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Introduction

Glass has been used as an optical material for
lenses and prisms because of their high quality
of optical isotropy and transmittance, and easy
preparation. These glass products are classified as
a passive optical device through which the input
light is transmitted without absorption or chang-
ing its nature. On the contrary, an active opti-
cal device is the one in which the input light is
absorbed and changed to emit light with differ-
ent frequency. Recently, there is a growing need
for an active device for ultra fast and enormously
large data processing by light. Among various
kinds of materials, intense interest is being given
to rare-earth-doped glasses because they inherit
advantages of both glass and rare earth (RE) ions.
A discovery of stable fluorozirconate glasses has
accelerated the research activities in this field[1-
5]. Now, considerable works are being carried out
on laser glasses[6-9] and upconversion fluorescent
substance[10, 11].

Glass is isotropic on a scale of the wavelength
of visible light (1-0.1 um) because of its random
structure on an atomic scale (~0.1 nm). This
structural inhomogeneity makes the thermal con-
ductivity lower than that of crystal as a conse-
quence of large phonon scattering. This is one
of the disadvantages for using glass as an ac-
tive device in which the photon energy of light
is absorbed. Moreover, when optically active ions
are incorporated, the structural inhomogeneity of
glass broadens their spectral lines. In actual cases,
these disadvantages may be compensated by the
advantage of glass, i.e., easy productivity of large
shape glass rods or long fibers. Therefore, fiber
lasers[8] and high-power pulsed glass lasers for nu-
clear fusion[6] have been successfully produced.

More recently, new types of glass devices are
being proposed which utilize the inhomogeneous
nature of glass rather than avoiding it. Photo-
induced refractive index gratings[12-15] may be
used for the purpose of holographic information
storage and retrieval. This is realized by laser-
induced redistribution of RE ions in the two level
system of glass. Photo-chemical hole burning in

glass hosts[16, 17] is expected to be advantageous
because of large spectral inhomogeneous broaden-
ing.

In order to develop these new optical devices, it
is important to know the local structure around
optically active ions. Cations in oxide glass net-
work are usually classified into three categories ac-
cording to the single bond strength of M-O[18].
RE ions belong to the group of network-modifiers
which breakup or depolymerize the glass-forming
network[19, 20]. In the similar classification, Bald-
win and Mackenzie classified RE ions in fluoride
glasses as intermediates]5,21] which are not able
to form glasses by themselves but are able to
participate in forming a continuous glass network
with network-formers. In fact, RE ions are known
to stabilize fluoride glasses and so to enlarge glass
forming region[4].

From the view point of optical or laser spec-
troscopy, there exist a considerable number of in-
vestigations about the local environment of RE
ions in glass[22-25]. Further, the coordination
number of RE ions was directly determined on
several oxide glasses by using X-ray absorption
spectroscopy (XAS)[26-28]. These studies, how-
ever, are restricted to the the first coordination
sphere around RE ions, i.e., within LnO, (or
LnF,,, Ln=RE ion) polyhedra, and only few cases
deal with the relation between RE ions and MO,
polyhedra, i.e., mid-range order of glass structure.
Furthermore, the relation between spectral inho-
mogeneous broadening and glass structure has not
been mentioned, although inhomogeneity is a dis-
tinctive feature of glass and affects the coordina-
tion state of RE ions.

In the present study, the local structure around
RE ions is investigated systematically on several
glasses by some spectroscopic methods. On the
basis of the experimental results, it is demon-
strated that the structural modification of glass
network around RE ions occur. Further, it is
shown that the spectral inhomogeneous broaden-
ing is closely related to the local flexibility of glass
network surrounding RE ions.



The first four chapters deal with Eu®*-doped
oxide glasses, where the relation between spectral
inhomogeneous broadening and glass structure is
discussed. The last two chapters deal with RE-
doped fluoride glasses whose optical properties are
affected by the local vibrational states or spectral
inhomogeneous broadening.

In Chapter 1, the difference in vibrational mode
between the glass matrix and the neighborhood
of RE ions in several oxide glasses (silicate, ger-
manate, and aluminosilicate glasses) is discussed
based on the measurement of the phonon sideband
of Eut. It is shown that europium has an affinity
for non-bridging oxygen.

In Chapter 2, the population of oxygen species
in the first coordination sphere of Eu3™ is esti-
mated on the basis of the Mdssbauer effect of
151 By in several oxide glasses (silicate, germanate,
aluminosilicate, and borate glasses). From the
compositional dependence of the value of isomer
shift, it is shown that some structural modifica-
tions around Eu?t ions occur for silicate and alu-
minosilicate glasses.

In Chapter 3, the origin of the inhomogeneous
broadening of Eu?* fluorescence for oxide glasses
(silicate, germanate, aluminosilicate, and borate
glasses) is discussed on the basis of the results
in the foregoing chapters and of the site-selective
fluorescence spectra within the inhomogeneously
broadened site-distribution. It is explained in
terms of the flexibility of the glass network around
Eust.

In Chapter 4, the local structure around Eu®*
ions in phosphate glasses is investigated by mea-
suring the phonon sideband and the origin of the
inhomogeneous broadening of Eut fluorescence
for this system is discussed. It is shown that the
small inhomogeneous linewidth is due to the coor-
dination of doubly bonded oxygens.

In Chapter 5, the upconversion fluorescence of
Er3* in fluoride glasses is measured and the local
vibrational state, which is related with the upcon-
version efficiency, is discussed based on phonon
sideband measurement and molecular dynamic
simulation.

In Chapter 6, spectral hole burning for Sm?*-
doped fluoride glasses is observed and the burning
mechanism and the relation with the local vibra-
tion is discussed. It was pointed out that the hole
width is related with the electron-phonon coupling
strength.

Finally in Summary, the whole results and dis-

cussions in this thesis are summarized.



Chapter 1

Local vibrational state around Eu®" ions in several oxide

glasses

1.1 Introduction

Vibronic spectroscopy (IR and Raman) is a
standard technique to investigate glass structure
and numerous studies have been published[29-39].
For oxide glasses, these methods are suitable for
determining the coordination states of network
forming cations such as Si, Ge, B, and Al, but
it is hard to extract some information for modifier
cations or minority components. Some workers
overcome this problem by sophisticating the meth-
ods. Nelson et al.[35] measured Raman difference
spectroscopy of Sc3t-doped and undoped silicate
glasses and investigated the solvation effect of the
impurity ions. Durville et al.[40] measured res-
onant Raman spectroscopy of Eu3T-doped oxide
glasses and estimated the vibrational mode cou-
pled to the Eu?t ions.

Phonon sideband (PSB, or vibronic sideband)
measurement is another and simple method for
probing the local vibrational state. Unlike the
above two methods, the phonon energy obtained
is used only by the multi-phonon relaxation of the
excited states of RE ions. Therefore, this informa-
tion is important for fluorescence properties in es-
timating nonradiative loss. Some works have been
reported[41-45] but there are few works focusing
the structural difference between glass matrix and
RE-sites[45].

As pointed out in Introduction, RE ions in ox-
ide glasses act as network-modifiers[18]. The in-
teraction between RE ions and network forming
cations (MO,, polyhedra) can be made more clear
by comparing various types of network forming
cations. Therefore, four typical glass systems were
chosen as the samples in the present study (and
also in Chapter 2 and 3); silicate, germanate, alu-
minosilicate, and borate glasses. The structures
of these glasses have been extensively investigated

and some simple models have bees proposed|1, 18].

The silicate glass network is relatively simpler
than those of other oxide glasses, consisting of five
kinds of SiOy4/, tetrahedra that differ only in the
number of bridging oxygens (BO) and are denoted
as Q" (n =4,3,---,0 : the number of BOs). As
the alkali content increases, the relative quantities
of them change and the amount of NBOs increases
as follows,

| | \

—S|i—O—S|i— + Na0 — 2 —%i — 0°Na™

(1.1)
and the coordination state of silicon remains tetra-
hedral. On the other hand, borate and germanate
glasses are known to be more complicated, be-
cause the network forming cations change their
coordination number with alkali content. In the
low-alkali compositions, NagO acts to form BOy /s
tetrahedra or GeOg /o octahedra (Egs. 1.2 and 1.4)
rather than breaking the glass network and form-
ing NBOs (°O—BOy, rectangles or “O—GeOs 5
tetrahedra, Eqs. 1.3 and 1.5).
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For aluminosilicate glasses, the NBO concentra-
tion decreases with increasing Al content to form
AlQ,, polyhedra in such a way as Egs. 1.6 and 1.7.
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Tanabe and Todoroki have measured the PSB
for Eu?T-doped borate glasses[45] and concluded
that Eu®™ ions are coupled with some B—O€
bonds even in the alkali-poor compositions where
the concentration of NBOs in the glass matrix is
low. This suggests the local modification of glass
network around EuT ions. In the present study,
the local structure around Eu?t ions in other oxide
glasses, namely, silicate, germanate, and alumi-
nosilicate glasses were investigated to obtain fur-
ther and general information about the local struc-
ture around Eu?t ions in oxide glass matrix.



1.2 Theory

PSB appears in the excitation and emission
spectra as the result of a coupling of the 4f elec-
trons to the lattice vibrations. Figure 1.1 shows
the excitation spectra of Eut in several oxide
glasses obtained by monitoring the °Dy — Fy
emission at 612 nm as a fixed wavelength. Smaller
peaks in the higher energy side of the Dgy «F
transition were assigned to PSB. The appearance
of these small peaks were due to the excitation by
incident light coupled with an excess energy of the
vibrational mode around RE ions as well as their
electronic state (see Fig. 1.2). In general, the prob-
ability of multiphonon excitation is much smaller
than that for one phonon excitation[46] (see Egs.
5.1-5.3 [p.36]) and the electron-phonon coupling
strength for RE ions is weak because 4 f-electrons
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Fig. 1.1. Excitation spectra of >Dy —7Fy emis-
sion of Eu>t doped in 70M, Oy-30Nag O glasses at
room temperature. Phonon sideband (PSB) as-
sociated with the ®Dy«"Fy transition appears at
higher energy side. The energy gap between PSB
and pure electronic transition (PET) corresponds
to phonon energy, hw, due to the lattice vibration
around Eu*t ions.

are shielded by outer shells(5s and 5p)[47]. There-
fore, the energy gap between PSB and pure elec-
tric transition (PET) corresponds to one phonon
energy, hw, due to the lattice vibration around
Eu?t ions.

PSB is observable for other RE ions such as
Gd3t[43] and Tbh?T[48]. EuT is, however, the
most suitable element among RE ions for mea-
suring PSB because of its simple electronic level
structure. Therefore, PSB can be observed also for
other transitions of Eu3t such as °D;,°Dg «F.
Although these vibronic transitions are against
the selection rule demonstrated by Stavola et
al.[49], a weak PSB is observable because of a J-
mixing effect, i.e., the mixture of the “F5 into the
"Fq state[50].

1.3 Experimental

The glass samples employed in this study are
listed in Table 1.1. In the present the-
sis, the denotation of the sample composition is
unified to use MO, instead of M,,0,, such as
60S102-40Na0y /2, 70BO3/5-30Na0Oy /o, etc... For
convenience, simpler notations such as Si25Na,
B30Na, etc... are used to represent the glass com-
position, as shown in Table 1.1. For the alumi-
nosilicate system, Si** ions are replaced by Al
ions with constant [Na]/([Si]+]Al]) ratio.

All the glasses were prepared from reagent grade
SiOQ, GGOQ, A1203, BQOg, NaQCC)g, and EUQ03
by mixing and melting the batches in platinum

D7 o, Multiphonon
20, NNW  relaxation
Dl "\/\if T
5Dy
T
e
o
k=) 2
2 10f s
@
c
L
7
)
0L7R, Fy

Eud*

Fig. 1.2. A schematic diagram of phonon side-
band process.



Table 1.1. Composition of the glasses used in
this study (mol%). Each sample contains 1 mol%
(borate) or 2 mol% (others) of EuOs ;.

(a) silicate glasses

. N .
SiO2  NaOy Nagoaij-OSiOQ notation
88.5 11.5 0.06 Si6Na
81.8 18.2 0.10 SilONa
75.0 25.0 0.14 Sil4Na
66.7 33.3 0.20 Si20Na
60.0  40.0 0.25 Si25Na
53.9 46.2 0.30 Si30Na
48.2 51.8 0.35 Si35Na
42.9 57.2 0.40 Si40Na
379  62.1 0.45 Si45Na
33.3  66.7 0.50 Si50Na

(b) germanate glasses

NazO .

GeOz NaOy )9 Naz0 1 GO notation
90.5 9.5 0.05 GebNa
81.8 18.2 0.10 GelONa
73.9  26.1 0.15 GelbNa
66.7  33.3 0.20 Ge20Na
60.0  40.0 0.25 Ge25Na
53.9  46.2 0.30 Ge30Na
48.2  51.8 0.35 Ge35Na

Table 1.1. continued
(c) aluminosilicate glasses

SiO2  AlO3/; NaO;/; Al:Na notation
75.0 0.0 25.0 0:10 Sil4Na
65.0 10.0 25.0 2:8

55.0  20.0 25.0 4:6

50.0 25.0 25.0 5:5

45.0  30.0 25.0 6:4

40.0  35.0 25.0 7:3

(d) borate glasses (for Chapters 2 and 3)

NazO .
B03/2 Na01/2 NayO + B2Os notation
95.0 5.0 0.05 B5Na
90.0 10.0 0.10 B10Na
85.0 15.0 0.15 B15Na
80.0 20.0 0.20 B20Na
75.0 25.0 0.25 B25Na
70.0 30.0 0.30 B30Na
65.0 35.0 0.35 B35Na

crucibles in a SiC resistance furnace at tempera-
tures between 1000 and 1600 °C for 30 to 90 min.
The melt was poured on a stainless-steel plate and
then quenched in air. Pale pink colored or pale
yellow colored transparent glass samples were ob-
tained. The yellow color is due to ultraviolet ab-
sorption by very small amount of Eu?T, which is
detectable by fluorescence but not by Mossbauer
spectroscopy (p.14). This has no effect on the
present study. Each sample was cut into a size
of 8 x 8 x 3 mm and its surfaces were polished to
an optical finish.

The fluorescence spectra were measured with a
Hitachi-850 Fluorescence Spectrophotometer and
transferred in digital form to a personal computer
where the sampling interval was 0.1 nm. For low
temperature measurements, a closed-cycle He re-
frigerator (Iwatani CRT-006-2000) was used to
keep the temperatures at 10 K.

