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Abstract

We report the fluorescence spectra of Sm>* in (Li2B4O+7), -x(M0O3), glasses; fine structure of the 4Gs;;—6H,,2
(x = 5,7,9,11) transitions and a slight increase of the oscillator strengths with x are connected with the local crystal field
and hybridization effects, while an increasing fluorescence quenching with x appears to be related to a proportional

increase of the Mo,O2% ™ cluster content.

1. Introduction

According to several contributions [1-3], at
higher WO; and MoQOj; contents, clusters appear in
molybdate and tungstate borate glasses which
might be useful for the study of radiationless energy
transfer mechanisms connected with the fluores-
cence of samarium and other rare earth ions. Both
glass networks are rather similar, but comparative
Raman studies [2,3] have shown that certain clus-
ters which exist in the tungstate borate glasses do
not appear in the molybdate borate glasses, which
makes the latter a simpler and a reference system as
far as cluster assisted fluorescence quenching or
enhancement is concerned. Besides, for the tung-
state glasses the quenching effects were obscured by
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an increase in the fluorescence transition oscillator
strengths with increasing WO, content, which has
been connected with the high electric polarisability
of WO; [4,7] and which should not be so pro-
nounced using the lesser dielectric MoQ3.

2. Experimental and results

The samples were prepared and the fluorescence
intensity and the transmittance of the glasses (Fig.
1(a)) were taken [5,6]. For the transmittance we
used a modified conventional double prism mono-
chrometer (C.Leiss) together with a conventional
halogen lamp (Osram) as source and a Valvo XP
1017 photomultiplier as a detector. For the fluores-
cence excitation we used the 5145 A beam of an
argon laser (Lexel 75-1), which was focused on the
sample using a suprasil lens and which penetrated
the sample at right angles with the fluorescence
beam. The sample was located close to the entrance
slit of a modified Jobin—-Yvon M 225 double
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Fig. 1. (a) Fluorescence intensity I, (1) and transmittivity 1 (4)(2)
of Sm** in a (Li,B,0,);, (M0O,),(Sm,0,}, glass versus
wavelength / at 300 K. Broken lines: fluorescent transitions of
Sm** in acid aqueous solution according to Ref [13].
1 (b) Maximum intensity of three transitions *G,, - °H, , and
of “F3/2 - f’HS/z versus reciprocal temperature. 1,2, 3, 4: 5965,
6456, 5627, 5275 A, respectively; for line 4 I =1,
exp{ — AE/KT),AE = 990 cm ™~ .

monochromator and the fluorescence was collected
by an offside spherical mirror which itself was fo-
cused directly on the entrance slit. As detector we
used the XP 1017 photomultiplier at — 10°C.

2.4. (Li-B,0;),-, (Sm.0;), glasses

As excitation by lasers often produces fluores-
cence line narrowing as only a subset of Sm ions are
excited (FLN) [8-11], for the MoO;-free glasses,
the excitation intensity (4-100 mW) and the excita-
tion wavelength (4765, 5145, 4880 /i) were varied.
In no case the relative heights and positions of the
peaks were changed notably ( < 1%) and the flu-
orescence intensity scaled with the excitation inten-
sity. Small changes of the linewidths connected
with different excitations, however, were suggested
by deconvolution into Gaussian peaks [8]. Because
of accuracy himits of the fitting procedure and be-
cause a variety of effects can contribute here, ie.,
selective population by changing the bandwith of
the excitation (FLN), energy diffusion, opening of
new relaxation channels [9-117, we did not proceed
further with these experiments. Also, virtually no
changes were found when medium magnetic and
electrical fields ( < 1T, < 10kV/cm) were applied.
Even the change in temperature (160—600 K) result-
ed in only small changes of the peak parameters.
The relative shifts obtained were in the order of
0.1-1% 1e., they have to be interpreted with cau-
tion. According to [7,13] the observed peak posi-
tions themselves suggest the use of a25* 1., energy
level scheme for Sm*" in all glass samples, appar-
ently subsplit by the (local) crystal field. The
weakest line (*F;, - ®Hs;,), however, showed
a larger and anomalous temperature dependence of
the fluorescence intensity (Fig. 1(b)).

