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Abstract
From the Sm>-related absorption peaks in di!erent lithium}borate}tungstate glass matrices
((Li O) (B O ) )
(WO ) , oscillator strengths and with it charts of the Judd}Ofelt parameters for the whole
 \V   V \W
W
glass-forming region in the borate rich corner of the system WO}LiO}BO are given. These data are used to calculate
the radiative #uorescence decay times, which are then compared with experimental #uorescence decay data. Deviations
of up to a factor of 2 are attributed to the self-quenching e!ects in combination with di!erent local environments for the
Sm>-ions.  1999 Elsevier Science B.V. All rights reserved.
Keywords: ((Li O) (B O ) )
(WO ) : Sm>; Optical absorption; Time resolved #uorescence; Fluorescence quenching
 \V    \
W

1. Introduction
Scattered data on the absorption and the #uorescence of Sm> in lithium}borate}tungstate glasses
have been reported earlier [1}7].
However, so far no attempt has been made to
systematically correlate the Sm>-related absorption with the integrated #uorescence peak intensities and/or decay times. This is, however, possible
by making use of the Judd}Ofelt theory of rare
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earth}element optical transitions [8}13]. Judd and
Ofelt have written the matrix elements of the
transitions in di!erent local environments as
a weighted (Judd}Ofelt parameters X ) sum of
G
tabulated environment-independent matrix elements, i.e. those which can be classi"ed by the J, L,
S quantum numbers of the free ion states. As the
absorption spectra usually contain a larger number
of transitions, the three JO-parameters can, in principle, be obtained from three of the transitions.
Then, the peak heights of the other transitions can
serve as a test. However, as the height of any
individual peak value can deviate by up to 10%
from prediction, it is a better practice to carry out
a least-squares "t over all available transitions.
Once the JO-parametes are known, the strength
and decay times of the #uorescent transitions can
be calculated via the Einstein coe$cients.

0022-2313/99/$ - see front matter  1999 Elsevier Science B.V. All rights reserved.
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Table 1
(a) Colours of some of the measured lithium}borate}tungstate glasses. (b) Density o and refractive index n of some
[(LiO ) (B O ) ]
(WO ) (Sm O ) glasses
 \V   V \W
W
 X
(a)
Structural colour centre
[(Li O) (B O ) ]
(WO )
 \V   V \W
W
x
y

colour

0.25
0.25
0.25
0.30
0.30
0.30
0.33
0.33
0.33
0.80
0.80
0.80
0.80
0.85
0.85
0.90
0.90

8
13
20
17
19
20
20
22
25
3
5
10
13
1
3
2
3

Grey
Blue
Ceramic
Transparent
Grey
Blue
Transparent
Grey
Blue
Transparent
Grey
Blue
Ceramic
Transparent
Blue
Blue
Ceramic

0
0
0
0
0
10
20
30
40
50
50
50
50

0.1
0.2
0.3
0.5
1.0
0.3
0.3
0.3
0.3
0.1
0.2
0.25
0.3

x

y

z

o (g/cm)

n

0.10
0.15
0.15
0.20
0.20
0.20
0.20
0.25
0.25
0.25
0.25
0.30
0.30
0.30
0.30
0.30
0.30
2
2
2
2
2
2

0
0
0.5
0
5
8
10
0
0.5
10
16
0
5
10
15
20
25
0
10
20
30
40
50

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
1.0
1.0
1.0
1.0
1.0
1.0

Cu-related colour centre
(Li B O )
(WO ) (Sm O ) (CuO)
    \X\W
W
 
X
y
z
colour

(b)

1.98
2.05
2.29
2.13
2.38
2.39
2.59
2.12
2.23
2.67
2.92
2.35
2.44
2.77
2.92
3.19
3.32
2.26
2.39
2.65
2.88
3.13
3.42

1.476
1.498
1.530
1.519
1.535
1.537
1.558
1.546
1.550
1.562
1.596
1.552
1.554
1.572
1.594
1.623
1.634
1.556
1.567
1.572
1.598
1.604
1.633

Light blue
Light blue
Light blue
Blue
Deep blue
Blue
Blue
Greenish blue
Blueish green
Light green
Light green
Green
Green
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In this contribution we have determined the JOparameters from the Sm>-related absorption
peaks in di!erent lithium}borate}tungstate glass
matrices, calculated the radiative #uorescence
decay times s and compared these with experi
mentally obtained decay times. From the deviations we have concluded various non-radiative
#uorescence quenching mechanisms, in particular,
two or more di!erent environments which split the
Sm> population.