1.4 Results

As shown in Fig. 1.1, PET peak of the Dy« "Fg
transition for silicate and germanate glasses was
found to split in two as a result of Stark ef-
fect. This makes it difficult to extract the ex-
act phonon distribution from the PSB spectra be-
cause PSB can be considered as the product of
the phonon distribution and electronic level dis-
tribution as shown in Fig. 1.3[51]. Therefore, the
5Dy «'Fy transition was selected as PET peak
because both of the levels are singlet. In this
case, however, the thermally excited state absorp-
tion peaks (°D1+"Fy, "Fa) overlap with the PSB
as shown in Fig. 1.4(a). In order to suppress
these peaks, the sample was cooled to 10 K(see
Fig. 1.4(b)).

Figures 1.5-1.7 show the excitation spectra of
Eu?t at 10 K obtained by monitoring 5Dg —7F
emission at 612 nm as the fixed wavelength. An
increase in intensity at the low wave number re-
gion is not due to the appearance of a large phonon
density of state, but to the superposition of PSB
and the tail of PET peak.

For the silicate glasses, a distinct PSB peak was
observed in 1100-900 cm~! range and its energy
shift decreased with increasing sodium content.
Since the PSB peaks seem to consist of more than
one peak, the spectra was deconvoluted by assum-
ing a superposition of some Gaussian functions
and the result is shown in Fig. 1.8. Four kinds
of peaks were found and their positions are plot-



fpsg(v )=

| fReT0)D f phonon(v —X)dx
f ohonon(v )
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Fig. 1.3. (a) Phonon sideband spectrum associ-
ated with °Dy«'F, transition of Eu3T in Si40Na
glass at room temperature and (b) the diagram
showing calculation of PSB curve, fpsp(v), from
the PET curve, fprr(v), and the phonon distri-
bution curve, fphonon (V).
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Fig. 1.4. Phonon sideband spectrum asso-

ciated with °Dy «"Fy transition of Eu’*t in
60Si05-40Nag O-1Eus O3 glass at (a) room temper-
ature and (b) 10 K by monitoring ® Dy —7Fy emis-
sion at 612 nm.
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Fig. 1.5. Phonon sideband spectra associated

with 5Dg «—"F, transition of Eu*t in sodium sili-
cate glasses at 10 K by monitoring ® Dy —7Fy emis-
sion at 612 nm.
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Fig. 1.6. Phonon sideband spectra associated
with °Dg «TFy transition of Eu*t in sodium ger-
manate glasses at 10 K by monitoring Dy —"Fs
emission at 612 nm.
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Fig. 1.7. Phonon sideband spectra associated
with 5Dy «'F,y transition of Eu*t in sodium
aluminosilicate glasses at 10 K by monitoring

5Dy —"F5 emission at 612 nm.
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Fig. 1.8. Deconvolution of the PSB spectra for
sodium silicate glasses. o: experimental data, - -
- - - Gaussian component, and : sum of
all the component.




ted in Fig. 1.9. Another weak peak at 500 cm™!
was found particularly for Si50Na. Its intensity
decreases with a decrease of NasO content.

For the germanate glasses, there were two PSB
peaks in each spectra, whose energy shifts from
PET were about 800 cm™! and 350 cm™!. With
increasing sodium content, the energy shift at
around 800 cm~! decreased and the intensity at
around 350 cm~! increased. A decrease in the
width of PSB was also observed which was due
to the decrease in full-width at half-maximum of
PET.

For the aluminosilicate glasses, only one distinct
PSB peak was observed at about 1000 cm™!.

1.5 Discussion

1.5.1 Silicate glasses
Analysis of phonon sideband

For the glasses of 18.2 < x < 46.2, the 1030
cm~ ! band is dominant. On the basis of the re-

Na,O / ( SiO, + Na,O)
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Fig. 1.9. Compositional dependence of peak po-
sitions found in deconvoluted PSB spectra for sil-
icate glasses shown in Fig. 1.8 (O, 7, A, and O)
and in Raman or IR spectra of RE-free silicate
glasses near 1100 cm™' band (closed triangle: IR
peaks assigned as BO[32], closed diamond: Ra-
man peaks ambiguously assigned[30]). The bars
with O represent the full-width at half~-maximum
of the peaks.

sults of Raman and IR studies of RE-free silicate
glasses summarized briefly in Table 1.2, this peak
is assigned to the Si—O stretching vibration of Q3
units. This assignment is supported by the result
of 29Si MAS-NMR study[52, 53] that Q3 units are
dominant in the corresponding RE-free glasses.
The frequency of 1030 cm ™! is slightly lower than
the corresponding one of RE-free silicate glasses.
The reason of the shift is considered as follows.
Since the vibration from PSB originates from local
vibration around RE ions, the ions around them
are located in a modified field which has a larger
effective mass of the local vibration system than
that in the RE-free glass matrix. Thus, it is ex-
pected that the frequency of the PSB peak shifts
to the lower side as compared with that of IR
or Raman spectra. In fact, Ellison and Hess re-
ported[36, 37] that the 1030 cm~! peak in Raman
spectra is attributed to the Si—NBO stretch of a
Q3 species whose NBO coordinates primarily with
RE3T.

It has been reported that the band due to
Si—O—Si vibration appears at 1100-1050 cm ™! in
IR spectra of RE-free silicate glasses (see Table 1.2
and Fig. 1.9). This IR band, however, has no asso-
ciation with the present 1030 cm™! peak, because
the compositional dependence of their intensities
differ each other. The 1030 cm™! peak dramat-
ically decreases with increasing sodium content,
whereas the IR peak is not[31]. Furthermore, since
BO(Si—0O—S8i) has no formal negative charge, it is
expected that its interaction with the f-electron
of Eu?t ion is weaker than NBO having a nega-
tive charge (in this case, Si—O° of Q?). In other
words, Q? is likely to be PSB-inactive because
their oxygen ions are all BOs having a limited neg-
ative charge. Therefore, the 1030 cm™! band is
assigned as Si—O stretching vibration of Q? unit.
In a similar way, the peak of 930 cm™!, which ap-
pears in 40 < x < 66.7 composition, is assigned
to Si—O stretching vibration of Q? unit and 840
cm~! as that of Q.

In addition to the above three, a weak band is
observable at 1120-1070 cm~!. This band seems
to shift to lower wave number but does not change
its intensity as sodium content is increased. As de-
scribed above, a distinct peak, which is assigned
as the Si—O—Si vibration, appears in this fre-
quency region in the vibronic spectra of RE-free
silicate glasses. They are shown in Fig. 1.9 with
closed points: Closed triangles represent the dis-
tinct peak in IR spectra and closed diamonds the



shoulder in Raman spectra. Its weak intensity is
probably due to weak interaction with f-electron.
An asymmetrical shape of PET peak may also
contribute to it. Because of its weakness, this peak
will not be considered further in this discussion.

The 500 cm ™! peak observed for the glasses con-
taining a large amount of NaoO is assigned as
bending vibrations of the network on the basis of
the results of Raman study. The compositional de-
pendence of this peak is most likely to be related
with the energy of 1000 cm™! band. In general,
the phonon relaxation rate decreases with a de-
crease of the phonon energy[46] (see Eq. 5.1-5.3
[p.36]). Thus, as the energy of the main peak de-
creases, the fraction of phonon relaxation via 500
cm ™ !-phonon relatively increases.

Compositional dependence of Q" unit

The intensity ratio of each peak to PET peak, g,
obtained from the deconvolution analysis is plot-
ted in Fig. 1.10(a) as a function of NasO content.
For comparison, the NMR results of undoped sil-
icate glass by Maekawa et al.[53] are shown in
Fig. 1.10(b). It is noted that g value is not directly
proportional to the fraction. A marked difference
between NMR, and PSB results is that g(Q?) in
PSB hardly varies in the region of composition
below = = 46.2 unlike Q3 fraction for 2°Si MAS-
NMR results. This is most likely caused by the
local modification of silicate glass network around
Eu®t ions. It is obvious that Eu®t ions can not
be substituted to Si** sites because of their larger
ionic radius and smaller negative charge, and act
as network modifying cations. In fact, the silica
glass network whose oxygen ions are all BOs is
known to as a poor solvent for RE ions[54]. There-
fore, it is expected that Eu3' ions in the NagO-
poor compositions are surrounded by some NBOs
of Q2 in order to neutralize their positive charge.

Furthermore, as shown in Fig. 1.10, the tie-
lines of Q3 and Q? for PSB shift to lower-alkali
composition as compared with those for NMR.
This tendency gets stronger as the sodium con-
tent decreases. If Eu?T ions become most sta-
ble when just three NBOs join the first coordi-
nation shell, the Q? population need not increase
in alkali-poor compositions. Thus, it is expected
that Eu?T ions act not only to create three NBOs
as network-modifiers, but also to modify the sur-
rounding glass network just like alkali-rich matrix.
In other words, Eut ions depolymerize the local
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Fig. 1.10. Compositional dependence of the

amount of Q" units (a) in the local structure
around Eu*t ions (this study) and (b) in rare
earth-free sodium silicate glasses investigated by
Maekawa et al. using 2°Si MAS-NMR/[53]. The
vertical axes are taken as (a) an intensity ratio of
the peak to PET peak, g, and (b) the fraction of
Q" unit. O is the same as Fig. 1.9. (b) is repro-
duced using the Tables 1 and 2 in [53].



glass network in order to dissolve themselves sta-
bly into silicate matrix. Further details will be
described in Chapter 2. A certain type of phase
separation may occur, but the transparency of the
sample clearly shows that phase separation does
not occur in the sub-micrometer range.

1.5.2 Germanate glasses

On the basis of the results of Raman and IR
study of RE-free germanate glasses and crystals
listed in Table 1.3, the PSB band at 800 cm™!
band is considered to be due to Ge—OF stretch-
ing vibration of GeQOy/; tetrahedra, not to the vi-
bration of GeOg/, octahedra. A large intensity
of this peak even in sodium-poor compositions
implies the preferential coordination of NBO for
compensating the positive charge of Eu?T ions. A
decrease of the peak frequency is due to the pop-
ulation change in GeOy/; units having one and
two NBOs. Similar to the silicate system, the vi-
brational energies of those units are also smaller
than those of the corresponding vibrations listed
in Table. 1.3.

Consequently, it is assumed that Eu®T ions are
mainly surrounded by GeOy/, tetrahedra. It is
indeed conceivable that NBO of GeOy/, is more
effective for charge compensation than BO of
GeOg /o because of its compact nature. This does
not mean that GeOg/p units are completely ex-
cluded from the second coordination shell of Eu3*
ions, because they are likely to be PSB-inactive
like Q* units of silicate glasses if the Coulomb
interaction with Eu®t ions is small, that is, the
excess negative charge of GeOg/o is not used for
charge compensation of Eu3*t ions. It is difficult
to decide from these data whether or not GeOg o
octahedra coordinate Eu?t ions as a part of BO
which does not compensate for positive charge
of Eut ions. If they did exist, the absence of
GeOg /o peak in PSB is probably due to longer dis-
tance and smaller negative charge of BO of GeOg 9
than that of NBO of GeQy/;, which brings only a
weak electron-phonon coupling strength. Conse-
quently, it is concluded that the positive charge
of Eu?t ions is compensated mainly by NBOs of
GeQy/y tetrahedra rather than the excess nega-
tive charge of GeOg/y octahedra. In other words,
incorporated EuT ions in germanate glasses act,
as network-modifiers, to create NBOs rather than
macro anions.

The 350 cm ™! band is considered to be a super-
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position of several kinds of vibrations, such as de-
formation, the Na—O mode and so forth (see Table
1.3). The increase in its intensity with increasing
sodium content seen in Fig. 1.6 is partly due to
an increase of Na—O(NBO) bonding around Eu?*
ions.

1.5.3 Aluminosilicate glasses

Since the coordination number of AI** ions in-
corporating in the glass structure is expected to be
more than four, Na® ions act as the charge com-
pensator of AlOS};S)* macroanions rather than
the network modifier to break Si—O—Si bond[1].
Therefore, the NBO concentration for aluminosil-
icate glasses decreases with increasing Al content.
For PSB spectra, however, the 1000 cm™! band
which is attributed to Q* is dominant throughout
the composition. Any other Al-originated band
listed in Table 1.4 was not found. Therefore, it
is concluded that the preferential coordination of
NBO to Eu?t ions also occurs and macroanions
do not take part in charge-compensation of Eu?*
ions in this system.

1.6 Conclusion

The local structure around Eu" ions in sodium
silicate, germanate and aluminosilicate glasses was
explored employing the phonon sideband associ-
ated with the °Dg «—"Fy transition of Eu?t. It was
found that the vibrational energy around Eu3*
ions is smaller than that of the corresponding
structural unit in glass matrix because of the lo-
cal mass effect of Eut ion. Further, the com-
positional dependence of Q" units around Eu?™
in silicate glasses showed that the local depoly-
merization of glass network around RE ions oc-
curs, which is due to the local charge compensa-
tion and the stabilization of Eu?*. It was also
found that the vibrations of Ge octahedra and Al
polyhedra are not coupled with the relaxation of
Eu®t ions. Therefore, the excess negative charge
is not used for charge compensation of Eu®* ions.
In other words, the incorporated Eu®t ions act,
as network-modifiers, to create NBOs rather than
macro anions.



Table 1.2. Assignment of various bands in the
vibrational spectra for silica and silicate glasses.

Raman! IR}
hw/em~!  assignment hw/em~1  assignment

1200, 1060 asym. Si—O vib. of Q* 1100 Si—0O—Si vib. of Q*
1100-1050 sym. Si—O vib. of Q? ~1050  Si—O-Si vib.
1000-950  sym. Si—O vib. of Q2 ~950 Si—O° vib.
900 sym. Si—O vib. of Q!
850 sym. Si—O vib. of Q°
590-650  linkage between Q2
520-600  linkage between Q3

T McMillan[29]. ¥ Sweet and White[31].

Table 1.3. Assignment of various bands in the vi-
brational spectra for germanate glasses and GeOs

crystals.

Raman! IR}

hw/cm™T  assignment hw/cm™T  assignment

870 vGe—0° of GeOy /2 containing 878 GeQy/7 in hexagonal and
one NBO vitreous GeQOs

800 vsGe—0° of GeQy/y containing
two NBO

850, 770 1,s0—Ge—-0O

653, 600  5s0—Ge—0 or vsGeOg 7 688 GeOg/y in tetragonal GeOq

530 vs0—Ge—0O

below 400 deformation, vA—QO and lattice
modes (A: alkali ion)

T Verweij and Buster[33]. *Murthy and Kirby|[34].

