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GENERAL INTRODUCTION

At the age of optoelectronics and for the next coming age of
"photonics”, we face an increasing demand for superior photonic
materials to be used as a short wavelength laser, fiber amplifi-
er, nonlinear optical glass and thin film waveguide, not simply
as a conduit for transporting light but as active applications.

Glasses with new functions are now attracting a great inter-
est in various fields. Some of them have already established
their position as functional materials. The field for new glass-
es will be much wider especially with their transparency and
other optical functions. In order to give glass some optical
functions, some active components have to be added in glass. The
rare earth elements, I believe, is one of the most promising key
components in many new optical glasses.

From 1960's to now, a number of rare earth containing glass-
es have been used for applications as lasers [1], Faraday rota-
tors[2] and optical lenses with high refractive index[3]. in
these glasses, fluorescence, large effective magneton number,
optical absorption and polarizability characteristiecs of rare
earth ions are utilized.

In addition to these characteristics, rare earth elements
will surely play the most important role in the photonic glasses,
because of their laser oscillation capability. Fiber amplifica-
tion for an efficient optical communication, and micro-waveguides
used in photonic computers, and frequency upconversion of laser

diode to shorter wavelength for optical data recording[4] are



some of the examples. If developed, a short wavelength laser
offers a unique opportunity in a higher density in optical data
storage. At present, infrared emitting laser from III-V semicon-
ductors is being used in today’s optical communications, laser
printers and optical memories such as video and compact discs.
In the case of optical readout memories, the storage bit density
increases as the square of the spatial cut off frequency. Thus a
significant technological advance is possible in the enhancement
of optical readout density and printing speed if the wavelength
of laser light can be altered from infrared to green or blue. A
direct way to satisfy this requirement is to develop a new blue
light emitting diode. However, it is difficult to achieve it at
this moment. Thus an indirect way to convert infrared radiation
from a current laser diode to shorter wavelength is being ex-
plored. Because of their laser oscillation capability, rare
earth containing glasses are considered as a promising candidate
material for this purpose.

In order to respond the state mentioned above, the charac-
terization of optical properties of rare earth containing glass-
es should be done on the basis of structural viewpoints. In this
respect, spectroscopic techniques capable of providing the local
structure of rare earth element in glass are necessary.
M8ssbauer spectroscopy is one of the most powerful methods to
obtain structural information[5]. Moreover, to interpret the
quantum efficiency of active ions in glass, the knowledge of
radiative and nonradiative properties of rare earth ions[6] is
quite important, because these properties are the key to design a

material with superior optical functions. For the realization of



superior and novel functions, the correlation between the optical
or physical properties and the structures or composition of rare
earth containing glasses has to be clarified. Without these
kinds of studies, the concept of material design in the field of
functional glasses would remain a posteriori.

In this thesis, I selected several important factors for the
design of glass materials containing rare earths, which will make
possible the development of the photonic technology in the coming
age, and discussed the methodology of material design on the
basis of some theories which have been strengthened by the exper-
imental results.

In Chapter 1, general fundamental background for the theo-
retical research in the field is reviewed. The radiative and
nonradiative relaxation of excited trivalent rare earth ions
[6,7], which dominate the optical properties, such as excitation
and fluorescence quantum efficiencies, are stressed. Also, the
M8ssbauer studies on rare earth elements are reviewed and espe-
cially, the characteristics of 151Eu nucleus are pointed out
[5,8].

In Chapter 2, the significant results of the 151Eu M8ssbau-
er spectroscopy[8] are shown. First, the relationship between
the coordination number of trivalent europium ions 1in oxide
crystals and the isomer shift, which is one of the most useful
parameters in M8ssbauer effect, is clarified. On this basis,
this spectroscopy is applied to the aluminosilicate glasses,
which were chosen because the basicity of glass can be changed by
varying the composition. The dependence of the coordination

number, which ranges from 6 to 12, on the oxide compositions is



presented and the possibility of the coordination control by the
host basicity design is suggested. Also, the structure and
lattice dynamic properties of rare earth aluminosilicate glasses
are discussed, in which Ln3* ions are found to exist as the net-
work modifier of glass, and take a highly folded state. This
group of glasses show high elastic moduli([10], and the effect of
glass composition and structure on several properties are dis-
cussed[11,12].

In Chapter 3, the nonradiative decay characteristics of
optically excited rare earth ions are discussed in terms of their
local vibrational structure in glass. The effectiveness of
phonon sideband measurements is shown with some examples. The
measurements are applied to borate glasses[13,14] and fluorophos-
phate glasses[15]. It is shown that the local environment and
vibrational properties are greatly varied with host compositions.
The local glass structure surrounding rare earth ions, the energy
of phonon modes coupled with the ions and also the electron-
phonon coupling strength in the glass are clarified.

In Chapter 4, the proposed processes of frequency upconver-
sion of rare earths are clarified, and upconversion phenomena of
Er3* ions in several glasses pumped by AlGaAs/GaAs semiconductor
laser [16-18] are investigated. Mainly, the upconversion charac-
teristics are discussed on the basis of host characters. Atten-
tion is centered on the correlation between the composition or
structures of fluorophosphate glasses and the nonradiative decay
rate of doped ions, which affect the lifetime of some excited
levels and, of course, upconversion efficiencies([18). The phonon

sideband and M&ssbauer spectroscopy succeeded in interpreting



the upconversion properties of rare earth ions on the basis of
the local structure[15,18]. While most of the previous studies
have been on fluoride hosts[19-21], efficient upconversion fluo-
rescence phenomena are reported for the first time in ErS*t doped
heavy metal oxide glasses due to their low phonon energies [16].
In Chapter 5, the analyses of upconversion mechanisms of
Er3+[22] and Tm3+[23] ions in fluoride glasses are discussed.
For the theoretical design of an efficient upconversion device
with green, blue or UV radiation[24] with LD(laser diode) pump-
ing, knowledge on the correlation between the controlling mecha-
nisms and several conditions for glass becomes necessary. Char-
acteristics of two representative mechanisms are discussed; the
energy transfer and excited state absorption. The methodology
for the analysis of mechanism is presented using the tunable dyve

laser.
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Chapter 1.

BACKGROUND FOR RARE EARTH RESEARCH

1.1. THEORY OF RADIATIVE AND NONRADIATIVE TRANSITIONS

OF TRIVALENT RARE EARTH IONS

I. Radiative Transition

Electronic transitions between 4f" levels used for optical
pumping and emission are predominantly of electric-dipole nature.
The f-f transitions are forbidden by Laporte’s rule, however,
when the rare earth ion is located in a site with no centrosymme-
try, the odd-order terms in the expansion of the static (or
dynamic) crystal-field admix the states with higher, opposite-
parity configurations, such as 4f0715d, into a fP and thus the
transitions become allowed. Although ab initio calculations of
the probabilities for electric-dipole transitions are not possi-
ble, spectral intensities can be treated using the Judd-0Ofelt
approach[1,2], which is discussed later.

Electric-dipole transitions between states of 4f and 5d
configurations are parity-allowed. The oscillator strength for
f-d transitions are therefore much larger than for f-f transi-
tions. The emission from 5d states, while it is not common, has
been observed for several rare earths, such as Ce3+ and Eu2+, for
which there is a large energy gap to lower-lying 4f states[3].
To calculate the probability for 5d — 4f radiative decay by
electric-dipole transitions, eigenstates and interconfigurational

radial integrals are required[4].



Magnetic-dipole and electric-quadrupole transitions are

allowed between states of 4f™ configurations and can be calculat-
ed straightforwardly, given appropriate eigenstates. Since
magnetic-dipole transitions are subject to the selection rules of
|AJ|<1 and AS=AL=0, they are usually only significant for
intramultiplet transitions. Electric-quadrupole transitions are
much less probable than dipolar processes and have not been

observed for rare earth ions.

I1I. Judd-0Ofelt Treatment

Judd[1] and Ofelt[2] have shown that calculations of f-f
intensities in rare earth spectra can be made tractable by treat-
ing the excited configuration as completely degenerate. The
electric-dipole line strength can then be expressed as a sum of
products of "phenomenological” intensity parameters Q; and
matrix elements of tensor operators U(t) connecting states of
4F5, The Judd-Ofelt approach is applicable to transitions be-
tween Stark levels. For transitions between J manifolds, the
line strength S has the simple form,

Slal, bl )= £ TofPal] el 16007 2, (1)
t=2,4,6

The Qt parameters for a given ion-host combination are derived
from a least squares fit of observed intensities. The validity
of the Judd-Ofelt treatment has been tested for most trivalent
rare earths in both crystals and solutions[5].

An attractive feature of the Judd-Ofelt approach is that
once the intensity parameters are determined, they can be used to

calculate the probability of transitions between any 4f" levels



of interest, such as for laser action. This includes absorption
and fluorescence intensities, excited state absorption, radiative
lifetimes and branching ratios, and also, combined with fluores-
cence spectra, stimulated emission cross sections[6].

Since the Judd-Ofelt parameters are not expected to differ
greatly for adjacent ions in the lanthanide series, estimate can
be made using extrapolated Q values[5]. This technique can
provide a successful and consistent method of spectral intensi-
ties of rare earth f-f transitions in both crystals and glasses.
The method predicts cross section from measurements made on even
small samples.

Coefficients Q,, Q4, Qg in eq.(1l) involve: (a) odd harmon-
ics in the expansion of the local c¢rystal field, which admix
opposite-parity states into the 4f" configuration, thereby allow-
ing electric-dipole transitions: (b) the energy separations of
states of 4f" and opposite parity configurations: (c) the inter-
configurational radial integrals. These properties depend on the
local environment, and large site-to-site wvariations in the Qt
values may be possible in glass.

The doubly reduced matrix elements of the unit tensor opera-
tor U(t) are calculated in an intermediate coupling approxima-

tion. Their values for some of the Er3+

absorption and emission
transitions are given in Table 1 [7]. The line strength in
eq.(1l) is related to the integrated absorbance of an electric-

dipole transition by,

3.3

87331

Ek(l)dl= —= 2 E, » Sad,bi%), (2)
3he(2J+1)n

band

where k(A) is the absorption coefficient, A is the mean wave-



length of the absorption band, g 1is the concentration of the
rare earth ion, and the x-terms correct the effective field at a
well localized center in a medium of isotropic refractive index n
and are given by xed=n(n2+2)z/9 for electric dipole transitions

and xmd=n3 for magnetic dipole transitions.

Table 1. Reduced Matrix Elements of U(t) tor Erot ion[7].
Typical mean wavelengths 7 are included.

[sLly  [s'L’13’ w2z w2 w®2 A ()
Y1572 Y11ayz * 0.0188 0.1176 1.4617 1.50
112 0.0259  0.0001 0.3994 0.98
Y1949 0.0 0.1452 0.0064 0.80
:Fg/z 0.0 0.5655  0.4651 0.65
S35 0.0 0.0 0.2285 0.54
Hy) /0 0.7056 0.4109 0.0870 0.52
F7/2 0.0 0.1467 0.6273 0.48
Fs /2 0.0 0.0 0.2237 0.45
Fa/ 0.0 0.0 0.1204 0.44
Hy /5 0.0 0.078 0.17 0.41
Y611 /9 0.9178  0.5271  0.1197 0.38

¥ including magnetic dipole contribution.

From the intensity parameters obtained, the spontaneous
emission probability between any initial manifold |(S’,L')J’> and
final manifold [(5,L)J> is calculated by[6]

2,2
A[(8'L")J’;(8L)T] = ‘?ﬁ?%gff%i X Syry- (3)

The induced absorption (or emission) probability, B is

related to the spontaneous emission probability and is given

by[8]

10



A —cé——-B. (4)
where hv 1s the energy separation between the states. Accord-
ingly, the induced-emission cross section Sp for this transition
is calculated by[6]
ap(Ay) tp’ A, (5)
PP ﬁxcnzﬁleff

where lp is the peak fluorescence wavelength of the emission
band and afleff is the effective fluorescence linewidth, which is
given as the integrated fluorescence intensity by dividing with

the intensity at lp‘

ITYI. Nonradiative Transitions

Nonradiative +transitions due to ion-phonon and ion-ion
interactions affect the efficiency and performance of rare earth
lasers and upconvertors, since the radiative gquantum efficiency
7 1is given with radiative and nonradiative rate by,

7 = X A/ (Z A+ WNR) = Ty TR- (6).
Relaxation by phonon processes arises from the interaction of the
rare earth ion with the fluctuating ligand field. In these
processes, the electronic energy of the excited rare earth is
transferred to vibrational energy of the host lattice[9]. Multi-
phonon decay rates from excited states of rare earth ions deter-
mine important properties of rare earth lasers, such as pump
conversion efficiency, radiative quantum efficiency, and the

lifetime of the terminal laser level. For transitions between 4f

L



levels, the ion-phonon interaction 1is characteristic of weak-

coupling. Nonradiative relaxation between Stark levels, which
are separated by tens to hundreds of cm—l. occurs by one- oOr

2 ! -
two-phonon processes and can be very fast, 310l sec . Nonra

diative relaxation between J states, which may be separated by
several thousands of cm_l, requires the simultaneous emission of
multiple phonons to conserve energy and hence proceeds at much

slower rates.

IV. Multiphonon Processes

Although several treatments for multiphonon relaxation
processes for rare earth ions have been developed[10-12], calcu-
lations of rates are formidable and require information about
crystal-field interactions and phonon dynamics, which are gener-
ally not available. Studies on multiphonon emission from rare
earth in several different hosts have shown that the most impor-
tant factor influencing the multiphonon emission rate 1is the
energy gap to the next-lower level[13]. In these high-order
processes, the detailed properties of the individual electronic
states and phonon modes involved are often averaged out.

The rate of multiphonon emission for rare earths in sclids
is found to exhibit an approximate exponential dependence on the
energy gap AE to the next-lower level of the form,

szwp(O)exp(-aL\E/'ﬁw) (7).
The constants WP(O) and @ are dependent on the host and strength
of the ion-lattice coupling but not on the specific rare earth

ion or electronic state. Data for the multiphonon relaxation in

12



several different crystals are summarized in Fig.1[13]. Experi-
mental points correspond to different electronic states and ions.
In general, the major contribution to multiphonon processes
involves the highest energy vibrations, since they can conserve
the energy gap in the lowest-order process[14]. For a given AE
in Fig.1l, the rates are higher as the effective phonon energy in-
creases. The rates shown for spontaneous phonon emission; at
higher temperatures, stimulated emission becomes important and

rates WP(T) become faster.
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Fig.1. Multiphonon emission rates of trivalent rare earth ion energy levels in
LaFg, LaCly and LaBry vs. the gap to the next lower level[13].
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The multiphonon emission rates for the silicate glass are
much faster than for most crystals. Studies of rare earths in
glass demonstrate that multiphonon relaxation is due predominant-
ly to vibrational mode with the highest frequency which are
associated with the glass network former. In both crystalline
and amorphous rare earth hosts, materials having low vibrational
frequencies generally have more fluorescing levels and hence more
possibilities of laser action, as expected from the T ¢ depend-

ence of the quantum efficiency in eq.(6).

V. Ion-Ion Interaction

Nonradiative energy transfer between like and unlike para-
magnetic ions occurs at concentrations where the ion separations
become small(<1~2nm) and interaction via electric multipolar or
exchange forces are possible. Depending upon the ions and tran-
sitions involved, this may lead to energy migration, fluorescence
quenching, and fluorescence sensitization. All of these process-
es are observed for rare earth ions in solids. The relative
importance of the different multipolar terms, dipole-dipole,
dipole-quadrupole, quadrupole-guadrupole varies with concentra-
tion due to their different range dependence. These processes
are treated by Dexter[15]. Exchange coupling and the analysis of
the time-dependence of ion-ion energy transfer are treated by
Inokuti and Hirayama[1l6]. Energy transfer phenomena related to
rare earth have been reviewed by Kushida[l7] and Watts[18]. The
rate of self-guenching for a given rare earth ion density is

dependent upon the oscillator strengths and spectral match of the

14



two transition. If transitions are sufficiently nonresonant,

self quenching is reduced. However, the energy transfer is

possible even though the energy difference between pairs of

transitions become large. The rate of phonon-assisted energy

transfer exhibits an approximately exponential dependence on

energy mismatch[11], similar to that found for multiphonon emis-

sion.

15



1./2. HéSSBAUER EFFECT IN RARE EARTH ELEMENT

I. M8ssbauer studies on rare earths

The M8ssbauer effect has proved to be one of the most
valuable tool for studying some aspects of the physics, chemis-
try, and magnetism of solids. Practically, every rare earth
element has at least one isotope in which 7y -ray transitions
occur with appreciable recoil-free efficiencies, and thus suit-
able sources are available for M8ssbauer experiments. This is a
consequence of the prevalence of low-lying nuclear states near
the nuclear ground state in the region of strongly deformed
nuclei. In some cases, more than one transition is available in
the same isotope such as 153Eu. This, in some cases, permits the
systematic investigation of properties throughout rare earth
family of elements[19]. On the other hand, rare earth ions in
solids display a variety of interesting and fundamental proper-
ties. This is also true for the chemical environment and optical
properties of rare earth in amorphous solids, and measurement for
these solids can throw much light on these properties, and yield
information on the 1local structure in amorphous state which
cannot be obtained in other ways.

Isomer shifts have been observed in rare earth recoil-free
spectra. Particularly, large isomer shifts have been observed in
europium compounds, for nuclear transitions in 151py and 153Eu.
Interpretations of these shifts in terms of changes in the densi-

ty of s wave function at nucleus have been made. The subject is
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of great interest but is not yet thoroughly understood.

I1. Europium

Europium has two naturally occurring isotopes, l51Eu(47.82%)
and 153Eu (52.18%) and both can be used for M8ssbauer spectros-
COpY. The former has one transition (21.64keV) and the latter
three (83.37, 97.43 and 103.18keV)[20]. Over the past years, a
lot of papers have appeared on the subject for some compounds,
making europium the third most extensively studied element after
iron and tin. Chemists have concentrated on the 21.6keV transi-
tion which has a reasonable natural linewidth of 1.30 mm/s and is
by far the easiest of the four transitions to use. The applica-
tion of M8ssbauer effect in europium and other elements to
problems in chemistry and solid state physics has been dis-
cussed[20] and comparison between lanthanide compounds studied by
M8ssbauer technique has been made[21].

The two oxidation states of europium are characterized by
entirely different isomer shifts (EuF3 taken as zero): Eu(II)
-12+2mm/sec and Eu(III) O+lmm/sec. Metallic alloys and band
systems have shifts in the range -7 to -llmm/sec. Such a massive
change of isomer shift with oxidation state can be a consequence
of the shielding effect of the 4f electrons. However, the range
within each oxidation state is small and this has been making it
difficult to distinguish chemically or crystallographically
distinct europium sites within any one oxidation state.

The 21.64keV resonance is a nuclear 7/2-»5/2 magnetic

dipole transition and this implies an eight-line quadrupole

17



pattern. However, because of the electronic configuration, only
the lattice contribution to the electric field gradient 1is
present and this, coupled with the moderately large natural line-
width of the resonance, generally results in an unresolved sin-
gle-line spectrum. Occasionally the lattice contribution can be
sufficient to partially resolve the peak, thereby generating an

asymmetric pseudo doublet[22].

A. Sources

The decay scheme of 151y nuclei which is most used as a
151Eu—Mﬁssbauer source is shown in Fig.l. along with that of
151G4[20]. The A~ emission from 1°lsm leads to the 21.6keV
excited level of 151Eu. the nuclear spin of which is 7/2. Al-
though 151Gd source can be used, the 151gy source is commonly
used because of its easiness in preparation by proton bombard-
ment, long half-life of 87 years, and simpleness of the ¥ -ray
spectra[20]. The only desired 7y-ray can be obtained with a

large recoil-free fraction.

