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The relationships between host glass composition and optical properties of rare earth ions were studied by means of absorption 
and emission spectroscopy. Eu^^ and Tb^^ were found to be appropriate indicator ions for determining the properties of the local 
environment around rare earth ions. Er^^ and Nd^^ ions are widely used in lasers and amplifiers. The knowledge of the compo
sitional influence on the spectroscopic parameters of rare earth ions enabled the modeling of the emission properties of important 
Er^^ and Nd^^ transitions in order to figure out the Optimum host glasses. Fluoride phosphate and phosphate glasses are attractive 
candidates for lasers and amplifiers. In these glasses, the degree of covalency between the rare earth ions and surrounding ligands 
mainly affects the spectroscopic parameters of rare earth ions such as Judd-Ofelt parameters and electron-phonon coupling strength. 
The increase of the electron-phonon coupling strength with the phosphate content is responsible for the decrease of the Er^"^ 
emission intensity at 540 nm. Otherwise, it increases the Er^+ emission intensity at 1.5 pm in the fluoride phosphate glasses. The 
lower microparameters of Nd^+ cross relaxation in phosphate glasses cause the higher lifetimes of the Nd^+ "^¥^2 laser State at 
higher Nd"*"̂  concentrations with respect to fluoride phosphate glasses. The energy transfer to OH groups in phosphate glasses 
decreases the hfetime and emission intensity of the laser State of both Er^+ and Nd-'̂ ^ ions. 

Optische Spektroskopie von Seltenerdionen in Gläsern 

Die Beziehungen zwischen Wirtsglaszusammensetzung und optischen Eigenschaften von Seltenerdionen wurden mittels Absorp-
tions- und Emissionsspektroskopie untersucht. Eu^^ und Tb-^^ erwiesen sich als geeignete Indikatorionen zur Charakterisierung der 
lokalen Umgebung der Seltenerdionen. Er^+ und Nd^^ finden breite Anwendung in Lasern und Verstärkern. Die Kenntnis des 
Einflusses der Wirtsglasmatrix auf die spektroskopischen Eigenschaften von Seltenerdionen ermöglichte die Modellierung der Emis
sionseigenschaften bedeutender Übergänge von Er^^ und Nd''^, um optimale Wirtsgläser herauszufinden. Fluorid-Phosphat- und 
Phosphatgläser sind attraktive Wirtsmaterialien für Laser und Verstärker. Der Kovalenzgrad zwischen Seltenerdionen und Liganden 
in diesen Gläsern hat einen dominierenden Einfluß auf die spektroskopischen Parameter von Seltenerdionen wie Judd-Ofelt-Parame-
ter und Elektronen-Phononen-Kopplungskonstante. Der Anstieg der Elektronen-Phononen-Kopplungskonstante mit dem Phosphat
gehalt ist für die Abnahme der Er^^ Emissionsintensität bei 540 nm verantwortlich. Andererseits führt es zu einer Zunahme der 
Er^^ Emissionsintensität bei 1,5 μηι. Die geringeren Mikroparameter der Nd^+ Kreuzrelaxation in Phosphatgläsern verglichen mit 
Fluorid-Phosphat-Gläsern bewirken eine Erhöhung der Lebensdauer des ^Fi,/2 Laserniveaus von Nd"*^ bei höheren Nd"*^ Konzen
trationen. Der Energietransfer zu OH-Gruppen in Phosphatgläsern vermindert die Lebensdauer und Emissionsintensität des Laser
niveaus sowohl von Er^^ als auch Nd"^^. 

1. Introduction 
The optical properties of rare ear th ions are widely used 
in lasers, amplifiers, upconversion devices, scintillators 
and Faraday rotators [1 to 5]. F luor ide phosphate and 
phosphate glasses are attractive host materials for the 
active ions [1 and 6]. The varied, radiative and non-
radiative transit ions of the rare ear th ions between the 4f 
levels extend from the ultraviolet to the infrared spectral 
region [1, 7 and 8]. Therefore, absorpt ion and emission 
spectroscopy is an useful tool for characterization of the 
rare ear th ions in glasses. The knowledge of the relation
ships between host glasses and rare ear th ions is essential 
to design glasses for definite applications. 

The spectroscopic properties of the rare ear th ions 
are affected by the host glass composi t ion. Local struc
ture and bonding features are covalency, asymmetry, 
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coo rd ina t ion n u m b e r and dis tance to the l igands of the 
rare ea r th sites [1 and 8 to 11]. Fur ther , l ong r änge 
effects such as rigidity and ionic pack ing rat io have a n 
influence on the spectroscopic proper t ies [12 to 14]. T h e 
incorpora t ion of the rare ea r th ions in the glasses can 
vary from r a n d o m dis t r ibut ion up to fo rmat ion of ra re 
ea r th pai rs o r Clusters. O n the o the r side, spec t roscopic 
p r o p e r d e s of rare ea r th ions can used to investigate the 
local s t ruc ture and b o n d i n g a r o u n d them. 