Table 1.4. Assignment of various bands in the
vibrational spectra for aluminosilicate glasses and
aluminate crystals. (T = tetrahedral Si or Al)

Raman! IR}

hw/cm~!  assignment hw/ecm™1  assignment
1110 sym. stretching of Q3

980 T—O-T" vibration

900-700  ”Condensed” AlOy/,
680-500  "Condensed” AlOg /o

T McKeown et al.[38]. ¥ Tarte[39)].
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Chapter 2

Mossbauer spectroscopy of "'Eu in several oxide glasses

2.1 Introduction

The recoil-free gamma-ray resonant absorption
by nuclei in solids, called the Mossbauer effect,
is an effective method to obtain the information
around specific ions. Various structural informa-
tions such as the site symmetry of the Mdssbauer
ion, the local electric and magnetic fields and the
valence state are easily obtained. For the in-
vestigation of glasses, >"Fe is extensively studied
and some reviews have been published[55-58]. As
for 1Eu, only a few works have appeared[59-
64]. This is partly because '®'Eu is less infor-
mative than *"Fe. Because of its relatively small
electric field gradient and moderately large natu-
ral linewidth of the resonance, the spectra usu-
ally consist of an unresolved single line spec-
trum[65, 66]. Nevertheless, from the value of iso-
mer shift (IS), 1°!Eu Méssbauer spectroscopy can
offer unique information which is not available by
any other method, i.e., the s-electron density at
the Eu nucleus.

An increase in s-electron density, as a conse-
quence of increasing the electron donation ability
of surrounding ligands, i.e., increasing the coordi-
nation number of Fu, decreasing Eu—0O distance
or increasing the covalency of Eu—O bondings,
will result in an increase of the IS. Therefore,
this method gives the information about the first
coordination shell of Eu?t.

On the other hand, there is a useful concept
for evaluating the basicity of glasses, i.e., electron
density carried by oxygens, called the theoreti-
cal optical basicity, Ain, proposed by Duffy and
Ingram[67-70]. This is originally determined by
the frequency shift in the ultra-violet (s —p) spec-
tra of probe ions such as T1T, Pb?*, and Bi**, and
the calculated values of Ay, represent the average
basicity arising from all the oxide species, whether
they are bridging or non-bridging.

In the present chapter, the IS of *'Eu and the
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optical basicity of host glass are compared and,
by the aid of the result of Chapter 1, the local
structure within the first coordination shell is dis-
cussed.

2.2 Experimental

The glass samples used are the same as de-
scribed in Chapter 1. The absorbents were pre-
pared by grinding the glass samples to powder,
which was then placed between two thin polymer
films. "1Eu—Moéssbauer spectra were measured in
transmission using a conventional constant accel-
eration spectrometer with a 1.85 GBq (=50 mCi)
1518m in SmyO3 as a 21.64 keV y-ray source (see
Fig. 2.1). All measurements were performed at
room temperature. Isomer shifts, §, were cali-
brated against EuFs3 and the velocity was cali-
brated with a 5”Co and an a-iron foil. Each sam-
ple was measured by keeping it in the holder for
one week.

e

Velocity Driver:D-------M--'-«:-r-gx ----- H Detector
1 1

source  sample

Mossbauer
Amplifier
Digital Function
Generator
Multichannel
Analyzer

Fig. 2.1. Schematic diagram of the experimental
setup for Mossbauer spectroscopy.



2.3 Results

Figures 2.2(a) and 2.2(b) show the samples of
the Mossbauer spectra of >'Eu.  For all the sam-
ples, there was no peak to be assigned as Eu?*
whose IS is about —13 mm-s~!. The peak posi-
tion of each spectrum was determined by a single
Lorentzian fit. Figures 2.3(a) and 2.3(b) show the
compositional dependence of IS of ®'Eu, §, for
binary oxide glasses and sodium aluminosilicate
glasses, respectively. Further, the IS is replotted
as ordinate and the Ay, as abscissa in Fig. 2.4. The
calculation method of optical basicity is described
in Appendix 2-A.

2.4 Discussion

As mentioned above, the theoretical optical ba-
sicity, A, is used to estimate the average electron
density carried by oxygens in oxide glasses. If the
basicity of the ligands around Eu?* ions is equal
to that of host glass, IS is to be in direct propor-
tion to A¢,. Among the four glass systems, only

(100—X )S|02X NaOl/z-ZEuO3/2

y —ray counts (a. u.)

Velocity / mm's™

Fig. 2.2. Médssbauer spectra of 'Eu in (a)
sodium silicate and (b) sodium germanate glasses
recorded at room temperature. Solid lines repre-
sent the fitted single Lorentzian curve.
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the borate system showed a direct proportion. It
is presumed that the local modification of glass
matrix occurs and is related with the preferen-
tial coordination of non-bridging oxygen (NBO)
to Eu?t described in Chapter 1.

In order to estimate the modification qualita-
tively, it is useful to introduce the theoretical mi-
croscopic optical basicity, A, of individual oxy-
gen atoms|[68, 70]. Namely, the degree of electron
donation from each ligand to Eu®* ion is estimated
by Ath. Figure 2.5 shows the value of microscopic
optical basicity for the possible oxygen species in
the present glass systems. First of all, let us con-
sider the ligand characters for the silicate system.
Eu3* ions have to be coordinated with the ligands
whose local charge sum is —3, just enough for neu-
trality. Since NBO is the only species having a
negative charge in silicate glasses and RE ions act
as a network modifier in oxide glasses, it is certain
that three NBOs are present in the first coordina-
tion sphere. The number of NBOs surrounding a
Eu3*t ion can be more than three if the negative
charge of excess NBOs is compensated by Na™
ions. In fact, Ellison and Hess[36] pointed out

(100—X )GQOz'X Naollz'ZEU03/2
T T T T I T T T T

y —ray counts (a. u.)

1
1
!
|

_I8 | _I4- | . O | fl_
Velocity / mm's™

m_

Fig. 2.2. continued
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Fig. 2.3. Compositional dependence of the iso-
mer shift (IS) of Y1 Eu, §, (a) in sodium silicate,
germanate, and borate glasses and (b) in sodium
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that there is a limited amount of NBOs shared
with alkali and lanthanoid ions from an analysis
of Raman spectra for SiOs—KoO—LayO3 glasses.
Therefore, the ligands surrounding RE ions can
be classified into three groups, NBO whose nega-
tive charge is compensated by a Eu3t ion, NBO
paired with Na™, and BO, as shown Fig. 2.6. In
order to avoid confusion, these species are denoted
by sans serif fonts, such as NBO, NBO—Na, and
BO, respectively.

Although, NBO and NBO—Na may form a res-
onating structure, such as

/SiOg /SiOg
o° o°
Eu?t —  Eu*t Nat,
O\e Na* O\e
SiOg Si03

this classification is adequate for considering net
charge neutrality. The electron donation toward
Eu3t ion for NBO is, of course, expected to be
larger than that for NBO—Na. The value of
Ath(Si—O7) shown in Fig. 2.5 should be regarded
as the basicity of NBO—Na, because the values are
calculated based on an assumption that only net-
work forming cations can polarize oxygen ions[70].
If we consider Ay, as the scale showing an electron
donation to Eu* ions, the apparent value of NBO
is larger than Ay, (Si—O7). It is not necessary,
however, to consider NBO for the system where
the positive charge of Eut ions is compensated
only by NBOs, such as silicate, germanate, and
aluminosilicate, which is demonstrated in Chap-
ter 1. For these systems, IS is considered to be

0 —SiO4 NBO
SiO
By ) ©0 <N1a@3 NBO — Na
Si0O4
0 <gip BO
T
First Second
coordination coordination
sphere sphere

Fig. 2.6. Three varieties of oxygen species that
may coordinate Eu*t ions in silicate glasses.
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affected by the amounts of NBO—Na and BO, and
Eu-ligand distance.

According to Fig. 2.4, the § of silicate glasses re-
main constant, even though the amount of NBOs
increases with alkaline content. This is most likely
due to a preferential coordination of NBO—Na
because BO is known to be a poor solvent for
RE ions in silica glass. Namely, Arai et al. as-
sumed that Nd®* ions in the Al-doped silica glass
prepared by plasma-torch chemical vapor deposi-
tion are surrounded preferentially by AlO,, poly-
hedra[54]. Similarly, in the present case, Eu** ions
are considered to be more stabilized by NBO—Na
coordination rather than by BO coordination. It
is noted that the ratio of NBO/BO is not nec-
essarily constant throughout the composition. A
minor change of Eu-ligand distance, or the coor-
dination number of Eu?T ions, may occur to make
0 constant. This is clarified in Chapter 3.

The present result implies that Eu3*t ions need
some NBO—Na pairs to dissolve stably into sili-
cate glass network. This is supported by the IS
behavior of the aluminosilicate system, which is
discussed later. Moreover, this is consistent with
the increased fractions of Q3 and Q? in low-alkali
composition described in Chapter 1 (see Fig. 1.10
[p.10]). Namely, increased NBO—Na coordination
are attained by local depolymerization. Conse-
quently, it is assumed that Eu®* ions in the sili-
cate system are surrounded by a certain amount
of NBO—Na pairs for stabilization.

Such a local modification should also occur for
the borate system. In fact, PSB results for sodium
borate glasses[45] revealed that some NBOs coor-
dinate Eu?* ions in alkali-poor composition where
NBOs consumed to form BOy/, units (see Eq. 1.2
[p-3]). Therefore, the compositional dependence of
¢ in this system is most likely due to a change of
the basicity of BOs. Since the fraction of tetrahe-
dral B increases with alkaline content and reaches
0.45 at 65B203-35Nay0[71], the local basicity of
BO is expected to increase monotonously with Na
content, such as



B® —0—-B® — B® -0 —-B® —

Aip = 0.42 Ath = 0.50

The behavior of § of the germanate system is
similarly explained. The PSB result described
in Chapter 1 showed that the positive charge of
Eut ions in germanate glasses are compensated
with NBOs. On the other hand, the octahedral
Ge fraction in this system is reported to reach
a maximum of 0.25 at 80GeO2-20NazO (NaOy /,
33.3 mol%)[72]. Therefore, an increase of § with
increasing sodium content is most likely due to
a change of the basicity of BOs. For the com-
position of more than 33.3 mol% of NaO; 5 (20
mol% of NaO), a preferential NBO coordination
like the silicate system is expected to occur. A
small decrease of § in the NagO-rich composition
is probably due to a decreasing population of oc-
tahedral Ge. Consequently, an increase of § with
Na content for borate and germanate systems is
reasonably explained by increasing of the basic-
ity of BOs due to a change of cation coordination
number.

For the aluminosilicate system, the IS showed
an extraordinary behavior, i.e., § decreases with
increasing Ay, which indicates strong local mod-
ification. It is consistent with the PSB result de-
scribed in Chapter 1, that the positive charge of
Eu?t is mainly compensated by NBOs rather than
AIOS};?’)_ macroanions although the NBO con-
centration decreases with increasing Al content.
It is, however, unreasonable that the number of
NBOs surrounding Eut remains constant when
incorporating Al in the viewpoint of local basic-
ity. If the number is constant, é should increase
with increasing Al content due to an increase of
the basicity of BO, i.e., a replacement of Si—O—Si
(Ath = 0.48) by AlI-0—Si (A¢n, = 0.59 or 0.65; see
Fig. 2.5). Therefore, it is most likely that some
NBO—Na pairs are present around Eu3t in Al-
free silicate glasses (see Fig. 2.6) and the pairs are
replaced by some BOs shared with Si and Al with
increasing Al content, such as

Si—0%...Nat — Al — O —Si.
_ [ 0.59(n = 4)
A = 0.74 Ath = { 0.65(n = 6)
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Consequently, it was considered that Eu?* ions
in silicate glasses are surrounded by a certain
amount of NBO—Na pairs, which decreases with
an incorporation of Al but remains almost con-
stant with incorporating Na. This is because sili-
cate network can localize NBOs by a dispropor-
tionation such as Q* — Q"1 4+ Q1
whereas incorporated Al cannot release consumed
NBO(s) in such a way as

€:} o
_(Q—AI®—(—
é Na™t

| /

—

2.5 Conclusion

The local structure around Eu?* ions in sev-
eral binary oxide glass systems (SiO2—NagO,
GeO2-NapO, and By03-NayO) and aluminosili-
cate glasses was investigated from the isomer shift
(IS) of '51Eu Méssbauer spectroscopy. In associ-
ation with the results of Chapter 1, local modifi-
cation around Eu?T was estimated. It was found
that only for the silicate system the IS was in-
dependent on sodium content. It was assumed
that this is due to a preferential NBO coordina-
tion around Eut. For the borate and germanate
systems, the compositional dependence of IS is
well explained by the basicity change of BO due
to the coordination change of the network form-
ing cations. For the aluminosilicate glasses, a
strong local modification was expected from an
extraordinary behavior of the IS. This is also cor-
related with the preferential NBO coordination.
It was reasonably explained by a replacement of
NBO—Nat pair by BO(Al-0O-Si) around Eu*
with an increase of Al content.

Appendix 2-A: Calculation of the theoretical
optical basicity

The theoretical optical basicity, Ain, for oxide
system is determined so as to be unity for CaO,
and expressed as,

X;
Ay, = Z o (2.1)
1
= 1—ZXZ--(1—%) (2.2)
zZiT;
X, =2 2.3

where v is the basicity moderating parameter
listed in Table 2.1, z the oxidation number, and r
ratio of the cation with respect to the total number
of O?~ ions and, thus, zo = —2 and >_; X; = 1.
The basicity moderating parameter, -, is derived
from Pauling’s electronegativity by the equation
of v = 1.36(x — 0.26)[67]. For example, Ay, of
90Si02-10Nay O is calculated by following.

A zZsirsi 1 ZNaTNa 1
th = C— :
2 s 2 YNa
90 20
4 * m . 1 1 * m . 1

=0.51
2 2.09 2 0.87 0-5

The theoretical microscopic optical basicity,
Ath, of a specific anion is also expressed by Eq. 2.2,
but the summation is carried out only over the
cation(s) linked to the anion and r is taken as
the reciprocal of the coordination number of the
cation(s). Here, alkali and alkaline earth ions are
out of consideration based on a assumption that
these ions do not polarize oxygen ions.

For calculating fluoride optical basicity val-
ues, the basicity moderating parameters of
all cations should be scaled as ~p(fluoride
system)=2.3y\ (oxide system)[69](see Chapter 5,
p.42). Only for Zr**, experimental value is avail-
able, Ay, (ZrF4)=0.38.

Table 2.1. Basicity moderating parameters, -,
for oxide systems[67, 68].

Cation  ~v Cation v
Nat  0.87 Ba2t 0.87
Ca?t  1.00 La3t 1.14
APt 164 3t 1.96
Si*t  2.09 PbZt  2.09
B3t 2.36
Gelt  2.38
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Chapter 3

Origin of inhomogeneous linewidth of Eu’" fluorescence

I.