2.2. (LI-]B4O7}]W Xy (MOO])_,C (SWIJOJ)), ‘C][(ISS()S

In order to compare the quantum yield @; of the
different transitions for various matrices, one has to
correct the standardized fluorescence spectra,
Fig. 1(a) shows an example, for the absorption a, of
the excitation beam and for the absorption of the
fluorescent beam o; while they pass through the
glass for a distance d,,, d. According to Ref [7], the
corrected intensity I, that is the fluorescent inten-
sity if the matrix were totally transparent at both
wavelengths, is given by:

Ic~1exp ./‘(;“03 dO).f.(;tfs df) Wlth

i d) = a(A)/(1 — exp( — a(2)d)). (M



J. MaaB et al. | Journal of Luminescence 62 (1994) 95-100 97

o, %o are numerically given by the Sm specific and
the background absorption (Fig. 1(a), Table 1).
After that, the local quantum yield is defined by:

Ploe = 1t/Iem 1=5.7,9,11. o)

where I., is the sum over all emitted quanta.
Fig. 2 shows the local quantum yield for the four
transitions *Gs;; » *H,o(x = 5, 7,9, 11) as a func-
tion of the MoQ;-content. Note, that the 9/2 and
11/2 transitions do not scale with the other two
transitions, suggesting a particular sensitivity of the
corresponding oscillators to matrix changes just as
found in the equivalent transitions in the tungstate
glasses [7]. Some additional information is sum-
marized in Table 1. One significant feature is the
(linear) increase of the Sm-specific absorption with
x, which again suggests an influence of the glass
matrix on the oscillator strengths. Another interest-
ing feature is the increasing brownish coloration,
suggesting the appearance of some other kind of
molybdate cluster(s) at higher MoOj; contents,
which may or may not contain different valence
states of molybdenum Mo®*, Mo’ *, as found for
the analog tungstate glasses [1,32].

3. Discussion
3.1. (Li2B407)17y (Sm303)y glasses

3.1.1. Assignment of the transitions
Fig. 3(b) shows the >5* 'L, energy level scheme of
Sm3* according to Refs. [12-15]. The notation

Table 1
Composition, Sm-specific absorption, density and color of the
glasses

Li,B,0, MoO, Sm,0, 4 g Color

[mol [mol [mol [g/cm®] [m™},

%] %] %] 4880 A]

100 0 0 213 transparent
99 0 1 2.23 5.6 transparent
94 5 1 227 6.7 transparent
89 10 1 2.30 83 transparent
79 20 1 2.37 104 transparent
70 30 0 2.40 brownish
69 30 1 245 15.2 brownish
59 40 1 2.54 18.3 brownish
54 45 i 2.59 219 brown

]
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Fig. 2. Local quantum yield @, versus MoQO, content for the
Sm**: *G,, —°H,, transitions with n=5,7,9,11(3,1,2,4).
Multiply scale of 2(a) by 3.6 to match the scale of (b). fit to
function: F (x) = 1/1 + 16.7x">¥ % (1,3); F,{x)=F (x)
(1 + 2.4x — 2x?); (2, 4); — - — borate anomaly (see text).

used is not consistent with a local C; or C, [16]
symmetry, disallowing more specific assignments of
the observed transitions. We can state, however,
that the splittings and degeneracies as proposed in
Fig. 3(b) would be sufficient to explain all the ob-
served features, for example, according to Fig. 3(b),
the *F;,, - *Hs;5(*Gs)» — ®Hs),) transition could
potentially be split into a triplet, as is found (Fig.
1(a)). Random variations of the nearest environ-
ments would result in equivalent variations of those
levels and that would explain the Gaussian shape
and the insensitivity to temperature of the decon-
voluted fluorescence peaks. According to the
known spectra of Sm™*? [17-19], the coexistence of
Sm?* can be ruled out here.