2. Experimental
Powders of Li B O (98%, Riedel deHaen
  
(RdH), B O (98%, RdH), WO (99.5%, RdH),
 

Sm O (99.99%,Ventron), were mixed in the
 
stoichiometric proportions, with a total weight of
4 g. The substances were thoroughly mixed, "lled
into an alumina crucible and subjected to a heat
treatment: reaction temperature ¹ "9003C, reac
tion time t "10 min (pure glasses): ¹ "10003C,


t "1 h (Sm-doped glasses), in air. For annealing

purposes, the melt was cast into a preheated
(3003C) rectangular or #at aluminum vessel and
retained there for 3 h. For the optical measurements two sample faces were polished, decreasing
the grain size as follows: 180/240/360/600/1000:
then a diamond paste polish was added: 5 lm,
3 lm. Table 1a and b show colour, refractive index
and density, while Fig. 1 shows the glass forming
region and the refractive index distribution in
Li O}B O }WO triangular concentration dia
 

grams.
A double beam absorption spectrometer as described elsewhere [7] has been used to measure the
Sm-related absorption. The spectrometer was
modi"ed to give optimal signal}to}noise conditions in the spectral range of the Sm> absorption,
0.4}1.4 eV. The source was a continuous spectrum
tungsten-lamp (Osram). The obtained resolution at
488 nm was 2.5 nm. The inset of Fig. 2 shows largely structureless glass background absorption for
various Li-contents in the region 0.4 }1.4 eV. The
inset of Fig. 3 shows the energy levels of Sm>
schematically. Details like level splittings and oscillator strengths might be slightly di!erent in the
di!erent glass matrices. The #uorescence spectrom-

Fig. 1. Upper triangle: glass forming region of the borate}tungstate glasses: dashed line boundary for the appearance of bluish
samples. Lower triangle: density; increasing darkness: 2, 2.25,
2.5, 2.75, 3, 3.25 (g/cm).

Fig. 2. Molar absorption of (Li B O ) (Sm O ) versus quan   
 
tum energy E. 1-13: resolved peaks, assigned to H PF


transitions; line on top: deviation of "t from experiment; inset:
absorption coe$cient of (Li O) (B O )
glasses; from top
 V   \V
to bottom: x"10, 15, 20.

eter used has also been described earlier [2], the
excitation and collected #uorescent beam directions being at right angles. For the excitation we
used the strong 488 nm line of a Lexel 75-1,
200 mW argon laser and sometimes a 750 W
Xenon lamp (Beckmann) for comparison. The resolution of the #uorescence set-up was 0.03 nm [4].
The time-resolved #uorescence is measured as
follows: the output of the argon laser (Lexel 75-1)
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Fig. 3. Fluorescence intensity versus quantum energy I(E) of
((Li O)
(B O )
)
(Sm O ) ; peaks assigned to G ,
        
 

F PH transitions line on top: deviation of "t from ex

periment; inset: level scheme of Sm>.

