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Er3t-doped lithium-potassium mixed alkali aluminophosphate glasses belonging to the oxide system 2K2O-(15-

2)Li20-4B203-11A1503-5Ba0-65P205 are obtained in a semi-continuous melting quenching process. Spectroscopic

properties of Er®t-doped glass matrix have been analysed by fitting the experimental data with the standard Judd—
Ofelt theory. It is observed that Judd-Ofelt intensity parameters (¢t = 2, 4 and 6) of Er3t change when the second
alkali is introduced into glass matrix. The variation of line strength Sq[*I;3 /2,411 5 /2} follows the same trend as that of

the {2 parameter. The effect of mixed alkali on the spectroscopic properties of the aluminophosphate glasses, such as

absorption cross-section, stimulated emission cross-section, spontaneous emission probability, branching ratio and the

radiative lifetime, has also been investigated in this paper.
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1. Introduction

Er3*-doped glasses have received much attention
due to their capability of producing the emission in
the communication window of 1.54 ym.[' =19 The laser
at this wavelength is located in an ‘eyesafe’ spectral
region and could be detected easily.'’'2) Phosphate
glass is considered to be the best matrix for erbium
glass laser because of high gain coefficient, wide band-
width capability, low upconversion emission, high sol-
ubility of rare earth ions and low probability of en-
ergy back transfer from Er?* to Yb3*t. In addition,
phosphate glasses can be produced at a relatively low

temperature and easily processed.!!3]

The mixed alkali effect (MAE) is one of the prob-
lems in glass science and has been studied for some
decades. The MAE corresponds to a deviation from
linearity of some physical properties, which is caused
Mixed
alkali glass is considered as an important kind of ma-

by substituting one alkali by a second one.

terial in the sense of science and technology. Different
models have been proposed to explore the origin of this

phenomenon in the literature and are summarized in

several review papers.1416 In spite of extensive in-
vestigations, there appears to exist no universally ac-
cepted mechanism responsible for the various mixed
alkali effects.

The mixed alkali effect has not been studied much
in aluminophosphate glasses. Also, reports on spec-
troscopic studies are very few but they are important
and useful for acquiring some insight into the micro-
scopic mechanism responsible for the effect. Our pre-
vious work has presented the effect of mixed alkali
on phase transformation kinetics of aluminophosphate

(17] In this respect, the aim of the present work

glasses.
is to characterize the effect of mixed alkali on the spec-
troscopic properties of Er3t-doped aluminophosphate

glasses.

2. Experiments

The glass samples with the composition of zK50O—
(15-2)Li;0-4B505-11A1,05 ~5Ba0-65P,05 (where
x = 0, 3.75, 7.5, 11.25 and 15 mol%) were exter-
nally doped each with 1mol% Er3*, which were in-
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troduced as EroO3. Reagent grade commercial oxides
(> 99.9% pure) were used as the starting materials
for glasses preparation. In order to remove bubbles
and striae and to obtain homogeneous optical glass, a
semi-continuous melting process was adopted. Glasses
were first melted in a fused quartz crucible and then
transferred to a platinum crucible at 1300 °C. To re-
duce OH™ content in glasses, all melts were bubbled
with oxygen flowing through heated CCly liquid. Af-
ter refining, melts were cast into a steel mould, an-
nealed to room temperature with a cooling rate of
5°C/min, then cut and polished into 2mm x 10 mm x
20 mm size for spectroscopic measurements. The den-
sity of the glass was measured with the Archimedes
method. The absorption spectra were measured using
a Perkin-Elmer UV /VIS/NIR LAMDA 9 spectropho-
tometer. The fluorescence spectra were measured with
a Triax 550 Spectrofluorimeter under 980 nm LD ex-
citation. Fluorescence lifetime of *I;3/5 level of Er®*
was detected by a HP546800B100-MHz oscilloscope.
Refractive indices were obtained through the V-prism
method. All the measurements were carried out at

room temperature.

