm>. The average frequencies of
the transitions were taken to be the centers of gravi-
ty of the absorption bands. These values were sub-
stituted into Eqgs. (3) and (4) and the Judd-Ofelt
parameters adjusted to give the best least-squares fit
to the measured oscillator strengths. For the *I3,,
absorption, the magnetic dipole oscillator strength
was calculated using Egs. (2) and (4) and subtracted
from the measured oscillator strength to give the
electric dipole oscillator strength. The Judd-Ofelt
parameters are ,=2.54X10"%° cm?, Q,=1.39
X 1072 cm?, and Q¢=9.65%10~2! cm? The cal-
culated oscillator strengths are given in Table III. A
measure of the quality of the fit is given by the rms
deviation between the measured and calculated oscil-
lator strengths, as calculated from the relationship

172

8rms =

The rms deviation for the 0.5 at. % Er’* sample is
0.14x 10~°, which is comparable to the rms devia-
tions found by applying the Judd-Ofelt theory to

Er’* in other systems.®!>!%28 The radiative life-
12
o) o o
o ©O o o
g ° o e
]
= ‘ A A
o A
w
w 4|
- 4 372

o ZBLAErP(05 at%)
A 7BLAEST(20 at%)

o i L n 1 4
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TEMPERATURE(K)
FIG. 5. Temperature dependence of the *I3,, emission
lifetimes.

number of transitions —number of parameters

(14)

[
times of the excited states can be calculated from

Egs. (7) and (8). While forced electric dipole transi-
tions comprise most of the spontaneous-emission
probabilities of any level, the magnetic dipole emis-

10

A
[e]
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A

e
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A z8LAEPT (20 at)
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FIG. 6. Temperature dependence of the *I,;/, emission
lifetimes.
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TABLE IV. Predicted spontaneous-emission probabilities of Er>+ in ZBLA glass.

Average
Transition frequency (cm™!) P (s7h) Pog(s7) T (ms)
Tisp—*Tisp 6596 73.5 34.7 9.2
up—*sy 10246 89.9 9.2
I3 3650 10.9 7.7
419/2 —)4115/2 12 500 906 83
i 5904 28.9
Ty 2254 1.1
*Fopn—*I1sp 15314 994 .4 0.92
iy 8718 48.6
Tiup 5068 40.9
s 2814 1.3 ‘
Sin—*Lisp 18450 782.3 0.86
L3 11854 316.1
in 8204 25.4
“Is 5950 415
Hyp—*s) 19194 3264.4 0.31
Hop—*Iis 24631 937.6 0.44
O 18034 1010.1
Tin 14385 302.4
s 12131 11.9
“Fs 9317 23.1

sion probabilities were also calculated for the
4 4 4 4 4 4

Lispn—"lisp, “Liup—"lizp, and “Iop—"Iyp
transitions. The values obtained are shown in Table

Iv.
The temperature dependences of the lifetimes of

both samples are shown in Figs. 5—8. Although
fluorescence was detected from the *H,, level, the
lifetime was faster than could be measured with our
system. The errors in these measurements are es-
timated to be ~5%. The decays of the *I;;,, and
*I,1,, levels could be fitted to a single exponential
while the *S,, and *Fy , levels were very nearly sin-
gle exponential, with a ratio between the first and
third e-folding times of the latter two levels of

300
4
IR 9/2
ARy, o ZBLA:Ergi(O.S at%)
3200 \O\ A 7BLAEr (20 at%)
3 N
o
=
f—
i
w -
=100} &\Q
—S0=0.0785 SIX 460 cri! PHONONS™
---Sp=0.0327 FIVE 445 cri! PHONONS
O L n n " 1
0 100 200 300 400 500 600

TEMPERATURE(K)
FIG. 7. Temperature dependence of the *F,,, emission
lifetimes.

>85%. For these levels the first e-folding times
were used as the values of the lifetimes.