was focused on a fast rotating chopper blade,
whose slit yielded a 50 ls light pulse with a repetition rate of 20 ms. The laser beam was then focused
on the sample, the #uorescence light collected at
a right angle and detected via a photomultiplier
(Valvo XP1017). A low pass "lter (Schott OG2) and
slits were used to suppress scattered laser light and
to accomodate the #uorescence light intensity. The
signal was triggered by a partial re#ection of the
laser beam at a glass plate and appeared at a storage oscilloscope screen (Nicolet 1090A). Data processing followed using a DEC work station [14].
With laser excitation, we might have a partially
selective excitation whose decay does not fully represent the decay of the total ion distribution. However, the apparatus was tested on a sample of
(Na B O )
(Sm O ) : a lifetime of 2.4$0.2 ms
    
 
was obtained in accordance with the literature
[15], suggesting that our decay curves are close. As
we used a chopper blade to cut o! the excitation
light, we could measure using the xenon lamp.
However, the deviations obtained in the structure
and magnitude of the #uorescence decay stayed
well within the error margins.
3. Results
3.1. Absorption spectra
Fig. 2 shows a typical absorption spectrum,
whose peaks can be assigned to the J-L-S level

Fig. 4. Molar absorption versus quantum energy a(E) for di!erent borate}tungstate glasses; from top to bottom:
(Li B O )
(WO ) (Sm O )
(x"20, 40) ((Li O) ;
   \V\
V
 
 V
(B O ) )
(WO ) (Sm O )
(x"0.20, y"0); (x"
  \V \W\ 
W
 
0.20, y"10); (x"0.10, y"0).

diagram of Fig. 3. The absorption bands are tentatively decomposed into Gaussian peaks, whose
number does not exceed the potentially split energy
level pairs. Fig. 4 shows molar absorption spectra
of Sm> in di!erent borate}tungstate glass matrices. As expected, the spectra are only slightly
modi"ed by a variation of matrix. Note, that di!erences exist mainly in the peak heights while the
peak positions are practically unchanged. Given
the overlapping of the nearest-neighbour (N) electronic states with the 4f-states of Sm> and the
point symmetry, the oscillator strengths and the
splittings can in principle be calculated. Because of
covalent bonding, the N- environment is supposed
to be conserved to "rst order when changing the
average matrix. Thus, the observed di!erences in
the spectra are probably related to small variations
in bond angle and length of the N-environment and
to the next-nearest-neighbour (NN) occupancy.
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Fig. 6. Fluorescence decay curves I(t) of some lithium-boratetungstate glasses (a) (Li B O )
(Sm O ) (from top to
   \V
 V
bottom
x"0.075, 0.15, 0.30, 0.75, 1, 1.2, 1.6, 2.1, 2.9);
(b)
(Li B O )
(WO ) (Sm O ) (from top to bottom : x"
   \V
 
 V
0.1, 0.2, 0.6, 1, 1.1); (c) (Li B O )
(Sm O ) (CuO) (from
    \V
 
V
top to bottom : x"0, 0.2, 0.3, 0.5, 1); (d) (Li B O )
    \V
(WO ) (Sm O ) (CuO) (from top to bottom : x"0, 0.1,
 
 
V
0.2, 0.25, 0.3).

Fig. 5. Fluorescence intensity versus quantum energy I(E) for
di!erent ((Li O) (B O ) )
(WO ) (Sm O ) glasses;
 V   \V \W\ 
W
 
from top to bottom: (x"0.20, y"0); (x"0.20, y"10);
(x"0.20, y"10): (x"0.10, y"0).

3.2. Fluorescence spectra
Fig. 3 shows a typical #uorescence spectrum.
Again the peaks can be related to the level scheme
and the spectrum is tentatively decomposed into
Gaussian peaks. The relative peak heights can
change by a factor of two for di!erent borate}tungstate glass matrices, while the peak positions remain
practically unchanged (Fig. 5, *E (40 cm\).
Apparently, not only the hypersensitive #uorescence transitions but also all the #uorescence peaks
are more sensitive to the changes in the NN-environment as the absorption peaks.
3.3. Fluorescence decay
The #uorescence and absorption spectra should
be correlated through the JO-parameters. However, if the #uorescence spectra involve transition