B. Isomer shift

For many M8ssbauer active elements, the isomer shift is a
valuable parameter to study the state of atoms in question. It
is a measure of the electron density at the nucleus, which is
affected by the valence and electronic state of the element as
well as the electronegativity and the coordinating number of
neighboring ligands. The isomer shift is defined as the differ-
ence in the monopolar interaction of the Zth nucleus between the

absorber and the source, expressed by the next equation,
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IS:C{Ea-ES)/E.y=(2/5)K282(R62-Rg2){|‘~Fa(0)|2‘|‘;’5{0)|2 oo (1)

This energy difference depends both on the difference in the
electron densities at the nucleus, ]W(O)[2 of the source and the
absorber and on that in the nuclear radii, R of the excited and
ground states. In the case of 151Eu, Re is larger than R,, con-
trary to those of 57fe nucleus. Thus the larger the electron
density of the s-orbital is, the larger the IS of 151gy becomes.
The smaller IS of Eu2+ can be explained by the shielding effect
of the 4f7 electrons on the s-orbitals, whereas Eu3+ ion has 4f6
configuration. Typical spectra of EuClz and EuCls mixture are
shown in Fig.2. The difference in isomer shift between divalent
and trivalent europium ions is generally more than 10 mm/sec.
Increased covalency in the compounds having 4f8 or 4f7 state is
considered to lead to a small increase of 6s electron density.
which results in an increase of the isomer shift. This behavior
has been already reported in halide compounds[23], where IS de-
creased with an increase of electronegativity of anion, i.e.,

with an increase of ionicity of Eu-X bond.

C. Quadrupole Splitting

The energy level scheme for the nuclei, the spin of which
are 5/2 and 7/2 in the ground and excited state, respectively,
under quadrupole interaction is expressed by the following equa-
tion.

Eq=e?qQ/4T(21-1) [3my2-T(I+1)]1(1+72/3). (2)
Assuming asymmetric parameter 7 to be zero, the peak shift can

be calculated by the following equation,
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BE(mpgingg)=e?aQ/41,(21-1) [3my 21, (1 +1)-e2aR,/41 (21 ,-1) [3np 21, (1,41) ]
=e2aQg (R [3my 2-1o (To#1) /4T, (21-1)-(3my 21, (1,41)1/81 (21 -1)),

(3)
where Ig and I, are the nuclear spin of the ground and excited
states, my is the magnetic quantum number of each nuclear spin
state, & is the nuclear gquadrupole moment which becomes non-zero
for a spin larger than unity and eq is the electric field gradi-
ent at the nucleus. For the nuclei having the same spin numbers
in the excited state and ground states such as l51Eu and 1271,
the order of the peak position of each transition depends only on
the ratio of the quadrupole moment QE/Qg, expressed as R in

q
Eq.(3). For 1®°lgu, R_ is 1.3[24], whereas R. is 0.896 for

q q

127111971, the schematic diagram of the Ry dependence of line
positions is shown in Fig.3[19] and the relative positions calcu-
lated by Eq.(2) for 151Eu are listed in Table 1. This order of
positions of all transitions from the ground state (Ig=5/2) to
the excited state (Ie=7/2) will not change under a positive
electric field gradient, eg and become inverse under a negative
eq. There appear eight lines due to non-zero eg and nuclear spin
of each state. By calculating the center of gravity of these
lines,

E(aEiIi)/ZIi, where Ii is the intensity of the ith peak, it was
found never to change, independent of the electric field gradi-
ent. So this gravity center of quadrupole peaks will correspond
to their isomer shift. It is not strange that maximum position
of superposed peaks usually deviates from their real isomer shift
due to an asymmetric shape, which was already pointed out by

Goodman et al.[7]. Thus it takes a special care to determine the
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isomer shift of l51Eu. It is better to adopt a least square
fitting method rather than simply to check an apparent peak

position.

I'] 3\ (6 Ilo IB~) IO\ (Is (21 Intensity
NN\ /
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Ef = a 2] 7\ 5 Life romitier
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-10 0 10

Line spacing (arbitrary units)

Fig.3. Plots showing the relative line positions in the 151Eu MYssbauer

spectrum as a function of Rq:GH/Z/QS/Z' The sign of ezqﬂg is positive.
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Table 1: Positions and intensities of all the peaks under quadrupole

interaction.

No. Transition ﬁsEq/equg Intensity  AEgxI Peak position/equg
mIg-émIe for Rg=1.3
1 +5/2->4+7/2 (R-1)/4 21 21R/4-21/4 2:40.075
2 +5/25+5/2 -(R+7)/28 6 3R/14-3/2 7:-0.204
3 +3/2—>+5/2 (5R+7)/140 15 15R/28+3/4 1:+0.096
4 +5/2->+3/2 -(3R+7)/28 1 -3R/28-1/4 8:-0.389
5 +3/2—>+3/2 -(15R-7)/140 10 -15R/14+1/2 5:-0.089
6 +1/2—>+3/2  (-15R+28)/140 10 -15R/14+2 3:40.061
7 +3/2—2+1/2 -(25R-T7)/140 3 -15R/28+3/20 6:-0.182
8 +1/2—->+1/2 -(25R-28)/140 18 -45R/14+18/5 4:-0.032
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Chapter 2.

STRUCTURE OF RARE EARTH CONTAINING OXIDES

2.1. COORDINATION NUMBER OF Eu®* IN OXTDE CRYSTALS

AND GLASSES BY M&SSBAUER SPECTROSCOPY

I. INTRODUCTION

The M&ssbauer effect, i.e., the recoil-free ¥ -ray resonant
absorption in solids, has been recognized as a powerful tool to
investigate the bonding character of the specific nuclei 1in
various solids. Specifically, 151py, nucleus is one of the most
suitable one among rare earth elements for this purpose because
of its large recoil-free fraction, relatively sharp linewidth and
long decay time of 1518m source (84 years). In the lanthanide
series, Eu3+ ion is placed in the intermediate between light and
heavy rare earths by its ionic radius and it is known to take a
wide variety of coordination numbers from 6 to 12 in oxide crys-
tals. Thus it is very interesting to investigate the coordina-

tion states of Eu3+

ion in wvarious crystals and glasses also in
terms of the design of a characteristic phosphor or laser.
However, few M8ssbauer studies have been reported for the Eu-
containing glasses[1,2] in contrast to a large number of studies
on 57Fe-containing glasses([3-7]. In the present study, measure-
ments were carried out at first for several mixed oxide crystals

3+ is known. Then alumino-

in which the coordination number of Eu
silicate glasses containing a large amount of Eu203 were prepared

and the M8ssbauer parameters were determined in order to get
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information about the local structure of europium ions in these
glasses. Furthermore, an attempt was made to analyze the unre-
solved gquadrupole interaction by the fitting program and the

validity of the unigueness of the solution was discussed.

IT. EXPERIMENTAL
A. Preparation of Crystals and Glasses

Mixed oxide crystals, EugGagO;, garnet, EuBazcuﬂoq_Y layered
perovskite, EuAla (503)4 huntite and EuAlOgq perovskite were pre-
pared by the conventional solids state reaction using reagent
grade Euzos(C—type}, Ga,0g5, BaCOg, CuO, A1203 and B203. They
were confirmed to be single phase by X-ray diffraction with Cu
Ka line.

Glass samples were prepared by using Euy0q, SiOz and A1203
powders. The compositions were 50Si0y (50-x)Al5045-xEus04 (x= 10,
15, 18.75, 20, 25, 30, 35, 40), (100-x)SiO,-xEuy,04 (x = 20, 33.3,
60), 20Eu,04-80A1,05 and 305i0,5-20A1,504° 50Eu,04. A well mixed
batch was pressed and sintered at 1200°C and the sintered speci-
men was melted at the focus point of a bifocal gold mirror of a
xenon lamp image furnace. The melt was quenched with a twin
roller rotating at a rate of about 1000 rpm. The glass formation
was confirmed with a polarizing microscope or XRD. The amorphous
thin film obtained was ground into powder for the 151Eu M8ssbau-

er measurement.

B. MYssbauer Effect Measurement
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151Eu-Mﬁssbauer measurement was made at room temperature by
using 1515m203 (5mCi) as a 21.6keV 7-ray source. The velocity
calibration was done with the magnetic hyperfine spectrum of «-
Fe by use of the 14.4keV ¥ -ray of 57Co(Rh). The isomer shift
was calculated with respect to EuFq. The center of gravity and
line width at half maximum of the peak were determined by utiliz-
ing a non-linear least-sgquare fitting program of Lorentzian
curves.

Measurements were done for C-type Euy03 (CN=6), EujzGaz0;g
garnet (CN=8), superconducting EuBa,Cug0,_4 (CN=8), EuAlg(BOg),
huntite (CN=9) and EuAlOgq perovskite(CN=12) crystals as well as

all the glasses prepared.

Table 1. Crystal compositions, systems and

coordination numbers of Eu3+.

Crystal System Coordination

Number of Eu3+

C—Eu203 Cubic 6
EUSGaSOlz Cubic 8
Eu832Cu307_5 Orthorhombic 8
EuAl3(BO3)4 hexagonal 9

EuAlOa Orthorhombic 12

ITI. RESULTS

The M8ssbauer spectra of EuFgq, Euzoa, EujsGag0,5, EuAlOg crys-
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tals, 50510, -25A1,04 25Euy0g5 glass and EuCl, are shown

2+

in Fig.l.

in the spectra of

No peak due to divalent Eu

ions was observed

the

glasses.
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M8ssbauer spectra of

(a)EuFB,

(b)C‘EUZ()al

(C)EUSGaSOlz'

(d)EuAlOa. (e)SOSiDz-ZSAlzos-25Eu203 glass and (f)EuClz.
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The isomer shift IS of 151Eu3+ was found to decrease with an

increase of the coordination number of Eus+

ion in oxide c¢rys-
tals. The IS changed from 1.07 mm/sec for C-EUZOB, where the CN
of Eudt is 6, to 0.52 mm/sec for EuAlO5 perovskite, where the CN

of Eud?t

is 12. In the spectrum of the glass, the shoulder ob-
served in the higher velocity side is due to the quadrupole
interaction of the distorted ligand field of Eudt ions in a

random network structure[8]. The compositional dependence of IS

for SiOz—AlZOS—Eu203 glasses is shown in Table.Z2.

Table 2: Composition and isomer shift of Eudt in the glasses.
5i0, Al,03  Euy04 1S (mm/sec)
50 40 10 0.30
50 35 15 0.33
50 30 20 0.42
50 25 25 0.45
50 20 30 0.47
50 15 35 0.48
50 10 40 0.49
60 20 20 0.40
66.7 - 33.3 0.46
80 - 20 0.42
= 80 20 0.52
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IV. DISCUSSION

A. Isomer Shift and Coordination Number of 151Eu3+ in

Oxide Crystals

The relationship between the isomer shift of 151py3+ and
Eu-0 bond length in the crystals are plotted in Fig.2. Also
shown are the coordination number of Eu®' ion. The isomer shift
decreases with increasing Eu-O0 bond length or coordination num-
ber. The similar tendency was also observed for the divalent
europium chalcogenide[9]. Since the actual distance between
europium ions and surrounding anions is very sensitive to the

coordination number of Eu3+

ion, the results shown in Fig.2.
indicates that the IS parameter can be used as a measure of

coordination number in oxide solids having unknown structures

such as amorphous states. It has been shown that for glasses
containing the Fe3+, the IS of 57Fe is a measure of coordination
number, i.e., more covalent F93+ ions in the tetrahedral site

3+ ions in the octahedral site

show smaller IS and more ionic Fe
show larger IS value[3,4]. These are explained by the contribu-
tion of 4s-electron density to |¢(0)|2[10]. Thus the IS is a

measure to identify the Fe3+

ions present in tetrahedral or
octahedral sites[3]. The opposite tendency in the dependence of
IS on covalency or coordination number for Fe3+ ions from that of
Eut ions is due to the negative sign of (Rez—Rgz) in Eq.(1) in
Chapter 1.2 for 57Fe nucleus[11]. On the other hand, the larger
the 6s-electron density, the larger becomes the IS of 151Eu.

Thus the decreased IS observed with increased CN is ascribed to

the elongated bond length, i.e., the reduced covalency in the
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Eu-0 bond.

. | I I
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Fig.2. Relationship between the isomer shift and Eu-0 bond length

3+

in oxide crystals. The coordination number of Eu ions is shown

in parentheses.
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B. State of E‘u31L Tons in Aluminosilicate Glasses

No absorption peak due to Eu?* ion was observed in all the
glasses, although Eu2+ is known to be the most stable among all
the divalent rare earth ions[12]. The isomer shift of Eu3* ion
with respect to EuFa was 0.46 mm/sec, indicating a strong ionic
character of Eu-0 bonds and high coordination states as seen from
the relationship in Fig.2. The small IS value is attributed to a
small electron density at the nucleus. Thus it can be considered
that the degree of electron donation by the surrounding oxide
ions is not so strong in this system, which is due to the low
effective negative charge on oxygen ions caused by the larger
polarizing ability of Si4+ and Al3+ ions. In order to explain
the compositional wvariation of IS, the optical basicity concept
by Duffy and Ingram[13] was adopted. As already referred, the
electron donating ability of oxygen depends upon the negative
charge on oxygen. This electron donating power depends upon the
oxidation number of the constituent cations, z and its basicity
moderating parameter, ¥, which is empirically related to the
electronegativity, x by the next equation[14].

Y ;=1.36(x;-0.26) (1)
The optical basicity A can be calculated by using the next
equation[13,14],

Aca1=z(ziri/271)' (2)
where r; denotes the atomic ratio of cation i with respect to the
total number of oxide ions. The results of CNDO molecular orbit-
al calculation[15] have indicated a simple relationship that the
optical basicity value is directly proportional to the negative

charge born by the oxygen atoms of the oxy-anion groups. In the
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present case, 7gjs 7 Al and Y gy ¥ere assumed to be 2.09, 1.65
and 1.02, respectively, although 7 is strictly a function of CN
of the cation. In this study. the dependence of ¥ on CN is

negligibly small compared with the compositional change of A.
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The isomer shift of Eu®' in the present Si05-Al503-Euy0g glasses
is plotted as a function of calculated optical basicity in Fig.3.
The linear correlation suggests that the electron density of 6s
orbital of Eu3* ions is affected by the electron donating ability
of oxide ions in the glass. Generally, the CN of A13* and Mg2+
in glasses is affected by the donor property of oxygen, which is
explained by the optical basicity concept in a sense that the
negative charge on oxygen atoms compensate the positive charge of
the central cation. This effect has been investigated with the
data of Al or Mg Kal'z emission[16,17]. According to the abso-
lute values of IS compared with those of crystals, the CN varies
from 8 to 12 depending on A. The lower IS is due to the larger

3+ ions owing to

ionicity of Eu-0 bonds and the higher CN of Eu
the large 7 of Si%t and A13+ ions. The assumption of high CN in
low basicity matrix seems to be correct when the ionic radius
ratio is taken into account. One of the important factors cén—
trolling the CN of cation in ionic solids is the radius ratio of

3+ ion in oxides, the ratio is

cation to anion, rc/ra. For Eu
calculated to be 0.89 with the ionic radii reported by
Shannon[18]. This value is large enough to take eight folded
state where this ratio is usually more than 0.732. Thus it can
be difficult for Eu3* ions in low basicity matrix to take a CN
less than 8. For the cation with rcfra ratio of unity, CN of 12
will be predominant. Thus if there are no charge compensating
cations which makes nonbridging oxygen such as alkaline metal
ions in silicate glasses, the electron density on oxygen atoms

become small. This will lead to a small effective ionic radius

of 02° resulting in a higher rmﬁ+/r0}-value near unity. On the
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other hand, in the Euy05-doped silicate glass containing Nat and
Balt ions, the IS was reported to be close to Eus04(1], indicat-
ing a basic environment of Eudt in those glasses. This differ-
ence may be ascribed to the presence of basic oxides such as BaO
and Nazo, which are considered to make nonbridging oxygen ions in
the silicate glass and also enhance the local basicity. On the
other hand, in aluminosilicate glasses without any basic oxides,
Eu3+ ions take higher CN more than 8 and thus, trivalent rare

earth ions are present as a network modifier in these glasses.

C. Analysis of gquadrupole interaction

As the fitting of the measured spectra by a single Lorentzi-
an led to a systematic misfit in the shape of the real peaks, the
resolution of the lineshape was tried into eight line gquadrupole
splittings for the 5/2 — 7/2 transition. The deviation of the
peak shape from a single Lorentzian, which can be ascribed to the
quadrupole interaction, was not resolved with enough precision.
The analysis was not impossible and yie;ded a better fit to the
real peak, but the uniqueness of the solution by fitting seems to
include some uncertainty because of a large linewidth of all
components. One example of the resolution is shown in Fig.4.
The linewidth of one component was 2.02 mm/sec and equg was -9.2
mm/sec. A larger linewidth than the natural line width of 1.31
mm/sec is mostly due to the site-to-site variation in the glass.
The very large equg which is about twice as large as that of
Eu203 crystals(-5.2~-4.0 mm/sec[19]) can be due to asymmetric

lattice contribution to the electric field gradient. Similarly,
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an asymmetric ligand field around Eu3+ ijon will cause a large

quadrupole splitting in glasses. A slight shoulder at the higher

velocity side almost corresponds to the 1/2—1/2 transition,

which has the second largest intensity among the eight compo-

nents. This indicates that the sign of eg is negative. The
shoulder peak is not due to an independent single component
because such a deconvolution would result in the IS of 1.58
mm/sec, which means much higher covalency than nitrides. This

would also result in the main peak with the IS of -0.16 mm/sec,

which shows much higher ionicity than that of fluorides. The

Relative counts

-18 -10 -5 0 +5 +10 +15

Velocity / mm s

Fig.4. Example of the spectral analysis of glass. The sign of

equg is assumed to be negative.
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negative eq has also been observed more clearly for EuysTis0q
crystal[20]. 1In the case of glasses, the linewidth of one compo-
nent is unknown. Consequently, when egQg is not so large com-
pared with the linewidth, the solution of the fitting may con-
verge either in a small eg with a broad linewidth or in a large
eg with a sharp linewidth, in the range where no apparent devia-
tion nor unexpected fine structure appears. Thus it can be
concluded that the uniqueness of the quadrupole solution for the
glass is controversial unless the shape of the peak is clearly

asymmetric or shows some shoulders which indicates the sign of

eq.
V. CONCLUSIONS
M8ssbauer effect measurements were made on 151Eu in various
oxide crystals and glasses. It was found that the isomer shift

of ®lgu nucleus in crystals varied with the Eu-O0 bond length or

St ion in oxide. The IS decreased with

coordination number of Eu
elongated FEu-0 bond length with an increase of coordination
number. In aluminosilicate glasses, the compositional dependence
of the isomer shift was systematically explained by the optical

3+ ion was found to change from 8

basicity concept. The CN of Eu
to 12 in these glasses. The analysis of eight-line quadrupole
splittings due to 5/2—7/2 transition in the nuclear spin was

also tried by the least square fitting, but no successful results

were obtained.
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2.92. Structure and Physical Properties of Europium
Aluminosilicate Glasses by Means of Lattice Dynamic

Measurement

I. Introduction

Few studies have been carried out on the structure of rare
earth containing oxide glasses partly because of few spectroscop-
ic techniques applicable to identify the chemical states of rare
earth elements. For their high elastic moduli, hardness and high
refractive index, these glasses are receiving an interest. In
this study, the Eu,04-containing glass system was chosen as a
representative of the rare earth aluminosilicate glasses because

3+ ion are in the middle

the atomic number and ionic radius of Eu
of the lanthanide series and also because the 151Eu M8ssbauer
spectroscopy is a powerful technique to investigate the coordina-

tion states of Eust

ions. The applicability of M8ssbauer spec-
troscopy to the study of glass structure has been shown by sever-
al authors[1-5], however, most of the studies were on 57Fe nu-
clei. In this study, the relationship between the coordination

number and the isomer shift of Eu3+

ions[21], reported in the
former section, were applied to discuss the state of Eu3+ ions in
the aluminosilicate glasses. Also the density, molar volume,

sound velocity and elastic moduli were measured and their compo-

sitional dependence was discussed.
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IT. Experimental Procedure

(1) Sample Preparation

An image furnace apparatus(designed by NEC Nichiden kikai
KK., Fig.l) was used to obtain glass samples. By using reagent
grade powders of SiO;(Wako Pure Chemical Industries Ltd.), Al,04
(Hayashi Pure Chemical Industries, Ltd., 99.9%), and Euy04q
(Mitsuwa Pure Chemicals, 99.9%), batch compositions expressed as
508102-(50-x)A1203-xEu203 in mol%, where x is 10, 15, 18.75, 20,
25, 30, 35 and 40, were fully mixed in an alumina mortar for
about 50min. and pressed into a stick with a rubber press. A
pressed compact was sintered at 1200 °C for 15 hours and the
sintered specimen was melted at the focus point of the bifocal
gold mirror by the Xe-lamp which is placed at another focus
point. The melt was quenched by a twin-roller rotating at about
1000 rpm or air-cooled on a stainless steel in order to examine

the glass-forming tendency.