3.1.2. Temperature-induced changes of the spectra

The slight temperature-induced shifts of the line
positions (Fig. 1(b)) are usually connected with
a change of the average static crystal field with
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Fig. 3. M0,03" cluster (a) and energy level scheme of Sm** (b)
according to [12, 15, 16, 33, 34]. Numbers left side of level
scheme: degeneracy of states.

thermal expansion [20,21]. The reduction of flu-
orescence intensity with increasing temperature is
usually ascribed to competing non-radiative multi-
phonon processes, which become increasingly im-
portant when the temperature is raised [22]. This
does not, however, account for the anomalous tem-
perature behaviour of the first small triplet
*F;,, — ®Hs,, (Fig. 1(b)): here, by similarity argu-
ment, we adopt the interpretation given by Ref.
[23] for the case of Er®* in tellurite and germanate
glasses; in that case the upper (fluorescence) level of
this transition gets populated by fast thermaliz-
ation of excited states. In particular, if the
*G;,, and the *F;, levels (Fig. 3) are close to
thermal equilibrium, the occupancy of the higher
*F,, state should be proportional to exp
(— AE/kT), where AE is the *Gs;, — *F3, level
difference. Therefore, we use a logarithmic plot
versus 1/7 [29,30]. From that plot we find
990cm ! and from the scale of Fig. 3(b), 995cm ™.
A small increase in linewidth with temperature ap-
parently occurs in both cases, however, it is difficult

to extract the true linewidths even after deconvolu-
tion as additional (nonresolved) transitions might
be present. The temperature-induced broadening is
higher as in equivalent crystals [24], which again
suggests that increased variations in the local crys-
tal field connected with the thermal expansion are
responsible.

3.2, (Li-B,O;),__,(M0O;), (Sm>0;), glasses

3.2.1. MoO; induced changes: variation of the
oscillator strengths

The slight shifts of the line positions to higher
wavelengths have been connected with an increase
of the Sm-nearest neighbour interactions with
x [7]. Also, the small increase of @,(x) at low x and
the increase of the Sm-specific absorption have
been assigned to an increase of the respective oscil-
lator strengths following the reduction of the Sm-O
distances, i.e., increased mixing of electronic states
leads to a further relaxation of the Laport selection
rules, which in turn is thought to be induced by the
average replacement of B by W (Mo} in the tung-
state (or molybdate) glasses.

3.2.2. MoOsinduced changes: Fluorescence
quenching

The local quantum yield versus x curves for the
four main peaks show that we have always a flu-
orescence decay at higher x. Since the oscillator
strengths increase with a change of matrix, see
Table 1 and Ref. [7], the decrease of the quantum
yields should be due to fluorescence quenching. As
the maximum of @(x) for the 9/2 and 1172
transitions at low x suggests a superposition of two
effects of almost equal magnitude, for a description
of @,(x) in terms of fluorescence quenching alone
we should start with the 7/2, 5/2 transitions. Here,
we may assume a negligible change of oscillator
strengths. For the fluorescence quenching descrip-
tion one has a choice to adopt intrinsic (matrix
induced) or extrinsic (impurities, clusters) causes.
Little is known about the electronic states of the
molybdateglass matrix and in particular about
those of its clusters. If, however, the MoO; substi-
tution itself would introduce acceptor states for
non-radiative transitions, we would have strong
fluorescence quenching already at small MoO;
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contents; however, at small x, @(x) is almost con-
stant. Therefore, and since intentional impurities are
absent, MoQ; clusters are more likely to act as
acceptors. Fluorescence quenching by both multi-
pole based energy transfer and impurity assisted
resonant energy transfer, can be compiled into one
formula for the reduced fluorescence intensity
[25,26], ie.

I = I/lIo = (1 + B(c/c*)*?) ! = F(c)
¢* = 3/4n(R*)%3, A3)

where R* is the critical transfer distance, § a mecha-
nism dependent constant, ¢ the acceptor con-
centration, I, I, the fluorescence intensity with and
without acceptor, 6 mechanism dependent expo-
nent: 8 = 3 the (assisted) radiationless resonant en-
ergy transfer, 8 = 6 the dipole-dipole interaction,
# = 8 the dipole—quadrupole interaction, 0 = 10
the quadrupole—quadrupole interaction.