path's and non-radiative processes which are related to two or more di!erent Sm>-sites, as
indicated by the broadness of the spectra, the
correlation might be poor. An alternative would be
to correlate the absorption spectra with the #uorescence decay times. Here, one might be able to
discriminate the populations by their respective
lifetimes and thus correlate the calculated radiative
decay time with a selected experimental lifetime. In
particular, using the longest lifetime would probably select the population which su!ers the least
non-radiative energy transfer.
Fig. 6 shows the time-resolved #uorescence
curves obtained for di!erent Sm-contents. Because
of cross-relaxation the lifetime generally decreases with increasing Sm-content. Slightly nonexponential decays can be ascribed to a random
distribution of the absorbers. However, at larger
Sm-contents a second lifetime is suggested: an initial drop-o! precedes a later slower relaxation.
Similar curves are obtained if one intentionally
co-dopes with copper (Fig. 6c and d) which acts
as an acceptor state. In this case, evidence for
two di!erent Sm> populations has been claimed
[4].
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4. Discussion
4.1. Stark splittings
4.1.1. Absorption lines
As the crystal electric "eld generally removes
some of the degeneracies of the Sm> ionic states
and since these overlap with the nearest-neighbour
atomic states to some extent, J, L, S are not
good quantum numbers anymore. However, it is
customary to still classify the 4f states by their J multiplicity. In particular, a very similar H P

F
spectrum has been measured for Sm> in

a POCl : SmCl solution, supporting both the

choice of valence state (3#) and the generally
weak impact of the nearest neighbour environment
on the 4f- states. This spectrum has also been used
to check the assignments, which rely on line centre
positions and relative peak heights as obtained
from the literature [16,17]. In particular, all the
H P F absorption lines appear to be three

fold split, which is thought to arise from a threefold
splitting of the H
ground state in the crystal

"eld. Note, that if one does not have three Gaussians per main peak, one of the peaks is broadened,
suggesting a convolution. The F triplet is best

resolved, when the Stark splittings are 150 and

340 cm\, in accordance with the literature [5].
The F levels could be split, too [18].

4.1.2. Fluorescence lines
For the #uorescence spectra the deconvolution
into Gaussian lines is less convincing as it was the
case for the absorption spectra. The very small
Gaussians are probably artefacts arising from the
strong overlap of various transitions which could
not be properly resolved. However, the threefold
splitting of the H ground state can readily be

found again in the two transitions which involve
this state as the lower level. The initial states
G and F could be split into 3 and 2 levels,


too. In principle, also the H levels could split:

into 3, 4, 5 and 6 Kramers doublets for n"5, 7, 9
and 11 [18,19].
4.2. Determination of the Judd}Ofelt parameters
In de"ning the experimental oscillator strengths,
PG, from the observed absorption lines (i) we follow
Ref. [17]:



PG "(mc/pNe) a(E)dE

G

(1)

Fig. 7. (a and b) Distribution of the oscillator strength of the H PF transition in units of 10 and of the Judd}Ofelt parameters


X , X , X in units of 10\ cm in the glass forming region of the borate-tungstate glasses. (a) P : increasing darkness : 1.75, 2, 2.25,
  
2.5; X : 3, 3.5, 4, 4.5, 5, 5.5, 6; (b) X : 3.25, 3.5, 3.75, 4, 4.25, 4.5, 4.75; X : 2.2, 2.4, 2.6.
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where, e, m are the electronic charge and mass,
N the Avogadro's number, a the molar absorption
constant, c the light velocity.
Fig. 7 shows the compositional chart P;10 for
the H PF transition as an example. All the


H PF , n"1}9, transitions have compara

ble oscillator strengths, while the one into F
is

an order of magnitude lower.
The oscillator strengths according to the
Judd}Ofelt theory [8.9] are:

X is also increased if the matrix tends to become

dielectrically more inhomogeneous [13]. This happens with increasing the WO -content as the com
pound WO is ferroelectric and as the WO -units


tend to form clusters. The dielectric inhomogeneity
is probably the most important factor, as it is consistent with the fact that ) increases fastest to
wards Li O}WO and that the refractive index


increases the same way (Fig. 1).