(2) Physical Property Measurement

The density was measured by Archimedes’ method by using
kerosine as a medium and silica glass as a standard. The molar
volume was calculated by the density measured and the molar
weight. The measurements of sound velocities were carried out on
the samples which formed a glass by the air cooling. After
cutting the bulk sample precisely into a cube of 3 mm size, the

sound velocities of shear and longitudinal wave, Vg,

Vi were
measured by the cube resonance technique described elsewhere[22].
The shear modulus G, bulk modulus K, and Young's modulus E were

calculated by the following equations.
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G=p VSZ (1)
K=p (v, 2-2V2/3) (2)

2
E=p v 2(3v;2-47 %) /3(v12- V) (3)
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Fig.1l: Image furnace apparatus.
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(3) Spectroscopic measurement

The 1%1gu MBssbauer effect was measured with a 151Sm203
source (5mCi) using a driving unit in the velocity range of +18
mm/sec. The velocity calibration was done with the spectrum of
hyperfine splitting of a@-Fe by a 57C0(Rh) source and the isomer
shift was calculated by using the spectrum of EuF3 as a standard.
The position and linewidth of each spectrum were determined with
a least-square fitting program, Lorentzian curves being assumed.

The AlKax band emission was measured by an X-ray probe
microanalyzer(ARL EMX-SM, Shimadzu-Seisakusho, Kyoto, Japan).
The peak position was determined by the midpoint of the half
maximum and the chemical shift, AA was represented by the dif-
ference between the wavelength of X-ray emission spectrum of the

sample and that of Al-metal.

IIT.Results
(1) Glass-Forming Region

The glass-forming regions of 505102 (5D—x)A1203-xEu203 by
the air cooling and by the twin-roller guenching are represented
by a white circle in Fig.2(a) and (b), respectively. By the
air-cooling method, an X-ray amorphous was obtained in the compo-
sition range where the Eu,045 content, x was 15~30 mol%. By the
twin-roller quenching method, an amorphous was obtained in the

range where x is 10~40.
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Fig.2: Glass forming regions of 505102-(50—x)A1203-xEu203 system

(a) Air cooling and (b) Twin-roller quenching.

(2) Physical Properties
(2.1) Density

The results of density measurement for the present amor-
phous samples are shown in Fig.3 as a function of Eu203 content.
It can be seen that the density increases continucusly with

increasing Eu203 content.

(2.2) Sound velocity

The sound velocity of shear wave, Vé and that of longitudinal
wave, V; are plotted as a function of Eu203 content in Fig.4.
The wvalue plotted by a black circle is that of an amorphous
508i0,-50A1904 (x=0) thin film prepared by the rf-sputtering[23].

Both velocities decreased with increasing Eu203 content.
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(2.3) Elastic Moduli

The results of Young’s and bulk moduli of the present
glasses are plotted as a function of Eu203 content in Fig.5 and
6, respectively. The Young’s modulus of these glasses ranged
from 117 to 125 GPa, which is very high for oxide glasses and
almost comparable to the highest wvalue of the 85i05-A1,504-Y,04
system[24]. Both moduli did not show a large dependence on Euy0q

content in the composition range of x=15~30.

= |
= 0O
3120 - oo :

| 1 | i
0 10 20 30 40 50
Eu203 content/ mol%

Fig.5: Young's modulus of glasses as a function of x.
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(3) Missbauer Effect

No peak due to divalent EuZt ions was observed in the spec-
tra of the glasses. It is known that the isomer shift IS of
151g3+ decrease with an increase of the coordination number in
oxide crystals[21]. The IS changed from 1.07 mm/sec for C—Eu203,
where the CN of Eud?t is 6, to 0.52 mm/sec for EuA103 perovskite,
where the CN of Eu3+ is 12. The shoulder observed in the higher
velocity side in the spectrum of the glass is due to the gquadru-
pole interaction of the distorted ligand field of Eu3t ions in a
random network structure. The compositional dependence of IS for
the glasses is shown in Fig.7. The IS increased with increasing
Eu203 content, but all the values were less than that for EuAlO3

perovskite crystal.

(4) AlKa Emission

The compositional dependence of the chemical shift of AlK«a
emission band is shown in Fig.8. The chemical shift of the
standard crystals are also shown for cx-A1203 (CN=6), mullite
(CN=4.8) and K-feldspar (CN=4). The values for all the glasses
were close to that of mullite, indicating that the average coor-
dination number of A13* ions is almost five in the whole range of

compositions.

IV. Discussion

(1) Coordination States of Europium

It has been shown that the isomer shift of 151y nuclei is
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a good parameter to get the

number of Eu

3+ ions. As shown in Fig.7,

the present glasses were smaller than that of EuAalOg

information about the coordination

all the values of IS for

perovskite

1 h | I

50Si02-(50-x)A1203.xEu203
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E
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=
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[
=
[72]
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Fig.7: Isomer shift of 151Eu for glasses as a function of x.
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Fig.8: Chemical shift of AlKae emission as a function of x.

crystal (IS = 0.52 mm/sec) where the CN of Eu3* ions is 12. From
the crystallographical point of view, it is difficult to take CN
more than twelve because the ionic radius of 02_ is larger than
that of Eu3+ ion. Thus, this small IS is not due to a higher CN
of Eud* than twelve.

The isomer shift, IS of the M8ssbauer nuclei can be ex-
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pressed by the next equation,

15=C(R,2-R,2) (|wa(0)|2 - |¥s(0)|?) (4)

where R, Rg denote the nuclear radii of excited and ground

states, 1Wa(0)]2 and ]\L’S(D)|2 are the electron density at the
nucleus of the absorber and of the source, respectively and C is
a constant characteristic of the species. As the nuclear radius
of 1%lEu in the excited state R, is larger than that in the
ground state R_,, a smaller isomer shift indicates a smaller
electron density of 6s-orbital[25], which may be ascribed to the

elongated bond length of Eu-0 due to the large coordination

3+

number of Eu ions or the reduced covalency of Eu-0 bond. Such

an increase in ionicity is probably brought in by the higher
polarizing ability of Al3+ ions coexisting in the glass. With
increasing A1203 content, the effective charge density on oxygen

ions becomes small, because the electron polarizing ability of

3+

A13+ ions is stronger than that of Eu ions. In this case, the

electron donor ability of 02— ions to Eu3+ ion becomes small,

which leads to a decrease of overlap integral of Zp-orbital and

6s-orbital of Eudt ion. Thus the electron density at the nucleus

of Eu3+

151,

ion decreases, which resulted in a decrease of IS for

(2) Change of Packing State of Glass with Eu®' Ions

As shown in Fig.3, the density increased monotonously with
increasing Eu203 content, which is attributable to +the much

3+

larger atomic weight of Eu ions than other kinds of ions in the

glass. From these data, the compositional dependence of the
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molar volume was calculated and the results are shown in Fig.9.
Also shown is the expected slope calculated based on the assump-
tion that the molar wvolume is the sum of the fractional molar
volume of staring oxide crystals in which the CN of A13%* and Eudt
ions were six. The molar volume used for the calculation were
25.57 cm®-mol™l for V(ax-Al,05) and 48.29 cm®-mol”l for v(C-
Eu203). The actual change in molar volume for the glasses was
much smaller than that expected from the above assumption. This

discrepancy arose from the assumption that the CN of Eu3+

and
A13+ ions in the glass are the same as those in crystal. Howev-
er, as described in the previous section, Eu3+ and A13+ ions have
the CN of 12 and 5, respectively. The molar volume for a ficti-
tious 12-folded Euy045 crystal, V(Euy045{12}), may be estimated

from the molar wvolume of EuAlO3 or EuGaOq perovskite and -

A1203 or x-Gay,04 as follows.

V(Eu,04{12})=2V(EuAl04{12,6})-V(a-A1,04{6})=36.82 (5)

V(Euy04{12})=2V(EuGa04{12,6})-v(a-Gay04{6})=39.00 (6)

Although the V(Eu203{12}) was slightly different depending upon
the kind of ecrystals, 38(+1) cm® - mol~! was taken as a probable
value. By taking the molar volume of 29.69 cma-mul_l for the 5-
folded 7-Al,045{4,6}, the change in molar volume due to the
simple substitution of the 5-folded A18* by the 12-folded Eu’*t
was calculated and the slope of the change in molar volume with
EUEOS content was obtained. As shown in Fig.10, this slope fits
almost perfectly with the obtained data. This result supports
3+

the conclusion of M8ssbauer measurements that the CN of Eu

ions in the present glass is 12.
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Fig.9: Molar volume of glasses as a function of x.

(3) High Elastic Moduli of Euy04 Containing Glass

Although the vibrational frequencies or the sound velocities

of the present glasses decreased with increasing Eu,045 content,
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the elastic moduli increased with EugOq content, because of more
rapid increase in the density. This result indicates that the
packing density of these glasses increased by the substitution of

A13+ ions with larger Eu3+

ions because of the higher CN of Eu3+
ions as described in the previous section. If both Eu®t and A13*
ions were to take the same coordination number, the Young'’s
modulus of glass should decrease with increasing Euy04 content,
because the elastic moduli of Al,04 (E=400 GPa) is much higher
than that of Eu,04 (E=150 GPa)[26,27]. It has been pointed out
that the elastic moduli of an oxide glass can be increased enor-
mously by introducing highly coordinated ions. The introduction
of 5-folded Al3+ ions to SiOz glass raised the Young’s modulus of
8i0, (E = 72 GPa) to 102 GPa for 50Si0,-50A1,05 [23] in spite of
the fact that the single bond strength of Al-0 is lower than that
of 8i-0. In the present glass system, the Young’s modulus was

3+ ions

found to be increased by introduction of higher-folded Eu
compared with that of 505102-50A1203. Among trivalent cations,
the role of rare-earth elements is always considered as a network
modifier unlike A13+ ion. This tendency is caused by a small
field strength and large ionicity. For this reason of taking a

high CN state, the addition of rare earth elements in glass is

advantageous to attain high elastic moduli.

V. Conclusions

The SiOz-A1203—Eu203 glasses were prepared for the composi-
tions of 508102 (50-x)A1203-xEu203 and their density, sound

velocity and elastic moduli were measured. Also the chemical
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shift of AlKa band emission spectra and the isomer shift of
151py, by M8ssbauer effect were obtained in order to determine

the coordination states of aluminum and europium ions in these
glasses. It was found that the coordination number of Eu3+ ions
was twelve, while the average coordination number of Al3+ ions
was almost five in these glasses. By introducing Eu203, the
packing of constituent ions was strongly enhanced and the elastic
moduli increased in this system. The compositional dependence of
the molar volume and elastic moduli were explained by these

states of high CN for Eu3+ and low CN for Al3+ ions compared with

those in the corresponding M504 crystals.
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Chapter 3.
LOCAL STRUCTURE AND NONRADIATIVE RELAXATION

OF RARE EARTH IONS IN GLASSES

3.1. Phonon Sideband of Trivalent Rare Earth Ions

in Glasses

A. Multiphonon Decay as a Nonradiative Process

The most important factor among nonradiative decay process
is that of giving the energy, which corresponds to the energy gap
between the levels, to the vibrational energy of the host[l]. 1In
general, since the energy gaps of the rare earth electronic

levels are about several 1000 cm—l, and the highest frequencies

of the oxide hosts are about several or at most fifteen lﬂﬂcm‘l,
this process becomes multiphonon decay process, creating multiple

phonons. The rate of this process can be given by[2],

W,=Wgexp(-a AE)- [n(T)+1]P (1)
@=(hw) 1 {1n(p/g)-1} (2)
p - AE/hw (3)

where AE is the energy gap and WO is the parameter corresponding
to the decay rate at =zero energy gap and zero phonon emission.
Here, @ and p are given by eq.(2) and (3), respectively, where
hw 1is the phonon energy, p is the number of phonons emitted, and
g is the electron-phonon coupling strength. By the phonon side-
band measurement, hw and g can be determined experimentally and

thus it is possible to calculate the value of WP/WO. From these
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equations, it can be seen that the larger the phonon energy hw,
and electron phonon coupling strength g, the larger becomes the
nonradiative decay rate W, when W; is constant. Generally. in
multiphonon decay process, the most important role is played by
the phonons with the highest frequency. which reflects the con-
servation of the energy gap in the lowest order process. The
quantum efficiency of a level depends on the nonradiative contri-
bution, which is a function of the energy gap to the next lower

3* jons in oxide hosts, as hw and g are large

level. For Eu
compared with fluoride hosts, the emissions from the upper 5D1 or

5D2 level are suppressed due to their small energy gap[3].

B. Phonon Sideband in Glass

The most representative example is that of Eu3+ ions, for
which the phonon sideband can be clearly seen in the excitation
spectra of 5D0 — 7F2 emission. The phonon energy distributions
were obtained in the sideband spectra associated with 5D2 €« TFb
transition and are shown for several oxide glasses in Fig.l. The
obtained phonon energy almost corresponds to that of the stretch-
ing vibrational mode of the cation-centered oxygen polyhedra
studied by the infrared absorption or Raman scattering spectros-
copies[4]. The mean free path of the phonons in amorphous struc-
ture is, in general, the order of the bond length between adja-
cent atoms, so these polyhedra are considered to directly coordi-
nate to rare earth ion and contribute to its multiphonon
decay[4]. In the glass chemistry, constituents of glass are

usually divided into two categories; network formers and network
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FIG.1. Excitation spectra of Eu3+ ions in several oxide glasses,
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higher energy side of the pure electronic 502(—71?0 transition.
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modifiers. Network formers are considered to form the glass
structure through an interconnection of network polyhedra.
Network modifiers, on the other hand, usually break the periodic-
ity by taking up interstitial spaces between polyhedra of network
formers. These natures are due to the difference in ionic sizes
and bonding characters. Usually recognized for network formers
are a moderately high covalency of M-0 bond with a large single
bond strength and a low coordination state of M ion. Both fea-
tures contribute to the higher frequency of stretching vibration
detectable in IR or Raman spectra. Accordingly, the phonon mode
with the highest frequency in oxide glasses generally corresponds
to the stretching vibration of network formers. Therefore, to
gain longer lifetime or higher quantum efficiency of the excited
levels with a small energy gap by suppressing the nonradiative
loss, it is disadvantageous to select conventional oxide glasses
as a host of rare earth ions.

In addition to the oxide systems, the highest frequency mode
can contribute to the multiphonon relaxation of rare earth ions
also in mixed anion systems. Direct evidence for the preferen-
tial coupling of the oxide ions to rare earth ion was confirmed
for fluorophosphate glasses by the increased isomer shift in
151Eu M&ssbauer spectroscopy and the phonon sideband, in which
the coupling of P-0" stretching vibration is shown. This is

revealed in Chap. 3.4.
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3.2. PHONON SIDEBAND AND LOCAL STRUCTURE OF Eu3+ IN

BORATE GLASSES

I. INTRODUCTION

The knowledge of the local structure around rare earth ions
in oxide glasses is important not only in interpreting their
optical properties but also in designing new types of glasses.
For example, the relationship between local structure and fluo-
rescence properties of oxide glasses containing rare earth ions
has been investigated widely from the viewpoint of making new

laser glasses or phosphors[5-7]. For Eu3+

ions, as the energy
gap of °Dy-"F; (J=0~6) is much larger than those of 5Dy, ,-D;
(J=0~3), the multiphonon relaxation process is predominant be-
tween the 5DJ levels and radiative emission occurs mainly from

the 5D0 level in most oxide hosts of higher phonon energy. Also,

the phonon sideband (PSB) can be clearly observed in the higher

energy side of 5D2é—7Fb transition, and thus Eu3+ ion can become
a good probel[8]. In Fig.l shown is an example for 50S5i0,
25A1203-25La203-1Eu203 glass. Certainly, the PSB is clearly

observed around 445 nm, due to Si-0-Al stretching vibration

3+ jon in the glass[9]. These bridging oxygen

atoms in Si-0-Al bonds can be considered to coordinate Eu3+ ion,

coupled with Eu

which was found to take coordination number higher than eight in
the glass by 151Eu M8ssbauer spectroscopy[l10]. Thus it is
interesting to investigate the local structure around rare earth
ions in glasses by the phonon sideband spectra. Among several

oxide glasses, it is known phenomenologically that the Eu3+—doped
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borate glasses, where the coordination number of boron atom

changes from 3 to 4 with alkali content[11], show the correspond-

7 .
ing change of the fluorescence spectra of the 5D0*+ Fy transi-

tion[5]. Namely, the inhomogeneous linewidth of fluorescence
spectrum varies with the amount of Nazo, having the maximum value
around 20 mol% Na,O, although the resonant homogeneous linewidth

excited by a dye-laser shows a monotonous dependence on them.
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) __Phonon sideband
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Fig.l: Energy level and phonon sideband of Eu3+

ion in 508102‘
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However, few information on the local structure of borate glass
has been obtained about the ligand of the doped fluorescent ions,
while the structure of wundoped alkali borate glasses has been
well established by NMR[12,13] and Raman spectroscopy[l4]. In
addition, it is necessary to know the short range ligand struc-
ture of fluorescent ions in order to predict the nonradiative
decay rate due to the multiphonon relaxation[2] as well as its
mechanism.

Therefore in this study. the excitation spectra for the
Bzo3wNa20 glasses containing 1 mol% of Eu203 were measured.
Especially, the phonon sideband associated with the 5Dy«7F,
transition was investigated precisely in order to get the infor-
mation about the compositional dependence of the phonon energy
and electron-phonon coupling strength relating with the nonradia-

3+

tive decay of Eu ions. From these studies, it is possible to

know the local structure around Eu3+

ions in glasses[9,10], which
cannot be detected by the usual IR absorption or Raman scattering

method, which are for the bulk measurement.

II. EXPERIMENTAL

The excitation spectra of the glass samples were measured
with Hitachi-850 Fluorescence Spectrophotometer, monitoring the
5Db~+7F2 emission at 612 nm as a fixed wavelength. The phonon

sideband associated with the 5D26—7

Fb transition was multiplied
by a factor of 100 in the wavelength range of 430~450 nm. The
spectra obtained were analyzed by the least-square fitting pro-

gram, Gaussian curves being assumed. From these analysis, the
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electron-phonon coupling strength can be evaluated as the ratio
of integrated intensity of the phonon sideband to that of the
pure electronic transition[12]. Also, the phonon energy can be

obtained from the energy difference between two peak positions.

III. RESULTS

The excitation spectrum of glass specimen(x=20) was shown in
Fig.2, where the emission intensity of SDO-—>7F2 at 612 nm was
taken as the ordinate. The pure electronic transition of 5Dz(——

7F0 can be seen around 465 nm, the line shape of which was almost

80B203-20Naz20-1Eu203
7Fo‘ SDZ

>

=
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e
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Fig.2: Excitation spectrum of 808203-20Na20-1Eu203 glass.
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symmetrical singlet and not so changed with NasO content. The
phonon sideband is observed around 435~450 nm, which is multi-
plied by 100 times. It can be seen that the shape and position
of PSB in Fig.2 were quite different from those for the 50510,

25A1,505 - 25Lay0g- 1Euy045 glass shown in Fig.l. That is, the

1 and the spec—

phonon energy varied in the range of 600~1600 cm_
trum was composed of several bands in borate glasses, while the
peak was almost singlet at 910 em~! in the lanthanum aluminosili-
cate glass. The compositional variation of the PSB for the
(100-x)By04-xNay,0-1Euy03 glasses is shown in Fig.3, where the
abscissa is converted to the phonon energy in wavenumber with re-
spect to the center of gravity of the pure electronic transition
for simplicity in comparison. The largest band around 1400 em™ !
shifted to a higher frequency side with increasing Na,0 content,

while the weak broad bands in the lower wavenumber side became

small with changing their line shape and apparent peak positions.