I m p o r t a n t pa ramete r s of radiat ive t rans i t ions are the 
Judd-Ofel t Parameters . They are phenomeno log i ca l 
character is t ics for the influence of the hos t ma t r ix o n the 
absorp t ion and emission proper t ies of the rare e a r t h ions 
[8 a n d 15]. Non- rad ia t ive t rans i t ions are m u l t i p h o n o n 
a n d energy transfer processes. M u l t i p h o n o n re laxa t ion 
is affected by the e lec t ron-phonon coupl ing s t reng th a n d 
p h o n o n energy of the hos t matr ix [16 a n d 17]. Cross 
re laxat ion is an energy transfer process between o n e type 
of ra re ear th ions. It plays an i m p o r t a n t role a t h igher 
ra re ear th concent ra t ions [18 to 21]. Its p r o b a b i h t y 



Table 1. Batch compositions of the investigated glasses (Ln = Eu, Tb, Nd, Er). 

glass batch composition in mol% 

SrP 
KLaP 
KBaP 

X Sr(P03)2 · ( 1 0 0 - x ) [MgF2, CaFs, SrFs, AIF3, LnFJ 
( 1 0 0 - x ) S r ( P 0 3 ) 2 · X L n ( P 0 3 ) 3 
40 KPO3 · ( 6 0 - x ) L a ( P 0 3 ) 3 · x L n ( P 0 3 ) 3 
35 KPO3 · 45 Ba(P03)2 · (20 -x ) Α1(Ρ03)3 · x L n ( P 0 3 ) 3 

210 220 230 

—Wavelength in nm— 

Figure 1. Absorption spectra, peak wavelength λρ in nm and ne-
phelauxetic ratio in lO^^ of Tb^^ 4f^4f5a^ transition. 

emission at 540 n m is attractive for upconversion laser 
devices p u m p e d with infrared laser diodes [25 and 26]. 
The Er^^ emission at 1.5 pm is used in fibre optics and 
optical amplifiers for the telecommunicat ion [2 and 27]. 
F r o m the metastable "^F^n State of Nd-^^, two attractive 
emissions occu r The one at 1.06 pm is used for solid 
State lasers [1, 18 and 28]. The other at 1.3 p m is recently 
of interest for fibre optics and optical amplifiers in the 
te lecommunicat ion [29]. 

2. Experimentais 
The composi t ions of the fluoride phospha te (FP) and 
phospha te (P) glasses investigated in this study are given 
in table 1. The preparat ion of the samples is reported in 
references [19, 23 and 30]. The measurements for deter
mining the spectroscopic properties of Tb^"^ and Eu^^ 
ions are described in references [21 and 30]. The experi
menta l a r rangements of the Er^^ and Nd^"^ emission 
measurements are given in references [19 and 23]. 

depends on the dis tance a n d mul t ipo la r interaction 
between the rare ea r th ions. T h e dis tance is given by the 
d is t r ibut ion of the rare ear th ions in the matrix. The 
in terac t ion is character ized by the so-called micropara-
mete r of energy transfer processes [22]. In phosphate 
glasses, energy transfer to O H groups occurs due to 
comparat ively high O H conten ts [19, 2 1 , 23 and 24]. 

In this paper, b o t h relat ionships be tween host glass 
compos i t i on a n d spectroscopic proper t ies of rare ear th 
ions are s tudied for fluoride p h o s p h a t e a n d phosphate 
glasses. T b ^ ^ a n d Eu^^ are used as indicator ions for 
local s t ruc ture invesügations. T h e nephelauxet ic shift of 
the Tb^+ f ^ d a b s o r p d o n b a n d serves as a measure of 
covalency between the rare ea r th ions a n d ligands. F rom 
Eu^^ absorp t ion spectra, s tructure-sensi t ive Judd-Ofelt 
Pa ramete r s were de te rmined . E l ec t ron -phonon coupling 
s t rength a n d p h o n o n energy of the hos t glass are ob
ta ined from p h o n o n s idebands of Eu^"^ ^ F o ^ ^ D 2 t ran
sit ion. T h e emission decay of the T b ^ ^ ^Gß · ^D3->^F6 
t rans i t ions is used for examina t ion of the cross relaxa
t ion between the Tb^+ ions theirselves a n d of energy 
transfer to O H groups. T h e influence of hos t glass com
pos i t ion on the spectroscopic p a r a m e t e r s and the re
la t ionships between the different p a r a m e t e r s is studied. 
O n the basis of these results, the influence of host glass 
compos i t i on o n the emission proper t ies of impor tant 
Er-^^ a n d N d ^ ^ t rans i t ions could be revealed. The Er^^ 

3. Properties of the local environment and 
relationships between the spectroscopic 
Parameters of rare earth ions 
3.1 Nephelauxet ic ratio of Tb^+ f ^ d absorp t ion 

The nephelauxetic shift of the Tb^+ 4f^-^4f^5d^ absorp
tion b a n d at 210 n m serves as a measure of the covalency 
between rare ear th ions and surrounding ligands. The 
nephelauxetic ratio, ß, is defined as [7] 

β = - v)/vf (1) 

where î f is the peak wave number of the absorpt ion 
band of the free ion, and ν is the one of the ion in the 
solid. For T b ^ ^ the value of the free ion is unknown . 
Thus, the value of Tb^^ in LaFß [31] is used as î f. For 
the investigated glasses, bo th the peak wavelength and 
nephelauxetic ratio of Tb^+ f - > d absorpdon b a n d in
crease with increasing phosphate content . The peak 
wavelength and nephelauxetic ratio of the K L a P glass 
tend to higher values compared with the SrP glass (fig
ure 1). These results are ascribed to increasing covalency 
between rare ear th ions and ligands due to increasing 
polarizability of the ligands. As the phosphate content 
increases, fluorine ions having lower polarizability are 
substi tuted by oxygen ions having higher polarizability. 



In the K L a P glass, the presence of ions having low 
field s trength is responsible for the higher polarizabüity 
of the oxygens a round the rare ear th ions. 

3.2 Judd-Ofe l t Qt parameters 

The structure-sensitive Judd-Ofelt parameters of 
Eu^^ were determined from absorpt ion spectra as 
described in [30]. The Ω2 parameter increases with in
creasing covalency and asymmetry at the rare ear th sites 
[8]. The influence of covalency on Ω2 results from the 
decreasing effect of covalency on the energy difference 
between the 4f and 5d states of the rare ear th ions 
[32]. The degree of covalency is determined from the 
nephelauxetic ratio of the Tb^+ f - ^ d abso rpdon band. 
The linear increase of Ω2 with increasing nephelauxetic 
ratio (figure 2) indicates the p redominan t influence of 
covalency on the Ω2 parameter in the glasses in
vestigated. 