It has been proposed that the expected cluster
concentrations ¢; can be written as a power of the
number of tungsten atoms i involved, ¢;~x' and
thus also as a power of the number m of their
MoO;—(WO3) units: ¢c~x™ [1]. Assuming the ex-
ponent m to be integer and combining this with
Eq. (3), we expect as exponent of x: m@/3; ie. for
m = 1 we would find m@ = 3,6, 8, 10; for m = 2 we
would find m@ = 6,12, 16,20 and for m =3 we
would have m@ = 9, 18, 24, 30, etc. As the optimal
fit of Eq. (1) to @,(x) gives a 0 of 7-8 (Fig. 2), we have
a choice of assigning the fluorescence quenching to
m=1, 8 =8 (MoOj; as impurity, dipole—quadru-
pole interaction) or m = 2-3, 6 = 3 (2.5 (M0O,;) as
impurity, assisted resonant energy transfer).

As it has been shown that already 1 mol% Cu
[27], but not that amount of WO, can completely
quench the Sm** fluorescence, the first choice, tak-
ing the glass forming MoQj as an acceptor is again
to be ruled out.

On the other hand, a Mo,03 " cluster (Fig. 3(a)),
which has been claimed to exist in molybdate glass-
es from the interpretation of Raman spectra [3],
would indeed involve 2-3 formula units of MoO;
[33,34].

If this analysis is correct, we would expect to fit
the other two transitions 9/2, 11/2 (Fig. 2) by taking

into account the (linear) matrix induced increase in
oscillator strength; this we can implement by re-
placing I, in Eq. (3) by Iy(x) with

Io(x) = Io(1 + ax + bx? + ...) to give
I, = Io(x) Fle(x))/Io. 4)

While the linear part of the expansion is directly
related to the linear increase of the oscillator
strength, the small curvature bx* could arise from
the Sm3* self-quenching, as this effect runs through
a maximum at about 2 weight% Sm [31]; i.e. we
expect a curvature when the Sm-content is changed
around 2 weight% or when the density of the
glasses is changed with x while the Sm content is
fixed. Indeed, according to Table 1, the density
increases somewhat with x. Overall, we find that
a fit to Eq. (4) is possible.

As we expect a similar cluster formation also in
the equivalent Lithiumboratetungstate glasses, we
expect to apply this fitting procedure also to Sm**
and Eu®* in tungstate borate glasses, at least when
the charge transfer states which frequently occur in
those glasses [ 1-8] do not contribute to the fluores-
cence quenching significantly. This fit is also pos-
sible, but apparently we have to allow for two
different neighbourhoods for the fluorescent ions,
one of which is unaffected by the clusters, i.e. would
give a constant reduced quantum yield and the
other involves some cluster acceptor state:

I = Io(x) (aF(c(x)) + (1 — ) Fo)/1,o. )

The result for @(x) of a Eu?* fluorescent transition
in a tungstate glass is shown in Fig. 4. Specifically, in
Fig. 4(a) both contributions are superimposed, the
change in oscillator strength included; in Fig. 4(b),
the oscillator strength is normalized to 1 in order to
show that a &,(x) curve is obtained like that for the
molybdate glasses (Fig. 2). This suggests the presence
of clusters in the tungstate glasses, too, but the
number density of the W,02~ clusters would be
considerable smaller ; the borate anomaly, which is
supposed to occur around x = 20 moi% [32], how-
ever, appears to be more pronounced. The assump-
tion of two different neighbourhoods for Sm3*
might appear remote at first sight, but an equivalent
situation has been encountered with Cu acceptors in
borate-tungstate glasses [28].
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Fig. 4. Local quantum yield @, (a) and local quantum yield with
normalized oscillator strengths @} (b) of Eu**(°D,— "F,) in
tungstate borate glasses versus WO, content :— fit to function
F(x) (b) and I = (0.6F (x) + 0.4) (1 + 2.75x) (a); —- borate
anomaly (see text).

4. Conclusions

From the analysis of the fluorescent transitions of
Sm?* in lithium borate molybdate glasses we infer
an enhancement of the ocillator strengths with in-
creasing MoQO; content, probably due to an in-
creased hybridization of the 4f electronic states with
the states of the sourrounding matrix ions, analog to
effects found in lithium borate tungstate glasses. We
also infer an increased fluorescence quenching with
increasing MoO, content which we relate to a certain
MoQ; cluster, these clusters are likely to exist also in
the tungstate glasses; according to Raman data this
cluster is probably Mo,O2~ (W,027). We do not
find direct evidence for the presence of charge trans-
fer states in the molybdate glasses although those
frequently occur in lithium borate tungstate glasses.