— Silicate, germanate, aluminosilicate, and borate system

3.1 Introduction

Glasses are inevitably accompanied by the
spectral characteristics of large inhomogeneous
linewidth due to the disorder of glass structure.
Therefore, in case of analyzing glass structure by
spectroscopic method, the information obtained
represents the averaged image of glass structure.
As for practical application of glass to optical de-
vices, this is one of the important factors that in-
fluence the efficiency. For stimulated emission, its
cross section is inversely proportional to the emis-
sion linewidth[9]. For hole burning devices, a large
linewidth is desirable for large data capacity. Con-
sequently, it is important to elucidate the factors
determining the inhomogeneous broadening, when
designing new devices.

Eu?t is the most suitable element among vari-
ous RE to be used for evaluating inhomogeneity of
the sites of impurity ions in glass, because its elec-
tronic levels are quite simple (see Fig. 1.2 [p.5]).
Since the °Dg and “Fy states are non-degenerate,
the full width at half-maximum (FWHM) of the
optical transition between them, Avgy, can be a
standard of the inhomogeneous nature of glass[73,
74].

This transition can be also used for the fluores-
cence line narrowing (FLN) technique by which
a subset of the Eut population can be excited
and site-selective spectra can be obtained[75-
82]. Thus, this FLN method gives the informa-
tion buried under the inhomogeneously broadened
band, namely, the structure of electronic levels for
each subset of the ions. Most of the works, how-
ever, mainly dealt with the determination of a set
of crystal field parameters on the basis of a hy-
pothesis that the site symmetry is Co, (although
actual symmetry may be lower[75,79]). There

is no systematic study investigating the compo-
sitional dependence of site-selective spectra.

In the present chapter, the relation between the
inhomogeneous broadening and the local structure
around Eu®t ions is investigated by the aid of FLN
method.

3.2 Theory

An example of the fluorescence spectrum of
Eu3t ions in silicate glass is shown in Fig. 3.1.
Since all of the ions are excited by broadband radi-
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Fig. 3.1. Fluorescence spectra of Eu’T in

90Si0,-10Nag O-1Euy O3 glass at room tempera-
ture excited by broadband excitation (Xe lamp)
whose wavelength is 394 nm.
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ation (Xe lamp), the spectrum obtained is a super-
position of the spectra of the whole ions. If a nar-
rowband light source, such as a laser, is used for
excitation, the laser light excites only these ions
having °Dg «Fg energy difference resonant with
the laser energy, and fluorescence from this subset
of ions is observed (see Fig. 3.2). However, care-
ful considerations are needed about spectral diffu-
sion, i.e., phonon-assisted energy transfer from an
excited ion to an un-excited one[78,82]. In order
to suppress this energy transfer as much as pos-
sible, the specimen is usually cooled down and a
time-resolved measurement is performed.

3.3 Experimental

The glass samples used are the same as de-
scribed in Chapter 1. The fluorescence spec-
tra were measured at room temperature with
a Hitachi—850 Fluorescence Spectrophotometer.
Measurements of the homogeneous linewidth were
carried out by broad band excitation (bandpass:
Inm) using a Xe lamp.

The time-resolved FLN measurements were
performed in the following way (see Fig. 3.3):

5
—
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o
o
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()]
c
O |l TSeoo-----
7))
R
S
L 7F0

Excitation energy of 5D0 - 7F0

Fig. 3.2. Schematic diagram showing the mech-
anism of fluorescence line-narrowing. The sub-
scripts, (A)-(C), imply that these ions are located
in different local environments.

Samples were mounted into a closed-cycle He re-
frigerator (Iwatani CRT—006—2000) and cooled
down to 10 K. The emission was analyzed with
a monochromator (Ristu MC—25NP, 25 cm, reso-
lution limit of 2 cm™!) equipped with a photo-
multiplier (Hamamatsu Photonics R955) and a
box car integrator (Stanford Research Systems
SR250). Pulse excitation was carried out with a
dye laser (Spectra Physics PDL—3, operating with
a mixture of Rhodamine—6G and Rhodamine—B
in methanol) pumped by a pulsed YAG laser
(Spectra physics GCR—11). The spectral width
and pulse duration were 0.07 cm™! and 6 nsec,
respectively.

3.4 Results

Figures 3.4(a)-3.4(d) show the positions of the
Dy —'F( transition peak and their FWHM,
Avp, at room temperature (designated by sym-
bols and bars, respectively) over a range of glass
compositions. These are considered to be the
energy-resolved distribution profile of Eu®* ions
in these glasses. As a whole, the peak shifts to-
wards a higher energy side as Ay increases.

Figure 3.5 shows the time-resolved FLN spec-
tra of the °Dg —7F; transition of Eu?t in sili-
cate and borate glasses at 10 K excited at several

Personal
Computer

GP-I1B

AD
Converter

Box car
trigger| Integrator

controller
Monochro—- | PM

mator

— YAG LASER

DYE LASER

scan

signal

Closed—cycle
He refrigerator

Fig. 3.3. Schematic diagram of the experimen-
tal setup for the time-resolved FLN measurement.
PM: photomultiplier.
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Fig. 3.4. Peak position of the Dy —"Fy transi-
tion of Eu®" in sodium (a) silicate, (b) germanate,
(c) aluminosilicate, and (d) borate glasses. The
length of the bar represents the full width at half-
maximum, Aviyg, numerals on the bar are the
value of Aviy in ecm™! and the symbols on the
bar correspond to the top position of peak. Er-
rors were estimated as +5 cm~!. See also Fig. 4.3

[p.29].
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wavelengths, indicated by triangles, within the in-
homogeneously broadened Dy —7Fy absorption
profile. Gang and Powell[78] reported that some
energy transfer surely occurs within a few msec
under similar conditions. In order to avoid en-
ergy transfer as much as possible, spectra were
obtained at 0.2 msec after the exciting laser pulse.
The excitation energy dependence of the fluores-
cence intensity was nearly corresponded to the in-
homogeneous broadened peak profile.

Three distinct peaks appear because of the
Stark splitting of the “F; state, which shows that
the Eu* ions are located in sites with a symme-
try of Cyy or lower, and these peaks are tenta-
tively denoted as ey, e_, and ¢y in order of in-
creasing emission energy, respectively. For borate
glasses, however, more than three peaks appeared
as shown Fig. 3.5(b), although maximum split-
ting of the "Fy level is three. Such a phenomenon
has also been reported for lithium borate glasses
by Hegarty et al.[80], who explained this as due
to superposition of fluorescence from two kinds
of sites, or phase separation. It was found that
as the sodium content decreased, the component
with larger splitting width between e and e_ rel-
atively increased (see Fig. 3.5(b)).
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Fig. 3.4. continued
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Fig. 3.5. Time-resolved site-selective fluorescence
spectra of the °Dy —'F; transition of Eu3t in
(a) 81.85i04-18.2Na0 /5 glass (SilONa) excited by
various energies (denoted by triangles) and (b) bo-
rate glasses excited at 17322 cm™'. The fluores-
cence was measured at 10 K and at a delay of 0.2
msec after the laser pulse. The spectra are nor-

malized to the same height.
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Fig. 3.5. continued

22

The peak positions of these three peaks (e,
e_, and €p) were determined by fitting with three
Gaussian bands, where an extra weak band due
to energy transfer, if needed, was taken into con-
sideration. They are plotted as a function of exci-
tation energy in Figs. 3.6(a)-3.6(d), where the tie
lines represent Ay, same as the ones shown in
Figs. 3.4(a)-3.4(d). The splitting width increases
with increasing excitation energy for all the sys-
tems. For only the silicate system, this behavior
is found to be insensitive to the composition, i.e.,
all the data points lie on the same three curves.
This is not true for other oxide glasses.
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Fig. 3.6. Variation of the splitting of Dy —"F
transition peak (e4, e_, and €p) as a function of
excitation energy for (a) silicate, (b) germanate,
(c) aluminosilicate and (d) borate glasses. Errors
are estimated to be equivalent to the size of each
symbol. The tie lines represent the fluorescence
peak profiles of the ®Dy —"Fy transition and the
vertical lines their peak position (See Figs. 3.4(a)-
3.4(d)).



3.5 Discussion

3.5.1 Silicate glasses

From the insensitivity of “F; splittings on glass
composition shown in Fig. 3.6(a), it is concluded
that there is a one-to-one correspondence between
"Fo and “F; electronic levels in the sodium silicate
glass system. In other words, Eu?* ions in silicate
glasses with different alkali contents to be excited
by a laser light with the same wavelength have
the same “Fy and “F; electronic levels. Therefore,
Eu3*-sites in this silicate glass system are labeled
uniquely by one parameter, the Dy —"Fy transi-
tion energy, v9—o.

Then, it is necessary to identify the property of
Eu3t site that determines the value of vy_g. A
number of workers have discussed the problem on
the basis of FLN experiments and/or the measure-
ments of homogeneous linewidth, Avyg. Most of
the workers assumed that the symmetry of Eu?t
sites in glass is Coy because the number of the
crystal field parameters for this symmetry is small
enough for practical calculation and the “Fy level
still splits in three in this symmetry. Although,
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Fig. 3.6. continued; (d) For simplification, the
tie lines connect the stronger component of the e4
peaks (See Fig. 3.5(b)).

there is no evidence to prove that this symmetry
is realistic, the information obtained from this Co,
crystal field analysis helps us to carry out further
discussion.

Belliveau and Simkin pointed out that there is
a rough correlation between the splitting width of
the “F; level and the Eu-ligand distance on the
basis of the estimation of the crystal field parame-
ter for a Cqy field[77], namely, the splitting width
increases with decreasing the Eu-ligand distance.
In other words, the Eu-ligand distance decreases
with an increase of vy_g.

Moreover, there are some experimental data
supporting this result.  Avouris et al. and
some workers succeedingly showed that there
was a general increase in homogeneous linewidth,
Avy, with increasing the transition frequency,
V-0, within the inhomogeneous profile[40, 74, 81].
This was assumed to be due to a site-dependent
electron-phonon coupling strength, i.e., the cou-
pling strength between ligands and f-electrons,
which is expected to increase as the ligand ap-
proaches to Eu?™ ion. It should be noted,
however, that the anisotropy of f-orbitals may
cause some directional dependence of the cou-
pling strength. Consequently, it is concluded that
Eu—ligand distance generally decreases with in-
creasing vp_g. Since a reduction in Eu—ligand dis-
tance necessarily reduces the volume available for
coordination, it is reasonable to conclude that the
coordination number (CN) of Eu?* ions decreases
with increasing vg_o.

Now it is possible to consider the relation be-
tween inhomogeneous linewidth and local struc-
ture in terms of vy_g. Inhomogeneous broadening
of fluorescence spectra is caused by overlapping 4 f
electronic levels of the RE ions that are located in
various sites in glass matrix. Electronic levels are
mainly determined by the configuration of coor-
dinating ions, that is, ions within the first coor-
dination shell. Therefore, the behavior of Awuy
for the silicate system shown in Fig. 3.4 tells that
the inhomogeneity in configuration of ligands in-
creases with decreasing NaoO content. Further, it
was found that the peak energy increases with de-
creasing alkali content. Therefore, it is concluded
that the population of low-CN sites increases with
increasing alkali content.

As discussed in Chapter 2, it is expected that
Eu3* ions should attract more than three NBOs
regardless of the Na™ concentration in the glass
matrix. However, in low-alkali compositions, it is
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difficult for Eu®* ions to attract NBOs not only
because of the low NBO concentration but also
the low flexibility of the glass network. As the
alkali content decreases, the number of NBOs in
Si0y/7 tetrahedra decreases and the intertetrahe-
dra linkage increases (see Fig. 3.7), which brings
about lower network flexibility. This decrease of
local network flexibility should lead to an increase
in the population of Eu" sites with a lower num-
ber of surrounding NBOs. At the same time, the
CN of Eu?t ions should decrease because further
BO coordinating in compensation for lacking NBO
is less probable because of the bulky nature of
the linked tetrahedra. Consequently, the increase
of the population of low-CN sites leads to an in-
crease of the linewidth. Although the IS is sensi-
tive to CN and Eu—ligand distance as described in
Chapter 2, § did not show a compositional depen-
dence because both Eu—ligand distance and CN
decrease with increasing 1y_p, namely, the elec-
tron donation ability of ligands increases with de-
creasing Eu—ligand distance but decreases with
decreasing the number of NBOs around Eu3™.

Thus, it is concluded that the inhomogeneous
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Fig. 3.7. A schematic diagram showing the flex-
ibility of silicate glass network around Eu?*. The
flexibility decreases with increasing the amount of
oxygen linked with another SiOy/ tetrahedra, i.e.,
in the order of Q' < @Q* < @ < Q.

linewidth increases with decreasing the amount of
NBOs. This is most likely due to a decrease of the
flexibility of local glass network, which is related
to a decrease of both NBO concentration and the
number of the intertetrahedra linkage around RE
ions.

3.5.2 Other oxide glasses

The "F; splittings for the glasses other than sil-
icate glasses give the compositional dependence
as shown in Figs. 3.6(b)-3.6(d). This is because
of occurrence of the succeeding change in ligand
character as described in Chapter 2. Therefore,
unlike the silicate system, v9_g can not be used as
a universal parameter to identify each site. The
compositional dependence of Avyg can be, how-
ever, also explained for these systems by using the
idea of the flexibility of local glass network.

Germanate glasses

The inhomogeneous linewidth for this system
varies similarly to the silicate system but the value
is larger. This is most likely due to the effect of
GeOg/o units on network flexibility. The appear-
ance of GeOg/y units with increasing NazO up to
a certain amount brings about not only reduc-
ing the NBO concentration around Eu* ions but
also increasing the interpolyhedra linkage of local
glass network. Namely, the number of the link-
age points of GeOg/p units is larger than those of
GeOy/y units, as shown in Figs. 3.8[(b), (c), and
(d)]. Thus, the value of Awvg of the germanate
system becomes larger than that of the silicate
system.

Let us examine Fig. 3.4(b). The increase of
population with larger “F; splitting width with
decreasing NasO content is probably due to an
increase of low-CN cites similar to the silicate sys-
tem. The reduced NBO donating ability should
make low-CN sites increase because the replace-
ment of a NBO with a BO is not easy.

Aluminosilicate glasses

The increase of Avig for the aluminosilicate
system is also explained in terms of the net-
work flexibility, which decreases with increas-
ing AIOS};?’)_ macroanion content. The value
of Avrg increases significantly and becomes the
largest of all the systems in this study be-

cause of the following reasons. (1) The content
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of macroanions in the aluminosilicate system is
large; the maximum fraction of macroanions, such
as GeOg/}, AIOS;; )~ and BOZ/2, are 45% in
65B203-35Nay0[71], 25% in 80GeO2-20Nay0[72],
and 43% in 40SiO2-30A103/5-25Na0; /5 (0.43 =
30/(30 + 40); all of the aluminum ions become
macroanions). (2) All of the polyhedra in alumi-
nosilicate glasses, AIOS};?’F and SiOy/o, are more
than three-hold unlike the borate system (BOj /2
and BOy/5). A small decrease in the most Al-
rich region is probably due to another decrease in
flexibility caused by Al—O—Al bonding since the
AlsO3 content is as much as that of SiOs in the
composition.