IV. DISCUSSION

A. Phonon energy

In order to make an assignment for each sideband to the
corresponding vibrational mode, the bands of IR and Raman spectra
were employed. In IR spectra of borate glasses, the bands of BO4
stretching mode are present at the highest frequency, ranging
from 1350~1400 cm~! to 1420~1550 cm™!. The former is assigned to
B-O0 vibrational mode inside the various borate rings and the
latter to nonbridging B-0~ ©bonds, respectively[13]. Table 1

shows the assignment of these bands[13,16]. Their characteristic
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bands listed in Table 1 were taken into account and the frequency
was used as the initial value of the fitting. The analytical
results of the phonon sideband for the present glasses (x=10, 35)
are shown in Fig.4. It is clear that the largest band is com-
posed of two peaks. The smaller band at higher energy side is
considered to correspond to the B-0  mode and the larger band at
lower energy side to the B-0 mode. It is known that the B-0"

3

nonbridging oxygen can not exist in Eu +—undoped alkali borate

glasses where the alkali content is less than 29 mol%[16].

Table 1l: Assignments of bands present in spectra.

Peak position/cm"l Assignment Spectroscopy
1420-1550 B-0" bond IR
1350-1400 B-0 bond IR
1120 diborate group Raman
1050 tetraborate group IR
900-1000 diborate group IR
880 tetraborate group IR
805 boroxol ring Raman
770 tetraborate group Raman
690-770 B-0-B bending IR

However, the peak due to the B-0O~ mode can be seen in the (a)x=10

3+

sample. Thus the B-0  bonds are coupled with Eu in the doped

glasses. Therefore, by analyzing the PSB in this study, it was

suggested that the B-0~ bonds were present only around Eu3+ ions
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in Eu3+fdoped alkali borate glasses and contributed to its nonra-

diative decay. The compositional variation of electron-phonon

Intensity(au.)

r | N S S
1600 1400 1200 1000 800 600
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o
1600 1400 1200 1000 800 600
Phonon energy / cm™!

3+

Fig.4: Examples of analysis of phonon sideband of Eu ion for

(a)SOBEOS-IONaZO-lEuzoa and (b)65B203-35Na20'1Eu203 glasses.
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Fig.5: Electron-phonon coupling strength of B-0~ stretching

modes as a function of Na20 content.

coupling strength of B-0  bonds is plotted in Fig.5. The in-

crease of g in larger x region shows that the contribution of
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B-0~ bond is enhanced by the nonbridging oxygen which drastically
increase in number at more than 29 mol% Na,O. A larger g value
of B-0" at x=10 indicates that the B-0~ bonds formed by an intro-
duction of EUZOS itself dominantly coordinate instead of a large
number of boroxol rings. In addition to the B-0" bonds, there
existed several peaks due to other vibrational modes. The compo-
sitional variation of various borate groups present in B203-Na20
glasses has been already reported [13,16] and according to the
references, both boroxol rings and tetraborate groups exist
mainly at x=0~20, while tetraborate and diborate groups exist at
x=20~35. It is shown that not only IR-active modes but also
Raman-active one could be revealed in the PSB spectra. For exam-
ple, the band of 805 cm—l assigned to the boroxol rings, which is
Raman-active but completely IR-inactive, could be clearly detect-
ed in the phonon sideband spectra for glass samples of x=10 and
15. The band of 1120 cm™! assigned to the diborate groups[13],
which is weakly Raman-active, could be also observed in the
phonon sideband spectra for x=25~35. On the other hand, the band
of B-0 vibrational mode in borate rings around 1350 cm_l, which
is Raman-inactive but IR-active, could be also detected. There-
fore, it can be concluded that by using the PSB spectra, even
either IR-inactive or Raman-inactive modes can be detected simul-
taneously. Also, this fact is a clear evidence that the multi-
phonon relaxation can occur by means of both kinds of optical

phonons.

B. Electron-Phonon Coupling Strength

In Fig.6, the electron-phonon coupling strengths obtained by
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the integrated intensity of PSB of the present glasses are shown

as a function of NaZO content. The total value of g decreased
rapidly around 15 mol% with increasing Na,0O content. It may be
correlated with the structural change of the glass. As the

wavenumber of vibrational modes are characteristic to the kind of
borate groups, it was possible to assign some bands to one of the
borate group. 1In Fig.7, the electron-phonon coupling strength of
several modes obtained from the analyses of phonon sideband
spectra was plotted for boroxol rings, tetraborate and diborate
groups as a function of Na,0 content. Also shown by the dashed
line is the number of each group per formula unit in the undoped
glasses[17]. It can be seen that the coupling strength, g of
each mode is related to the fraction of groups present in the
glass. The boroxol rings existed in the range of x<20 and the
diborate groups appeared at x>20. The values of them were chang-
ing almost consistently with their number of groups per formula
enit. However, the g of the tetraborate groups did not corre-
spond to the real fraction. For example, in the lower x region,
in spite of a number of boroxol rings much more than that of the
tetraborate groups, the electron-phonon coupling strength of the
former is smaller than that of the latter. In order to explain
this discrepancy, the feasibility of coordination to Eu3* should
be taken into account. One interpretation is due to the differ-

3+

ent affinity to Eu ion between two groups. In fact, since the

1

largest peak of tetraborate group at 1050 cm ~ is assigned to BOy

stretching vibration[13], it is probable that the BO, of nega-

3+

tive charge can preferentially coordinate to Eu ion to neutral-

ize its positive éharge. On the other hand, the boroxol ring

T



does not have the formal negative charge and thereby it has less

tendency of coordination to Eua+ ions. The site preference of

Eu3+ in glasses is considered to be influenced by the chemical

affinity of structural unit and its fraction present in glass,

2.5 T - : :
EuS*—Phonon Sideband
2.0k —

0.5r _

0 TEO ZIO 3IO :10
Na0 content / mol%

Fig.6: Electron-phonon coupling strength of total vibrational

modes as a function of Na20 content.
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Fig.7: Compositional variation of electron-phonon coupling
strength of borate groups: The dashed lines show the

number of groups per formula unit[17].

Thus, the g value can be a measure of the chemical affinity to
Eu3+ ions in borate glasses, because the fraction of each struc-

tural unit has already been well established[18] and can not be
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so different as a whole by 1 mol% doping. The g of tetraborate
groups is constantly larger than that of boroxol rings in the
range of x=10~20, where the number of tetraborate groups in-
creases with increasing Na,0 content. Around 15 mol% Na,O0, the g
of tetraborate groups begins to decrease and in the larger x
region than 20 mol%, it becomes small and the diborate group
begins to appear instead. However, since B-0~ bonds are also
formed in this compositional range and they have a strong tenden-

3+ jon, it can be said that the

cy of coordination to Eu
electron-phonon coupling strength of diborate groups can not
become so large compared with the actual number of diborate
groups in the glass. Thus, Eu3+ ions can preferentially select a

certain stable site of negative charge rather than be randomly

distributed in the average matrix.

V. CONCLUSIONS

The phonon sideband (PSB) of Eu3+ associated with the 5D2€-
7Fb transition was investigated for the B,04-Nay0 glasses doped
with 1 mol% Euy04. It was found that the phonon mode coupled
with Eu3+ ions in the glasses, assigned to those in IR or Raman
spectra, was almost consisting of B-0  or B-0 stretching vibra-
tion of BOg units and vibrations of 804' units in tetra- and
diborate groups. The results showed that B-0  bonds present

around Eu3+

ion, which has the highest phonon energy., contributed
to the nonradiative decay due to the multiphonon relaxation of
Eus* ions even in alkali-poor borate glasses. Moreover, the elec-

tron-phonon coupling strength of each borate group was found to

be influenced not only by its fraction present in glasses but
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also by the site selectivity of Eu3+ ion to them. This discrep-
ancy could be interpreted in terms of the different chemical
affinity of groups and site-preference of Eu3+ ion. Among borate
groups, the tetraborate groups had the tendency to dominantly

3+

coordinate Eu ion compared with other groups, such as boroxol

rings and diborate groups.
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3.3. PREPARATION AND OPTICAL PROPERTIES OF SINGLE

CRYSTALLINE AND AMORPHOUS HUNTITE EuAla(B03)4

I. INTRODUCTION

Self-concentration quenching by ion-ion interaction reduces
the efficiency of most rare earth based luminescent materials
because the nonradiative decay process occurs due to the elec-
tric-dipole coupling between rare earth ions[19]. Thus, in most
glass systems doped with luminescent ions such as Nd-doped oxide
glasses, the maximum content of Nd3* ions is usually limited to
much less than ~5 mol%. On the other hand, in some kinds of
phosphate glasses, a large amount of rare earth ions can be doped
as a main component of glass composition without the concentra-
tion quenching such as Eu(PO3}3[19]. The rare earth aluminoborate
crystal, LnAl3(BOS)4 [20,21] is a highly concentrated rare earth
crystal in stoichiometry along with Ln3A15012[22], LigLn(BOg)4
[23,24] and LnMgBSOIO[ZEJ. This crystal structure is isomorphous
with huntite CaMga(C03)4 [26]. Among the rare earth huntite
groups, NdAl;(BO3), is known as a minilaser device (NAB) utiliz-
ing the fluorescence of the 4F3/2 — 4111/2 transition of Nd3+
ion[27]. In addition to the benefit of unusual weak self-
concentration quenching in these crystal groups, the possibility
of glass formation in this system is of interest, because it
contains a large amount of network-forming compounds such as 8203

and A1203. Thus it is attractive to investigate the fluorescence

property of the glassy state, which is surely expected to accom-
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pany the structural change, under the same composition as that of
crystal.

In the present section, a single crystal of EuA13{B03)4
huntite was prepared by the usual flux method and its fluores-
cence property was examined. In this structure, the SDO—%7Fb

transition of Eu3+

ion is forbidden due to the site symmetry of
Dah[22]. In order to investigate the effect of glass formation on
the structure and fluorescence property, an amorphous thin film
was also prepared by the twin-roller quenching method. The coor-

dination numbers of Eu3+ and Al13* ions were also investigated by

the 151Eu MUssbauer and AlKx emission spectra, respectively.

II. EXPERIMENTAL

A single crystal was obtained by using the L120-8203 flux
method, which was reported for NdAlS(BO3)4 elsewhere[28]. The
composition shown in Table 1 was melted in a platinum crucible at
1200 °C for 2h and the melt was slowly cooled at a rate of 10 K/h

down to 500 °C. The solid obtained was etched with 0.1N HC1
aqueous solution to avoid the lithium borate flux. The X-ray
diffraction analysis was carried out to confirm the formation of

a pure phase in the powder form.

The glassification of this crystal was conducted by using

the twin-roller super cooling method. The rollers rotate them-
selves at a rate of about 1000 rpm. The glassy phase was con-
firmed by XRD. The glass transition temperature, Tg was deter-

mined by differential thermal analysis(TG-DTA B8112-BH, Rigaku

Denki Co. Ltd., Tokyo, Japan) in a powder form with a heating
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rate of 10 "C/min.

Table 1: Compositional ratio of flux

Source Ratio
Eu203 1
Al,04 3
LiyCOg 2
8203 6.44

Fluorescence and excitation spectra of the crystalline and
amorphous sample were measured with a Hitachi-850 Fluorescence
Spectrophotometer. The excitation source was a Xe-lamp and the

wavelength was 394 nm, which corresponds to the Eu3+:5L64—7

o
transition.

The l51Eu M8ssbauer measurement was carried out by using
1515m203 (5mCi) as a 21.6 keV 7y -ray source. The velocity cali-
bration was done with the spectrum of «-Fe by the 57Co(Rh)
source, and the isomer shift was determined with respect to that
of EuF5. In order to investigate the coordination number of a13+
ions accompanied with the structural change, the chemical shift
of AlKx emission was determined with X-ray probe microanalyzer
(Model ARL EMX-5M, Shimadzu-Seisakusho, Kyoto, Japan). The

chemical shift was calculated in wavelength with respect to that

of the emission peak for metallic Al.
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ITI. RESULTS AND DISCUSSION

The photograph of the single crystal obtained is shown in
Fig.1. The crystals obtained were hexagonal rod in shape and
pinkish in color with transparency. From XRD, no impurity phase
was observed and all the peaks could be assigned to EuAls(BOj),
huntite crystal. The DTA curve is shown in Fig.2. The glass
transition was clearly observed around 730 “C as an endothermal
step and crystallization temperature, - of the first exothermal
peak was 830 "C. This value of Ié is much higher than that of

other borate glasses, which is probably due to the absence of a

monovalent network modifier such as alkali-metal ions.

Fig.1: EuAla(B03)4 single crystal prepared by the flux method.
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Fig.2: DTA curve of amorphous sample.

Fluorescence spectra of the crystalline and amorphous sample
are shown in Fig.3. For the crystal sample, the spectrum was the
same as that reported elsewhere[21]. The 5D0—97Fb transition
around 580 nm was not observed, since this transition is forbid-

3+

den for Eu ions at D, symmetry as in EuA13(503)4[21] and

YA13(803)4:EU3+ huntite structures[29]. On the other hand, this
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emission line was clearly observed for the glass sample. This
phenomenon can be ascribed to the change in the site symmetry of

3+

each Eu site from crystalline to glassy state. The splitting

of 7F1 and 7F2 states became large due to the crystal field Stark
splitting but the fine structure could not be clearly observed
because of site-to-site variation characteristic of the amorphous

state.
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Fig.3: Fluorescence spectra of (a)crystal and (b) amorphous

sample.
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In Fig.4, the 151g, MBssbauer spectra of crystalline and
glass samples are shown. From Fig.4, it can be seen that no Eul*
ion (IS ~ -12 mm/sec) was formed and the linewidth of the absorp-
tion peak due to Eu3t jons became large for the glass sample.
This line broadening can be due to the formation of site varia-
tion and to the increase of the electric field gradient at 151Eu
nuclei in a random glass structure. The isomer shift, IS of Eu3+
ions in the glass sample was 0.30 mm/sec, while that of huntite
crystal was 0.70 mm/sec. According to the previous study con-
cerning about the relationship between IS and coordination num-
bers (CN=6,8,9,12) of Eu®t ion in various oxide crystals[10], IS
of Eu3* ion can be a measure of the coordination number. For

example, the IS of C-Eu203 (CN=6) was 1.07 mm/sec and that of

EuAlQOgq (CN=12) was 0.52 mm/sec. Thus, it is suggested that the

coordination number of Eu®* ions in glass sample increases up to
P P
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Fig.4: The 151g, M8ssbauer spectra of (a)crystal and (b)

amorphous sample.
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The results of AlKax emission are shown in Table 2 together
with the chemical shifts of a—Alzoa, amorphous—A1203 and mullite
crystal. It can be seen that the chemical shift of the single
crystal corresponds to that of the six-folded state, while that
of the glass sample to that of the mullite crystal, where the
average coordination number of A13+ ions is 4.8. The change of
the chemical shift in the same composition was -11x10"° nm. This
change in chemical shift is much larger than that for A1203 (-
3x107% nm) in which the average coordination number of A13%
changed from 6 to 5 with amorphous formation by rf-sputtering
[30]. Therefore, the coordination number of most Al%* ions in
the present system 1is considered to decrease from 6 to 4 by
glassification. These four-folded A13+ ions probably contribute

gd+

to the network formation along with , while the Eu3+ ions work

as the network modifier, taking higher-folded states.

Table 2: Chemical shift of Al K& emission.

Sample Coordination Chemical shift
Number (10-5nm)

crystal 6 27
amorphous ? 16

w=hlaly 6 20

v-A1203* 5 17

Mullite 4.8(3tet.+ 2oct.) 16

K-feldspar 4 11

¥: Prepared by rf-sputtering[30].
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The excitation spectra of the crystal and glass are shown in
Fig.5(a) and (b), respectively. At higher energy side of the
5D2¢—7Fb electronic transition, the phonon sideband[31] can be
observed. The phonon energy, which can be obtained as the energy
difference between those peaks, was 1290 c:m'1 for the crystal.
This energy is exactly equal to that of the stretching vibration
of 5033' orthoborate group[14]. This high energy phonon reduces
the fluorescence lifetime by a rapid multiphonon decay process as
in the NdAla(BO3)4[21]. By glassification, although the highest
energy phonon did not change drastically., the electron-phonon
coupling strength, which is the intensity ratio of the phonon
sideband to that of pure electronic transition, decreased drasti-
cally from 5:\:10"2 to 6x10_3. In the glass, the chemical bonding
with the highest phonon energy is considered to be still 3B-O,
although the CN change of some B atoms might occur from 3 to 4
accompanied with the CN change of A13+ and Eu3+. However, it is
plausible that the network modifying Eu3+ is placed near the
nonbridging oxygen of 3B—O'. Therefore, the phonon energy cou-
pled with the multiphonon relaxation can be still about ISOOCmFl
of 3B-0 rather than %B-0 with lower phonon energy (~ 1100 Cm_l).
As mentioned above, the electron-phonan coupling strength changed
with structural change. This can be ascribed to two reasons.
One is the decrease in the number of three-folded boron atoms,
which generates a decrease of the number of the 3B—O bond.
Another is the decrease of the mean free path of the phonon in
amorphous structures. Further study is needed to clarify the
structure of this amorphous as well as the electron-phonon cou-

pling of rare earth ions.
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Fig.5: Excitation spectra of Eu3+:5£b-97ﬁé emission:
(a)crystal and (b)amorphous sample. The phonon sideband

associated with 5D§f—75b electronic transition is observed
at higher energy side.
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V. CONCLUSIONS

A single crystal and an amorphous solid of EuAl3(BO3)4 were
prepared and their fluorescence properties were compared each
other. It was found that the 5D0—+7Fb transition in the amor-
phous state, which is forbidden for Eu3+ ions at DSh symmetry in
the huntite crystal structure, was allowed and a decrease of the
3+

ligand field symmetry around Eu ion was suggested with the

glass formation. The results of 151Eu M8ssbauer effect and

AlKae emission spectroscopy showed that the coordination number

3+ 13+

ions almost

of Eu ions increased from 9 to 12 and that of A

decreased from 6 to 4 by glassification. The increase of the
linewidth of both the fluorescence and M8ssbauer spectra could
3+

be attributed to the site variation and ligand asymmetry of Eu

ions in the glass of this system.
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3.4. LOCAL STRUCTURE AND NONRADIATIVE DECAY OF EuS*

IONS IN FLUOROPHOSPHATE GLASSES

I.INTRODUCTION

The local structures of rare earth ions in fluoride glasses
are of great research interest for new phosphors and lasers[32-34].
One of the superior points of the fluoride hosts to the oxide
hosts is their lower phonon energies, which lead to the reduction
of nonradiative loss due to multiphonon relaxation[35]. However,
in oxide systems, the highest energy phonons of network former
can play the major role in the multiphonon relaxation because
they can conserve the energy gap in the lowest-order process[1].
The material research for new functional glass devices is very
important objectives in the field of optoelectronics. For laser
applications, the fluorophosphate glasses are attractive in terms
of their small refractive index nonlinearity[36]. One of the main
interests from the viewpoint of material design of oxyfluoride
optical device is in the coordination states and multiphonon
relaxation mechanisms of fluorescent ions in the mixed-anion
host. In this section, an A1F3-based fluoride glass was chosen
as a host and the effect of substitution for AlPO; on the fluo-

3+ ion was investigated. Since it 1is

rescence properties of Eu
known that the probability of the multiphonon process is dominat-
ed by the lattice phonon[4], the phonon sideband associated with
Eu3+: 5D2 — 7Fb transition was measured to get the information

about the phonon modes coupled with rare earth ions. Also,

compositional variations of 151g, M8ssbauer parameters were
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obtained to investigate the state of anion coordination to rare

earth lons.

II. EXPERIMENTAL

The compositions of the glasses are expressed by (50-x-y)
A1F3-XA1PO4-yEuF3'30CaF2 20BaFy. This system was selected be-
cause the fluoride melt with the composition of 50A1F3'30CaF2
20BaF, can be vitrified by pressing it with two iron plates in
the absence of BeF, or ZrF4[37,38]. Furthermore, the glass-forming
ability is not suppressed by addition of substantial amounts of
LnFq and AlPO,.

Glasses were prepared by using reagent grade A1F3, AlP04.
Equ, C&F2 and Ban. For pure fluoride glasses, a small amount
of NH,4F-HF was also added to the batch. The batch materials were
well mixed in an alumina mortar and was melted in a platinum
crucible with a cover at 900~1100 *“C. The melt was poured on a
stainless steel plate and was pressed with another plate.