Comparison of Fig. 2(a) with Fig 2(b) shows that
the emission at 19120 cm~! (523 nm) decreases in
intensity as the temperature is lowered. The energy
of the emission and its excitation spectrum identify
this emission as the 2H; , —*I 5, transition, which
is populated thermally by the “S;,, level. This
behavior has been observed previously.!*!” An
analysis based on a simple three-level system
comprised of the 2H ; , (level 3), %S5, (level 2), and
*I.s,, levels predicts that the thermalization can be
expressed by the following equation:

800

43
32 4.
O ZBLAEr (0.5 at%)

600} A ZBLAEST20 at%)
o
A O P

A o\

200r A R

So=0.058 SIX 500 cm' PHONONS
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5
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~

0 . . . . :
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TEMPERATURE(K)
FIG. 8. Temperature dependence of the *S3,, emission
lifetimes.
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where g3,g, are the degeneracies (2J+1), and p}
and p5 are the total spontaneous-emission rates of
the “Hy ,, and *S;,, levels, respectively. The
response of the detection system in the frequency
range of the 2H; ,, and *S; , levels is given by c3(v)
and c¢,(v), respectively. The photon energies of the
two bands are so similar that they are considered
equal. This relation was checked by recording the
two emission spectra at various temperatures and
plotting the ratio of the intensities versus 1000/T as
shown in Fig. 9. The line is a least-squares fit to the
data, and it can be seen that a good fit to Eq. (15) is
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obtained. The value of the preexponential factor can
be estimated from the product of the ratio of the de-
generacies (3), the ratio of the radiative rates
(~2.8), and the ratios of the detection-system
correction factors (~1.5) to be about 13; this agrees
well with the fitted value of 10.76. The value of the
energy gap between the two levels, E3,, was found to
be ~830 cm™!. This is a reasonable value if one
considers the transition to occur from the relaxed
excited state of the *S3,, level to the *H, »2 level.
Previous investigators'*!> have neglected the differ-
ence in the Stoke’s shifts of the two levels and calcu-
lated E3, from absorption data alone.

It was mentioned earlier that the 0.5 at. % Er’*
sample also contained 0.005 at. % Nd**. The emis-
sion spectrum of the Nd** ions at 300 K is shown
in Fig. 10. The emission at 11521 cm ™" (868 nm) is
the *F5 ,—*I, , transition. The very weak emission
at 12469 cm~! (802 nm) is believed to be the *Fs,
or 2H,y,,—"I,,, emission with the excitation bemg
provided due to thermal population from the *F;
level. The identification of this emission is based on
several observations: the excitation spectrum is that
expected for the *Fs,,,2Hg,, levels, the lifetime is
the same as the *F; , lifetime, and the emission de-
creases in intensity as the temperature is lowered.
The thermalization is extremely weak, as is evi-
denced by the lack of any effect on the *F;,, life-
time, which was 444 us at 15 and 300 K. This was
the same value found, within experimental error, in
ZBL:Nd.2® Figure 11 shows the Nd** *F; , excita-
tion spectrum (solid line). The *F, (2 emission is in
the same spectral range as the Er’* 4S5 ,—*I3,,
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FIG. 10. Emission spectrum of Nd*+ in ZBLA at 300 K.
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FIG. 11. Uncorrected *F3,,— *I 5, excitation spectrum of Nd>* (solid line) and the *S;,,—*I s, excitation spectrum of

Er*t (dotted line) in ZBLA at 300 K.

emission, which in this sample is about 10 times
more intense. Consequently, Er’* bands are present
in the Nd** excitation spectrum. To check if these
Er’* excitation bands are actually part of the Nd**
excitation spectrum the *S;,—*I;s,, excitation
spectrum is also portrayed in Fig. 11 (dotted line),
and is scaled to have the same intensity at the ‘G,
level (378 nm). In Fig. 11 all other Er’* bands have
the same peak intensity, except the 2H; ,, excitation
peak at 521 nm. This discrepancy is due to excita-
tion of the Nd** ions from the *G,,,, *Gy,,, and
2K 13, levels, which are at 521 nm in ZBL glass.?®
Inspection of Fig. 11 shows that no bands in the
Nd**+ excitation spectrum for A <550 nm exist
which are not due to Nd3+.

V. DISCUSSION

A. Multiphonon emission

Previous studies have indicated that nonradiative
relaxation of excited states of rare-earth ions
in solids is through the emission of pho-
nons.”%18:19.25,2631,32 This assumes that nonradia-
tive effects due to ion-ion cooperation are negligible.
These investigations have also found that the rates
of multiphonon emission are sensitive to the number
of phonons emitted in the transition. The lifetime
of an excited state was found to be temperature in-
dependent (no multiphonon emission) if approxi-
mately ten or more phonons were required to make

the transition between it and the next lowest-lying
level. Conversely, the luminescence was totally
quenched if fewer than four phonons were required
for the transition. Levels with energy gaps between
these two extremes have temperature-dependent life-
times. Since the energy gaps change only negligibly
with host for the trivalent lanthanides, the factor in-
fluencing the multiphonon-emission rate is the ener-
gy of the phonons involved in the transition. The
phonon density of states can be partially determined
from infrared reflectivity and Raman data. Infrared
reflectivity measurements of ZBL glass show bands
at ~500 and ~270 cm 1.3