Acknowledgements

The authors thank R. Braunstein for stimulating
discussions. This work was supported in part by the
Deutsche Forschungsgemeinschaft.

References

[1] M.v. Dirke, S. Miiller, K. Barner, J. Non-Cryst. Solids 124
(1990) 265.
[2] R.M. Abdelouhab, R. Braunstein, K. Birner, J. Non-Cryst.
Solids 108 (1989) 109.
[37 J. MaaB, H. Ahrens, P. Frobel, K. Birner, E.R. Giessinger,
R. Braunstein, Solid State Commun., to be published.
[4] Ch. Ruf, K. Barner, R. Braunstein, Solid State Commun.
54 (1985) 111.
[5] P. Frobel, K. Birner, J. Non-Cryst. Solids 88 (1986)
329.
[6] J. MaaB}, Diploma thesis, Gottingen (1992).
[7]1 S. Miiller, P. Frobel, K. Barner, J. Non-Cryst. Solids 127
(1991) 323.
[8] M. Wollenhaupt, Diploma thesis, Gottingen (1992).
[9] C. Brecher, L.A. Riseberg, Phys. Rev. B 13 (1976) 81.
[10] A. Szabo, Phys. Rev. Lett. 25 (1970) 924.
[11] T. Kushida, E. Takushi, Phys. Rev. B 12 (1975) 824.
[12] G.H. Dieke, Spectra and Energy Levels of Rare Earth lons
in Crystals {(Wiley & Son, New York, 1968).
[13] W.T. Carnall, P.R. Fields, K. Rajnak, J. Chem. Phys. 49
(1968) 4424.
[14] M.S. Magno, G.H. Dieke, J. Chem. Phys. 37 (1962)

2354

[15] H.E. Rast, J.L. Fry, H.H. Caspers, J. Chem. Phys. 46 (1967)
1460.

[16] R. Reisfeld, Y. Eckstein, J. Solid State Chem. 9 (1974)
224,

[177 M. Guzzi, G. Baldini, J. Lumin. 6 (1973) 270.

[18} J.C. Gacon, G. Grenet, J.C. Souillat, M. Kilber, J. Chem.
Phys. 69 (1978) 868.

[197 E.W. Henderson, J.P. Mechan, J. Lumin. 8 (1974) 415.

[20] J.T. Karpick, B. Di Bartolo, Il Nuovo Cimento 7B (1972)
62.

[21]7 K.H. Hellwege, Einfihrung in die Festkorperphysik
(Berlin, 1988) p. 183.

[22] L.A. Riseberg, Solid State Comm. 11 (1972) 469.

[23] R. Reisfeld, Structure and Bonding 13 (Berlin, 1973)
p- 165.

[24] R.M. Mcfarlane, R.M. Shelby, J. Lumin. 36 (1987) 179.

[25] T.C. Pant, B.C. Bhatt, D.D. Pant, J. Lumin. 10 (1975) 331.

[26] M. Inokuti, F. Hirayama, J. Chem. Phys. 43 (1965)
1978.

[27] R. Staske, P. Frobel, M.V. Dirke, S. Miiller, K. Bérner,
Solid State Comm. 78 (1991) 647.

[28] R. Staske, P. Frobel, K. Bérner, J. Lumin., to be published.

[29] R. Reisfeld, L. Boehm, Y. Eckstein, N. Lieblich, J. Lumin.
10 (1975) 193.

[30] M.). Weber, Phys. Rev. B 8 (1973) 54.

[317 R. Reisfeld, E. Greenberg, E. Biron, J. Solid State Chem.
9 (1974) 224.

[32] D. Deal, M. Burd, R. Braunstein, J. Non-Cryst. Solids 52
(1983) 207.

{33] AW. Armour, M.G.B. Drew, P.C.H. Mitchell, J. Chem.
Soc. Dalton Trans. (1975) 1493.

[34] 1. Lindquist, Acta Chem. Scand. (1950) 1066.