3. Results and discussion

3.1. Absorption spectrum and Judd-
Ofelt intensity parameters

The absorption spectra of Er®t-doped glasses
with different K5O contents are shown in Fig.1. The
inhomogeneously broadened bands are assigned to the
transitions from the 4Iy5 /2 ground state to the excited
states of Er3t ions, and each excited level of Er®t is
marked. The broadening of the absorption bands re-
sults from the absence of long-range order in the host
producing changes in the microsymmetry around the
Er®t jon. The transition *I;5/o-*Ij3/ is important
for amplifiers operating in the 1.5 um communication
window. For the Judd-Ofelt analysis, seven absorp-
tion bands corresponding to the absorptions from the
ground state 4115/2 to the excited states 4111/27 419/2,
4F9/2, 4H11/2, 4F7/2, 2H9/2, 4G11/2, respectively are
taken into account and the peak energies in cm™!
for different transitions have been used in the calcu-
lations. Some transitions (4113/2, 483/2, 4F5/2) are
excluded for contributions to magnetic dipole transi-
tion, weak intensity or overlapping of their absorption
bands. The calculated electric-dipole line strength Seq
for electric-dipole transition between an initial state

|aJ) and a final state |bJ’) is given by
Sea= Y Qulla UV |p")?
t=2,4,6
= QQXU%+.Q4XUZ21+.Q6><U§, (1)

where |(a.J| ‘U(t)||bJ’>| is the reduced matrix element
of unit tensor operator for the corresponding transi-
tion, which can be expressed in 3, uj and u2 with
corresponding values of (2 and considered to be not
strongly host-dependent.!'8] ,(t = 2, 4, 6) is the
Judd—Ofelt parameter.
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Fig.1. Optical absorption spectra of Er3t doped zK20-(15-
2)Li20-4B203-11A1203-5Ba0-65P2 05 glasses.

For the transitions between states which follow
the rules AS = AL = 0,AJ = 0,£1 there exists the
contribution of magnetic dipole transition, which is
expressed as

1
— 2
4dm2c? @

where c represents the velocity of light, and m, is the

2

Sma = 755 (S, D)JIIL +25]|(5", L').7)

mass of the electron.

Furthermore, the experimental S.q can be calcu-
lated with the experimental values of the integrated
absorbance by

832 AN (n? +2)? ,
/n(/\)d)\— T - SlaTib T (3

where [ £(\)d\ is the integrated absorption coefficient
and can be calculated from the absorption spectrum
of each absorption band, A, is the mean wavelength
of the absorption peak, h is Planck’s constant, ¢ is the
velocity of light, e is the electron charge, J is the quan-
tum number of angular momentum of the initial state,
n is the refractive index, N is the concentration of
rare-earth ions in a unit volume. The Judd—Ofelt pa-
rameters (2, for Er3*t-doped lithium-potassium mixed
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alkali aluminophosphate glasses are obtained by fitting
the electrical dipole contributions to the experimental
line strengths of the observed transitions to the cal-
culated ones by using the least square method. Seq
is dependent on glass structure and composition, but
Smd is independent of ligand fields.

The Judd-Ofelt theory['?:2% is a most useful the-
ory in estimating the probability of the forced electric
dipole transitions of rare-earth ions in various envi-
ronments. The Judd-Ofelt intensity parameters (2
(t = 2, 4, 6) contain the effects of the crystal field
terms, radial integrals of an electron, and so on.

Figure 2 shows the {2 parameters of mixed al-
kali glass samples as a function of K;O concentra-
tion. Taking into account all the errors occurring in
the integrated absorption cross section obtained with
Perkin-Elmer, calculated concentration and measured
thickness, the error of {2 is estimated to be £=5%. Ac-
cording to the previous studies,?"22! the large value
of (25 reflects the asymmetry and high covalency of
Er3* and ligands.[?3] The stronger the interaction be-
tween Er3T and oxygen ions, the larger the value of
2. As Jorgensen and Reisfeld 2! reported, the 24
and (25 parameters are associated with the rigidity of
the medium in which the ions are situated; parame-
ter {2 decreases with increasing covalency of chemical
bond between rare earth and ligand atoms which can
be adjusted by the composition of glass host. The
high values of (% represent the enhancement in ion-
icity between rare earth and ligand atoms and induce
a large Stark splitting in the energy levels of Er3*
ions, which results in a large inhomogeneous broaden-
ing and wide emission band.[?425] It is observed from
Fig.2 that 2, and (% increase when a second alkali
is added to glass matrix. At 7.5mol% K>O, the pa-
rameters {2, and {2 reach their corresponding max-
ima. It is indicated that there exists a low covalency
between erbium cation and oxide anion and thus a
high covalency of lithium-potassium mixed alkali alu-
minophosphate glass hosts. In addition, high values of
{2, and {25 show high rigidity in mixed alkali glasses.
Different from (2, and {2, the parameter 2 has two
high value peaks at 3.75mol% KO and 11.25mol%
K5O respectively and a low peak at 7.5mol% KsO.
This can be explained by effects of mixed alkali on
the asymmetry and high covalency of Er®t and lig-
ands. On the one hand, the covalency of Er** and
ligands decreases and thus {2 reduces due to the ef-
fect of mixed alkali in glasses, and on the other hand,
the effect of mixed alkali can also lead to the increase