The observed multiphonon-emission rates for the
4S3,25 *Fo sy, and *I,; /, levels in the 0.5 at. % Er’+
sample were calculated from Eq. (9) using the radia-
tive rates predicted by the Judd-Ofelt theory and the
measured lifetimes. To apply the Huang-Rhys
theory to these values the phonon energy, the num-
ber of phonons required to span the energy gap, and
the Huang-Rhys factor S, are needed. The number
of phonons may be calculated readily from the rela-
tion p=E /#iw, where E is the value of the energy
gap. Owing to inhomogeneous broadening, the
Huang-Rhys factors and energy gaps are not defin-
itely known experimentally; however, it is possible
to establish reasonable limits for these parameters
from the absorption and emission spectra. Initial
values for these parameters were substituted into Eq.
(10) and the values of Sy and #iw were adjusted to
give the best fit to the observed rates. These
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Huang-Rhys-predicted multiphonon-emission rates
and the radiative rates were then substituted back
into Eq. (9) to predict the measured lifetimes. These
predicted lifetimes are shown as solid lines in Figs.
6—8. It should be noted that the radiative rate of
the S;,, level cannot be assumed temperature in-
dependent, due to thermalization with the 2H,,,,
level. The effective radiative-emission probability
folrsthe two levels may be calculated from the formu-
la

_ 124CHyy ) exp(—AE /KT)+44(%S; )
eff = 12exp(—AE /kT)+4

(16)

using the values of 4(*H,,,,) and 4(*S;,,) given in
Table IV and the value of AE =830 cm™! obtained
from the data presented in Fig. 9. This change in
the radiative rate with temperature was taken into
account when the observed multiphonon-emission
rate for the “Ss,, level was calculated. The Huang-
Rhys theory predicts such a low multiphonon-
emission rate ( << 107'%!) at all temperatures for
the *I,3,, level that the lifetime should be tempera-
ture independent. The line drawn in Fig. 5 is thus
the lifetime predicted by the Judd-Ofelt theory. The
best fits were found using phonon energies in the
range of 460—500 cm~!. This value is consistent
with the reflectivity data.’® In all cases the calculat-
ed energy gaps and Huang-Rhys factors were within
the limits imposed by the experimental data. The
data in Figs. 6—8 indicate that the Huang-Rhys
theory fairly accurately predicts the temperature
dependence of the lifetimes of the *I,,,,, *F5/,, and
%S,,, levels. From Fig. 5 it can be seen that, while
the Judd-Ofelt, Huang-Rhys theoretical line is al-
ways within 10% of the measured values, these
values show a slowly decreasing trend with increas-
ing temperature. Several possibilities for explaining
this behavior will be presented later.

A semilogarithm graph of the observed low-
temperature multiphonon-emission rates versus the
energy gap to the next lowest level is illustrated in
Fig. 12. (Also plotted are the fitted rates and energy
gaps.) It can be seen that an exponential dependence
of the multiphonon-emission rate on energy gap is
obeyed. This empirical “energy-gap law” was first
noted during studies on multiphonon emission in
crystals,® 17202527 and later in glasses.'®!%2¢ This
relationship is expressed through the formula

Wnr=Cexp(—a AE) , (17)

where C and a are positive constants characteristic
of the host. It has been observed that once these
parameters are determined, the nonradiative rate can
be calculated through Eq. (17) (within a factor of 2)
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FIG. 12. Multiphonon emission rates of 0.5 at. % Er’*
in ZBLA at 80 K as a function of the energy gap to the
next-lower level.

for any lanthanide ion in this host.”> However, this
expression is limited by uncertainties in determining
the nonradiative rates for large and very small (one-
or two-phonon process) energy gaps. A least-
squares fit of the observed data to Eq. (17) with
C=1.88%x10" s~ ! and @=5.77%x10"2 cm is por-
trayed in Fig. 12. The lower bound for the
multiphonon-emission rate of the 2H, , level is also
shown.

In the past the multiphonon-emission rate has
been plotted versus the number of phonons p in-
volved in the transition. Recently Fonger and
Struck®® proposed that the exponential dependence
on p be replaced at low temperatures by the equation

Wxr(0)=N exp(—S,)S5/p!, (18)

which is the first term of Eq. (10) with » =0, valid
for Sy << 1. They attempted to fit experimental re-
sults with Eq. (18) using a fixed value of S;; howev-
er, their predicted dependence of Wyr on p for
reasonable values of Sy and N was steeper than exhi-
bited experimentally. The data in Fig. 12 show that
when S, is allowed to vary slightly, the exponential
trend of the data is reproduced.