The fluorescence and excitation spectra were measured with a
Hitachi-B850 Fluorescence Spectrophotometer. A Xe-lamp were used
as the excitation source of fluorescence measurement, in which
the 394nm-band due to 5L64—7Fb transition was excited. In the
excitation spectra of Eu3+. the 5D0—97F2 emission at 613nm was
monitored. The phonon sideband associated with the pure elec-
tronic 5D26-7Fb transition was multiplied by 100 times to inves-
tigate the phonon mode contributing to multiphonon relaxation.

The 151, M8ssbauer measurement was carried out at room

temperature with 1°1Sm,0, (50 mCi) as a 21.6keV 7-ray source.
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The velocity calibration was done with the spectrum of magnetic
splitting of a-Fe by a °’Co/Rh source and the isomer shift was
determined with respect to EuFq. All the spectra were analyzed

with a least-square fitting program of Lorentzian curves.

ITI. RESULTS

A. 191py_MBssbauer spectroscopy

A typical 151Eu-MBssbauer spectrum of a glass (25A1F3
20A1P04-5EuF3-3OCaF2-ZOBaF2) is shown in Fig.1l. The peak due to
Eult ions, which should be seen around -14 mm/sec[39], was
scarcely observed in almost all samples except for the (x,y) =

2+

(0,1) glass. Even in this sample, the fraction of Eu among all
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Fig.1. The 15lEu-MBssbauer spectrum of 25A1F3~20AlPO4-5EuF3-

30CaF2-2OBaF2 glass.
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the europium ions was at most one percent on the assumption of

the equal recoil-free fractions. The compositional dependence of

3+

the isomer shift IS of Eu in fluorophosphate glasses (y=5) is

shown in Fig.2. Although the IS of fluoride glass(x=0) was lower

+0.30 ————T—— T
Phosphate
glasses |
+0.20} .
) glass formation
“\\~ .................................
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Fig.2. Compositional dependence of the isomer shift of 1515U3+ ions in

(45~x)A1F3-xA1P04-5EuF3-3DCaF2-ZOBan glasses.
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than that of EuFj, the IS increased with increasing AlPO, content
and becomes positive above 10 mol% A1P04. Homogeneous glass was
not obtained for the x=25 composition. The full-width at half-

maximum (FWHM) of the M8ssbauer peak is also plotted in Fig.3.

; i ; r ! I
3.2T 151, 3+ :
@ 3ol _— |
-
£t ﬁ
Z 98¢ |
=
o i ]
(45—x)AIF 3xAIPO4
06k 30CaF,20BaF 7 5EUFs -
. l . | ; L
0 10 20 30

AIPO4 content (mole%)

Fig.3. Compositional dependence of the full-width at half-maximum
for the Eud?  in the M8ssbauer spectra of (45—x)AlF3-xAlPO4-

5EuF3-30CaF2-ZOBaF2 glasses.
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It gradually increases with increasing AlPO4 content. In Fig.4,

the variation of IS with the EuFg5 content is plotted. The IS of
these fluoride glasses are lower than that of EuF3{O mm/sec) and

increases slightly with increasing EuF; content.
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Fig.4. Compositional dependence of the isomer shift of 151Eu3+

ions in (50—y)A1F3-yEuF3-BOCaF2-2OBaF2 glasses.
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B. Fluorescence spectra

The fluorescence spectra of (49—x)AlF3-xAlPO4 1EuFq-30CaF,-
20BaF, (y=1) glasses are shown in Fig.5. The absolute intensity
was not obtained in this study and thus the ordinate is normal-
ized with the height of the magnetic dipole 500—9751 tran-—
sition[40]. The emission lines due to the transitions from 5D2
and 5D1 to TFb levels can be clearly seen around 450~560 nm for

the x=0 sample. However, the intensity of these lines decreases

" (49-X)A1F3- XAl POg-1EuFy - 7,_12
30CaF,-208aF 7F,

I 5

L 5 0

I 7?2 721 7FO

| Ry J

Emission intensity (a.u.)
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Wavelength / nm

Fig.5. UV-excited fluorescence spectra of Eu3+ ions in (49-x)A1F3

“xA1P0Q, - 1EuFq-30CaF, - 20BaF, glasses(A ,,=394nm).
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with an increase of A1P04 content. On the other hand, among
emission lines from 5DO to 753 levels observed in the range of
570~670 nm, the intensity ratio of 7F2 to 7F1 increases with an
increase of x. The similar tendency could be observed for the
y=5 series, which is shown in Fig.6. In these samples, the
intensity of emission lines from higher 5DJ- (J’>0) 1levels is

smaller than that for the y=1 series.
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Fig.6. UV-excited fluorescence spectra of Eu3t ions in (45-x)AlFq4

-xAlPO4-5EuF3-30CaF2-20BaF2 glasses().ex=394nm).

94



C. Phonon sideband spectra

The excitation spectra of Eu3+:5DO —_ 7F2 emission for the

y=1 and y=5 series are shown in Figs.7 and 8 for various AlPOy
contents x, respectively. The peak due to 5D26—75b transition
can be seen around 464 nm, and the shape of the peak was almost
symmetric and unchanged with the composition. Each spectrum is
multiplied by 100 times and superposed on its original one.
Clearly, a peak around 442 nm and a shoulder around 451 nm are

observed in both figures. As there is no peak due to pure elec-

Intensity (a.u.)

430 440 450 460 470
Wavelength / nm

Fig.7. Excitation spectra of Eu3+ ions in (50—x-y)A1F3-xAlP04-
yEuFa-SOCan-ZOBan glasses of y=1. Phonon sideband can
be observed in the higher energy side of 5DZG—TF0

transition.
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tronic transitions of Eu3+ in this energy range, these bands are
identified as the phonon sideband associated with the 5D2 — 7Fb
transition of Eu3+[4}. The peak around 442 nm cannot be found
for x=0 sample and its intensity increased with an increase of
AlPO, content. On the other hand, the shoulder around 451 nm was
clearly observed for x=0, and its intensity decreased with in-
creasing AlPO4 content. The situation occurs both for the y=1

and y=5 series. The intensity of the 442 nm peak seems to be

saturated at 20 mole% AlPO4.

—

Intensity (a.u.)

L !

435 440 445 450 455 460 465 470

Wavelength / nm

Fig.8. Excitation spectra of Eu3+ ions in (SO—x-y)AlFa-xAlPO4-
yEuFS-BUCan-ZOBan glasses of y=5. Phonon sideband can
be observed in the higher energy side of 5D24—7F0

transition.
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IV. DISCUSSION

3+

A. Local structure of Eu ions in fluoride glasses

As shown in Fig.4, the IS of Eu3+ in the present fluoroalu-
minate glasses is lower than that of EuFg. Since the IS of a
M8ssbauer nucleus of an absorber with respect to a source can be
expressed by the following equation[41],

1s = ¢f|wa(0)|2- |¥s(0)]|2}). (1)
The lower IS can be attributed to a lower electron density at the
151 2 :
Eu nucleus, ]wa(o)| , owing to a smaller covalency of Eu-F

bond. This result suggests that the local basicity of Eudt

ions
in glasses[42] is lower than that in the single europium(III)
fluoride. Since the IS can be a measure of the covalency, bond
length, or coordination number[10], the negative IS wvalue for
these fluoride glasses (Fig.4) suggest that the Eu-F bond length
is longer in these glasses than that of EuFa(III) crystal (CN=9)

3+. This is probably

caused by the fact that the second nearest neighbor of Eu3+,

due to higher coordination states of Eu

which forms the chemical bond with the nearest F~ ions, is an

2+ and Baz*. The

acidic cation: i.e., A13* rather than Ca

phonon sideband spectra of y=0 samples showed that the phonon

energy was about 600cm™ 1. The Raman studies on the AlF3-CaF,-

Ban glasses[43,44] revealed that the band observed around

560~600cm'1 is due to the stretching vibration of AlFe group.

Thus, it may be clear that the F~ ions of the Al-F bonds with the
3+

highest frequency are coordinated to the Eu“", and contribute to

its nonradiative decay in these aluminum-based fluoride glasses.
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B. Local structure in fluorophosphate glasses

As is shown in Fig.2, the IS of Eu®* increased with increas-
ing A1P04 content. The slope of increase in IS against x is
remarkable compared with IS of Eust in a phosphate glass
(70P405-30Nay0-1Euy05)[45]. If IS of 0.23 mm/sec is a typical
value for phosphate glasses and the slope of the change in IS
versus AlPO,; content is constant, the IS of the fluorophosphate
glass at x=45mol% will become almost the same as that of the
phosphate glass. It indicates that oxide ions preferentially
coordinate to the rare earth ion, although a large amount of
fluoride ions still exist at this composition. In the phonon
sideband spectra, the additional band appeared around 1060cm'1 by
incorporating A1P04. This band has already been assigned to the
P-0" stretching mode of phosphate end member in the Raman spec-
troscopy[46,47]. The electron-phonon coupling strength of this
vibrational mode increases with AIPO4 content and is saturated at
higher amount as is shown in Fig.9. Therefore, it is probable
that the oxide anions in the P-0~ bonds preferentially coordinate
to the Eu3+ in these fluorophosphate glasses.

The increase of fluorescence intensity ratio of (BDO—a
7Fz)/(5DG—->7F1) can be explained as follows. It is known that
the 5Db-97fé transition is electric-dipole allowed and its tran-
sition probability depends on the Judd-0felt §22 parameter, which
reflects most largely the asymmetry of ligand field[3]. On the
other hand, the 5Db—97F1 transition is magnetic-dipole allowed
and thus its probability is independent of electric field gradi-
ent. Therefore, the above intensity ratio is considered to be a

measure of ligand field symmetry[48]. Because the strength of
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Compositional dependence of the electron-phonon coupling
strength of P-0" stretching mode in the phonon sideband
spectra of Eu3+ ions for (49—x)A1F3-xAlPO4-lEuF3-3OCaF2-

2OBaF2 glasses.
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ligand field can be increased by divalent oxide anions rather
than monovalent fluoride anions, the coordination of oxide anions
to rare earth ion should effectively increase the ligand field
strength and the mixed anion coordination also increases the
electric field gradient. The gradual increase in the FWHM of
151p,-MBssbauer peak shown in Fig.3 can be ascribed to the
increased gquadrupole splitting of eight transition components
[10,49]), since the gquadrupole splitting of the M&ssbauer transi-
tion is proportional to the electric field gradient at nucleus

[10].
C. Nonradiative decay due to ion-phonon interaction

The rate of relaxation of an excited state is governed by
the combination of probabilities for radiative (A) and nonradia-
tive (W) processes. The lifetime T of an excited state is given
by

71 = za+ =W (2)
where the summation of A is for radiative transitions terminating
on all lower final states and that of W includes those by ion-
phonon and ion-ion interactions. Among nonradiative processes,
the relaxation by multiphonon emission due to the ion-phonon
interaction is significant. For x=1 series where +the cross
relaxation due to the ion-ion interaction is negligible because
of the low europium concentration, the emission lines from higher
5DJ levels become smaller with increasing A1P04 content, compared
to those from SDO level. This phenomenon can be ascribed to the
different energy gap to the next lower level AE and to an in-

creased electron-phonon coupling strength of the P-0~ stretching
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mode with the highest phonon energy. According to Miyakawa and
Dexter [2], the rate of multiphonon decay can be expressed by the

following equations,

Wo(T) = Wg(0)-exp(-aAE), (3)
a = (Fw) ![1n{p/g(n+1)}-11, (4)
p = AB/fw, (5)

where fiw is the phonon energy, p corresponds to the number of
phonons consumed during multiphonon relaxation, and g is the
electron-phonon coupling strength. WO(O) is the transition
probability extrapolated to zero energy gap, which is independent
of the electronic nature of rare-earth ions, and n is the Planck

distribution function on the population of phonon as a function

of hw and temperature, being expressed by n = {exp('ﬁm/kT)-l}'1
[50]. The radiative quantum efficiency 7 is defined by,
7 A/ (ZA + TW)= TZA (6)

Since the AE of 500 is much larger than those of other 5DJ
(J>1) states, the nonradiative decay process by multiphonon
relaxation can be extremely small and thus the radiative decay
becomes a determinative factor on the relaxation process. On the
other hand, the radiative quantum efficiency from higher 5DJ
levels is greatly influenced by the nonradiative decay rate due
to their smaller energy gap[31]. For the fluorophosphate glass-

es, the contribution of Al-F stretching mode on W_ can be negli-

P
gibly small, since the phonon energy of P-0  stretching mode is
much higher, which leads to conservation of AE in much lower
order process. Assuming the constant phonon energy (fiw= 1060

cm_l} against AlPO, addition, which is a good approximation as is

seen from Figs.7 and 8, one can calculate WP(T) for a given
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energy gap as a function of the electron-phonon coupling
strength according to eqs.(3)-(5). The results of calculation
for 5p; (AE=1750 cm™l), ®D,(AE=2500 cm™!) and 5Dy(AE=2800 cm™!)
levels at 300 K are shown in Fig.10. The range of abscissa
corresponds to the values obtained from the results of the phonon
sideband spectra in Figs.7, 8 and 9. Apparently, WP(SOO K) is a

monotonously increasing function of g ; it increases rapidly at

100 j | o 1 ] ]
i Eu® N w = 1060cm™

10" 300K g
AE = 1750cm™!

2)

° 10| .
=

N L ]
o /

8 10 D, - AE = 2800cm™ -
a L (" |
= 7o

1()'1° ? I | I L ] 1
0 2.0 4.0 6.0 80 100 120

gx10°

Fig.10. Variation of the nonradiative decay rate of Eudt excited
states as a function of the electron-phonon coupling

strength of P-0" stretching nade(lOSOcm'l) at 300 K.
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lower g (i.e., at lower phosphate content) and increases gradual-
ly with increasing g. As g increased rapidly at lower phosphate
content as is seen in Fig.9, addition of small amount of phos-
phate to a fluoride glass seems to effectively reduce the radia-

tive gquantum efficiency of excited states with a small AE.

D. Nonradiative decay due to ion-ion interaction

In the glasses with the same x (0 or 5), the intensity ratio
of emission lines from higher SDJ (J=1,2,3) levels to those from
5DD level was always smaller for the y=5 series (Fig.6) than that
for the y=1 series (Fig.5). The smaller ratio can be ascribed to

the increased ion-ion interaction between Eu3+

ions, which causes
direct energy transfer from the excited donors to neighboring
acceptors, leading to the cross relaxation[23]. The critical rare
earth concentration for ion-ion interaction depends on the kind
of coordination anions and on the structure of connecting polyhe-
dra. In the case of the present coordination states of Eu3+
(CN>8) as discussed in section A, the 5 mol% EuFg seems not to be
a sufficient concentration for an Eanom polyhedron to share the
corner or edge with another Eu-polvhedron when they were homoge-
neously dispersed in random structures. From the compositional
variation of IS with different EuF5 concentrations of the fluo-
ride glasses (Fig.4), however, the local basicity of Eu®t in the
y=1 glass is lower than that in the glasses with y>3mol%. Since
the anions coordinating to Eu3+ are all F~ ions in fluoride
glasses, the change of IS or local basicity in Fig.4 is ascribed

to the change in averaged electronegativity of the second nearest

neighbor cations. Accordingly. the averaged basicity in the y=1
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glass can be lower (A1%* rich) than that for glasses with y>3,
where the presence of more basic Eust ions at the second neigh-
bors of EuSt caused its increased local basicity. Consequently,
the ion-ion interaction effectively occurs around this composi-
tion. The possible cross relaxation mechanisms for the SDJ
quenching of Eu3? can be (SDJ — 5DJ-) e (753* «— 7Fb). where 4
>J » J" > 0 and 6 > J* > 1. Therefore, the cross relaxation

between Eu3+ ions results in the reduction of the quantum effi-

ciency of higher SDJ levels.

V. CONCLUSTIONS

Fluorophosphate glasses were prepared in the system of
AlFS—AlPO4—EuF3—MF2(M=Ca,Ba) and the compositional dependences of
Eu3+—fluorescence properties were investigated. It was found
that with an increase of A1P04 content, the fluorescence intensi-
ties from Eu3+:5DJ(J=1,2,3] levels were decreased and the inten-
sity ratio of (5D097Fé)/(5D0>7F1) was increased. The local
structure and multiphonon relaxation mechanisms were investigated

by measuring the 151Eu

M8ssbauer effect and phonon sideband
spectra associated with the 5D26—7Fb transition. It was con-
cluded that the P-0" stretching mode with the highest phonon
energy contributes to the rapid multiphonon relaxation of 5DJ
states and that the covalency and asymmetry of Eu3+—ligand field
were increased by the addition of AlPO4 to the present glasses.

The ion-ion interaction became predominant for 5mol% EuFa rather

than for 1lmol% doped glasses.
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Chapter 4.

INFRARED TO VISIBLE UPCONVERSION OF
RARE EARTH IONS IN GLASSES WITH

II1-V SEMICONDUCTOR LASER

4.1. Research for Short Wavelength Laser and
Frequency Upconversion Fluorescence of

Rare Earth Ions

I. INTRODUCTION

Recently, the development of III-V group diode laser emit-
ting a high-power infrared radiation, stimulated a great demand
for the frequency converting device. This is because a short
wavelength laser offers unique opportunities in enhancement of
optical data density as well as speed of laser printing. To
achieve a compact blue laser, the limit of the band gap of III-V
semiconductor of direct transition, will be a problem, with the
wavelength longer than 0.74m, red in color to near-infrared. To
obtain green or blue emissions with shorter wavelength, it is
necessary to develop the II-VI group or IV-IV group semiconductor
lasers with wider band gap, such as ZnSe or SiC. Although the
current effort worldwide is concentrated on II-VI heterostruc-
tures, there have been several problems; the suppression of the
activity of p-type carriers, and the difficulty in formation of
the complete pn-junction[1]. Accordingly, it needs a long time
to realize the CW-action of II-VI or IV-IV diode with a suffi-

cient power at room temperature. On the other hand, high-power
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diode lasers with the longer wavelength than 0.78um came to be
available by the recent development of III-V semiconductors[2-4].
One method to obtain laser radiations with shorter wavelength is
the second harmonic generation (SHG) by the single crystalline
nonlinear optical (NLO) device with a high second order suscepti-
bility. By this method, the conversion efficiency becomes low
with an inefficient coherence characteristics of laser diode
(LD), therefore, it is necessary to form a large device structure
to confine the pumping light in NLO crystals with a large x*).
The second method is to pump the Nd3+:YAG or Nd3+:YVO4 single
crystals with LDs and generate 2w of 1.06 or 0.94xm radiation
with NLO single crystals such as KTP. Since the conversion
efficiency of LD-pumped solid-state rare earth crystals are high

(~50%) and the coherence of their laser radiation is sufficiently

good, the conversion efficiency depends on that of the NLO
crystals. In this case, rare earth doped laser can be considered
as a filter to gain the coherence characteristics of LD. While

it must be necessary by these two methods to obtain phase match-
ing of w and 2w in an anisotropic NLO single crystal, there is
no need by upconversion, the third method. The frequency upcon-
version by rare earth doped crystals and glasses has attracted a
great interest, since the 4f energy levels of rare earth ions in
solids are utilized to convert infrared pumping light into visi-
ble or ultraviolet light by multistep excitation. The concept of

3+ ions were proposed as a

upconversion phenomena of Er3t and Ho
way of infrared guantum counter (IRQC) by Bloembergen([5] and the
green emission was first observed in an Yb-Er doped germanate

glass with infrared pumping by Auzel[6]. With the development of
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higher power III-V LDs, laser oscillations in green and blue
regions have been reported in Er3+:LiYF4[7]. Tm3+:LiYF4[8] and
Nd3+:LaF3[9] crystals at lower temperature than 77K. In contrast
to crystals, the research field of upconversion in glass has

become wider with the discovery of heavy metal fluoride glass

(HMFG) by Poulain[10]. This is because the nonradiative loss due
30,—
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Fig.l: Energy level of Er3+ ion and the kind of II[-V laser diode with corre-

sponding wavelength.
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to multiphonon relaxation can be suppressed in these glass sys-
tems due to their lower phonon energies than those of convention-
al oxide glasses. Moreover, the laser action should be possible
at room temperature by taking a fiber form to confine the pumping
light from LD efficiently to maintain a high intensity over a
long interaction length. However, to realize the upconversion
lasing in glass at room temperature, it is necessary to improve
the excitation and emission efficiency of rare earth ions doped
in glasses. Because the optical properties of rare earth ions
are influenced by the ligand field, the electron-phonon interac-
tion, and the vibrational properties of hosts, it should be
necessary for material design to clarify the relationship between
the glass composition and the above structural properties as well
as to predict the fluorescence properties based on the radiative

and nonradiative theories of rare earth ions[11].