of the asymmetry in glass host. A large number of
different sites in glasses and lower symmetry, in which
the rare-earth ions are situated, contribute to a high
value of 2. At 3.75mol% KO and 11.25mol% K,O,
the effect of mixed alkali on the asymmetry in glass
host is predominant, which leads to two peaks (high
). A lower () is gained at 7.5mol% KoO because
the effect of mixed alkali on covalency of Er3* and lig-
ands is predominant. Furthermore, it can be seen from
Fig.2 that the Seq [4113/2, 4115/2] parameter follows the
same trend as that of the ()5 parameter. According
to the Judd—Ofelt theory, the line strength of Seq of
the 1.55 pm corresponding to 4113/2 H4115/2 transition
can be obtained as follows: (28]

Sea['Tizj2, Ii5/2) = 0.018862% + 0.117642
+1.46174. (4)

This formula shows that Seq is mainly determined by
{2 because of its relatively large coefficient of 1.4617,
thus, Seq is also considered as a reflection of broad-
band evaluation.
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Fig.2. Judd-Ofelt parameters 2; (t = 2, 4, 6) and the line
strength of Seq corresponding to 4113/2 H4Il5/2 transition as
a function of K2O concentration in glasses. Lines are drawn
as guides for the eye.

3.2. Absorption cross-section and stimu-
lated emission cross-section

The absorption cross-section of Er3t, o.p,s()\) is

calculated according to the expression(2”]

_2.303log(Io/I)

UabS( ) Nl > (5)

where Iy/I is optic density ratio which can be gained
from the absorption spectrum, N is the ion concentra-
tion of Er3*, [ is the sample thickness. The stimulated
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emission cross-section of Er3t, Oemi(A) can be calcu-
lated according to the McCumber theory[®3! from the
absorption cross-section oups(A) as follows:

R - U

where h, ¢, k, A\, and T represent the Planck’s constant,
velocity of light, Boltzmann constant, room temper-
ature, wavelength, respectively. e can be calculated
from the following expression:

% — exp(e/kT), (7)

where N; and Ny are the equilibrium populations of
i5/2 and *Iy3)5 levels at a temperature of T’ with-
out optical pumping, respectively. According to the

[29]

approximate calculation,!“”! we have

exp(e/kT) =~ 1.1exp(Ey/kT), (8)

where FEj is the energy interval between the lowest
manifolds of 4I13/2 and 4115/2 levels.

Figure 3 illustrates the calculated absorption
cross-sections (oaps) and stimulated emission cross-
sections (oemi) of Er** ions as a function of
wavelength in glass 7.5K50-7.5Lio0-4B503-11A1503-
5Ba0-65P205. As o.ps and ey, diagrams of other
glasses are similar in shape, they have not been shown
It is found that the peaks of ab-
sorption cross-section and stimulated emission cross-

in the figure.

section of erbium are around 1533 nm (Ap). At a wave-
length longer than Ay, oem; is larger than o,ps, other-
wise, Oem; 1S smaller than o,,s. The peak absorption
and emission cross-sections are 5.91 x 1072 cm? and
6.05 x 1072 cm? at 1.533 um respectively.

Figure 4 shows the peak absorption and emission
cross-sections of Er®* at 1.533 um varying with K5O
concentration in KoO—(15-2)LisO-4B2035-11A1,03—
5Ba0—-65P>05 glasses. It is observed that the peak
absorption and emission cross-sections of Er®* in-
crease largely when a second alkali is added to glass
matrix (K2O = 3.75mol%) because the coexistence

show little variations. For single alkali glasses (KoO=0
or 10mol%), the peak absorption and the peak emis-
sion cross-sections are similar.
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Fig.3. Absorption cross-section and the stimulated emission

cross-section calculated by McCumber theory of Er3+ in glass
7.5K20-7.5Li20-4B203— 11A1203-5BaO-65P20s5.
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Fig.4. The peak absorption and the peak emission cross-
sections of Er3t vs KoO concentration in £KoO—(15-2)LisO—
4B203— 11A1303-5Ba0O-65P205 glasses at 1.533 um.