ΩΒ depends on the covalency in ano ther way than 
Ω2. It is more affected by the radial integral between the 
4f and 5d states of the rare ear th ions. Increasing 
σ-electron donat ion from the ligands to the rare earth 
ions within the σ-bonds decreases the radial integral and 
thus ΩΒ [10, 11]. Accordingly, higher polarizability of the 
ligands should result in lower Ω^. In fact, the lower ΩΒ 
parameters of the Ρ glasses with respect to the F P 
glasses, as well as the lower ΩΒ pa ramete r of the K L a P 
glass compared with the SrP glass (figure 3) correlate 
with the increase of the ligand polarizability in the same 
order, detected by Tb^^ f ^ d nephelauxetic ratio. By 
contrast , the π-electron donat ion from the resonadng 
double bonds within the P04-tetrahedra to the 5d Or
bitals of the rare ear th ions increases the 5d electron 
density and, consequently, the ΩΒ pa ramete r [10, 11]. In 
the FP glasses, ΩΒ tends to larger values with increasing 
phosphate content (figure 3) despite increasing amoun t 
of oxygens as σ-electron donors . This indicates slightly 
greater influence of the π-electron dona t ion on ΩΒ com
pared with the σ-electron donat ion . 

The Ω4 parameter is affected by the factors causing 
changes in bo th Ω2 and ΩΒ. 

3.3 E lec t ron-phonon coupl ing s t rength and 
p h o n o n energy 

The electron-phonon coupHng strength and p h o n o n 
energy of the glasses were determined from p h o n o n side
b a n d spectra as described in [30]. In the FP glasses, one 
p h o n o n sideband is observed. It has a p h o n o n energy of 
abou t 1090 c m " ' and is at t r ibuted to diphosphate 
groups. In the Ρ glasses, two p h o n o n sidebands are 
found. They are ascribed to the Symmetrie and asym-
metric stretching V i b r a t i o n of PO2 groups within the po-
lyphosphate chains. The corresponding p h o n o n energies 
are about 1150 and 1300 c m ~ ^ respectively. The elec
t ron-phonon coupling strength, de termined from these 
p h o n o n sidebands, increases with increasing Tb^"^ f - > d 
nephelauxetic ratio (figure 4). This indicates that the in-
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Figure 2. Judd-Ofelt Ω2 parameter of Eu^+ as a funcdon of 
Tb^"^ f -^d nephelauxetic rado ß. The line is obtained by linear 
regression. 

FP 3 FP10 FP20 SrP KLaP 

Glass S y s t e m s 

Figure 3. Judd-Ofelt ^ 5 parameter of Eu^^ in various glasses. 

crease of covalency between rare ea r th ions a n d oxygen 
ions of the p h o s p h a t e groups leads to s t ronger in te rac-
d o n be tween the 4f electrons of the rare ea r th ions a n d 
the p h o n o n s of the ne ighbor ing p h o s p h a t e g roups . 

3.4 M i c r o p a r a m e t e r of Tb^+ c ross re laxat ion 

In the case of Tb^"^, resonant cross re laxat ion be tween 
excited a n d non-exci ted Tb^"^ ions occurs [20 a n d 33]. 
T h e mic ropa rame te r of this energy transfer process was 
de t e rmined from T b ^ ^ emission decay measu remen t s . 
T h e emiss ion at 380 n m reflects the t rans i t ions f rom the 

a n d thermal ly popu la ted ^Gß levels t o t he ^Fß 
g r o u n d State [33]. T h e two excited states are d e p o p u l a t e d 
by T b ^ ^ cross relaxat ion. This is indicated by non-ex -
ponen t i a l decay of these states for the samples d o p e d 
wi th (1 to 50) · 10'^ Tb^+ c m ^ ^ All decay curves cou ld 
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Figure 4. Electron-phonon coupling strength g as a function of 
Tb^^ f->d nephelauxetic ratio ß. The line is obtained by linear 
regression. 

r a n d o m spatial distr ibution of Tb^"^ ions in the host 
glass matrices. The two adjustable parameters , 1/TD and 
B, were determined by least-squares fitdng procedure. 
F r o m the linear dependence of the Β parameter on the 
Tb^"^ concentrat ion, TVjb? the microparameter of the 
Tb^"^ cross relaxation, 

C j b -Tb? was determined accord
ing to equat ion (3) by 

5Tb = 4/3 n^'^Nj^JC^ T b - T b · (4) 

In the case of the Ρ glasses, energy transfer from the two 
excited states to O H groups addidonal ly occurs. There
fore, the Β parameter depends on the concentrat ion of 
bo th acceptors, Tb^"^ ions and O H groups. The micro
parameters of Tb^^ cross relaxation and of energy t rans
fer to O H groups were determined from the linear 
dependence of Β on the Tb^"^ concentrat ion and the O H 
content by 

Β = 4 /3 π 3 / 2 (N^^ VCXB-Tb + A^OH VCXB-oH ) · (5) 

FP 3 FP10 FP20 SrP KLaP 

Glass Systems 

Figure 5. Microparameter of Tb^^ cross relaxation Cjb-Tb in 
various glasses. 

be well fitted by the I n o k u t i - H i r a y a m a m o d e l assuming 
dipole-dipole in teract ion between d o n o r a n d acceptor 
[34 a n d 35], 

/(0 = / ( 0 ) QXPI-THJ^-B/T) 

B = 4/3K^^^NAJCJ DA 

(2) 

(3) 

where 1 / τ ο is the decay rate of the d o n o r in the absence 
of accep tor ions, is the concen t ra t ion of the acceptor 
ions, a n d C D A is the mic ropa rame te r of the energy t rans
fer process as described in detail in chap te r 4. The val
idity of this mode l for the investigated glasses suggests 