I1. UPCONVERSION PROCESS OF RARE EARTH IN SOLIDS

The normal(one-step) fluorescence is the process to emit a
light with longer wavelength by exciting with a shorter wave-
length such as UV light from a halogen lamp. In an upconversion
process, an ion is first promoted to a long-lived intermediate
excited state by near-infrared absorption, and is then raised to
a still higher state followed by the emission of UV or visible
light. Especially, laser actions have been recently reported in
H03+[121, Pr3+[13], or Er3+[14] doped fluoride glass fibers at
room temperature and Tm3+[15] at TTK. Figure 1 shows the energy

3+

level diagram of Er ion, in which the electronic levels for



absorption exist at 1.5zm, 0.98zm, 0.80um, and 0.65um. These

wavelengths of absorption bands correspond to those of

(In,Ga)(As,P), (In,Ga)As, (Ga,Al)As, and (In,Ga,Al)P laser

diodes, respectively, all of which has become available for many

purposes such as optical communication, optical data storage and

so on. Thus it is easy to pump Er3+ ion with LDs available in

practical points of view. Green upconversion emissions have been
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Fig.2: A possible multistep excitation mechanism of Er3+ ion by 1.54m laser.
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observed due to the 453/2—94I15/2 transition in most fluoride
glasses. Represented in Fig.2 1is a multistep excited state
absorption mechanism by 1.5u4m radiation, whereas the sensitiza-

tion by the energy transfer from adjacent ions can also be a
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Fig.3: Energy level of Tm3* ion.
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possible mechanism. The controlling mechanism depends on various
conditions such as the rare earth concentration, phonon energy of

host, excitation wavelength and so on.

In the case of Tm3+ ion, upconversions are reported by two

ways. The first is to pump at 1.06um from Nd:YAG[16] and the

second is to co-pump at 0.647 and 0.678um from Krt laser[17].

Figure 3 shows the energy level diagram of Tm3+ ion, in which two

stable (long-lived) levels to emit blue fluorescence exist (1D2

3+ ion attract much attention

in spite of the difficulty in pumping compared with Erdt.

and 164). This is the reason why Tm



4.2. MULTIPHONON RELAXATION AND UPCONVERSION INTENSITY

OF Er3* IN FLUOROPHOSPHATE GLASSES
I. INTRODUCTION

The conversion of infrared light to visible light, "frequen-
cy upconversion" phenomena of rare earth ions in solids is at-
tracting much research interest, The device applications are
potential short-wavelength upconversion lasers[16-19] pumped with
the infrared radiation from III-V laser diodes (LD). The glasses
are particularly attractive hosts because they can be fabricated
as optical fibers to confine-the pumping light from the LD effi-
ciently to maintain a high intensity over a long interaction
length, and also because different kinds of ions can be incorpo-
rated in various proportions. However, the optical properties of
fluorescent ions are largely influenced by their ligand field and
the vibrational properties of the host. Thus, it is important to
investigate the coordination states and multiphonon relaxation
mechanisms of the rare earth ions in multicomponent glasses in
order to design optical devices. One of the advantages of fluo-
ride hosts is their lower phonon energy compared with those of
the oxide hosts, which contribute to a reduction in the nonradi-
ative loss due to multiphonon relaxation[20,21]. 1In this study,
fluoride and fluorophosphate glass systems, which have been used

3+ ions and the

as Nd3*-laser hosts, were chosen as hosts of Er
upconvesion properties were studied by exciting with a (Ga,Al)As
laser diode emitting 0.80-gm infrared radiation. It is well

known that the rate of the multiphonon relaxation is dominated by



lattice phonons. Therefore, the phonon sideband[22,23] was meas-
ured for Eu3+—doped glasses in order to get information about the
phonon mode coupled to the rare earth ions. Moreover, the lﬁlEu
M8ssbauer effect[24] was measured to determine the local struc-
ture of rare earth ions in the glass. The compositions of the
glasses investigated are those of AlF3—based fluoride and fluoro-
phosphates. The AlFS system was chosen since it is chemically
stable and can incorporate a substantial amount of phosphate and

rare earth ions in vitreous states.

II. EXPERIMENTAL

Glasses with compositions (45-x)A1F3-xAlPO4-5ErF3-300aF2
ZOBan(x=0.5,10,20) were prepared by the same method described in
Chapter 4. The glass obtained was annealed, cut, and polished
with diamond paste into 3x3x1 mm3 size.

The fluorescence and excitation spectra were measured with a
Hitachi-850 Fluorescence Spectrophotometer.- A xenon lamp and a
GaAs/(Ga,Al)As laser diode (SONY SLD301-XT, A= 802 nm, P<100 mW)
were used as the excitation source of normal and upconversion
fluorescence, respectively.

The 191gy MOssbauer effect measurement was also carried out

by the same method as in Chapter 2.

III. EXPERIMENTAL RESULTS

A. Upconversion intensity of Erdt in fluoride and
fluorophosphate glasses

Figure 1 shows the compositional variation of upconversion



fluorescence spectra for (45-x)A1F3~xAlPO4-5ErF3-30CaF2 20BaF,
glasses(x=0, 5., 10, 20). A homogeneous glass was not obtained
for the composition of x > 25, It is clear that the fluores-
cence intensity of glasses decreased drastically with increasing

A1P04 content. At 20mole% A].PO,;, the green emission was hardly
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FIG.1: Compositional variation of upconversion fluorescence
spectra in the fluorophosphate glasses (45—x)AlF3-xAlP04
SErE‘3- BOCan-ZDBan.



observable with the human eye at 30 mW excitation. The 410-nm
emission peak due to the 2H9/2—+4I15/2 transition, which appeared
by excitation of the 4611/2*"4I15/2 transition at 378-nm, was
barely observed for all the samples with the present laser appa-
ratus, indicating that an excitation process more than two steps

may be necessary to reach the ZHQ/Z level.

T=299K
B 307K
328K
390K
438K
470K
- 331K
392K
- 644K

(a.u.)

Intensity

400 500 ’ 500
Wavelength (nm)

FIG.2: Temperature variation of upconversion fluorescence spectra

in fluoride glass (x=0).



B. Temperature dependence of Er3+ upconversion intensity

The temperature variation of the upconversion fluorescences
of 45A1F3-5ErF3-3OCaF2 ZOBan glass (x=0) is shown in Fig.2. The
fluorescence intensity decreases with increasing temperature 1in
the range from room temperature, 299 to 644K. In Fig. 3 the
integrated area of 453/2+2H9/2—94I15/2 green fluorescence around
550nm is plotted as a function of temperature for both (a) fluo-
ride glass (with x=0) and (b) fluorophosphate glass (with x=5).
It was found that the intensity decreased by less than 1/10 from
room temperature to 350 °C for the fluoride glass, while it
decreased by about 1/2 for the fluorophosphate glass.

C. Phonon sideband spectra of Eu3+

The phonon sideband spectra associated with Eu3+:5D2@—75b
transition are shown for (45—x)A1F3-xA1PO4-5EuF3-30CaF2'ZOBan
glasses (x=0,5,10,20) in Fig.4. The intense band due to the pure
electronic transition is placed around 464nm, while the phonon

sideband coupled to the rare earth ions is observed in the higher

energy range. The band around 442 nm appears above x=5 and its
intensity increases with increasing x. The intensity of the
shoulder around 451 nm decreases with increasing x. The phonon

energy, hw of two bands are found to be about 1060 and 600 cm 1.

D. gy MBssbauer spectroscopy

All the europium ions in these glasses existed in the triva-

3+-

lent state as Eu In Fig. 5 the compositional dependence of

the isomer shift IS is plotted as a function of the A1P04 con-
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120



tent. The IS of the fluoride glass (x=0) was lower than that of
EuFq (0 mm/sec), while that of fluorophosphate glasses increases

with increasing AlPO, content, and becomes positive above 10 mol%

AlPO,.

) o x100 [\ _

Intensity (a.u.)

1

235 440 445 450 455 460 465 470
Wavelength (nm)

FIG.4: Phonon sideband spectra of fluorophosphate glasses
having different AlPO4 content.
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FIG.5: Compositional dependence of the isomer shift of

151Eu3+ in fluorophosphate glasses

IV. DISCUSSION

A. Local structure and multiphonon relaxation mechanisms of

rare earth in fluoride and fluorophosphate glasses

From the M8ssbauer results, all the europium ions in the

present glasses were found to exist in the trivalent state as

3+

Eu3+. Since the mass and ionic radius of the Eu ion are simi-

lar to those of Er3+, their chemical environment should be simi-
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lar. The isomer shift IS of a M8ssbauer nucleus of an absorber
with respect to a source can be expressed as[26,27],

I1s=C{|va(0)|2- |¥s(0)|?}, (1)

where C is a constant related to the radius ratio of excited to
ground states and is positive for 12lEu nuclei(24]. Thus, the
lower IS can be attributed to a lower electron density at 1515u
nucleus, |¥(0)|%[24]. As the electronegativity of F (x;=3.98) is
larger than that of O (x0:3.44)[28] the covalency of the Eu-0
bond is larger than that of the Eu-F bond. Therefore, the in-

creasing tendency of the IS of Eudt

ion in the fluorophosphate
glass shown in Fig.6 indicates the increased s-electron density
of Eu3+. i.e., covalency of Eu ligand by the oxygen coordination.
Since the IS of Eu°* in a phosphate glass (70P205~30Na20'
1Euy04), where no F~ ions exist, is 0.23 mm/sec, the increasing
slope of IS against x in Fig.6 indicates a preferential coordina-
tion of divalent 02” to a rare earth ion rather than monovalent

F~ ions in a mixed anion host. From the peak assignment of the

phonon sideband spectra in Fig.4, it 1is clear that the band

around 1060 cm_l is due to the P-0" stretching vibrations of the
phosphate end member[29,30], and the band around 600 em™ ! to the
Al-F stretching mode[31]. Therefore, in fluoride glasses the

Al-F bond is coordinated to the Eu3+

ion, while in fluorophos-
phate glasses the oxygen ions of P-0  bonds are coordinated to
the rare earth ion. In addition, as plotted in Fig.6, the elec-
tron-phonon coupling strength g of the P-0~ stretching mode,
which is given as the intensity ratio of the phonon sideband to

that of the pure electronic line[16,22], increases with increas-

ing x and almost saturates around x=30. Accordingly, phonons due
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to the P-0" bond with the highest frequency are considered to

contribute to the multiphonon relaxation of rare earth ions.
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FIG.6: Compositional dependence of the electron-phonon coupling

strength of the P-0 stretching mode.

B. Upconversion of Er3+

in glass
The energy-level diagram and a possible upconversion mecha-

3+

nism of Er by 0.80-um excitation are shown in Fig. 7. The
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efficiency of upconversion fluorescence depends upon the proba-
bility of multistep excitation by the excited state absorption or
the energy transfer between adjacent excited ions, as well as the
quantum efficiency of the emitting level. By either process, the
probability becomes proportional to the lifetime of the interme-
diate excited states. The lifetime of an excited state, 7, is

dominated by the radiative and nonradiative decay rates and given

by

1 = W& wp ¥ waw j (2)
where W_ . is the radiative decay rate and WP is the nonradiative
decay rate due to the multiphonon relaxation. To minimize the

nonradiative loss, it 1s advantagecus to suppress wp, which is

given at T=0 K by[32]

Wp(ﬂ):WG{D)-exp[-aAE/‘hw] (3)
a = ln(p/g)-1 (4)
P = AE/fw (5)

where AE is the energy gap to the next lower level, g is the
electron-phonon coupling strength, p is the number of phonons
consumed during multiphonon relaxation and Wy(0) is the decay
rate at AE=0 and T=0. Accordingly, Wp increases with increasing
fiw and g. The presence of high energy stretching vibrations of
network polyhedra[20] in most oxide glasses lowers the efficiency
of upconversion. However, in some heavy metal oxide glasses, the
cutoff frequency is still low and comparable to those of fluoride
glasses[33] which results in the observation of the upconversion
fluorescence in oxide glasses such as tellurite and gallate
systems[34]. In fluorophosphate glasses, the cutoff frequency

was 1060 cm'l, which is higher than those of germanate and tellu-
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rite glasses. Furthermore, as shown in Fig.8, the rapid increase
of the electron-phonon coupling strength g with phosphate addi-

tion also contributes to wp.
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Erdt

FIG.7: Energy level diagram and a possible mechanism of two-step

3+

excitation for the Er ion under 800-nm excitation.
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Therefore, the compositional dependence of fluorescence
intensity in Fig.l can be attributed to the coupling of the
high-energy phonon to rare earth ions in fluorophosphate glasses,
since the multiphonon decay rate increases with increasing hw

and g, as expected from egs.(3)-(5).

C. Temperature dependence of upconversion fluorescence

The rate of multiphonon relaxation at a temperature T is
influenced by the population of the phonon mode, which is given
by the Planck distribution function[35], n(T), where n(T) =
[Exp(ﬁﬂ)/kT)—l]-l. In the relaxation process of creating p
Stokes-phonons, the probability becomes proportional to
[n(T)+1]P. The multiphonon relaxation rate 1is then given
by[16,20,36],

Wo(T)=W,(0) - [n(T)+1]P

=WP(D)-[1—exp(—ﬁﬁ)/kT)]_p (8)

where WP(O) is the multiphonon decay rate at 0 K given by eq.(3).
For the host of larger Hhw, the temperature dependence become

small, whereas Wp{D) is large. Assuming that W_ is large enough

P
compared with W“, which holds for the levels with low gquantum
efficiency such as Er3+:4I9/2 and Er3+:4I11/2. one can calculate
the relative lifetime of the intermediate excited state of the
Er3* ion by Egs.(2), (3) and (6). Since the probability of
upconversion excitation 1is expected to be proportional to the
lifetime of the intermediate excited state, it is interesting to
investigate the temperature dependence of the intermediate levels

of the Er3+ ion. In the case of B800-nm excitation of Er3+ in
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this study, the absorption occurs from the ground 4I15/2 to the
excited 4I9/2 level. The energy gap of 419/2 to the next 4111/2
level is about 2000 cm™!, while that from 4111/2 to 4113/2 is
about 3300 cm'l. The estimated phonon energy dependence of the
relative lifetime of 4I9/2 and 4111/2 are shown as a function of
temperature in Fig.8 (a) and (b), respectively. Clearly, the
temperature dependence of the fluoride host (Rw= 600 cm‘l) is
larger than that of the fluorophosphate glass (fiw = 1100 cm_IL

1 corresponds to that of tellurite

The phonon energy of 800 cm™
glasses[34], in which the lifetime is long compared with that of
the fluorophosphate glass. Here, the ratio of the lifetime
between different fiw 1is also a function of the energy gap. The
ratio of the lifetime of the fluoride to that of the fluorophos-
phate is larger for the energy gap of 3300 cm ! (4111/2) than for
2000 em~1 (4I9/2). The relative ratio of the upconversion inten-
sity of two glasses shown in Figs.3(a) and 3(b) is plotted in
Fig.9 in addition to that of 40A1F3-10ErF3-SOCaF2-20BaF2 glass.
This tendency 1s similar to that shown in Fig.8(b) rather than
that in Fig. 8(a). Accordingly, the level crucial to the effi-
ciency of upconversion process can be 4111/2 rather than 419/2.
This interpretation is supported by the fact that the emission
due to the 2H9/2—94115/2 transition is not efficiently observed
in the upconversion spectra under 802-nm excitation, which indi-
cates that the second step excitation does not start from 419/2
level and thus a three step excitation is needed to reach the
zﬂgfz level. Therefore, we conclude that the 419/2 level decays
to 4111/2 level by a rapid multiphonon relaxation and excitation

process starting from this level.
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V. CONCLUSIONS

The upconversion properties of Erdt ions were studied for
the fluorophosphate glasses (45—x)A1F3-xA1P04-5ErF3-30CaF2-203aFP
with use of the infrared radiation from a (Ga,Al)As laser diode
(A =802 nm) as an excitation source. Green upconversion fluores-
cence due to the 483/2—94115/2 transition could be observed for
the fluoride glass, while the fluorescence intensity for fluoro-
phosphate glasses decreased drastically with increasing AlPOy
content. It was found from the phonon sideband spectra of Eud*t
that the phonon with THw= 1060 cm_l, corresponding to P-0~
stretching vibration, became coupled to the multiphonon relaxa-
tion of rare earth ions and its electron-phonon coupling strength
increased drastically with increasing phosphate content. The
temperature dependence of upconversion intensity was large for
the fluoride system, while it was small for the fluorophosphate
system. These tendencies could be well explained by considering

3+

the multiphonon decay rate of the Er intermediate level and its

temperature dependence, which are functions of the phonon energy
of the host and the energy gap to the next-lower level of Er3+.
These differences in local structure and multiphonon mechanisms
were confirmed by the 151Eu M&ssbauer spectroscopic measurement.
It is concluded that the the efficiency of the upconversion
process is dominated by the lifetime of the intermediate level,

which is influenced by the phonon mode locally coupled to the

rare earth ion in the glass.
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4.3. UPCONVERSION FLUORESCENCES OF Er3+ IN HEAVY METAL

OXIDE GLASSES

I. INTRODUCTION

It is well known that some rare earth ions when incorporated
into a suitable host structure, can upconvert infrared radiation
to visible emission. This upconversion fluorescence receives
much interest, since this has the possibility to bring about the
new laser system. The Er3+ ion 1is the most popular one among
them and the upconversion fluorescence has been observed in some
fluoride crystals and glasses[36-38], in which the maximum phonon
energy is small enough to reduce nonradiative loss due to multi-
phonon relaxation[21]. However, in oxide glasses, there are few
reports on upconversion phenomenon because of the large nonradia-
tive losses. This absence can be ascribed to the fact that there
exist the stretching vibrations of the glass network former
polyhedron in oxide glasses[39] and hence these high energy pho-
nons increase the nonradiative loss since they can conserve the
energy gap in the lowest-order process. For this reason, it can
be considered that the upconversion is difficult in silicate and
borate glasses. Indeed, 8i-0(~1100 cm~ ') and B-0(~1400 cm })
bonds are coupled with the doped rare earth ions as shown by the
phonon sideband measurement of Eu3+-doped silicate[22] and
borate[23] glasses. In order to improve the chemical durability
and stability of the material, particularly, the stability at

high temperature, oxide system can be better as a host glass
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rather than halide systems such as fluoride, chloride and bromide
glasses. Therefore, in the oxide glass systems without the so-
called network-former (NWF) compounds, it may be possible to
realize the upconversion fluorescence, since they have a struc-
ture with the lower cutoff phonon energy. In this section, oxide
glasses such as tellurite[40,41] and gallate[33,42-44] were
chosen as host glasses of Er3+ ion and visible fluorescence
spectra were obtained by exciting with the 800 nm radiation from

diode laser.