It should be noted that in using the Huang-Rhys
theory to fit the temperature dependences of the
%S,,, and *F,, lifetimes, the same number of pho-
nons, six, was used. A Huang-Rhys fit for the *Fy ,
level, using five phonons, is also shown in Fig. 7.
The best fit used phonon energies of 445 cm™!, re-
quiring an energy gap smaller than measured. The
value of S, was also smaller than the lower limit in-
ferred from the data. The only major difference in
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fitting the data in Fig. 7 and 8 was the value of Sy,
yet it adequately accounted for the difference in the
low-temperature multiphonon-emission rates for the
two levels. Only recently has the influence of Sy on
Wxr been discussed for rare-earth ions, while it has
long been recognized for transition-metal ions.?>?

It is also possible to use the single-phonon model
[Eq. (13)] to fit the temperature dependence of
multiphonon-emission rates. In all cases the single-
phonon model’s values at low temperatures were al-
most identical to the values predicted by the
Huang-Rhys theory, and tended toward higher
values for temperatures above ~200 K. However,
even at the highest temperature (520 K) the single-
phonon model’s value is greater by only 6%. While
ease of computation and success in predicting the
behavior of the multiphonon-emission rate make the
single-phonon model useful, its simplicity is also a
liability. The low-temperature multiphonon rate is
determined by the parameter Wyg(0), which is
found using Eq. (9). There is no way, using this
model, to know if the value obtained is reasonable.
The Huang-Rhys theory provides information to
check the plausibility of the values of the
multiphonon-emission rate, with only slightly more
difficulty in performing the computations.

Thus far all our calculations involving the
Huang-Rhys theory have assumed N=1x10" s~!
in Eq. (10). This value is in agreement with earlier
estimates.??3! Inspection of Eq. (10) indicates that
N can be varied less than an order of magnitude
from this value without affecting the value of S, to
such an extent that the fitted values fall outside the
experimentally determined limits. Within these lim-
its equally good fits may be obtained, with the S|
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FIG. 13. Temperature dependence of the integrated in-
tensities of the *I; ,—*Is,, and *I,3,,—*I s, emissions.

values increasing when N is decreased, and vice ver-
sa.
A method used by Flaherty and DiBartolo®® for
the calculation of radiative and nonradiative rates
was discussed earlier. Since application of this
method is relatively straightforward, with no need
for absolute calibration of the detection system, it
was used to calculate the radiative rate for the *I;
level. This level was chosen because the three-level
system comprised of the 4111/2, 4113/2, and 4115/2
levels best fits the theoretical system considered by
Flaherty and DiBartolo.?® The 0.5 at. % Er’* sam-
ple was used for all measurements. The *Fy, level
was used as the excitation level because of its rela-
tively high oscillator strength and the low probabili-
ty of level bypassing through radiative transitions to
the *I);,, and *I 3/, levels. The change in the in-
tegrated intensities of the *I;;,, and *Iy3,, levels
with temperature is shown in Fig. 13. The low
signal-to-noise ratio of the *I;,, data places large
error bars (~10%) on the intensity values shown.
The lifetimes of the two levels were taken from the
data in Figs. 5 and 6. Substitution of these values
into Egs. (11) and (9) resulted in a mean calculated
rate of 92 s~! (10.8 ms) with a standard deviation of
27 s~ An attempt to fit the temperature depen-
dence of the multiphonon-emission rate using this
value of the radiative rate required seven 525-cm~!
phonons. This phonon energy is too high to provide
a good fit to the temperature dependences of the
%S5, and *Fy,, levels. It should be noted that for
two sets of temperatures (300—345 and 300—385 K)
the calculated multiphonon-emission rates were
larger than the measured rates and had to be exclud-
ed. Closer analysis of the calculated rates showed
that they did not lie about the mean but instead were
in two groups. The lower-rate group corresponded
to anamolous behavior in the *I 3, intensities, such
as the aforementioned results with the 300- and
345-K data points. Taking the higher-rate group as
more accurate, the calculated radiative rate is 116.5
s~! (8.6 ms) with a standard deviation of 20 s~ !, a
value quite close to the value of 9.2 ms calculated
using the Judd-Ofelt theory. On the basis of these
analyses it appears that with accurate intensity and
lifetime measurements the Flaherty-DiBartolo
method can yield results as accurate as those provid-
ed by the Judd-Ofelt theory.