Similar to the germanate system, the low-CN
cites population probably increases with increas-
ing Al content increases as shown in Figs. 3.4(c).
This is consistent with the Mossbauer result de-
scribed in Chapter 2, where it was mentioned
that the substitution of Al for Si leads to a de-
crease of NBO—Na™' pairs and an increase of
BOs(Al-0O—S8i) within the first coordination shell
of Eu?t ions.

Linkage between MO, polyhedra around Eu*

@ "o
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oL ) e

« Increasing topological restriction

or GeOQy | or AlQy, SiO,4, GeOy
(d)
#0: BO or NBO @
“0: BO

or AlOg
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Fig. 3.8. A schematic diagram showing the flexi-
bility of glass network around Eu**. The flexibil-
ity decreases with increasing the amount of oxygen
linked with another MO,, polyhedra, i.e., increas-
ing CN or decreasing the amount of NBO in a
polyhedron.
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Borate glasses

In contrast to other systems, Aviy of the bo-
rate system reaches a maximum value in the mid-
dle of the range. Morgan et al.[74] reported that
there are two maximum points in this system.
However, they defined Avy,, as the half-width at
half-maximum measured on the high-energy side,
which does not reflect the whole inhomogeneous
broadening. As the alkali content increases, the
population of BOy/, tetrahedra increases, which
reduces the flexibility of the glass network because
they possess more linkage points with other poly-
hedra than do the BO3, triangles (see Figs. 3.8(a)
and 3.8(b)). Thus, in NapO-poor compositions the
value of Avig increases with NasO content as the
lattice stiffens, while in NasO-rich compositions,
it decreases because the NBO content starts to
increase.

3.6 Conclusion

The relation between the inhomogeneous
linewidth of Eu?* fluorescence and the local struc-
ture around Eut ions in several oxide glasses was
investigated. For silicate glasses, the inhomoge-
neous linewidth of the °Dg—"Fy transition, Avyy,
showed a compositional dependence, increasing
with decreasing alkali content. On the basis of
the change of the "F; splitting width within the
inhomogeneous profile, this was attributed to a de-
crease in the flexibility of the local glass network,
which is related with the structure outside of the
first coordination shell, i.e., the degree of the inter-
polyhedra linkage. As the NBO content decreases,
the population of Eu?* ions having low coordi-
nation number increases, which brings about the
increase in Avig. This was found to be also the
case for other oxide glasses, such as borate, ger-
manate and aluminosilicate glasses, but the effect
of macroanions should be also considered. A for-
mation of macroanions leads to a decrease in net-
work flexibility by consuming NBOs and increas-
ing the interpolyhedra linkages. Consequently, it
is concluded that the inhomogeneous broadening
of Eut fluorescence for oxide glasses increases
with decreasing the flexibility of the local glass
network.



Chapter 4

Origin of inhomogeneous linewidth of Eu’" fluorescence
I1.
— Phosphate and borophosphate system

4.1 Introduction

Through the discussion in Chapter 3 for some
typical oxide glasses, it was revealed that the in-
homogeneous linewidth of fluorescence is strongly
dependent on the flexibility of local glass network.
The glasses dealt with were, however, restricted to
ones where each ion is linked with others by a sin-
gle bond. There left another typical oxide glasses
where each network forming cation has a doubly
bonded oxygen (DBO), i.e., phosphate glasses.

In general, phosphorus ions in phosphate glasses
retain four-fold coordination[83]. Classically, a
Q-site model has been proposed to describe the
structure of phosphate glasses in a similar manner
for silicate systems as follows,

D D D D
CO-P-0O—  —O-P-O— —0-P-0° SO-p_0°.
é (‘)@ (|)@ (‘)6
(@) (Q?) Q") Q)

(4.1)

Since the DBO could be resonant with other
NBOs, the following structures have been also pro-

posed.
7 0 )
Q1 -0-P-0- = 0-P-0- = |-0-P-0-| Nt
O®Na™ O 0
(4.2)
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network linkage, the flexibility of these glass net- | ' :

works is expected to be relatively higher. Com-

Na/ (Na + P) ratio

positional dependence of the Q™ fraction for an 1 01 0304 05 0.6 0.67
alkali phosphate system has been determined by _\' ' 3 ' ' A A ' 1 /]
31p MAS-NMR/[84] and Raman spectroscopy|[85] \Q AA'A 2 Q /
o 0.8 Q% A A e
as shown in Fig. 4.1. LN ‘ . 7

An borophosphate system is also interesting be-
cause crystalline BPOy consists of the following
BPO, units,

, .
\ . Y /
, . .
,

Q" fraction

19 | |
~O-B°-0-Pt -0, 4.5 0 0.5 1 15 2
\ | (45) Na,O / P,Og ratio
T %
Fig. 4.1. Compositional dependence of the frac-
tion of Q" sites in MyO+HyO+Py05(M: alkali
which construct a silica-like structure. At the

early stage of the investigation, it was believed
that the borophosphate glass network also con-
sisted of BPO4 units[86]. Recently, however, it
was found some evidence showing that the BPOy
model is partly insufficient to explain various
properties. Scagliotti and Villa et al. concluded
from the results of Raman and 3'P MAS-NMR

metal) glasses as determined by 3'P MAS-NMR
(solid symbols, Brow et al.[84]) and Raman spec-
troscopy (open symbols, Tatsumisago et al.[85]).
The lines represent the calculated fractions based
on the assumption that the equilibrium constants
of the following equations are zero, i.e., the reac-
tions go on the right side.

spectroscopy that the oxygens introduced with al- K
kali oxide are preferentially taken by phosphate 2Q° 4+ M0 = 2Q?
units to form Q? and/or Q' units[87,88]. A Ra- 2Q? + MO g

man study by Osaka et al.[89] revealed that BO3 5
and POj /2(Q3) units coexist instead of crystalline
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BPOy type network as follows,

o o
-0-B°-0-P"-0- — —(l)—B/ O:P"—
! 5o

\
(@)
(4.6)

In the present chapter, the local structure
around Eu?* ions in such glass networks contain-
ing DBOs is investigated by using the techniques
described in the previous chapters.

4.2 Experimental

The glass samples employed in the present chap-
ter are listed in Table 4.1. 1 mol% of EuO3/, was
added to each batch composition. Hereafter, series
(b) and (c) are denoted as B—P system and Na sys-
tem, respectively. The glasses were prepared from
reagent grade P5O5, BoO3, NagCOs3, and EusO3
by mixing and melting in platinum or alumina cru-
cibles in a SiC resistance furnace at temperatures
between 700 and 1300 °C for 20 to 30 min. Alu-
mina crucibles were used for the batches including
more than 27% of POs /5. The melt was poured on
a stainless-steel plate and then quenched in air.

The fluorescence of the °Dy —'Fy and the
phonon sideband associated with ?Dy «F( were
measured. For Na system, site-selective fluores-
cence spectra and Mossbauer spectra were mea-
sured in order to compare with the silicate system
in Chapter 3. Their experimental procedures were
described in the previous chapters.

4.3 Results

The fluorescence peak profiles of the Dy —"F
transition of Eu®T are shown in Figs. 4.2(a)-
4.2(c). For comparison with other glass systems,
the compositional dependence of Aviyg for the
borophosphate (Na system) and phosphate sys-
tems is shown in Fig. 4.3. The linewidth for the
phosphate system is smaller than that for any
other oxide system. The phonon sideband spec-
tra of Eu?t in these glasses are shown in Figs. 4.4
4.6. Unlike the systems treated in Chapter 1, PSB
associated with the °Dsy «F transition is mea-
sured because this line can be regarded as a singlet
(compare with Fig. 1.1 [p.5]).
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Table 4.1. Composition of the glasses used in
this study (mol%). Each sample contains 1 mol%
of EUOg/Q.

(a) phosphate glasses

Na2 O

PO5/2 Na01/2 m notation

70.0 30.0 0.30 P30Na

60.0 40.0 0.40 P40Na

50.0 50.0 0.50 P50Na
(b) borophosphate glasses (B—P system; %zcons‘c.)

B203 .

BO3/2 POs/2  NaOq)p B,0: 1 P30: notation
70.0 0.0 30.0 1.00 B30Na
65.0 5.0 30.0 0.93
55.0 15.0 30.0 0.79
45.5 25.0 30.0 0.64
35.0 35.0 30.0 0.50 BP30Na
25.0 45.0 30.0 0.36
15.0 55.0 30.0 0.21
5.0 65.0 30.0 0.07
0.0 70.0 30.0 0.00 P30Na

(c) borophosphate glasses (Na system; P/B=const.)

NaQO t .
BO3/2 PO5/2 NaOI/Q m IlOtathIl
40.0 40.0 20.0 0.20 BP20Na
37.5 37.5 25.0 0.25 BP25Na
35.0 35.0 30.0 0.30 BP30Na
32.5 32.5 35.0 0.35 BP35Na
30.0 30.0 40.0 0.40 BP40Na
27.5 27.5 45.0 0.45 BP45Na

NaOl/g

T This is equivalent with

Na01/2 +4 (BPO4)1/2



x
N %
8 5 40F ———— R
(100—X)PO5/2' ((;\.é 52
X NaOy o % 301 C 51 b
a) 1EuOj, 2
@) 312 17400 17300 17200
: .
70+ ——————103 -0
—=~0— 73
é; —0—72 C(’_\z
E —o0——72 E
X0 £
‘qa)" 35~ ——e——67 35 E‘E’
g ——o0——168 %
[5) =
(70-x)POs2 & ——o0—162 S
.0
XBO3/2 a 56
30NaO, o —<—51 470
b 1EuO ‘ ‘ ‘ ‘
() 32 17400 17300 17200
50— —_— ‘
3\: 62
£ 40} o4 .
X
< 65
= —_———
9] 67
€ 30r —_————1 —
(100—x )BPO, g B,
X Na,Or §‘ 20k TR |
(C) 1EU203 |
17400 17300 17200

Emission energy of °Dg - "Fg (cm™2)
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Fig. 4.3. Compositional dependence of the

linewidth of the "Dy —"Fy transition of Eu’t,
Avry, in several oxide glasses. The dashed line
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Fig. 4.4. Phonon sideband spectra associated
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Fig. 4.5. Phonon sideband spectra associated
with °Dy «TF, transition of Eu’t in sodium
borophosphate glasses (B—-P system) at room tem-
perature by monitoring ® Dy—"Fy emission at 612
nm.

4.4 Discussion

4.4.1 Phosphate glasses

In the phonon sideband spectra shown in
Fig. 4.4, two kinds of peaks were found, i.e., 1300
cm~! and 1100 ecm ™!, and the relative intensity of
the former peak decreased with increasing alkaline
content. For the RE-free phosphate glasses in this
compositional region (see Fig. 4.1), the amount
of Q3 units decreases and that of Q? units in-
creases with an increase of NasO content. Con-
sidering the peak assignments of Raman and in-
frared spectroscopy for RE-free phosphate glasses
listed in Table 4.2, these two peaks are reasonably
assigned as Q3 and Q?, respectively. The phonon
energy estimated by PSB is lower than that of the
corresponding vibration listed in Table 4.2 again,
which is, as described in Chapter 1, due to the
large effective mass of the local vibration system.

The compositional dependence of DBO amount
around EuT ions seems to be related with a small
increase of Avpg in the sodium-rich composition.
As a ligand, Coulombic interaction between DBO
and Eut and/or other ligands is expected to be
small because DBO has no formal charge. Thus,

Energy shift / cm™
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Fig. 4.6. Phonon sideband spectra associated
with °Dy «7F, transition of Eu’t in sodium
borophosphate glasses (Na system) at room tem-
perature by monitoring ® Dy—"Fy emission at 612
nm.

30



if some DBOs join the first coordination shell of
Eut, the local flexibility of glass matrix should
be large. Therefore, Avyy increases with decreas-
ing DBO amount, i.e., decreasing the relative in-
tensity of 1300 cm™! peak in the PSB spectrum.
Similar situation is also observed for B—P system
in the P2Os-rich composition range.
Consequently, it is concluded that the small
linewidth for phosphate system is due to the pres-
ence of DBOs. DBOs out of the coordination shell
terminates the interpolyhedra linkage of surround-
ing glass network and DBOs within the shell in-
teracts weakly with other ions, both of which in-
creases the local flexibility of glass network.

4.4.2 Borophosphate glasses
B—P system

It is surprising that a small addition of P2Os
(5 mol%) to borate glass (B—P system) leads to a
significant decrease of Av as shown in Fig. 4.2.
A corresponding change is also observed for PSB
as shown in Fig. 4.5. The 1400 cm™! peak for
borate glass (x = 70), assigned as NBO and BO
in BO3/5 units[45,91] (see Table 4.3) disappeared
with incorporating 5 mol% of P2O5 and instead,
a new peak of 1100 cm™! appeared. This peak
exists in all the spectra except x = 70 and corre-
sponds to the vibration energy of Q2 unit for phos-
phate glasses (see Table 4.2). This frequency also
matches the vibration of tetraborate groups (1050
cm™!; IR) and diborate groups (1120 ecm™!; Ra-
man) for RE-free borate glasses[91](see Table 4.3),
but it is not probable because there is no distinct
corresponding peak for the PSB of z = 70. Fur-
ther, as mentioned above, it is reported that Q2
units are present[87,88] but B—O® is absent|[86,
89] in this composition. Thus, this is most likely
due to a preferential coordination of NBOs, i.e.,
P—0€ in Q2. Considering the local charge com-
pensation of the positive charge of Eu?t, it is rea-
sonable that Eu?' ions attract phosphate units
with NBOs. Therefore, the significant decrease of
Avmg with a small addition of P05 (5 mol%) to
borate glass is most likely caused by the change
of the surrounding glass network, a rigid borate
network to a flexible phosphate network.

Na system

The compositional dependence of Avyg for Na
system is similar to that for the silicate system
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described in Chapter 3, i.e., Avig increases with
a decrease in sodium content (see Fig. 3.4 [p.21]
and Fig. 4.3). Throughout the composition range,
Avry for Na system is smaller than that of the sil-
icate system. This is probably because borophos-
phate network contains DBOs which increases the
flexibility of glass matrix.