P("( s8pmcE)/(3h(2J#1)

4.3. Radiative relaxation times

(2)
;
X 1J¸S"DH"J¸S2j
H
H  
where J, ¸, S are the angular momentum quantum
numbers, s"(n#2)/9n is the Lorentz correction
of refractive index n, h the Planck's constant and
DH the electrical dipole operator.
As PG and the quantities in the prefactor are

known and the bracketed matrix elements
tabulated, one can calculate the three JOparameters X , X and X . Fig. 7 shows the concen 

tration charts of the JO-parameters obtained this
way.
The JO-parameters are close to literature [30]
and get smaller in increasing order, i.e. the maxima
are almost inversely related X /X /X "6/4/2.
  
Also, their charts are di!erent; while the X -chart,

holding the smallest values, is rather unsystematic,
suggesting that systematic errors might already be
introduced, both the X - and X -charts seem to


re#ect the oscillator strengths, suggesting some
common cause. In particular, for X and X , the


values tend to increase towards the Li O}WO


baseline. It is thought, that X , X tend to increase
 
when oxygen moves towards the Sm>- ion. X is

additionally increased, if the linear "eld term at the
Sm-site is enhanced; this could also be done by
getting the oxygen closer to Sm>. However, the
structural units of the glass matrix are the boron
triangles, the boron and tungsten tetrahedra and
the tungsten octahedra. The O}O distance in
a boron-tetrahedron is 0.24 nm [20], 0.32 nm in
a tungsten-tetrahedron [21] and 0.26 in a tungsten-octahedron [22]. Thus the Sm}O distance is
not expected to be reduced with increasing WO 
content; at best, angular distortions increase.

The Einstein coe$cients for spontaneous emission can now be written as [23]:
AG"(s64peE)/(3h(2J#1)
;

Xj1J¸S"DH"J¸S2j ,
(3)
H  
where s"sn is the Lorentz correction.
As the coe$cients for spontaneous emission
equal the reciprocal radiative relaxation time,
AG"q\ and as the relative amplitudes of the #uQ
orescence transitions are given by a "A /RA , one
G
G
H
can predict the #uorescence spectra as well as the
#uorescence decay times.
Here, we choose to correlate the absorption
matrix elements with the relaxation times of the
#uorescence decay. Part of eventual inconsistencies
could be simply related to the error propagation, to
the selective excitation or to the shortcomings of
the theory. However, the in#uence of competing
relaxation channels due to the multiphonon processes and the interference of the weaker magnetic
dipole or electric quadrupole transitions should be
numerically small here [13,24,25]. The largest error
source probably originates from the quite large
Stark splittings: the JO-theory averages over the
individual Stark levels of a JLS state. However, in
reality these levels are not equally populated.
The non-exponential decay curves which are observed experimentally (Fig. 6) pose another problem; they can, however, be simulated by two
di!erent Sm> populations which have strongly
di!erent JO-parameters and close ('10%) relaxation times or, alternatively, they might have close
JO-parameters and strongly unequal lifetimes. In
the actual curve "t, we distinguish three empirical
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Fig. 8. Distribution of the calculated q and the empirical relaxation times q in ms in the glass forming region of the lithA
G
ium}borate}tungstate glasses. q : increasing darkness : 5, 4.5, 4, 3.5, 3, q : 2.75, 2.5, 2.25, 2, 1.75, 1.5, q : 3, 2.75, 2.5, 2.25, 2, 1.75,
A


q : 3.25, 3, 2.75, 2.5, 2.25, 2.


Table 2
Fluorescence decay relaxation times and Judd}Ofelt parameters
for two glass series as speci"ed
(LiO )
(B O )
(WO )
 } X   >X
 X
100 z q (exp) (ms) s(calc) (ms) X (10\)cm


0
5
10
15
20
25
[30]

2.85$0.05
2.75
2.4
2.15
2.1
2.0
*

4.25
3.5
3.25
3.1
2.75
2.2
*

3.1
4.5
5.0
6.0
6.5
5.8
0.91

(LiO )
(B O )
(WO )
 } X   >X
 X
100 z s (exp) (ms) s(calc) (ms) X (10\)cm


0
2.6
4.0
3.4
5
2.5
3.5
4.6
10
2.35
3.25
5.2
15
2.15
3.0
5.6
20
2.0
2.85
5.75
25
2.0
2.75
5.8

X



X



3.8
4.25
4.4
4.6
4.65
4.75
4.13

2.3
2.6
2.4
2.5
2.5
2.6
2.7

X

X


4.0
4.2
4.3
4.5
4.6
4.75


2.4
2.4
2.5
2.5
2.3
2.2

relaxation times: q , q , q . Fig. 8 shows the chart of
  
q together with the charts of the q . q "q is closest
Q
G Q
A
to and its chart correlates best with the longest
relaxation time q (see also Table 2).