B. Energy transfer

Energy transfer occurs in many materials when
rare-earth concentrations are as high as 2 at. %. In
fact, previous investigations on ion-ion cooperative
effects in crystals and glasses have shown that such
effects occur for concentrations of about 1 at. % or
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greater.”?®3% The data shown in Figs. 5—8 suggests
that Er’* ions in ZBLA glass exhibit energy
transfer. The lifetimes of the fluorescent levels for
both the 2 and 0.5 at. % samples are essentially the
same at 15 K but the lifetimes of the 2.0 at. % sam-
ple decrease markedly in most cases as the tempera-
ture is raised. For the 0.5 at. % Er’* sample, the
situation is not so clear. The same investigations in-
dicate negligible energy-transfer effects at this con-
centration. However, the lifetime of the *I,3,, level
for this sample (Fig. 5) does have a temperature
dependence even though the Huang-Rhys and
single-phonon models predict there should be no
such dependence. It is well established that with a
given J manifold, differences in oscillator strengths,
and hence radiative rates, are different for sublevels
within a J manifold. It is possible that the tempera-
ture dependence of the *I;3,, level in the 0.5 at. %
sample is due to thermalization of higher-lying sub-
levels in the J manifold with faster radiative rates.
The appearance of a band at 6623 cm™! (1510 nm)
as the sample is warmed above 15 K supports this
possibility. This type of thermalization would also
explain a trend in the other lifetime data, where the
measured lifetimes decrease somewhat faster than
the predicted lifetimes in the temperature range
from about 100 to 300 K.

The possibility of energy transfer between Nd**
and Er’* in the 0.5 at. % Er’* sample also must be
considered since the Er** 2H,, ,, level and the Nd*+
*G1/1, *Goy, and ’K 13, levels are in the same spec-
tral range (521 nm). Unfortunately the overlap of
the Nd3+ 4F3/2 —)419/2 with the EI'3+ 4S3/2 —)4113/2
emission, prevents a definite statement for or against
energy transfer. Previous work® on the effect of
Nd3*-Er** energy transfer on the *I; , lifetime in-
dicates that the inclusion of 0.005 at.% Nd**
should have no effect on this lifetime, i.e., no ob-
servable energy transfer. Our results suggest that
Nd*+-Er’** energy transfer is negligible.

VI. CONCLUSIONS

The Judd-Ofelt theory has been used extensively
to predict radiative rates of transitions for rare-earth
ions in crystals, glasses, or solutions. In this paper
we have investigated the reliability of the Judd-Ofelt
predictions by extensive temperature-dependent-
lifetime measurements. Room-temperature-lifetime
measurements are found to be representative of the

radiative rate only when the number of phonons re-
quired for the nonradiative transition is ten or
greater. This investigation confirms the predictions
of the Judd-Ofelt theory using measurements of
low-temperature lifetimes. The differences between
calculated and measured rates are within the estab-
lished limits on the accuracy of the predicted rates
(~10—25 %) (Refs. 25 and 32) or can be accounted
for by multiphonon emission. The low-temperature
value of the multiphonon-emission rate and the tem-
perature dependence can be accounted for by the
configuration-coordinate model of Huang and Rhys.
This model predicted essentially the same values as
those found with the often used “single-phonon
model” up to room temperature. It was in better
agreement with the data at higher temperatures.
The method developed by Flaherty and DiBartolo?
for the determination of radiative and nonradiative
rates of Er** in MnF, was used for one level and
found to agree with the Judd-Ofelt predicted rates,
within the accuracy of the methods. The Flaherty-
DiBartolo method was found to be very sensitive to
the accuracy of the data used. It can only be applied
with confidence to adjacent emitting states. Both
conditions limit its applicability.

Our results indicate that the optical properties of
Er’t-doped fluorozirconate glass are similar to
those for Er**-doped crystals. The emission life-
times are very close to single exponential, even under
broadband excitation. The absorption and emission
bands are relatively narrow when compared to simi-
lar bands in oxide glasses. The observed
multiphonon-emission rates of the *S5,, and *F,,,
levels are lower, by over an order of magnitude, than
the observed rates in germanate or tellurite
glasses.!*1>18 Research on the nonlinear refractive
index and stimulated-emission cross section of
ZBL:Nd also suggest the usefulness of these glasses
as laser hosts.?® More research on the thermal prop-
erties of these glasses is needed to ensure their use-
fulness for high-power laser applications, but in all
other respects fluorozirconate glass and other, simi-
lar heavy-metal fluoride glasses, appear to be as
good or better laser hosts than oxide glasses.
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