Besides the behavior of Awviyg, both the iso-
mer shift of "' Eu3t, 6, and the splitting of the
"F level determined by site-selective fluorescence
spectra show compositional independences similar
to those of the silicate system (see Figs. 4.7, 4.8,
and 3.6 [p.22]). These results might be reason-
ably explained if the structure of borophosphate
glasses were similar to that of silicate glasses due
to the presence of BPO,4 units, but this expla-
nation contradicts the Raman and NMR results
mentioned above. The PSB spectra for this sys-
tem show that the Q? vibration is also dominant
similar to B—P system (see Fig. 4.6). The shift
from 1200 cm ™! to 1100 cm™! of this peak is prob-
ably due to the minor contribution of Q3 units,
which is, according to Osaka et al.[89], present
in this system and decreases with an increase of
NapO content. Thus, in analogy with silicate sys-
tem, it is assumed that this compositional inde-
pendence is due to the preferential coordination
of NBO of POy, tetrahedra. That is, regardless
of the NBO concentration of glass matrix, Eu3*
ions attract a certain amount of NBO for compen-
sation of their positive charge.

1.2 - . : : . ,
g B S|02 n
o o0—O0—O0—0—0
?
c 0.8 GeO, .
E
S i BO3)2 ]
5 oal :
5 ' BPO,4
S
o L i
L)
0 1 1 1 1
0.4 0.5 0.6 0.7

Theoretical optical basicity, A

Fig. 4.7. Relationship between the isomer shift of
51 Ey3+ and the theoretical optical basicity, A,
of the host glass.
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Table 4.2. Assignment of various bands in the
vibrational spectra for phosphate crystals and

glasses.
Raman/ IR
hw/em™T assignment hiw/em~T  assignment
1390 sym. stretch of Q3
1165 sym. stretch of Q%>  1300-1250 asym. stretch of Q?
1025 sym. stretch of Q! 11201080 asym. stretch of Q'
945 sym. stretch of Q° 940-860  P-O-P asym. stretch

T Martin[83]. ¥ Rulmont et al.[90].

Table 4.3. Assignment of various bands in the
vibrational spectra for borate glasses (Kamitsos

et al.[91]).
Raman IR
hw/ecm™!  assignment hw/em™1  assignment

1430-1500 B—0O® bonds
attached to large
borate groups

1120
805

diborate groups

boroxol rings

—BOj stretching—
1420-1550 B—0O® bonds
1350-1400 B—O vibration of various borate rings
1250 boroxol rings and tetraborate groups
—BOy4 stretching—
1050 tetraborate groups
900-1000 diborate groups
880 tetraborate groups
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4.5 Conclusion

The compositional dependence of inhomoge-
neous linewidth of Eu?™ fluorescence for a
borophosphate system was investigated and the
relation with the local structure was discussed.
The glasses containing Q3 units (PO, /2 with one
DBO) showed the narrowest linewidth among the
oxide glasses dealt with in the present thesis. This
was assumed to be due to the increased flexibility
of glass network by DBOs. It was also concluded
that Eu®T ions are preferentially surrounded by
NBOs of POy, tetrahedra even in the glass with
5 mol% of P205 due to the local charge compen-
sation by NBOs.

Through the discussions of the previous and
present chapters, it was revealed that the inho-
mogeneous linewidth of Eut fluorescence is sig-
nificantly related with the flexibility of local glass
network (summarized in Fig. 4.9). Both NBO con-
centration in matrix and the degree of interpolyhe-
dra linkages around EuT ions are associated with
the flexibility of local glass network. The former
increases with an increase of alkali content and
a decrease of macroanion content such as BOZ/2,

AIOY,%, and GeOZ, polyhedra,

Inhomogeneous linewidth

Local network flexibility

e Concentration of NBOs (Chemical factor)

Alkaline content

Macroanion content (BOZ/27

AI0"=Y7 GeO

n/2

92—
6/2)

e Amount of interpolyhedra linkages (Physical factor)

Fig. 4.9. Origin of inhomogeneous linewidth.
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Chapter 5

Local vibrational state of Er’" ions in up-conversion

fluoride glasses

5.1 Introduction

Upconversion fluorescence of rare earth (RE)
ions in glass matrix attracts much interest be-
cause it has potential to be utilized as a laser light
source in the green to blue region pumped by a
diode laser[10, 11]. For this purpose, various glass
hosts have been examined such as heavy metal
fluorides[92], oxyfluorides[93], and oxides[94]. Re-
cently, the room temperature continuous-wave os-
cillations of some RE-doped fibers have been suc-
cessively reported[95-98|

In order to design a glass material with higher
efficiency in upconversion, it is better to select the
glass matrix in which the maximum phonon en-
ergy is small, because the nonradiative loss due to
multiphonon relaxation is expected to be small.
As described in Chapter 1, however, the vibration
energy around RE ions in an oxide glass is differ-
ent from that of the oxide glass matrix. The same
is expected to hold for fluoride glasses.

Therefore, in this study, upconversion fluores-
cence of Er®t in fluoride glasses was measured and
the effect of the local vibrational state of RE ions
on its efficiency was discussed. Since RE elements
resemble each other in atomic weight and ionic
radius, the chemical environment is expected to
be also similar. Thus, phonon sideband of Eu?*
was measured to obtain the energy of local vibra-
tion. Further, using molecular dynamic simula-
tion, the vibrational energies of fluoride glass ma-
trix and the local structure around RE ions were
calculated. The ionic nature of fluoride glasses is
favorable for applying simple two-body ionic po-
tentials. "'Eu-Mé&ssbauer spectra were also mea-
sured in order to estimate the local modification.
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5.2 Experimental

Three kinds of glasses chosen in the present
study were, fluoroaluminate, fluorozirconate, and
In- and Pb-based fluoride glasses. Their glass
compositions are listed in Table 5.1 with their
Glass batches
were prepared by using reagent grade ZrF4, AlFs,
InF3, LaFs, BaFs, CaFo, PbFs, and ErF3 or EuFs
as the starting materials. The batch, about 6 g,
with a small amount of NH4F-HF was melted in
a platinum crucible for 15 min at a suitable tem-
perature. The melt was poured on a stainless-
steel plate and pressed with another stainless-steel
plate quickly. The glass obtained was about 0.5
mm in thickness.

notations and Er concentrations.

The fluorescence spectra were measured with a
Hitachi—850 fluorescence spectrophotometer. As
the ultraviolet and infrared excitation sources, a
Xe lamp and a GaAlAs diode laser (A=802 nm,
SONY SLD302XT) were used, respectively. In or-
der to compare the efficiency of upconversion flu-
orescence, each sample was cut and polished into
the same size, 4 X 6 x 0.36 mm. The laser beam
was irradiated perpendicular to the plate. In or-
der to detect fluorescence of 550 nm band clearly,
a photomultiplier was mounted in such a way that
the laser beam did not enter directly into it, but
with a 40° angle from laser line. All the specimens
were measured under the same condition.

IR spectra were measured with a Shi-
madzu FTIR-4100 Fourier-transform infrared
spectrophotometer. 51 E - Méssbauer spectra
were measured at room temperature, using
1519my03 (50 mCi) as a 21.63 keV ~-ray source.
Experimental details were described in Chapter 2.
In order to compensate the poor sensitivity due
to y-ray absorption of heavy metal ions, Eu-rich
samples were used in ZBL and IPBL where Eu was



substituted for La in their compositions.

5.3 Results

Fig. 5.1 shows the upconversion spectra of Er3+-
doped samples. Green emission was observed on
all three samples. The energy diagram of Er3*
is shown in Fig. 5.2, together with an example of
electric transitions related to upconversion mech-
anism with 802 nm excitation. The intensity of
the upconversion fluorescence (*S3 /2 —45 /2 tran-
sition) decreased in the order of IPBL, ZBL, and
ABC. This decrease was also confirmed by visual
observation. The relative intensities of the fluo-
rescence are listed in Table 5.2, where the values
are normalized to be ones per one Er3* ion.

The phonon energy, hw, which is associated
with multiphonon relaxation within the electronic
levels of RE ion, can be estimated from the mea-
surement of PSB spectra of Eu3*[42]. Figure 5.3
shows the excitation spectra of Eu?T obtained
on the present glasses by monitoring the emis-
sion with wavelength of 612 nm corresponding
to the’Dg —7Fy relaxation, and Fig. 5.4 shows
the energy diagram of Eu?™ where both pump-
ing and emission paths are shown. The small
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Fig. 5.1. Upconversion fluorescence spectra of

Er3t in fluoride glasses. The wavelength of exci-
tation is 802 nm.
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Fig. 5.2. Energy level diagram of Er*t ion where
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VW : nonradiative transition, and —: emission.

T T T T T T T T
\V4 °D,
P

PSB x25 ET 7T
Fo
S
S IPBL
P
2
15 \V4
S| zBL
e
il
(%]
R]
e \V4
w | ABC J
] \ ] \ | \ ] \ ] \ ]
22400 22000 21600

Wave number / cm™?!
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sion is 612 nm.
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peak present in the higher energy side of 5Dy« F
transition is PSB, and the difference in peak posi-
tion between PSB and %Dy« 'Fy transition peak
corresponds to the phonon energy, hAw. The values
estimated are listed in Table 5.2 together with the
IR-active maximum phonon energy, htiax-

Figure 5.5 show the fluorescence spectra of
Eu3t-doped glasses. The wavelength of excitation
light is 394 nm, which corresponds to °Lg «Fy
transition shown in Fig. 5.4. Isomer shift (IS) of
I51Bu was determined with respect to EuFs as a
standard. The value of IS, §, is proportional to
the density of 6s electron at the nucleus, and in
the case of '1Eu, § increases with increasing the
covalency of Eu—F[63]. These values are listed in
Table 5.2.

5.4 Discussion

5.4.1 Upconversion efficiency

According to Miyakawa and Dexter’s the-
ory[46], the multiphonon decay rate, W),(0), at
0 K decreases with a decrease of phonon energy,
hw, associated with nonradiative relaxation of RE

= °Lg
T °Dy
= D,
20 L 5
T D4
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I DO
e
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5 | ¢
- o))
“C) D
- 7
O Fe
T O
"LL O
e
Eu

Fig. 5.4. Energy level diagram of Eu3T ion. =:
excitation, VVW: multi-phonon relaxation, and
—: emission. The inset is a magnified diagram
showing the appearance of PSB.
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ions, as follows

W, (0) = Wo(0) - exp {—O‘;—WE} (5.1)
o= In(p/g) - 1 (52)
=22 (5.3)

where AFE is the energy gap to the next lower level,
g is the electron-phonon coupling strength, p is the
phonon number consumed during multiphonon re-
laxation and Wy (0) is the decay rate at AE = 0,
i.e., p = 0. Since a small value of W), brings about
a long lifetime of an excited level (see Fig. 5.2),
the probability of the excited state absorption is
enhanced when W), is small. Thus, it is expected
that the intensity of upconversion fluorescence in-
creases as hw decreases. This is in accordance with
the present result as shown in Table 5.2, columns
(i) and (ii).

The dependence of the upconversion efficiency
on W), is also confirmed by the fluorescence spec-
tra of Eut (see Fig. 5.5). Since the energy gap
of °Dy —7F¢ is much larger than the phonon en-
ergy of fluoride glasses as shown in Fig. 5.4, the
f-electrons in °Dy state relax mainly by radiative
process. On the other hand, the f-electrons in
°Dy (J = 3,2,1) state relax partly by nonradia-
tive process because energy gaps between the lev-
els are small. Since the fluorescence intensities
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Fig. 5.5. Fluorescence spectra of Eu?" in fluoride
glasses. The wavelength of excitation is 394 nm.



from these levels are affected by the nonradiative
decay rate, W), the intensity of the fluorescence
from 5D (J = 3,2,1) level to "F ;s increases as W),
from 5D to the next level decreases. As shown in
Fig. 5.5, the fluorescence intensity of °D; —'F y
(J = 3,2,1) relatively increases with the order
of increasing upconversion intensity. Therefore,
Eu3t is a good probe to estimate the degree of
nonradiative loss, and this is helpful to select the
composition of host matrix for upconversion glass.

5.4.2 Difference in hw and hvgax

As shown in Table 5.2, all the values of Aw
obtained by PSB were smaller than those of IR-
active maximum phonon energy, hpax. As stated
in the previous chapters, the vibrational state of
the local structure around RE ions is different
from that of glass matrix. Generally, hvpmax corre-
sponds to the stretching vibrational energy of the
strongest bonding in the glass matrix, i.e., the vi-
bration of the framework of glass. On the other
hand, hw is considered to be due to the local vi-
bration around RE ions. Precisely speaking, it
corresponds to the strongest one among several
local vibrations around RE, because the contribu-
tion to W), increases as hw[99].

In this section, this difference is discussed more
quantitatively by considering the local vibrations
with or without Eu?t ions by means of two dif-
ferent models. They are: a point mass model and
molecular dynamic (MD) simulation.

A point mass model

The simplest model to explain this difference is
the one which consists of two springs and three
point masses as shown in Fig. 5.6. In this model,
the strongest bonding in the glass matrix and the
strongest bonding around RE ions are regarded
as M—F—-M and M—F—Eu, respectively. For
simplicity, each bonding is regarded to provide
a simple harmonic oscillation, that is, M—F—M
and M—F—Eu can not bend and all atoms move
only along the molecular axis. The frequencies of
M—F—M and M—F—FEu vibration are calculated
from those of M—F and Eu—F, wy_r, which are
estimated by the following equation[100]

VAN

3

wy-F =A (5.4)

where Z is the effective ionic charge, myr the
reduced mass of the ions, rg the separation be-

tween the ions and A a constant. Equation 5.4 can
be derived by assuming that the bonds are com-
pletely ionic and harmonic[100] (see Appendix 5-A
for detailed derivation) and is useful to the esti-
mate single-bond strength of ions. With the values
from Eq. 5.4, the frequency of the coupled oscil-
lation (M — F — M’; M’ =M or Eu), wy_p_w, 18
shown as
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Table 5.1. Composition of the glasses used in
this study. (mol%; Ln = Eu or Er)

notation Sample composition

Er concentration
(10%° atom/cm?)

IPBL 48InF3 - 24PbF5 - 24BaFy - 3LaFs - 1LnF; 1.82
/BL 60ZrF, - 33BaFy - 6LaFs - 1LnF3 1.60
ABC 49A1F3 . 20BaF2 . 30C3F2 : anFg 2.23

Table 5.2. Summary of results. (i) Relative in-
tensity of upconversion fluorescence per one Er3*t
ion. (Er concentrations listed in Table 5.1 were
used as conversion factors.) (ii) Phonon energy,
hw, which is associated with nonradiative relax-
ation and was estimated by measuring PSB of
Euw*t.  (iii) Maximum energy peak in IR spec-
tra, hmax. (iv) Isomer shift of "' Eu, §. The IS
of IPBL and ZBL are of the samples where EuFs
was used instead of LaFs in their composition (see
text). Errors were determined by averaging suc-
cessive measurement (i) and estimating a resolu-
tion of the apparatus (ii)—(iv), respectively.