The microparameters of the Tb^^ cross relaxation are 
shown in figure 5 for the investigated glass Systems. In 
general, the microparameter of a dipole-dipole energy 
transfer process depends on the oscillator strengths of 
the d o n o r and acceptor transit ions which increases with 
increasing Judd-Ofelt QF parameters . Fur thermore , the 
spectral overlap between the donor emission and ac
ceptor absorpt ion bands has an influence on the micro
paramete r [22] (chapter 4). Increasing linewidth of the 
transi t ion bands is assumed to increase the spectral over
lap. For bo th Tb^"^ cross re laxadon and energy transfer 
to O H groups, the ^GE · ^ 0 3 ^ ^ 0 4 t ransi t ions represent 
the d o n o r t ransidons. They are dependent on all 
parameters [36]. In the case of cross relaxation, the 
^F^^^FQ t ransit ion of Tb^^ serves as acceptor t ran
sition. It solely depends on Ω^ since the matr ix elements 
corresponding to Ω2 and Ω4 are zero [37]. In the case of 
T b - O H transfer, the first overtone of the O H stretching 
Vibration interacts with the Tb-^^ donor transit ion. The 
composi t ional dependence of ΩT is described above. In 
the F P glasses, the increase of the microparameter with 
the phospha te content (figure 5) is due to the increase 
of all Ω^ parameters . This effect gives rise to bo th ac
ceptor and donor oscillator strengths. The lower micro
parameters in the Ρ glasses compared with the F P 
glasses result from the lower ΩΒ parameters (figure 3) 
and linewidths of the acceptor transit ion (figure 6). The 
former influence leads to a lower oscillator strength of 
the acceptor transit ion. The latter one decreases the 
overlap between d o n o r and acceptor t ransi t ion bands. 
The decrease of the microparameter in the K L a P glass 
compared with the SrP glass is caused by the decrease 
of the ΩΒ parameter and of the linewidth of the acceptor 
t ransi t ion, too. 



4. Influence of the compositional dependence 
of spectroscopic parameters on Er̂ ^ and Nd^^ 
emission properties 
4.1 E i^ ' ' emiss ion at 5 4 0 n m 

The emission spectra of the Er^^ " ^ 8 3 / 2 ^ ' ^ I 1 5 / 2 emission 
at 540 n m were recorded by direct pumping into the 
^Hi i / 2 level at 520 nm. The intensity normal ized to the 
total Er^^ concentra t ion decreases to a large extent with 
increasing phospha te content and to a lower extent with 
increasing Er^"^ concent radon of the invesdgated glasses 
(figure 7). In order to figure out the different influences 
on the 540 n m emission, the measured values of the 
steady State intensity were fitted with different models 
involving radiative decay, mul t iphonon relaxation and 
cross relaxation. 

The intensity, FG, of an emission transi t ion I^J is 
p ropo rdona l to the spontaneous emission probability, 
AIJ, of the transi t ion and the popula t ion density of the 
excited State, 7V„ [38]. 

I I I I ' I I ' ' ' I 

1500 1600 1700 1800 1900 2000 2100 

Wavelength in nnn 

Figure 6. Normalized absorption spectra of Tb^^ ^Fg-
transitions in various glasses. 

FII-A.NI (6) 

The normal izadon to the total Er^+ concentrat ion, 
A^Er, gives 

RII^NILN^,. 

(7) 

(8) 

The relative populat ions, «/, can be determined from rate 
equations. This requires the considerat ion of the 
processes involved in the popula t ion and relaxation of 
the Er^^ levels. 

The decrease of the normalized emission intensity 
with increasing Er^^ concentrat ion suggests the oc-
curence of non-radiative cross relaxation between the 
Er^"^ ions. The probability of resonant energy transfer 
process in the case of dipole-dipole interact ion depends 
on the microparameter , C d a . of the donor-acceptor in
teraction and on the distance, R^^, between donor and 
acceptor ions [22] 

(9) 

Since homogeneous dis t r ibuüon of rare ear th ions was 
found from the study of Tb^^ cross relaxation, the 
distance is approximated from the Er^+ concentrat ion by 

-Phosphate content in mol% — 
8 10 

SxlO^'Er'^cm-' 
SxlO^'Er'^cm-' 

10x10^' 
PET 

Figure 7. Er^^ emission intensity at 540 nm normalized to the total 
Er^^ concentration FSO/N^r as a function of electron-phonon 
coupling strength g in fluoride phosphate glasses with different 
Er^^ concentrations. The sohd lines are obtained by least-squares 
fitdng procedure of the model assuming phonon-assisted energy 
transfer (PET). The dashed lines are obtained from the model 
assuming resonant energy transfer (ET). 

l/RhA = N^r- (10) 

The microparameter is propor t ional to the oscillator 
strengths, and P^, of the donor and acceptor tran
sitions, Ju^Jd and Ja^J'a, [22]. 

^ D A -

3^4 
^ 4 ^ D ^ A / / D ( v l / A ( v l d v (11) 

where D denotes the donor , a n d Α denotes the accep to r ; 
e is the electron charge given in electrostatic uni t s , m is 
the electron mass, a n d η is the refractive index. 