4.3.1. Fluorescence quenching
The mechanisms of #uorescence quenching (FQ)
are usually analysed through an investigation of the
concentration dependence of the partner to whom
the energy is transfered, i.e. Sm> in the case of
cross-relaxation or a co-doped acceptor state concentration.
4.3.2. Cross-relaxation
The #uorescence per Sm-ion decreases with increasing Sm-content. This loss in the quantum yield
is called selfquenching; it happens, for example,
through cross-relaxation: an excited Sm-ion transfers energy by electric multipole interaction to
a neighbouring Sm-ion in the ground state. Both
ions then enter into an F
state, as these are
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conveniently located in the middle of the
G !H
level gap. In particular, the pairs


(GPF and HPF) : (5/2-9/2) and (5/2-9/2);
(5/2-7/2) and (5/2-9/2); (5/2-5/2) and (5/2-11/2) are
situated well. The coupling is primarily mediated
by either dipole}dipole or dipole}quadrupole interactions [26,27].
In order to "nd out the coupling mechanism
here, one may apply the Inokuti}Hiramaya formula [28] to the Sm-only #uorescence decay:
U(t)"exp(!t/q!C(1!3/s)(c/c )(t/q)Q),
(4)

where q is the donor lifetime without acceptors,
c the acceptor concentration, c "3/(4pR) critical


concentration, R the critical distance where the

transfer rate equals the donor internal relaxation
rate, C the gamma-function, s"6, 8 and 10 for
dipole}dipole, dipole}quadrupole, quadrupole}
quadrupole interaction, respectively. The best "t
for Sm> as an acceptor gives s"8, i.e. a dipolequadrupole interaction for both the borate and the
borate}tungstate glasses. Deviations from Eq. (4)
might be due to a (eventually split) site distribution.
However, as Stark splittings can be resolved in
some cases, the single-peak distribution width appears to be small. This might be due to a certain self
adjustment of the Sm> environments in these
glass matrices.
4.3.3. Energy transfer into other acceptor states
Copper (Cu>) is an acceptor state which is
suspected to split the Sm> population, as the
local quantum yield versus Cu-content could not
be "tted to a single-Inokuti}Hirayama function
[4,28,29]. Here too, the #uorescence decay curves
are non-exponential and similar to the Sm> related decay curves. From the FQ of Cu> and the
possible impurity content one can estimate an upper limit for the amount of #uorescence quenching
from unintentionally introduced impurities. This
contribution turned out to be negligible. Eq. (4),
s"6 gave the best "t, suggesting dipole}dipole
interactions for Cu> - Sm> pairs, independent of
the WO -content. This di!erence in multipole inter
action again suggests that impurities play a minor
role as compared to selfquenching of Sm> (s"8).
From the relative increase in the initial slope
of the #uorescence decay with increasing WO 

185

content one may conclude, that the Sm> populations split deeper with increasing WO -content.

For this the change in the type of NN-neighbours
might
be
responsible, as the borate tetrahedrons (inset Fig. 6)
of the matrix get increasingly replaced by W-tetrahedrons and W-octahedrons. Here again, a certain bond-adjustment of the Sm>, directed
towards a symmetry increase [16] is necessary to
create a two peak distribution.

5. Conclusions
Lithiumtungstateborate glasses harbor a variety
of color- and #uorescence centres which can be
used for modelling typical glass applications or as
sensors for the investigation of the structure of
amorphous matrices. In this contribution #ourescence centre data points are set over the whole glass
forming region, which provides a guideline for a future more detailed research.
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