(i) (i)

(iii) (iv)

Intensity of upconversion hw Almax 0
Sample fluorescence (ZBL=1.0) (cm™!) (em™!) (mm/sec)
IPBL 1.7 260 470 —0.02
ZBL 1.0 390 490 —0.13
ABC 0.19 600 650 —0.04
EuF3 crystal — 280 — 0.00
error +13% +10 +5 +0.02
Matrix vibration Local vibration

WA MG EAM e A

WM-F-M

WEu—F—-M

oe @A)

WM-F

Fig. 5.6. A model of coupled oscillation used
for the explanation of the differences observed be-
tween hw and hvpyax. The estimated coupled os-
cillation frequencies are shown in Table 5.3.
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1 (5.5)
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where m is the mass. By using Eqgs. 5.4-5.6, the
frequencies of various combined systems such as
M-F, M—F—-M, and M—F—Eu were calculated
and the results are listed in Table 5.3.

It is clear that wy—p-m (M = Al Zr, In) is
larger than wgy_r_nm. Although this model is far
from the actual vibration systems, it gives a rea-
sonable explanation.

Molecular dynamic simulation

A more realistic approach is to use the molec-
ular dynamic (MD) simulations to obtain the lo-
cal structure around RE ion and its vibration. A
Zr—Ba—La—F glass was simulated and calculated
the frequency spectra of the matrix glass and the
local structure around La3* ions are calculated
separately.

The MD program, MDORTO, developed by Kawa-
mura[101] was used here. The Verlet algorithm
for ion motion and the Ewald method for the sum-
mation of electrostatic interactions were employed
in the program. The interatomic potential used
is the following Busing approximation of Born-
Mayer-Huggins’ form,

2
Uy = 2255 4 fo(by +by) exp

Tij

a; +a; —Tij
b; + bj
(5.7)

Table 5.3. Calculation of the frequencies of var-
ious combined oscillation systems such as M—F,
M—F—M, and M—F—Fu using a simple model
which consists of some springs and point masses
(Fig. 5.6). A is the constant in Eq. 5.4.

M wl\f{—F % 1011 WM—AF—M % 1011 wEuAF—M % 1011

Al 1.574 1.983 1.700
Zr 1.224 1.729 1.483
In 1.106 1.508 1.346
Eu 0.837 1.150 1.150
La 0.796 — 1.121
Ca 0.840 — 1.118
Pb 0.640 — 1.029
Ba 0.611 — 1.008
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where fo is a constant (6.9742x1071'N), Z the
electron charge, e the unit charge, a and b are
the values related with the radius and the com-
pressibility of each ion, respectively, and 7;; is the
distance between ¢ and j ions. The parameters
employed here are listed in Table 5.4. These pa-
rameters were empirically determined so as to re-
produce the structure of some fluoride crystals (see
Appendix 5-B for detailed derivation).

The number of ions contained in the basic cell
was selected so as to satisfy the Zr:73, Ba:40, La:7,
and F:393, which corresponds to the composition
of ZBL glass used in the present chapter. The
pressure was maintained at about 1 atmosphere
by scaling the length of MD unit cell, and the
temperature was controlled by means of scaling
of ion velocities. The shape of the basic cell was
maintained in a form of rectangular parallelpiped
to achieve the fast computation.

In order to obtain the quenched state, the equi-
libration run for 5000 step (1 step corresponds to 2
x 10715 sec) was carried out after increasing tem-
perature up to 3000 K during the first 5000 step
and then the temperature was reduced to room
temperature in 5000 step. The glass structure ob-
tained in the simulation is shown in Fig. 5.7. The
density and the Zr—F distance of Zr for the glass
obtained were found to be close to the value ex-
perimentally determined as shown Table 5.5.

To estimate the vibrations for the glass ma-
trix and the vicinity of RE ions separately, the
distance autocorrelation functions of Zr—F bonds

Table 5.4. Potential parameters used in this
study. The determining procedure is described in
Appendix 5-B.

connected with or without RE ions, as shown in
Fig. 5.8, were calculated from
(2 >

where 7;(t) is the distance of ion pairs ¢ at some
time t. In this calculation, every time step acted as
the tg for all the subsequent time steps in the sta-
tistical average of v(t). The frequency spectrum

D(w) was calculated from the Fourier transform
of the velocity autocorrelation function, given as

Z ’f"i(to) . ’I‘“i(to + t)

A(t) = (5.8)

> #i(to) - 7ilto)

i

[e.e]
D(w) = /0 ~(t) coswt dt (5.9)
The frequency spectra obtained is shown in
Fig. 5.9. The fluctuation of spectra in Fig. 5.9
is due to the limited number of bonds in the unit
cell when Fourier transform was carried out.

Although the value of vibrational frequency cal-
culated is higher than that for the actual glass sys-
tems (~ 500 cm™!), it is apparently shown that
the frequency of Zr—F vibration decreases as Zr is
replaced by La.

The above two models clearly show that the vi-
bration energy around RE ions is lower than that
of matrix due to the participation of RE ions to
the local vibration. So it is concluded that the
behavior observed on oxide glasses is also appear
on fluoride glasses.

Atom Z a(A) b(A) Atom Z a(A) b(A)
F —1 1.400 0.060 La +3 1.560 0.060
Zr +4 1.262 0.060 Eu 43 1.465 0.060
Ba 42 1.750 0.080 Y +3 1.400 0.060

Table 5.5. Comparison of the calculated results
with the experimental results.

Zr—F distance density
ZF,—BaF glasses[102] 2.09-2.11
62Zr-30Ba—8La—F[103] 4.58
Experimental 2.08 4.47
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(59 pairs)
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(53 pairs)

LafFzF]

(217 pairs)

Fig. 5.7. Snapshot of the local structure within
the second coordination sphere of La**t ion (within
5 A) at 300 K. The trajectories of the atoms for
1000step (2 psec) are also shown.

La—F-Zr{F-2zr]

(316 pairs)

Density of states (a. u.)

0 600 1200
Wave number / cm™1

Fig. 5.9. Phonon energy for each bond in simu-
lated fluorozirconate glass.

(1)59 La—F bonds
2)53 Zr—F bonds 4)316 Zr—F bonds

0

3)217 Zr—F bonds

Fig. 5.8. The four groups of bonds in the MD-
simulated glass. Zr': within the second coordi-
nation shell of La ions, Zr": out of the second
coordination shell of La ions. (1) La—F, (2) Zr—F
surrounding La ions, (3) Zr—F within the third co-
ordination shell, and (4) Zr—F out of the second
coordination shell.
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5.4.3 Local structure around rare earth
ions

As already noted, IS of 'Eu increases as the
6s electron density at Eu nucleus increases. This
increase is caused by increasing electron dona-
tion from the surrounding anions. Figure 5.10
shows the relation of ¢ and theoretical optical ba-
sicity, A, which indicates the averaged basicity
of anions and is originally proposed by Duffy[69]
(see Appendix 2-A [p.18] for detailed calculation).
Against expectation, § decreases with increasing
Agn. This means that a local modification of glass
structure around RE ions occurs for some or all of
the glasses, but we cannot specify in further detail
at this stage.

From the view point of phonon energy, at least,
the fact that hw for IPBL is as much as that
for EuFj3 indicates that RE ions in IPBL are sur-
rounded by weak bonds such as Ba—F and La—F,
rather than In—F. If Eut ions are surrounded
by In—F, hw of IPBL should be larger than Aw of
FEuF3 according to Table 5.3. Further investiga-
tion of fluoride glass structure, both the vicinity
of RE and glass matrix, is needed to clarify this
local structure modification.

T T T

0 __________________ <—EUF3_
E O IPBL
£ O ABC
E-0.05F s
o
E
z
(2]
5 —0.1r 8
£
2
- O zBL

03 0.4

Theoretical optical basicity, A

Fig. 5.10. Relationship between the isomer shift
of WIEu3t and the theoretical optical basicity of
the host glass (see Appendix 2-A [p.18] for detailed
calculation).
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5.5 Conclusion

Local vibrational state of rare earth (RE) ions
in fluoride glasses, as host materials for upcon-
version phosphor, was investigated on the basis
of phonon sideband (PSB) of Eu®* and molecular
dynamic (MD) simulation. Upconversion fluores-
cence of Er®t in In- and Pb-based fluoride glasses
was compared with that of fluorozirconate and flu-
oroaluminate glasses. Its efficiency was increased
in the order of decreasing the phonon energy, hw,
which is associated with multiphonon relaxation of
RE ions estimated by PSB. It was found that hw
was not in agreement with the IR-active maximum
phonon energy of glass matrix. By demonstrating
MD simulation, it was concluded that this lack of
agreement is due to the participation of RE ions
in the local vibration mode. Local modification of
glass structure around RE ions can also be con-
tribute to the mismatch, which is mentioned by
the result of Mossbauer spectroscopy of 1Eu.

Appendix 5-A: Derivation of Eq. 5.4

Here, the following simple Born potential was
employed

VAVZ b
Ay

U= (9<n<12) (5.10)

T ™
where r is the separation of ions in crystal, Zy
and Z; are the effective ionic charges of anion and
cation, respectively. We assume the vibration of
ion pair is completely harmonic at the minimum
of the potential well. Since the force constant f
for a simple harmonic oscillator corresponds the
second derivative of U with respect to r at the
equilibrium separation, 7,

U
=70

is obtained on the condition of (dU/dr),—n, = 0
and n~! ~ 0. The simple harmonic oscillator rela-
tion ship between the force constant and frequency

wo is
wo = 27 i
\/ m

where m is the reduced mass of the ion pair. Thus,
the frequency of the ion pair is described as

AV
ol (5.11)
s

(5.12)

AYA
Wy X 3.
mTO

(5.13)



Appendix 5-B: Determination of the poten-
tial parameters

The set of potential parameters used in the
present chapter (see Table 5.4) is determined in
such a way that the MD calculations of several
crystals listed in Table 5.6 could reproduce well
the experimentally derived crystal structures[104—
107]. The parameters of Eu*T and Y3T are also
determined to improve the validity of the set
of parameters so as to reproduce the two poly-
morphs of rare earth trifluoride, tysonite, and -
YF3 types[108]. Temperature was kept at 300 K.
Figure 5.11 shows the trajectories of ions in [3-
BaZrFg crystal. The simulation based on the set
of parameters determined gave the values of mean
squared displacement less than 0.04 A2 for F~ and
0.02 A? for cations, respectively.

Table 5.6. The crystals used for the determina-
tion of potential parameters.

O
D
0
O
D

CO,
®
CO

QD)

®

©
®

®
O,

® e

Q0O
©
QO

O0)

X

5

ORCO

O

O @

@%@@ ®
®ay O @

®
©

®

)
QR

@
®

®

O
@ W0 o T

~
O
~

2A
B —BazrFg (F: O Zr: O Ba: Q)

Fig. 5.11. The trajectories of ions in MD-
simulated BaZrFg crystal during 1000 steps at in-
tervals of 5 steps using (a) proper and (b) wrong
potential parameters.

Compound Crystal system Cation N MD cell size(A)
coordination
a-ZrFy tetragonal[109] 8 320 15.79 x 15.79 x 15.45
B-BaZrFg  orthorhombic[110] 8(Zr) 192 15.36 x 11.35 x 16.53
10(Ba)

BaF cubic?[111] 8 216 18.60 x 18.60 x 12.40
LaF3 trigonal®[112]* 9 192 14.37 x 12.44 x 14.70
a-EuFs trigonal®[113]f 9 192 13.84 x 11.98 x 14.18
B-EuF3 orthorhombic® [113] 9 192 13.24 x 14.04 x 13.19
B-YF3 orthorhombic® [114] 9 192 12.71 x 13.71 x 13.19

Afluorite type. Ptysonite type. ©3-YF3 type. Tsee also [108]. *see also [115].
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Chapter 6

Spectral hole burning in Sm?"-doped fluoride glasses

6.1 Introduction

Recently, there has been considerable activity
on persistent spectral hole burning(HB), because
of its importance for the application to frequency
domain optical storage as a ultra-high density
memory device[116]. HB is substantially an equiv-
alent phenomenon to FLN described in Chapter
3 except that it includes a photo-induced reac-
tion. That is, the state of a subset of ions (or
molecules) excited by laser light is changed chem-
ically or physically to be observed as a hole in their
absorption spectrum (See Fig. 6.1 and compare it
with Fig. 3.2 [p.20]).

Many attempts have been made to prepare HB
materials using organic compounds doped with
dye molecules[117-119] and inorganic crystals[120]
containing transition metal[121-123] or rare-earth
ions[16,124-129], although its operating temper-
ature is restricted to low temperature. Gener-
ally, this restriction comes from a small activa-
tion energy of photo-induced reaction, where a
thermally activated reverse reaction easily occurs.
Among them, Sm?*-doped system has attracted
special interest recently because room tempera-
ture HB is observed for the first time in an al-
kaline earth halide single crystal with Sm?*[130,

ZAVH

é
deactivation

Mg"

Fig. 6.1. Schematic diagram showing the mech-
anism of hole burning. The subscripts, A—C, in-
dicates that these ions (or molecules) located in
different local environments.

131]. Moreover, since the electronic configuration
of Sm?T is the same as that of Eu?T, [Xe]4f%, the
electronic level structure of Sm?T is similarly ex-
pressed as that of Eu?* (shown in Fig. 1.2[p.5] and
Fig. 5.4[p.36]). This implies that most of the ex-
perimental techniques for and the discussions on
Eu?t systems can be applied to Sm?T systems.

There is, however, no report of HB in inorganic
glass above liquid helium temperature, although
glass is considered to be advantageous in much
wider inhomogeneous linewidth due to the mul-
tisite occupancy unlike a crystalline state and in
easier preparation of large sample. Since Sm?T is
much more unstable than Sm3*, strong reducing
atmosphere is needed in preparation[132]. Thus,
other reducible components have to be avoided
from the batch. Furthermore, an oxide matrix
is considered inappropriate, because 4f%7F, —
4f55d absorption band overlaps to 4f67F; —
4f%°Dg line[132], which is due to the strong crys-
tal field strength of Sm?* site. Therefore, heavy
metal fluoride glass can be a candidate for glass
matrix.

In the present study, the HB in Sm?*-doped
fluorohafnate glasses at room temperature was ob-
served and the burning mechanism and the rela-
tion between the hole width and the local vibra-
tional state are discussed.