^ D A I S 

t aken as the average wave n u m b e r of the t r ans i t i ons 
involved in the transfer process. / / d ( v ) / a ( v ) di^ is t he 
overlap of the normal i zed l ineshape funcdons for the 
emission of the d o n o r ions a n d the abso rp t i on of t he 
accep tor ions. T h e oscillator s trengths, PJ^(K = D , A ) , 
are given by the Judd-Ofel t theory as [39 a n d 40] 



Table 2. Oscillator strengths Pd and P^, average wave number VQA and energy mismatch Δ ν of donor and acceptor transitions 
involved in Er^^ cross relaxation. Wmp{0) parameter of multiphonon relaxation and C D A microparameter of Er̂ "̂  cross relaxation, 
both obtained from least-squares fitting procedure. C D A microparameter calculated according to equation (11). 

donor acceptor Pa VDA Δν 
transition transition in 10-6 in 10-6 in cm ^ in cm-^ in 10^1 s-

a "^^3/2-^ "̂ 113/2 15/2 ̂ "^1^9/2 2.13 1.90 13600 3500 1 
b "^83/2^ "̂ 113/2 "̂ 115/2 ̂ "^111/2 2.13 0.60 11020 1570 5 
c '*S3/2^'^l9/2 4T . 4T Al5/2^ A13/2 1.03 1.36 6270 650 5 

^ D A 

in 10-39 ( in 10-39 c 

0.1 
2000 
2000 

1.0 
0.6 
2.0 

P,= 
3h IJk + 1 ? = 2 ,4,6 

Σ ΩΨΗ\\ΥΨΨ (12) 

where H is the P lanck cons tan t , c is the velocity of light, 
a n d VJ^ is the wave n u m b e r of the t rans i t ion . and 

are the pa rame te r s a n d mat r ix elements of the 
Judd-Ofel t t rea tment . T h e oscil lator s t rengths were cal
culated from the Ω^ p a r a m e t e r s of the glasses reported 
in reference [32] a n d from the mat r ix e lements reported 
in references [41 a n d 42] for different donor and 
acceptor t ransi t ions. Er^"^ cross re laxat ion t rans idons of 
high oscillator s trengths, as well as their average wave 
number s a n d energy mismatches are given in table 2. 
T h e '*S3/2^'*Ii3/2 d o n o r t rans i t ion a n d '^Ii5/2-^^F9/2 
acceptor t rans i t ion have higher oscil lator strengths 
t h a n the o the r ones (table 2). However, the energy mis
ma tch between the two t rans i t ions is large. Therefore, 
phonon-ass i s ted energy t ransfer is a s sumed for this cross 
re laxat ion process. 

In general , a cross r e l axadon process depends on the 
popu la t ion of the excited a n d g r o u n d states involving in 
the process. T h e measu remen t of the 540 n m emission 
spectra was carr ied ou t using a X e n o n l a m p as p u m p 
source. In this case of low p u m p intensity, the amoun t 
of excited ions is small c o m p a r e d wi th the one of ions 
in the g round State. Then , the cross r e l axadon process is 
domina t ed by the popu la t i on of the excited State. This 
suggests the a s sumpt ion of a l inear t e rm, Wx^^ ' ^5? in 
the rate equat ions . 

In the present case of 540 n m emission, the 
"^83/2 excited State is immediate ly popu la t ed by fast 
non-radia t ive p h o n o n decay from the ^Hn/2 p u m p 
level. Cons ider ing the cross re laxat ion process, 
'^S3 /2-> '^Ii3 /2 / '^I i5 /2-^ '*F9/2, wi th thc highcst oscillator 
s t rengths a n d t ak ing in to accoun t the low p u m p inten
sity, the rate equa t ions are expressed as 

άη^Ιάί = Gno - ( ^ 5 + ^ 5 + ^ c ) « 5 (13) 

dnjdt = (AS4 +Ws+ Wc)ns - (A4 + ^ 4 ) ^ 4 (14) 

dn^/dt = ^ 5 3 ^ 5 + (Λ43 + 1^4)«4 - (A3 + W3)N3 (15) 

DN2LAT = ^ 5 2 « 5 + ^ 4 2 ^ 4 + ( ^ 3 2 + ^ 3 ) « 3 " (^2 + ^2)«2 (16) 

dni/dt = (Asi + W^c)«5 + ^ 4 i « 4 

+ ^ 3 1 n, + (A21 + 1^2)^2 - (^1 + W,)n, (17) 

where: the subscripts 0 to 5 denote the energy states 
from "̂ 115/2 to "^83/2, Ai are the tota l radiative decay rates 
of the states /, Ay are the spontaneous emission prob-
abilides of the t rans idons / -> j , are the mul t iphonon 
relaxation rates of the states /, G is the p u m p rate, and 
Wc is the cross relaxation rate. 

The radiative decay rates, A^ and Ag, were calculated 
from the Ω^ parameters of the investigated glasses as re
por ted in reference [32]. 

The mul t iphonon relaxation rates were estimated 
from [17 and 43] 

WmA^E ) = Wmp(0) Qxp(-aAE ) 

1 
Α = 

1 ^ 
In - 1 

(18) 

(19) 

where A^" is the energy gap between the neighboring 
states of mul t iphonon decay, ήω is the maximum 
p h o n o n energy of the host glass, and g is the electron-
p h o n o n coupling strength. For calculation of the term 
e x p ( - a ; A £ ' ) , the parameters , ήω and g, were estimated 
from p h o n o n sidebands measurements as portrayed in 
chapter 3. A^" was obta ined from the barycenters of the 
absorpt ion bands of the excited states. Wmp(0) remains 
as adjustable parameter which is assumed to be equal 
for the host glasses investigated. F r o m the known values 
of W^p(0) for phosphate glasses [16 and 44], the value 
in the present case is estimated to ranges from 5 • 10^^ 
t o 5 - l O ^ ^ s - ^ 

According to the equat ions (9) and (10), Wq in the 
case of resonant energy transfer is given by 

C,ET (20) 

Phonon-ass is ted energy transfer is expressed as [43 and 
45] 

Wc,pet(^E) = W(0) Qxp(-aAE) Qxp(yAE) (21) 

γ = (llhw) In2 . (22) 

Since energy transfer and mul t iphonon process are in
volved in the phonon-assis ted energy transfer, W(0) is 
assumed to include the probabihties extrapolated to zero 
energy gap for bo th processes. These are the resonant 
transfer rate and the ί^Μρ(Ο) parameter of mul t iphonon 
re laxadon as given in equadon (18). 