ITI. EXPERIMENTAL

Glasses were prepared by using reagent grade PbO, 51203,
Ga203, SrCOS, TeOz, GeOz and Na2C03 as starting materials. The
glass compositions investigated here are listed in Table 1. The
germanate glass system was chosen because the phonon energy is
the lowest among the conventional NWF compounds. The powder of
batch composition was melted in a platinum crucible for 30 min.

at suitable temperature, which is also listed for each sample in

Table 1. The melt was poured on a stainless steel and pressed
with a plate. The fluorescence spectra were measured with
Hitachi-850 Fluorescence Spectrophotometer. As ultraviolet and

infrared excitation sources, a Xe-lamp and (Ga,Al)As diode laser
(A= 798.3 nm, Matsushita Electric Corp.) were used, respective-

ly.
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Table 1: Compositions of Glasses

Composition Melting Temperature

("c)
70Ge0, - 30Nay0- 1Er,0q 1300
TOTEOZ'SONaZO'lErzoa 800
86.7Sr0-33.3Ga203‘1Er203 1500
EZPbO-20B1203-17Ga203‘1Er203 1100

III. RESULTS AND DISCUSSION

Upconversion fluorescence was observed successfully in the
gallate, tellurite and lead bismuth based oxide glasses. In the
germanate glass system, no upconversion fluorescence was observed
with the present exciting condition (maximum power = 55mW). The
normal and upconversion fluorescence spectra of 70Te02-30NazO'
1Er,0g4, 66.75r0-33.3Gay0q- 1Ery04 and 62Pb0-20Biy 03 17Gay04
1Er203 glass are shown in Fig.l, 2 and 3, respectively. As it
was difficult to compare the absolute intensity each other, the
ordinate is shown in the arbitrary unit. The most intense peak
around 550 nm is due to 453/2—94115/2 transition, which revealed
green for human eyes. The light path through the glass specimens
excited by the laser appeared green, although the pump laser
source was in the infrared region. The power dependence of the
fluorescence spectra for the Sr-Ga-0 glass is shown in Fig.4.
The fluorescence intensity is varied with the power of pumping
laser source. The dependence of the fluorescence intensity on
the power was almost quadratic rather than linear. It indicates

that the two step excitation either by two photon absorption or
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Fig.1l: Normal and upconversion-pumped fluorescence of 70Te02-
30Na20-1Er203 glass. The upper line shows the IR-excited
upconversion-pumped fluorescence and the bottom line shows
the UV-excited normal fluorescence.
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Fig.2: Normal and upconversion-pumped fluorescence of 66.75r0-
33.3Ga203-1Er203 glass. The upper line shows the

upconversion-pumped fluorescence.
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Fig.3: Normal and upconversion-pumped fluorescence of 62PbO-
20B1203-17Ga203-1Er203 glass. The upper line shows the

upconversion-pumped fluorescence.

by energy transfer between two excited Erdt

ions, certainly
occurs even in this oxide glass host. Thus, this is the first
case of the efficient upconversion fluorescence 1in the oxide
glass. In this material, it is expected that this process occurs
even at higher temperature than room temperature, since the
temperature dependence of nonradiative decay rate is considered
to be small according to the next equation[16,20],
Wp{T):Wp(O)-[n(T)+l]p
:Wp(O)'[exp(huJ/kT)/{exp(haJ/kT)-l}]p
where WP(T) and wp(o) are the nonradiative decay rate at tempera-

ture T and 0 K, respectively, p is the phonon number consumed

during multiphonon relaxation. Thus, for the host of higher
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phonon energy Tw, hw/kT becomes large and the number of phonon,
p becomes small, leading to small temperature dependence of
nonradiative loss due to multiphonon decay. As the WP(O) is a
decreasing function of p, it is probable that the WP(T) is larger

.3 T T T == 7 T T T
B (d) &
{e)
{b)
. (a) |
A Il i A L L i A
350 400 450 500 550 600 650 700 750 800

Wavelength / nm

Fig.4: Excitation power dependence of upconversion-pumped
fluorescence of 66.78r0-33.3Ga203-1Er203 glass: the
excitation powers are (a)20mW, (b)35mW, (c)50mW and
(d)55m¥.
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than those of halide glasses at relatively lower temperature. In
spite of this estimation, the upconversion occurred efficiently
still at room temperature. Thus the small temperature dependence
can increase the upper temperature limit of observable upconver-

sion emission.

IV. CONCLUSIONS

Upconversion fluorescence can be observed at room tempera-

3+-doped oxide glasses with no sensitizing ions such

ture in Er
as Yb3* in the systems of TeOy,- and Gay0g-based ones. A diode
laser operating at 798 nm corresponding to the Er3+:419f29-4115/2
absorption was used as the pumping source for excitation and the
green emission around 550 nm due to the 453/2—94115/2 could be
observed. The two step process for upconversion was suggested by
the quadratic changes of fluorescence intensity against the
pumping power. The possibility was shown that these oxide

glasses can become one candidate for a high temperature upconver-

sion device.
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Chapter 5.
UPCONVERSION MECHANISMS OF RARE EARTH DOPED

GLASSES BY TUNABLE LASER SPECTROSCOPY

Since the upconversion is a phenomenon of emitting a photon
with higher energy than that of an exciting photon, more than two
photons must contribute to the excitation. The multistep excita-
tion with high efficiency occurs either by the energy transfer
(Addition de Photon par Transfert d’Energie, APTE) between adja-
cent two ions or the excited state absorption (ESA) in a single
ion. These two pathways are represented in Fig.6.1. Now it is
obvious that the main mechanisms for upconversion depends on the
kind and concentration of rare earth ions, the composition of
host, and excitation wavelengths. However, the knowledge is not
yet available on the relationship between the mechanisms and
these factors. In order to design an efficient upconversion
laser glass, it is necessary to clarify whether APTE or ESA is
the controlling mechanism for the upconversion of a glass. 1
could reach the next conclusion; one methed to distinguish ESA
and APTE mechanisms is to see how the upconversion efficiency
varies with the wavelength of the pump light.* In the case of
APTE mechanism, the incident light is absorbed only in the tran-
sition from the ground state, so the wavelength dependence of
efficiency should depend only on the ground state absorption.
For ESA mechanism, on the other hand, the efficiency depends also

on the excited state absorption cross section of the transition

* S. Tanabe, Text of the 23rd Summer Seminar for Young Glass Scientists,
(Ceram. Soc. Jpn., 1991) 65-75.
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from a certain intermediate level. In general, the ESA cross
section will not vary with wavelength in the same way as the
ground state absorption. Therefore, a tunable source such as a

dye laser can be used to verify the upconversion mechanism by

ESA APTE

Excited State Absorption Addition de Photons par Transfert d'Energie

Fig.l: Upconversion mechanisms; (a) Excited state absorption

and (b)Addition of photons by transfer of energy.
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tuning across the Er3t absorption profile. In section 5.1, a
tunable DCM-dye laser excited by an art laser was used as a pump-

ing source in the wavelength range corresponding to 4PQ/2 “—

4I15/2 absorption around D.Sﬁum_**

In addition to green emission of Er3+, a blue laser is also

an attractive material because there is a need for higher density
in the optical data storage as well as for multicolorization of

visible lasers. While, it has been difficult to obtain blue

3+ 3+ 3+

emission by Er and Ho ions, the Tm ion has stable excited

levels emitting blue fluorescence; 1D2 and 164. In section 6.2,

3+ ion and

a fluoroaluminate glass was chosen as a host of Tm
upconversion characteristics were investigated by a single
wavelength pumping around 0.65um. To design an efficient UV or
blue laser, it is also important to clarify the mechanisms in the
Tm3+ doped glass. Therefore, the excitation spectra was moni-

3+:3Fé’3+—3ﬂb absorption profile

tored by tuning across the Tm
with DCM-dye laser source and the excitation processes leading to

UV and blue upconversions were discussed.

#%¥ 5. Tanabe, S. Yoshii, K. Hirao and N. Soga, "Science and Technology of New
Glasses"”, (ed. S. Sakka and N. Soga, Ceram. Seoc. Jpn., 1991) 193-98.
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5.1. ANALYSIS OF Er3*t UPCONVERSION MECHANISMS IN

FLUORIDE GLASS BY DCM-DYE LASER

I. INTRODUCTION

Infrared-excited visible luminescence of rare earth ions
doped in crystals and glasses has been attracting a great inter-
est[1-3]. In particular Er® fluorescence upconversion is widely
investigated since the high power III-V group laser diode (LD)
with the infrared wavelength of 1.48um[1], 0.98zm[2] and
0.80um[3] can be used as exciting sources. These wavelengths
correspond to the absorption from the ground state 4Im,zto the

) and third(*I_ ) excited states of Er®

second (%I -

first(*r

13/2) ' 11/2

ion, respectively. To excite Er? into the fourth excited level
“Ehz)’ the pump source of ~0.65um is necessary. However, the
LD of this wavelength range is not usually available partly
because of the difficulty in the present fabrication technology
for high power (Al,Ga,In)P diode lasers of wider band gap with
quantum well structures. Therefore, there is not yet a report on
0.65um-pumped Er?' green upconversion until now. In the case of
0.98um or 0.80gm pumping, the green emission from "S:,“,2 level
obeyed quadratic law[2,3], indicating two-step excitation either
by the energy transfer (Addition de Photons par Transfert d’Ener-
gie, APTE) between adjacent two ions or the excited state absorp-
tion (ESA) in a single ion. For the design of an efficient
upconversion laser glass, 1t 1is necessary to clarify whether APTFE

or ESA is a controlling mechanism.
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In the APTE process, the incident light is absorbed only in
the transition from the ground state, so the wavelength depend-
ence of efficiency depends only on the 4E§ﬂ e—‘Ilwz transition.
For FESA mechanisms, however, the efficiency depends also on the
excited state absorption cross section of the transition from a

certain intermediate level, such as %I or %r Since the ESA

13/2 /2"

cross sections from these Er® levels do not vary with wavelength
in the same way as the ground state absorption, a tunable dye
laser was used to verify the upconversion mechanism by tuning
across the Er® absorption profile. In this study, a DCM-dye
laser excited by an ArT laser was used as a pumping source in the

wavelength range corresponding to 5 SR absorption around

9/2 15/2
0.65um.

ITI. EXPERIMENTAL

A. Sample Preparation

A fluoride glass with the composition of 40A1F3-220aF2
ZZBan 15YF3 1ErF3WaS prepared by a conventional melting method.
The glass obtained was annealed at 435°C for 15min. and polished

into 10x10x4mm® after being cut by diamond saws.

B. Spectroscopic Measurement

To get the phonon sideband spectra of rare earth ions[4],
the Euh-doped glass with the same composition instead of Er® was
also prepared. Fluorescence and excitation spectra were measured
with a Hitachi-850 Fluorescence Spectrophotometer. As upconver-
sion pump sources, an (Al,Ga)As laser diode (SONY SLD-302XT,

802nm) and a dye-laser (Spectra Physics Model 375 Dye Laser)
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excited by an Ar* laser (Coherent innova 70) were used. DCM dye
was used to obtain tunable range from 620 to 700 nm. Shematic
figure of the measurement is shown in Fig.l. Absorption spectra
was measured with a Shimadzu UV-2200 Recording Spectrophotometer.

Refractive index was measured with an Abbe's refractometer.

C. Judd-Ofelt Analysis

From the measured oscillator strength of various observed
transitions and N, a least square fitting approach was used on
Judd-0Ofelt treatment as follows.

The line strength for the electric dipole transition between
an initial J manifold |(S,L)J> and a final J manifold |(S’',L")J’>
is obtained by[5]

S8, LIT5I8%. 1200 ] = 2 Q<8 i ut®) [eemm)a7 3% ()
t=2,4,6

where three terms <]|U(t)]|> are the reduced matrix elements of
the unit tensor operators calculated in the intermediate-coupling
approximation, and the coefficient Q,, Q, and Qg are the inten-
sity parameters.

The 1line strengths for electric dipole transitions are

related to the integrated absorbance and are given by[5]

8n3331 PN

Jk(l)dl- ———
3ch(2J+1)n

band

ZSJJ'n (2)

where k(A ) is the absorption coefficient, A is the mean wave-
length of the absorption band, PN is the concentration of the
rare earth ion, and the ¥ terms correct the effective field at a
well localized center in a medium of isotropic refractive index n

and are given by x =n(n2+2)2/9 for electric dipole transitions.
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Since the reduced matrix elements, <[]U(t)||> are constant
characteristic to each transition as shown in Table 1, three Q
parameters can be obtained experimentally from the line strengths
of more than three bands. In this study, six bands indicated in
Table 1 were used, although the zKﬁ,fhﬁIwm transition include a

magnetic dipole contribution a little(< 1%).

Table I. Reduced Matrix Elements of U(t) for Er3+ ion used for the fitting of
€ and calculation of A. Typical mean wavelengths A are included. Two
transitions indicated by * include a magnetic dipole contribution[6].

sty (s'e’la w2 w2 w2 3 (uw) Band
4 4
4 4
Y970 M5/ 0.0 0.1452  0.0064 0.80
Yos2  3lis/2 0.0 0.5655  0.4651 0.65 -— 1
1372 0.0096  0.1576  0.0870
211172 0.0671  0.0088  1.2611
iy 0.096 0.0061  0.012
*s30 3liss 0.0 0.0 0.2285 0.54
311372 0.0 0.0 0.3481
311172 0.0 0.037 0.0789 g
ey 0.0 0.0729  0.2560
117 i/ 0.7056  0.4109  0.0870 0.52
Yor2 isse 0.0 0.1467  0.6273 0.48 — 3
4 4
F I 0.0 0.0 0.2237 0.45
5/2  li5/2 4
3y 0.0 0.0 0.1204 0.44
Moy 15 0.0 0.078 0.17 0.41 — 5
%6112 11572 0.9178  0.5271  0.1197 0.38
Gg /5 0.0 0.2416  0.1235 0.37
2¢%/ 6
2K15/2 . 0.0219  0.0041  0.0758 0.37
Gy /5 0.0 0.0174  0.1163 0.36

148



& Spectra Physics Model 375  Coherent innova 70
<
&
N\ Dye—Laser cw Art—Laser

620 ~700nm : DCM dye

A Er3+—doped Glass
i ]

Lens d? Hitachi—850 Fluores.
Monochromator

Photomultiplier

PC

Fig.1: Schematic figure of the fluorescence measurement by DCM dye laser

excitation.
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ITI. RESULTS AND DISCUSSION

The absorption spectrum of the glass is shown in Fig.2.
Also shown is the excitation spectrum of 4Su2“4asw emission at
550nm. The differences in relative excitation efficiencies of
corresponding levels from the relative absorption intensities can
be ascribed to the presence of the radiative decay process above
453;2 level, such as that from zHgfz.

From the measured oscillator strengths of six bands and
n,=1.432, a least square fitting approach was used on Judd-Ofelt
treatment. The obtained intensity parameters were Qz = 2.35 x
10°2% cm?, Qy = 1.71x107%% cm? and Qg = 1.26x107%%m?. The calculat-
ed oscillator strengths showed good agreement with the measured
oscillator strengths, which are shown in Table 2. The rms devia-

tion of them was 0.054x107%% cm? (1.8%).

Table 2: Mean wavelength, observed and calculated line
strengths of six bands from Judd-Ofelt analysis.

Band 1 (nm) $(10%cm?)  s_(107%%cm?)
* 800 — 0.256

1 651.8 1.585 1.55

2 520. 6 2.829 2.76

3 486.5 1.036 1.04

1 448.5 0.434 0.434

5 405.9 0.3086 0.348

6 376.6 4.072 4.11

Q45=2.36x10720cn?
Q4=1.71x10%cm?
Qg=1.26x10"%%cm® rms = 0.054x10"%%m? (1.8%)
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Fig.2: Absorption spectrum of Er®* and excitation spectrum of Ers’:“s3Jrz -

4 5 5 i
11512 emission in the glass.
It is clear that the absorption cross section or 1line

strength S_ of ir

o/2 (* 800nm), which corresponds to the energy of

(Al,Ga)As diode laser, is much smaller (1/6) than that of
4F9,2(band 1ys Therefore, the GSA transition probability is much
higher by 0.65um excitation, which should result in the effi-
cient pumping compared with the 0.80um excitation. The fluores-
cence spectrum by 0.685um excitation is shown in Fig.3(a) with
PR 7

the fluorescence spectrum by 379nm excitation of ‘G b).

11/2 15,!2(

which has the largest absorption cross section in the UV range.
The smaller intensity of 550nm emission than that of 660 nm in

(a) is due to the existence of the second step excitation proc-
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ess. The spectra variations with the power of 0.65um radiation
are shown in Fig.4. The intensities of emissions from ’sz and
"I_,”2 levels increased almost linearly with the excitation power,
while that from “.‘53,2 level increased nonlinearly. A small peak
at 840nm is ascribed to “.’Sarz—»"‘Imf‘.a emission[2], which also shows

nonlinear dependence.

' *Sa/2 ’
S Hs2 i : ::.
] x10 AL EX:650nm
w L e e F o i N
E} L . 4F9/2 ]
o B0
L= L i e, ]

I . x10 ;':‘ EX:378nm

PEE AR “ A (N Ve Sl
400 500 600 700 800

Wavelength / nm

Fig.3: Fluorescence spectra of the glass; (a)DCM-laser excitation
(650nm, 150wW), (b)UV-excitation(379nm).
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The radiative transition probabilities, radiative lifetime,
and branching ratios from ‘1.5'3!2 and 4Pbﬂ levels are calculated
with the obtained Qt parameters and listed in Table 3.

From the calculated radiative lifetime and measured lifetime

T g the quantum efficiencies of these two levels were calculated

by the relation n = Tf/TR' to find 7?(433,.2)=0-323 and 77(4F9;2)=
0.041. Therefore, the decay process of Er® ions in this glass

is mainly composed of nonradiative ones by multiphonon relaxation

and energy transfer.

l ' o T d L) T T
L
‘ ‘53/2 , ‘FSIZ ‘lg/z
— 'a f s ' d
3 _ . ‘
0 - ‘ 2 l l /1
« |15/z - 15/2 s
g 2I-l‘"/l 2w
> =
= ' i :
[77] : . -
dc.'l l15/2 A
-
£ . _
i e A
x10 § TR x1 - : x500 AN
A % ' i \\\; ’
£ — ::§§J§
& X
= 1
400 500 600 700 800

Wavelength / nm

Fig.4: Variation of fluorescence spectra with pumping(650nm) power. The powers
are 300, 200, 150, 100, 70 , 40, 20 m¥W from upside to downside. The wave-
length range of 400-600nm is multiplied by 10 times and that of 750-850nm is
by 500 times.
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Table 3: Calculated radiative transition probabilities A, radiative lifetime
T g and branching ratios § of Er3* ions in the glass. Wavelengths are deter-
mined from emission spectra when possible from Fig.4.

Transition A (m) A(sec_l) 'rR(gzsec) 8 7

1 1 =

Sy2 'y, 0.55 864.7 752 0.65 0.343
-, 0.84 369.8 0.27
=%, 1.20 47.0 0.04
-1,  1.86 48.9 0.04

4 4

Fojp 2'1y5, 0.66  1079.8 845 0.91 0.041
=, 1.5 52.8 0.04
', 193 49.0 0.04
-4y,  3.47 1.2 0.00

The power dependences of the intensity of main emissions are
plotted in Fig.5. Although there seems to be the effect of
saturation at higher power than 100mW, the upconversion emission
almost obeys the gquadratic law, indicating two-step excitation.

The variations of fluorescence spectra with the excitation
wavelength are shown in Fig.6. The excitation power was fixed at
100 mW. Tt can be seen that the shapes of the fluorescence peaks
do not change with the pumping wavelength except their intensi-
ties. This result means that only the excitation efficiency
varies but the kind of the excited site do not change by differ-
ent energy pumping. Therefore, for rare earth ions with multi-
plet J-states, the effect of fluorescence line narrowing (FLN)
can be hardly observed, while this is not the case for Eu’* ion,
the simple energy level (sﬂhejfb) of which is capable of FILN
studies[7]. In recent FLN studies of Er® in silicate, fluoride

and fluorophosphate glasses[8], no variations in the fluorescence
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spectra with excitation wavelength nor any deviations from a
simple exponential fluorescence decay were detected at room
temperature. Because of a combination of homogeneous broadening
and site-to-site variations in the energy levels comparable to
the Stark splittings, the fluorescence can be treated as homoge-

neous.

T T T T T T T T

P.~=100mw

Intensity (a.u.)

500 600 700 800 900
Wavelength / nm

Fig.6: Variations of fluorescence spectra with pumping(100mW) wavelength. The
wavelength is shown at the right side of each spectrum in nanometer. The
range of 500-600 nm is multiplied by 15 times and that of 750-850nm is by 1000

times.
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The excitation spectra of upconversion emission and one-step
emission are shown in Fig.T7. It can be seen that the positions
of two peaks are almost superposed. The excitation profile of

one-step emission almost corresponds to the GSA profile shown in

4’ T T | T T T T
Pex=100mw
%L o : 550nm i
w : 802nm

Emission intensity (a.u.)
—_ N
; I

620 640 660 680 700
Excitation wavelength / nm

& . . . ¥ 4 4
Fig.7: Excitation spectra of 45'3/244115,2 emission (550nm) and 19;2" 11512

emission (802nm).