6.2 Experimental

The glass compositions are listed in Table 6.1
with their notations. The glasses were prepared
by using HfF4, AlFs, YF3, LaFs, MgFs, CaFs,
SrFy, BaFy, NaF, and SmF3 as the starting ma-
terials, which were, then, mixed thoroughly and
melted in a glassy carbon crucible and in strong
reducing atmosphere in order to reduce Sm** to
Sm?*. Transparent brown colored glasses were
obtained. This coloring is due to the strong ab-
sorption of f — d (4f%"F¢ — 4f°5d) transition
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of Sm?*. The samples employed for the optical
measurement were cut and polished into 5 x 25 X
25 mm.

The experimental setup for the measurement of
the HB effect at room temperature is shown in
Fig. 6.2. For low temperature measurement, the
sample was kept to a fixed temperature between
4.5 K to 180 K by using a gas-flow type cryo-
stat (Oxford CF1204), and a double monochro-
mator (Spex model 14018). Further, a photo-
multiplier (Hamamatsu R-928) and a single pho-
ton counting electornics (Stanford SR400) were
used for the detection system in order to obtain
high resolution. The sample was irradiated with
a DCM dye laser pumped by an Ar™ laser. The
dye laser wavelength was tuned so as to resonate
with the °Dg«"Fg line. As soon as the irradiation
was discontinued, the excitation spectrum for the
5Dy —"Fy fluorescence around 723 nm was mea-
sured by varying the wavelength of the exciting
DCM laser.

6.3 Results and Discussion

6.3.1 Mechanism of hole burning

The fluorescence spectrum of the sample under
excitation by Art ion laser is shown in Fig. 6.3,
where both emission of Sm®*t and Sm?t were also
observed. The linewidth of Dy —7Fy line for
Sm?T ion was 71 cm~! and it was about three
times larger than that of BaFCl,Br;_,;:Sm?*t sys-
tems[126, 127] because of its amorphous random
structure.

Figure 6.4 shows the excitation spectra of AH4
obtained at 4.5K. The hole width is about 1.5
em! at 4.5 K and becomes 10 cm™! at 140 K.
It should be noted that the hole is clearly ob-
served even at room temperature as shown in
Fig. 6.5. The hole widths for both glasses are
about 25 cm~!. The saturation effect is consid-
ered to make a considerable contribution to the

Table 6.1. Batch composition of the glasses used
in this study. (mol%)

mirfor;z DYE LASER .
(DCM) — Arion LASER
ND filter [—T—J |controller
lens <>
Double
scan
sample [ light chopper
- (GP-IB)
signal
Spectrophotomator (RS232C)
Personal |—!
Computer

Fig. 6.2. Schematic diagram of the experimental
setup for the measurement of hole burning effect
at room temperature.
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Fig. 6.3. Fluorescence spectrum at 4.5 K of AH4
under excitation by Ar" ion laser (all line) and
energy diagram of Sm**.

notation Batch composition

AH4 28.2A1F3 - 12.2HfF4 - 8.3YF3 - 3.5MgF5 - 18.3CaF5 - 13.1SrF5 -
12.6BaF5 - 3.8NaF - 1SmF3

HBLAN  53H{F,- 20BaF, - 4LaFs- 3AlFs- 20NaF - 1SmF3
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Fig. 6.4. Bottom: Excitation spectrum at 4.5
K of AH4 obtained by monitoring the ®Dy —"Fy
emission before and after irradiation with a DCM
dye laser of 681.8 nm. Burning time is 460 sec.
Top: The difference signal at 4.5 K, magnified by
a factor of 2.
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hole spectrum in these cases. For the spectrum at
4.5 K, the linewidth of the laser light is also non-
negligible. Therefore, it is probable that the ho-
mogeneous width of the "Fy«°Dy line in this ma-
terial is much narrower than the hole width shown
in Fig. 6.4. The hole width is plotted with temper-
ature in Fig. 6.6, where an about 72 dependence
is shown which is characteristic of amorphous ma-
terials[133].

No ”anti-hole”, or increased emission peak,
was observed around the burnt hole as shown
in Figs. 6.4 and 6.5. Anti-hole is caused, if
any, by photo-induced redistribution of Sm?* ions
within the inhomogeneous linewidth. Therefore,
it is clearly suggested that the dominant burning
mechanism in this system is not photo-physical
such as

h
Smit =% Smyt,

(6.1)
where the light energy of hw is resonant with Smi+
but not with Sm2B+. In other words, the photo-
chemical HB is likely to be dominant, where this

photo-ionization reaction is described as
Sm?* + (trap) 29, g3t 4 (trap)™. (6.2)

Figure 6.7 shows the burning time dependence

Wave number (cm™)
—4I-O 0

14700 14650
Wave number (cm™)

|
14750 14600

Fig. 6.5. Bottom: Excitation spectrum at room
temperature of HBLAN obtained by monitoring
the Dy —"Fy emission before and after irradiation
with a DCM dye laser of 681 nm. Burning time is
900 sec. Top: The difference signal, magnified by
a factor of 2.



of the hole depth. A decrease of hole depth with
increasing temperature is due to both an increase
of hole width (homogeneous linewidth of Sm?*)
and a thermal assisted reverse reaction of Eq. 6.2
(releasing electrons from traps).

The dominant electron trap in the present mate-
rial can be Hf** or Sm?*. Or, if F5 molecular ions
and FY defects are present in the present strongly
reduced glass, these are likely to be the dominant
traps. These defects are reported to be stable at
180 K in X-irradiated fluoride glasses[134]. Fur-
ther studies are necessary to clarify the actual HB
mechanism.

6.3.2 Hole width and local vibrational
state

Generally, the hole width is twice the homoge-
neous width of the optical transition, Avy, (be-
cause both excitation and emission processes are
involved), if any instrumentation width, such as
the laser linewidth or the resolution of the detec-
tion system, can be neglected. The homogeneous
broadening is caused by (1) the excited state life-
time of the optical centers and (2) dynamical per-
turbations such as phonons or fluctuating local
magnetic fields due to nuclear or electron spins.
It can be expressed by the following,

Avpole 1 1

= A = —
2 i 2mT +

Ty

(6.3)

where 71 is the excited state population decay (or
energy relaxation) time and 74 the pure dephasing
(or phase relaxation) time. The energy relaxation
time is governed by the combination of probabili-
ties for radiative and nonradiative processes, and
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Fig. 6.6. Temperature dependence of the hole
width.

is given by,

1
— = A+ W,

T1

(6.4)

where A and W), are the radiative and non-
radiative decay rate, respectively. Usually the
temperature dependence of A may be neglected,
while W, and 1/ depend strongly on temper-
ature. Therefore, since the hole width shows a
strong temperature dependence, a contribution of
the radiative decay to the hole width is considered
to be small. Further, the fluorescence lifetime (1)
of the Dy state is known to be few msec, its contri-
bution to Avy is about 1078 em™! (1 kHz). Thus,
it is concluded that 1/75 is directly related with
the hole width.

As temperature increases, the electron-phonon
interaction increases and, thus, 1/79 increases.
The electron-phonon coupling strength is esti-
mated by Debye-Waller factor, «, given by,

So

“T S+ S,

(6.5)

where Sy and S, are the integrated intensities of
the hole and the accompanying phonon sideband
(PSB). Since « for RE ions is small, PSB is not
detectable by this HB measurement (see Figs. 6.4
and 6.5). The PSB in excitation spectra described
in Chapter 1 can give an alternative information,
although the information of low-energy phonons is
masked by the inhomogeneous broadening. Fig-
ure 6.8 shows PSB spectra of Eu®t in several
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Fig. 6.7. The burning time dependence of the
persistent hole depth for AH4 obtained by moni-
toring the Dy —"Fy emission in the presence of
burning irradiation of a DCM dye laser of 681.8
nm.
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glasses. The PSB intensity of fluoride glasses is
much smaller than that of oxide glasses, which
shows that fluoride glasses are suitable host ma-
terials for HB. It is concluded that the PSB in-
tensity is one of important parameters for further
investigations.

6.4 Conclusion

Sm?T-doped heavy metal fluoride glasses were
synthesized under a strongly reduced atmosphere,
and persistent spectral hole burning was observed
even at room temperature. In this system, pho-
tochemical process is likely to be dominant be-
cause of the absence of anti-hole adjacent to the
hole. It was shown that since the hole width is di-
rectly related with the electron-phonon coupling
strength, a suitable host for HB is the one whose
PSB strength is small, shch as fluoride glasses.

PSB x25 PET 5D,
D2

/ Fo
(a) Zr-Ba—La—F
(b) Al-Ba—Ca—F /V/

(e) Si-Na-O
T

(f) B-Na—O J\

Emission intensity (a. u.)

.__/_\’—\———-

23000 22500 22000 21500
Wave number / cm™

Fig. 6.8. Excitation spectra of >Dy —TFy emis-
sion of Eu>" doped in oxide and fluoride glasses
at room temperature.
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Summary

In the present thesis, local structure around rare
earth (RE) ions in inorganic glass systems, par-
ticularly in oxide glasses, was investigated sys-
tematically based on fluorescence and Mossbauer
spectroscopies. On the basis of the experimental
results, the structural modification of glass net-
work around RE ions was demonstrated and it was
shown that the spectral inhomogeneous broaden-
ing is closely related to the local flexibility of glass
network surrounding RE ions. Furthermore, as
the phenomena which depends on the local struc-
ture around RE ions, upconversion fluorescence
and spectral hole burning of RE-doped fluoride
glasses were investigated. The contents of the re-
spective chapters are summarized as follows:

In Introduction, the general background and the
purpose of the present study were outlined. The
previous studies on RE ions in inorganic glasses
were reviewed. The necessity of the studies on the
spectral inhomogeneous broadening and the mid-
range structure was pointed out.

In Chapter 1, the local structure out of the
first coordination sphere of Eu?t ions in sili-
cate, germanate, and aluminosilicate glasses was
investigated by measuring the phonon sideband
(PSB) associated with the Do «"F transition
of Eu3t. It was found that the vibrational en-
ergy of the structural units surrounding Eu3* ions
is lower than that in the glass matrix because
of the participation of a heavy Eu?' ion in the
local vibration. Further, the compositional de-
pendence of Q" units around EuT ions in sili-
cate glasses showed the local depolymerization of
glass network around Eu®* ions in the sodium-
poor compositions. This is most likely due to
the charge compensation around Eu3t ions and
to the larger affinity of Eu?* ions to non-bridging
oxygens (NBOs) rather than to bridging oxygens
(BOs). It was also found that the interaction be-
tween Eu®t ions and the excess negative charge
on macroanions (GeOg/_2 and AIOS};g)_) is weak.
Therefore, it was concluded that the excess nega-
tive charge of macroanions is not used for charge
compensation of Eu?t ions, or, in other words, the
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incorporated Eu3* ions act, as network-modifiers,
to create NBOs rather than macro anions.

In Chapter 2, "' Eu Mossbauer effect was mea-
sured for several oxide glasses. From the value of
isomer shift (IS), the basicity of ligands are esti-
mated and compared with theoretical optical ba-
sicity, Agy, in order to evaluate the modification
of local structure as shown in the previous chap-
ter. For germanate and borate systems, the lo-
cal basicity changed according to the population
ratio of network-forming cation polyhedra with
different coordination numbers. For sodium sil-
icate and aluminosilicate systems, compositional
dependence of the local basicity was not in agree-
ment with that of theoretical optical basicity. This
is most likely due to the preferential coordina-
tion of NBOs rather than BOs. It was assumed
that Eu®t ions in silicate glasses are surrounded
by a certain amount of NBO—Na pairs, which re-
mains almost constant with incorporating Na but
decreases with an incorporation of Al.

In Chapter 3, the origin of the inhomogeneous
linewidth of Eu?t fluorescence, Ay, for several
oxide glasses was discussed on the basis of the local
structure described in the previous chapters. The
value of Avy for silicate glasses increased with de-
creasing NasO content. On the basis of the tran-
sition frequency dependence of the splitting width
of the “F; level obtained by the site-selective flu-
orescence spectra, it was assumed that the pop-
ulation of the sites with lower coordination num-
ber increases with decreasing alkali content. Thus,
it was concluded that inhomogeneous linewidth is
affected by the local flexibility of glass network,
which is related with the structure outside of the
first coordination shell, i.e., the degree of the in-
terpolyhedra linkage and NBO concentration. As
the network flexibility decreases, the population
of Eu?* ions in unstable sites having low coordi-
nation number increases, which brings about an
increase in Avpg. This was also the case for other
oxide glasses, such as borate, germanate and alu-
minosilicate glasses, but the effect of macroanions

(GeOZ,, AIOY,?”, and BO,,) should be con-



sidered. The formation of macroanions leads to a
decrease in local network flexibility by consuming
NBOs and increasing the interpolyhedra linkage.
Consequently, it was concluded that the inhomo-
geneous broadening of Eu3* fluorescence for oxide
glasses increases with decreasing the local flexibil-
ity of glass network.

In Chapter 4, the inhomogeneous broadening
was investigated for the glasses which contains
doubly bonded oxygens (DBO), i.e., phosphate
glasses.  The linewidth for these glasses was
smaller than any other oxide glasses dealt with
in this thesis and increased with a decrease of the
amount of DBO estimated by PSB. Moreover, it
was found that Eu?* ions in borophosphate glasses
are preferentially surrounded by NBOs of POy/y
tetrahedra even in the glass with 5 mol% of P5Os5
due to the local charge compensation by NBOs.

Through the discussions of the last two chap-
ters, it was revealed that the inhomogeneous
linewidth of Eu?* fluorescence is significantly re-
lated with the local flexibility of glass network.
Both NBO concentration in matrix and the de-
gree of interpolyhedra linkages surrounding Eu?*
ions are associated with the flexibility of local glass
network.

In Chapter 5, the local vibrational state around
RE ions in fluoride glasses were investigated and
the effect towards the upconversion fluorescence of
Er*t was discussed. The upconversion efficiency
increased in the order of decreasing the phonon
energy, hw, associated with the multiphonon re-
laxation of RE ions, which was calculated from
the PSB of Eu?t. Further, it was found that Aw
was not in agreement with the IR-active maxi-
mum phonon energy of glass matrix. As demon-
strated by molecular dynamic simulation, it is con-
sidered that this lack of agreement is due to the
participation of RE ions in the local vibration
mode. The local modification of glass structure
around RE ions can also contribute to the mis-
match, which was demonstrated by the result of
Mossbauer spectroscopy.

In Chapter 6, Sm?T-doped heavy metal fluo-
ride glasses were synthesized and persistent spec-
tral hole burning (HB) was observed even at room
temperature, which is the highest temperature ob-
served among glass materials. In this system, pho-
tochemical process is likely to be dominant be-
cause of the absence of anti-hole adjacent to the
hole. It was mentioned that PSB intensity can
be one of useful useful parameters for choosing

host materials for HB because the hole width is
directly related with the electron-phonon coupling
strength.
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