In summary, I^^QPET is expressed as 

WcPETi^E) = CuaNI Wmp(0) Qxpi-aAE) Qxp(yAE). 
(24) 

The influence of the host glass compos iüon on the cross 
re laxadon microparameter , C D A , is estimated from the 
composi t ional dependence of the oscillator strengths 
according to equat ion (11). The spectral overlap is 
approximated to be constant . The normal izadon of the 
values for the three F P host glasses to the one of the 
F P 4 glass gives a parameter , kc, which port rays the 
increase of C D A with increasing phospha te content . 

C D A = C'kc (25) 

where C is an adjustable parameter in the fit procedure. 
The p u m p rate, I ^ P u m p , is defined as [46] 

Ι ^ Ρ , ^ ρ = 2.303 
{Elt) σρ 

hvx> α 
(26) 

where Elt is the power of the p u m p source, σρ is the 
absorpt ion cross section at the p u m p wavelength, hv^ is 
the energy of one p u m p pho ton , and α is the area of the 
p u m p beam. F rom the specification of the experimental 
equipment , W^Pump is calculated to be about 10 s ^ ^ The 
increase of the absorpdon cross section with the phos
phate content of the glasses and the decrease of the 
p u m p light absorpt ion in the sample with increasing 
penetrat ion of the p u m p light is taken into account by 
a factor k^. Then the overall p u m p rate, G, is given by 

G = k.W, P u m p (27) 

With regard to the reabsorpt ion of the emission light by 
a correction factor kj: depending on the absorpt ion cross 
section of the glasses at the emission wavelength, the 
measured emission intensity at 540 nm, F50, is modeled 
by 

(28) 

where Z 5 is an adjustable constant of the experimental 
equipment . The excited State popu ladon , « 5 , is deter
mined from steady State rate equat ions d«/ /d/ = 0. In 
the expressions for the transit ion probabihties, involved 
in the rate equations, and in the expression (28) for the 
emission intensity, the Ai, Aij, e x p ( - a / A £ ' / ) , Qxp(yAE), 
kc, kx, kp, I ^ P u m p parameters were calculated, while the 
Z5, ^ M p ( O ) and C parameters were adjustable ones. 

The observed values for the emission could be 
well fitted with the rate equat ions (13) to (17) 
assuming phonon-assis ted energy transfer. It could 
not be well fitted assuming resonant energy transfer 

% / 2 ^ ' l l 3 / 2 / ' l l 5 / 2 - > ' l l l / 2 a n d % / 2 ^ % / 2 / ' l l 5 / 2 ^ ' l l 3 / 2 , 
respectively. The observed values and fitted curves ac
cording to phonon-assis ted energy transfer are shown in 
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Figure 8. Observed lifetime of the Er^^ "^113/2 State l o b s as a function 
of the radiative one T r a d determined by Judd-Ofelt analysis. The 
solid line is obtained by linear regression. On the dashed line, the 
observed lifetime is equal to the radiative one. 

figure 7 as a funcdon of e lec t ron-phonon coup l ing 
s t rength and Er^^ concent ra t ion . Those of r e s o n a n t en
ergy transfer are also repor ted in figure 7. In t he case of 
phonon-ass i s t ed energy transfer, I F M P ( O ) = 1 · 10^^ s"^ 
a n d C = 1 · 10"^^ cm^ s~^ were ob ta ined by the f i tüng 
procedure . T h e calculated value of C D A for the F P 4 glass 
a s suming füll overlap between d o n o r and accep to r b a n d 
of 200 c m - i l inewidth is abou t 1 · l O ' ^ ^ cm^ s " ^ I n the 
case of resonan t energy transfer, the fitted values for 
Ι Τ Μ Ρ ( Ο ) and C are 5 · lO^^ s ' ^ and 2 · l O - ^ ^ c m S - ^ , 

respectively. T h e lat ter one does no t agree wi th the calcu
lated values of 6 · lO-^^^cm^s-^ a n d 2 · l O - ^ ^ c m ^ s - ^ 
for the energy t ransfer processes (b) and (c) in table 2, 
respectively. 

T h e mode l ing of the emission intensity indicates the 
large influence of the e lec t ron-phonon coupl ing s t reng th 
o n the 540 n m emission. T h e increase of the coup l ing 
s t rength with the phospha t e con ten t mainly causes the 
decrease of the 540 n m emission intensity wi th the p h o s 
p h a t e content . Fur ther , it leads to an increase of the 
cross re laxat ion probabili ty. In compar i son , the c o m 
pos i t iona l changes of the radiative decay rates a n d of 
the cross re laxat ion mic roparamete r have only a small 
influence on the emission intensity. 

4 .2 Er^"' em iss ion at 1.5 p m 

In the F P glasses, the observed lifetime of the "^113/2 ex
cited State of the 1.5 p m emission shghtly increases wi th 
the p h o s p h a t e con ten t of the glasses (figure 8). Because 
of the large energy gap to the ne ighbor ing '*Ii5/2 g r o u n d 
State, m u l t i p h o n o n relaxat ion from "^113/2 ca lcula ted ac
co rd ing to equa t ions (18) a n d (19) is neghgible in the 
investigated glasses. Thus , the decay of the "̂ I 13/2 State 
shou ld be solely radiative. In fact, the increase of the 
observed lifetime from F P 4 to F P 2 0 glass agrees wi th 
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Figure 9. Er^^ emission intensity at 1.5 pm normalized to the total 
Er3+ coneentration ^ ι ο / Λ ^ Ε Γ in various glasses. 