3.3. Spontaneous emission probability,
branching ratio and the radiative

. ) . _ lifetime
of LioO and KO induces the mixed alkali effect.
However, with the further increase of K;O content, The spontaneous emission probability Ayaq
the peak absorption and peak emission cross-sections (aJ,bJ’) is given by
|
64mtv3e? [n(n? + 2)2
Avad(aJ,bJ") = Aeq + Ama = S, 3Smal , 9
alal.b7) = Aea + Ama = 5757775 9 4 Oma ©)

where Aqq and Ap,q are the electric-dipole and magnetic-dipole spontaneous emission probabilities, respectively.
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The radiative lifetime 7,,q of an emitting state aJ
is calculated from

1

Trad = ZArad(a!L bJ’)71 .
bJ’

(10)

The fluorescence branching ratio of transitions
from initial manifold aJ to lower levels b.J’ is given
by

Araa(a,bJ")
bJ') = : . 11
ﬁ(ajv J) ZArad<aJ,bJ/)_1 ( )
bJ’

The calculated spontaneous emission probability
A4, branching ratio 8 and the radiative lifetime 7,4
are listed in Tablel.
of radiative lifetime Tyaq for 414 2 and T /2 levels
The lifetime of
4,4 /2 level of Er3t is also an important parameter for

Figure 5 shows the variations
with K5O concentration in glasses.

optical amplifier or laser applications in the 1.54 ym
band. The longer lifetime of 4Iy3 /2 level benefits the
population inversion between the 4115 /2 and 4145 /2 lev-
els. In addition, the longer lifetime of 4111/2 of Er3*
will lead to a strong reverse energy transfer in Er—
YD codoped glass, enhancing the up-conversion losses.
Thus, the relatively long lifetime of *Ij;/5 of Er®*
in Er-Yb codoped glass will not allow efficient las-
ing at 1.54 um. Comparing with single alkali glasses
(K20 = 15mol% or 0mol%), the mixed alkali glasses
have a short lifetime of 4I;4 s2 and achieve a short-
est lifetime at 7.5mol% K5O (see Fig.5). The lifetime
of 4111/2 level of Er®t shows a similar trend to that
of *I;5 s2 and obtains its minimum also at 7.5mol%
K>0O. However there is no appreciable change in the
branching ratios (see Tablel). The variation of the
radiative lifetime 7,,q with K2O increasing can be ex-
plained by refractive index of glass hosts. According
to Eqgs.(9) and (10), the radiative lifetime 7,4 calcu-
lated by the Judd—Ofelt theory is inversely propor-
tional to refractive index of the glass hosts. It can be

seen from Fig.5 that the radiative lifetime shows an
inverse trends with K,O increasing.

8.6 T T T T T T T ' T T T T T T T T 7T 1.542
] ) > 4 I
8.4 Lig/o 11,540
8.2 T
20 . L1.538
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Fig.5. Calculated radiative lifetime for Er3t emitting states of
4113/2 and 4111/2 versus KoO concentration in glasses. Lines
are drawn as guides for the eye.

4. Conclusions

Based on the Judd—Ofelt theory and absorption
spectrum, the optical parameters have been calcu-
lated, such as Judd-Ofelt parameters (2 (¢t = 2, 4,
6) and the line strength of electric-dipole transition.
The effect of mixed alkali on the asymmetry and cova-
lency of chemical bond between rare earth and ligand
atoms has been discussed according to the variations
of the Judd—Ofelt intensity parameters. It is found
that the parameters 2, and {2 can reach their corre-
sponding maxima at 7.5mol% K5O while 25 shows two
peaks with the variations of K;O and Li;O contents
in glass matrix. The line strength of electric-dipole
transition Seq [4113/2, 4115/2] follows the same trend as
that of the parameter (. By using the McCumber
theory, we have obtained the absorption cross-section
and emission cross-section of Er3t in glasses matrix.
The spontaneous emission probability, the branching
ratio and the fluorescence lifetime of each excited level
are also calculated and discussed.
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