The emission spectra of the Er^+"^113/215/2 
t rans idon at 1.5 p m were recorded by pumping into the 
'*F9/2 level at 650 nm. The intensity normal ized to the 
tota l Er^^ concentrat ion slightly increases from the F P 4 
glass to the FP20 glass having higher phospha te content . 
The intensity of the K B a P glass is considerably lower 
t han those of the F P glasses (figure 9). 

Similar to the emission at 540 nm, the intensity, Fio, 
at 1.5 pm was modeled on the basis of the expression (7) 
using rate equat ions for determinat ion of the excited 
State popu ladon , ΠΧ. 

^lo/A^Er = ^ 1 ^ 1 0 « 1 (31) 

Because the normal ized intensity is found to be nearly 
independent of the Er-̂ "̂  concentrat ion in the ränge of 
(3 to 10) · 10^^ Er^^ cm~-^, cross relaxation and other 
concentrat ion quenching processes are negligible. Thus , 
the rate equat ions can be expressed as follows. 

the increase of the radiat ive lifetime calculated from the 
Judd-Ofelt Pa ramete r s [32]. T h e higher values of the ob 
served lifetime, l o b s , for all F P glasses a re due to radia
t ion t rapp ing whose probabil i ty, WRRAP, is given by [47] 

10 ^ T r a p · (29) 

The m e a n value found for W^xrap is ( 2 3 ± 7 ) s~^. The ob
served lifetime of the Ρ glasses is clearly lower than that 
of the F P glasses (figure 8). However, t he radiative life
t ime is in the same magni tude . T h e decrease of the life
t ime is a t t r ibuted to the comparat ively h igh O H content 
of the Ρ glass. T h e absorp t ion coefficient of the O H 
stretching V i b r a t i o n at a b o u t 3000 c m ~ ' which serves as 
a measure of the O H con ten t [48] ranges from 3 to 
6 cm"^ in these glasses. By cont ras t , the absorpdon co
efficient of the F P glasses at 3000 cm~^ is lower than 
0.1 c m ~ ^ T h e high O H con ten t enables energy transfer 
from the Er^"^ "̂ 113/2 State t o the first over tone of the O H 
stretching Vibration. This addi t iona l decay process 
causes the lower lifetime observed in the Ρ glasses. Using 
^ T r a p ob ta ined from the F P glasses, the probability of 
the energy transfer to O H groups, Wqh, was calculated 
from 

l / T o b s = ^ 1 0 - ^ T r a p + l ^ O H (30) 

to be ( 6 4 ± 7 ) s ' ^ 
Neglect ing radia t ion t r app ing due t o the experimen

tal equ ipment , the observed lifetime of "̂ 113/2 in the F P 
glasses is governed by radiat ive decay. T h e radiative life-
d m e of the glasses is comparat ively h igh , ranging from 
6 to 9 ms. Therefore, f luoride p h o s p h a t e glasses are at
tractive candidates for lasers a n d amplifiers. By contrast , 
the decay in the p h o s p h a t e glasses occurs additionally 
via energy transfer to O H groups. T h e resu ldng decrease 
of the observed lifetime diminishes the potential of 
these glasses. 

dnjdt = Gno - W4)N4 (32) 

dnsidt = (A43+W4)N4-{A,+ W,)n, (33) 

DN2/dt = ^ 4 2 ^ 4 + ( ^ 3 2 + ^ 3 ) ^ 3 - ( ^ 2 + ^2)̂ 2 (34) 

dni/dt = ^ 4 1 ^ ^ 4 + ^ 3 1 « 3 

+ IA2I + W2)N2-iA,+ W,)n, (35) 

As reported for the 540 n m emission, the radiative decay 
rates and the e x p ( - ü : / A £ ' / ) te rms of the mul t iphonon 

relaxation rates are known parameters . The unknown 

W^Mp(O) parameter of the mul t iphonon relaxadon rates 

was calculated from the observed emission intensities at 

1.5 pm. The value is about 5 · 10^^ s~^ In comparison, 

the Wmp(0) parameter obta ined from the modeling of 

the 540 n m emission amoun t s 1 · 10^^ s~^ However, the 

experimental values of the 540 n m emission intensity 

could also be well fitted by Wmp(0) = 5 · W S'K The 

relative differences between the modeled values of these 

two fitting procedures are lower than 15 %. 

The model ing of the 1.5 p m emission indicates that 

the intensities are governed by the popula t ion rate of the 

Îi3/2 State via mul t iphonon relaxation. The increase of 

the e lectron-phonon coupling strength with increasing 

phospha te content results in a faster popula t ion of the 

'*Ii3/2 State from the "̂ 111/2 level. The '̂ Iii/2->"̂ 115/2 Omis
sion which does not lead to a p o p u l a d o n of the "̂ 113/2 
State decreases. Consequently, the emission intensity at 

1.5 pm increases with increasing phosphate content of 

the F P glasses. Therefore, the F P 2 0 glass is the most 

attractive host for Er^^ lasers and amplifiers at 1.5 pm. 

In the Ρ glasses, energy transfer from "̂ 113/2 to O H 
groups occurs additionally in the decay of "̂ 113/2 

drii/dt = ^ 4 1 « 4 + ^ 3 1 «3 

+ (̂ 21 + ^2)«2-(Λ, + W, + WOH)NI . (36) 



Using ΨμρΦ) determined from the F P glasses and 
WON obta ined from the lifetime measurements , the 
calculated emission intensity of the K B a P glass with re
spect to the FP20 glass is about 6 0 % . The observed 
intensity amoun t s 40 %. The modeling indicates that the 
^F9/2, "̂ 19/2 and %Y2 states in the FP20 and K B a P 
glasses predominant ly decay non-radiatively to the 
"^113/2 S ta te because of their high m u l d p h o n o n relaxation 
rates. The addidona l depopula t ion of '*I i3/2 via energy 
transfer to O H groups in the K B a P glass with respect to 
the FP20 glass causes the lower emission intensity which 
is observed in the former one. 

4.3 Lifet ime of the Nd^" ' laser State 

The lifetime of the metastable ' ^ F 3 / 2 laser State of 
Nd^^ decreases with increasing Nd^^ concentra t ion 
due to the presence of cross relaxation between the 
Nd^"^ ions. F rom the dependence of the observed life
time on the Nd^^ concentrat ion, a parameter, /:cross? was 
determined which serves as a measure of the micro
parameter of Nd^^ cross r e l a x a d o n [19]. This p a r a m e t e r 
exhibits the same tendencies by V a r i a t i o n of the host 
glass hke the microparameter of Tb^"^ cross re laxadon 
(figure 10). In the case of the Nd^^ cross relaxation, 
" ^ ^ 3 / 2 " ^ I 1 5 / 2 / % / 2 - ^ "^115/2? ho th douor and acceptor 
transit ions depend solely on ΩΒ. The other two Ω^ 
Parameters do not have any influence on the transi
tions because the corresponding matrix elements are 
zero [41 and 49]. The decrease of Ω Β in the order 
FP20 > SrP > K L a P governs the decrease of /:cross in 
the same order. Fur thermore , a decrease of the line
widths as observed for Tb^^ is assumed to be respon
sible for the decrease of /^cross- In phospha te glasses, 
energy transfer from '̂ F3/2 to O H groups occurs, which 
decreases the lifedme of the laser Sta te [19]. Nevertheless, 
phosphate glasses are attractive hosts at higher Nd^^ 
concentrat ions due to their lower microparameters of 
cross relaxation. Provided the O H content is decreased 
to an abso rpdon coefficient of at least 3cm~^ by the 
melting procedure, they possess higher lifetimes at 
> 4 · 10^0 Nd^- ' c m - 3 t han the FP20 fluoride phospha te 
glass (figure 11). 

5. Summary and Conclusions 
The relationships between host glass composi t ion and 
optical propert ies of rare ear th ions were studied by 
means of absorpt ion and emission spectroscopy. Several 
spectroscopic properties of the indicator ions, Eu^^ and 
Tb^^ , were found to be an useful tool for determining 
the propert ies of the local environment a round rare 
ear th ions. Knowing the compos idona l dependence of 
the spectroscopic parameters , the emission propert ies of 
impor tan t Er^^ and Nd^^ transit ions could be modeled 
in Order to figure out the influence of host glass ma
trices. 

Fluoride phospha te and phosphate glasses are at
tractive candidates for lasers and amplifiers. In these 
glasses, the degree of covalency between the rare ear th 

FP20 SrP KLaP FP20 SrP KLaP 

Glass Systems 

Figure 10. Microparameter of Tb^^ cross relaxation Cxb-xb and 
^CROSS parameter of Nd^^ cross relaxation in various glasses. 
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—τ \ 1 \—I— 

2 4 6 10 
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Figure 11. Lifetime of the Nd^^ '^Fy2 State τ as a funcdon of Nd^^ 
concentradon. The dots are observed values. The ones in phos
phate glasses are corrected to an OH content corresponding to 
an absorpdon coefficient of 3 cm~^ at 3000 cm~^ The hnes are 
modeled curves according to [19]. 

ions a n d su r round ing hgands is impor t an t . I t increases 
wi th increasing p h o s p h a t e con ten t a n d at p resence of 
modif ier ions having low field s t rength due t o the in
crease of the l igand polarizability. As a result , t he 
T b ^ ^ f ^ d nephelauxet ic rat io, Eu^^ Ω2 p a r a m e t e r a n d 
e l ec t ron -phonon coupl ing s t rength are e n h a n c e d , 
whereas ΩΒ of p h o s p h a t e glasses is lower t h a n tha t of 
f luoride p h o s p h a t e glasses. T h e slight increase of ΩΒ in 
f luoride p h o s p h a t e glasses with the p h o s p h a t e c o n t e n t is 
a t t r ibu ted to an increase of the π-electron d o n a t i o n f rom 
P O 4 units . 

T h e increase of the e lec t ron-phonon coup l ing 
s t rength wi th the p h o s p h a t e con ten t is responsible for 
the decrease of the Er^^ emission intensity at 540 n m . 



since the m u k i p h o n o n re laxat ion rate from the "̂ 83/2 
emit t ing level increases. Otherwise, it enhances the Er^+ 
emission intensi ty at 1.5 p m in the f luoride phosphate 
glasses due to increasing popu la t i on of the "̂ 113/2 
emit t ing State. 

T h e compos i t iona l dependence of the parameter 
affects the c o m p o s i d o n a l changes of the microparam
eters of T b ^ ^ a n d N b ^ ^ cross re laxat ion. Fur thermore , 
the na r rower l inewidths of d o n o r a n d acceptor bands 
in p h o s p h a t e glasses c o m p a r e d wi th f luoride phosphate 
glasses con t r ibu te to the lower microparamete rs in the 
former glasses. For N d ^ ^ cross re laxat ion, this causes 
the higher hfetimes of the N d ^ ^ ̂ F3/2 laser Sta te at 
higher Nd-^^ concen t ra t ions in the phospha t e glasses 
with respect to f luoride p h o s p h a t e glasses. 

In p h o s p h a t e glasses, the compara t ive ly high content 
of O H groups results in energy transfer from suitable 
excited states of rare ea r th ions to O H groups. This 
decreases the lifetime a n d emission intensity of the 
'*Ii3/2 laser State of Er^+, as well as the hfetime of the 
4F3/2 laser State of N d ^ + . 
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