157



Fig.8. This result indicates that the emission from "Ig‘,2 level
occurs after nonradiative decay from 4F9/2 level. Since the

315"_”2—>"I1512 emission at 410nm was not clearly observed by two step

excitation, the possible intermediate level for an ESA mechanism

is uniquely *I In this case, the 4F5/z"‘4I1312 can be the

13/2°
0_6 T T T T T T
E N Era‘:‘Fg/z
™~
g O4r N
3 /
g / i
o
5 02t -
s f
5 /
o ______,/
< ol e
0 1 1 1 1 1 i ' J
620 640 660 680 700
Wavelength / nm
Fig.8: Absorption spectrum of P:‘.r-a":4["9,21—“115),z transition in the glass.
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possible ESA transition, the peak of which should be at 645nm.
However, the upconversion excitation peak is placed at 650nm.
Thus, an APTE process should be the main mechanism of upconver-
sion in this glass. For the APTE between two ions, the upconver-

sion profile becomes the square of the GSA profile. Another

6 I I 1
e

= S I 7

o

R 4_ | () —_

N 650nm ex.

l O

> o)

— 2 u @) C) -

=

& O o

2 |k O o ¥
©0 06 0000

|

| !
0 100 200 300 400

Temperature /°C

Fig.9: Temperature dependence of the upconversion intensity by 650nm

excitation.
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concern is between which level the APTE occurs. The temperature
dependence of upconversion efficiency was plotted in Fig.9. The
efficiency should wvary with the lifetime of the intermediate
level and emitting level. The temperature dependence of the

lifetime of an excited state, Ty is largely influenced by the

30

29

Ha /2
Fs/2, 3/

e 20 F - 12,
iy i ‘S3p /2
(e ] =
— 15 | J""9/2
g _ 4
? ] lg/2
Lol [ ﬂ

5 b 13/2

E by APTE
0 & 152

Fig.10: Controlling mechanisms of Er3* upconversion in the present glass.
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multiphonon decay rate, Wp, since the radiative decay rate, Wr (-
ZA) does not vary with temperature. Since it was shown that
7<<l, which holds for the level with a small energy gap, 7 (T) is
dominated by the nonradiative process and given by the next
equation,
T¢(T) =~ We(T)™' = C{1-exp(-hw/kT)}?,

where fiw 1is the phonon energy, p is the number of phonons con-
sumed during multiphonon decay and € is a constant related to
Wp(0). From the phonon sideband spectrum, the phonon energy in
this glass was found to be 600cm*, which corresponds to that of
the Al-F stretching vibration from Raman spectral[9]. By the
above equation and the measured temperature dependence, it 1s

possible to estimate the number of phonons, p and the energy gap

phiw=AE, which resulted in 3500cm™. This energy gap almost
corresponds to that of 4I“_n. Therefore, as shown in Fig.10, the
APTE between *I excited Er® ions is considered to be the main

11/2

process leading to the present upconversion in this glass.

IV. CONCLUSIONS

The upconversion characteristics of Er**-doped fluoroalumi-
nate glass were investigated by DCM-dye laser in the excitation
wavelength range of 0.62~0.6%9um. The power dependence of 0.55um

emission due to 48w2e‘r obeyed quadratic law, indicating two-

15/2

step process. The excitation spectra of upconversion and infra-
red emissions were compared and both of them had a similar pro-

file to that of 4F@2h4I absorption. It was found that the

15/2

excited state absorption from any ‘I, level (J=9/2, 11/2, 13/2)
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was not the main mechanism. From the temperature dependence of
efficiency, the energy transfer between "'I]U.2 excited Er® ions
was found to be the controlling process to upconversion of this
glass.

The 0.65um excitation is promising for Er**-upconversion
because of the larger absorption cross section of GSA than

0.80um. The practical use will be possible by the development

of AlGaInP laser diode[10] with the corresponding wavelength.

162



5.2. UV AND BLUE UPCONVERSIONS AND THEIR MECHANISMS IN

Tm3* DOPED FLUORIDE GLASS

I. INTRODUCTION

A blue laser is an attractive material because there is a
need for higher density in the optical data storage as well as
for multicolorization of visible lasers. Frequency upconversion
of rare earth doped glasses have the possibility of infrared-
pumped visible laser with III-V semiconductor laser. For exam-
ple, Er3+ ions can efficiently convert infrared radiations of
popular laser diodes (A=1.5, 0.98, 0.80um) into green emission
around 0.55u4m[1,2,11]. However, it has been difficult to obtain
blue emission by Erd* and H03+[12]. On the other hand, Tm3* ion
has stable excited levels emitting blue fluorescence (1D2, 164].
Fluoride glasses can be considered as a candidate for Tm3+ blue
upconversion laser, since the nonradiative loss due to multipho-
non relaxation is suppressed by their lower phonon energy([13].
Recently., a blue upconversion lasing was obtained in a fluorozir-
conate glass fiber by co-pumping at 676.4 and 647.1lnm using a
krypton ion laser([14]. Although, these pumping wavelengths are
not infrared region but visible red, the pumping laser source
around 0.65um has come to be available by the development of
AlGaInP semiconductor lasers with guantum well structures[10,15].
In this section, fluoroaluminate glass was chosen as a host of
Tm3+ ion and upconversion characteristics were investigated by a
single wavelength pumping around 0.65um. To design an efficient

upconvertor, it is also important to clarify the mechanisms in
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the glass. Therefore, the excitation spectra was monitored[16]
by tuning across the Tm3+: 352‘3 “— 3Hg absorption profile with
DCM dye laser source and the excitation process leading to upcon-

version was discussed.

IT1. EXPERIMENT

Glass in the composition 40.5A1F3'21.8C&F2-21.BBaF2 14.9YF3
1TmF4 was prepared by using reagent grade AlF5, CaF,, BaF,, YFgq,
and TmFg. A small amount of NH,F-HF was also added to complete
the fluorination. The powders of batch composition were well
mixed in an alumina mortar and melted in a platinum crucible at
1000 °C for 15 min. The melt was poured on a stainless steel and
pressed with a stainless plate. The glass obtained was annealed
at 435 °C for 15 min. and cut into 4x4xlmm shape and polished
with diamond paste. The density was measured by Archimedes’

method to calculate the number of Tm3+

ions per unit volume, Py,
with the molar weight. The refractive index, np was measured
with Abbe’'s refractometer. Absorption spectrum was measured with
a Shimadzu UV-3101PC Recording Spectrophotometer in the wave-
length range of 200 ~ 2000 nm. From the integrated absorbance,
three intensity parameters §2t (t=2,4,6) were determined, which
identify the ligand field and dominate the transition probabili-
ties in the glass. Since the 1line strength, S for electric-
dipole transitions between an initial |aJ> and final |bJ’> mani-

fold is given by[17,18],
s(aJ;bd'] = = Q, <aJ||ult)||by’>2 (1)
t=2,4,6

where <aJ]|U(t}]|bJ'>2's denote the reduced matrix elements of
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unit tensor operators for the corresponding transition, a least
square fitting approach was done by using oN» np and the inte-

grated absorbance of 5 bands listed in Table 1.

Table 1: <SLI||U(Y)||s'L7 37> for £12

std s'Lat «u(22 (452 (y(6)32 5 (g
My °F, 0.5589 0.7462 0.2574 1.7 -1
Sug * 0.1074  0.2313  0.6382 1.2
3, 0.2187 0.0944 0.5758  0.79 -2
B0 i U TR v

5 ; : ; ;
lg, 0.0452 0.0694 0.0122  0.47 -4
Ip, 0.0 0.3133 0.0934  0.36 -5

¥ including magnetic dipole contribution.

Fluorescence spectra were recorded with a Hitachi-850
Fluorescence Spectrophotometer. As an excitation source, a dye
laser apparatus (Spectra Physics Model 375 Dye Laser) excited by
an Ar' laser (Coherent innova 70) was used with the propylene
carbonate solution of DCM-dye (Dicyanomethylene-2-methyl-6-p—
dimethylaminostyryl-4H-pyran), having the emission wavelength
range of 630 ~ 700 nm, which correspond to the Tm3+: 3£é’3 «—~ SHB
ground state absorption. The excitation wavelength was tuned
with a tuning wedge and the power was controlled by the power of

Art laser and determined by a power meter (Coherent 210 Power

Meter) . The maximum power of 0.65um radiation obtained was
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360mW.

ITI. RESULTS

The absorption spectrum of the fluoroaluminate glass is

shown in Fig.l. Each assignment in Fig.l corresponds to the
upper level of the transition from the ground 3Hh state. With

g 0.6-
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L 04F
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FIG.1. Absorption spectrum of glass.
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the obtained line strength of 5 bands listed in Table 1, a least
square fitting approach was done by using ey = 1.698}{102D cm'3
and np = 1.432. The obtained parameters were QZ=1.75x10'20 cm2.
Qq - 1.33x1072%n? and Qg=1.27x10"2%n2. The %rms deviation was

only 0.20 %, indicating a good fit.

Table 2: Measured and calculated line strengths
for 5 bands of Tm? in the glass.

Band A (nm) 5(107%%a?)  5,(10"%n?)
1 1696 2.288 2.295
2 785.6 1.236 1.238
3 684.6 1.816 1.813
4 467.1 0.281 0.187
5 356.4 0.521 0.534

Q,=1.75x10"%cn?
Q 4=1.33x10"%a?

Qg=1.27x10"2%n? %rms = 0.20 %

An efficient upconversion could be obtained around 0.655um
excitation. The fluorescence spectrum with 0.655um excitation
is shown in Fig.2 for some various pumping powers. The largest
peak overscaled is due to the Rayleigh scattering of the incident
light. There can be seen upconversion fluorescences peaked at
363, 451, 476nm and one-step fluorescence at 793nm. The blue
emissions at 451lnm and 476nm could be clearly detected by human
eyes with the pumping power less than 100mW. The power depend-

ence of emission intensity on the incident pumping power 1is
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plotted in Fig.3. Apparently, the 793nm emission shows linear
dependence against pumping power and other emissions nonlinear
dependences.

The variation of fluorescence spectra with the excitation

wavelength is shown in Fig.4. The excitation power was fixed at

H,-H
F DM, ’

Relative intensity (arb. units)

A
)
]
i,
A

i

(a) ]

300 400 500 600 700 800 800

Wavelength (nm)

FIG.2. Emission spectra of glass pumped by 0.655um with the power
of (a)20mW, (b)60mW, (c)100mW, (d)150mW, (e)200m¥W, (f)250mW, (g)300mW
and (h)360m¥.
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FIG.3. Dependence of the emission intensity on the 0.6554m pumping power.
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100mW, Figure 4 shows that the intensities of the upconversion
fluorescence at UV and blue region increased up to around 650nm
excitation and decreased with an increase of the excitation
wavelength. On the other hand, the intensity of the one-step
fluorescence around 790nm range increased with an increase of the

excitation wavelength and showed a maximum around 682nm excita-

tion.
P..=100mW

!‘:g'\ -

2]

: -

g

(1}

:: N

= I

(7]

| =

s ———

E ——NA
A A VN

300 400 500 600 700 800 900
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FIG.4. Variation of fluorescence spectra with pumping wavelength.
The pumping wavelength is shown in nm scale and the power is fixed

at 100mW.
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IV. DISCUSSION
A. Fluorescence spectra of Tm3* in glass

In the fluorescence spectra of Tm°f-doped silica fiber
reported by Hanna et al.[20], the emission around 460~470nm was
observed, but the emission peak from 1D2 level and that from IGA
level were not separated well. It is presumably due to the large
Stark splitting and inhomogeneous broadening as well as energy
shifts of the levels in the oxide host. On the other hand in the
fluoride host in this study, the emissions at 451nm due to 1D2
— 3F4 transition and 476nm due to 164 - SHb is clearly sepa-
rated. In addition to the blue emissions, the 360nm emission in
the UV range is clearly observed, which is due to 1Dz — SH%.
The relative intensity of this UV emission was larger compared
with the spectrum of the doped silica glass[20], in which the
peak around 370nm is only weakly detected. This is ascribed to
the different branching ratio, § from lDz level, owing to the
different ratio of spontaneous emission probabilities, A. The S
from |aJ> state can be defined by,
AlaJ;bJ’]

ZAlaJ;b]’]
bJ*

B lal;bJ’ 1= (2)

where the denominator is the summation to all lower terminal
states |bJ’> 's. Thus the factors dominating the branching ratio
from 1D2 to the lower states are the relative values of A, which
are the functions of reduced matrix elements of each transition
and also a set of EQt-intensity parameters of a given ligand
field. Here, the spontaneous emission probability A for elec-

tric-dipole transitions is obtained by the following equation
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(17,18],

64r%e? 1 n(n2+2)? _
AlaJ;bd’]) = — SfaJ;bJ’'] (3)
3h(2J+1) A 9

where S[aJ;bJ’] is defined by eq.(1) in the previous section A.
Table 3 shows the sets of <||U(t]||>2’s for all the possible
radiative transitions from 1D2 level[19]. As seen from Table 3,
the <|[U(2)||>2 for lDZ — Bﬂh transition is 0, while that for
lDz — Sﬁh transition is non-zero and large. Since the values of
<||U(t)|]>2 for the transitions to other terminal states than 3F4
and 3H6 are negligibly small, the branching ratio of 0.36um

emission, ﬁ[lDz;BHG] is dominated by the value of Qg and Qd‘

Table 3: Reduced matrix elements <(SL)J!|U(t)]|(S’L')J’>2 of radiative transi-
tions from 1D2 level of Tm3+[19]. Typical wavelengths are included.

(SL)J  (s'L)J O I e I ) A (um)

la, 3Hg 0 0.3133 0.0934 0.36
i 0.5792 0.0968 0.0194 0.45
3Hs 0 0.0017 0.0164 0.50
3Hy 0.1147 0.0138 0.2307 0.65
g 0.1637 0.0714 0.0 0.76
Ry 0.0639 0.3093 0.0 0.80
lg, 0.1926 0.1666 0.0006 1.8

From the egs.(2), (3) and Table 3, the branching ratios of 360nm
and 450nm emissions in the present glass were calculated with the

Qt values to find 0.40 and 0.45, respectively (Table 4). This
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result is in accordance with the observed fluorescence spectra in
Fig.3. Since the <||U(2)||>2 of the 102 - 3F4 transition is
large, the G of the blue emission would be largely enhanced by
the increased wvalue of Qz, which reflects the asymmetry of
ligand field[22]. As is often observed for most glass systems,
(5 of rare earth ions in oxide glasses are larger than those in
fluoride glasses[23]. This is ascribed to the larger electric
field gradient by divalent oxide ions than that by monovalent
fluoride ions and also due to the effect of covalency of the
chemical bond between rare earth and ligand anion. On the other
hand, 94,6 are not so largely varied with the host composition
[22]. Therefore, the #& of the transitions with a large
<||U(4)l|>2 is relatively enhanced in fluoride hosts where !22 is
small. That is the reason for the increased § of 1D2 =¥ 3Hh
transition up to (#=40% in the fluoride host with a smaller Qz

value in the present glass.

Table 4: Spontaneous emission probability A and
branching ratio 8 of radiative transitions from
the 1D, level of Tu3* in the glass.

(sL)J  (s'L’)J’ A(sec™]) B
1p, 3, 4586 0.40
35, 5119 0.45
5 74 0.01
I8, 745 0.07
3r, 347 0.03
i 408 0.04
1, 38 0.00
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B. Pumping power dependence of fluorescence intensity

As seen in Fig.2, the intensity of upconversion emission
increased drastically with increasing excitation power, while the
intensity at 793nm increased linearly. At higher pumping powers,
the intensity of upconversion fluorescence is comparable to that
of one-step fluorescence. The nonlinear power dependence of
emission intensities in UV and blue region on the incident pump-
ing power in Fig.3 indicates the multi-step excitation. The
log-log plot is shown in Fig.5. Each slope corresponds to the
number of steps needed to the excitation, although there seems to
be the effect of saturation at higher pumping power. This satu-
ration is probably due to the depopulation of the ground level.
Therefore, both the UV and blue emissions occur by a two step

process with 0.65um excitation in this fluoride glass.

C. Wavelength dependence of fluorescence intensity

As seen in Fig.4, the suitable pumping wavelengths for
upconversion fluorescences were different from that for the one-
step fluorescence. The laser excitation spectra for each emis-
sion are plotted in Fig.6. It can be seen that the excitation
efficiency of the 793nm-fluorescence shows a maximum around
683nm, while those of three upconversion fluorescences shift to
higher energy side. The former profile is almost the same as
that of the ground state absorption (3F2,3 — 3HB) spectrum,
which is shown in Fig.7. This is due to the fact that the emis-
sion from 3Hh level occurs after the multiphonon relaxation from

3F2'3 level. On the other hand, the three upconversion profiles
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are different from the GSA profile. These results can be
ascribed to the presence of ESA mechanisms and not APTE for the
upconversion emissions. It is obvious that the ’I‘m3+ is first
promoted to SFE’S level and then is raised from a certain lower

intermediate level to a still higher state by the second step

(8]
~
.1
"

Pex=100mW 7

:363nm ('Da—>Hs)
:451nm ('Da—"F4)
L o :476nm ('G4—1Hg)
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<
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O {5 g F— 7 < X
630 640 650 660 670 680 690 700 710
Excitation wavelength (nm)

FIG.6. Emission intensities as a function of excitation wavelength.
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excitation. To reach the UV-emitting 1D2 level by the second
incident photon, 3H4 level, which is ~1800cm~! below 355, is
considered to be the intermediate level from which ES4 occurs.
The efficient wavelength for 1D, <« 3H, absorption was estimated

from the absorption spectrum and found to be about 650nm. It is

0.6 T T T T
= (b)
§ | Tm™°F,°F. - H,
5 04t
L
s |
(=]
(4]
[ =
2 pat
a
5
[%s]
2 |
<
0_
620 640 660 680 700 720

Wavelength (nm)

FIG.7. Absorption spectrum of Tm3+:4F2.3é-3H6 transition in
the glass.
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reasonable that the excitation profiles of 360nm and 450nm are
equivalent except their intensity ratio determined only by the g
from lDz. Because of the absence of higher final levels with a
suitable energy for ESA by two-step process, the main mechanism
leading to the upconversion of lD2 — 3HB, 3Fﬁ can be concluded
to be the ESA from the 3H4 to 1D2 level. The energy gap of 3H4
to the next lower level is large enough to keep a long lifetime
in this fluoride host with the phonon energy of 600cm_1[24],
which is ascribed to Al-F stretching vibration in the glass. The
wavelength of 655nm at maximum in Fig.6 is placed between that of
ESA and GSA of TmS*. A small shift of the peak to lower energy
side than that of FESA can be due to the contribution of GSA
efficiency, which shows a maximum at 682nm in Figs.6 and 7. In
this glass, the upconversion is attained by a single wavelength
pumping, owing to the overlapping of these two absorption energy
range around 655nm.

Fig.8 shows +the wupconversion fluorescences with wvarious
pumping wavelengths. Apparently, the emission intensity from 164
varies differently. This is not the effect of the fluorescence
line narrowing for different sites in amorphous states, which
could be observed for transitions inveolving the level with a
singlet J-state (J=0, 1/2) such as Eu3+:5D0[25] or at most, a
doublet J-state (J=3/2) such as Nd3+:4F5/2 at low temperatures
[26], by using lasers with a much narrower spectral width (~0.3
cm‘l). Thus, in the case of 104 - 3Hh fluorescence at 476nm,
other mechanism can contribute than that of 1D2 emissions because

the excitation profile observed also in Fig.6 is different. The

first possibility is the SFﬁ level, which is populated after the
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multiphonon decay from SHA and pumped with the second incident

photon with about

645nm to 164 level.

A larger energy difference

of 104 “— SFA ESA transition from GSA can be the reason for the

shift of the excitation profile of 164 emission to a higher

energy side than that of 1D2.

The second possible mechanism is

the same ESA as 1D2 followed by the multiphonon decay between

1D2~élG4. This process seems plausible to explain a small
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FIG.9. Emission and excitation spectra of blue emissions: (a)Emission spectrum

by 650nm excitation,

(b)Emission spectrum by 352nm excitation,

(c)Excitation

spectrum of 451nm emission, and (d)Excitation spectrum of 473nm emission.
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overlapping of both profiles arcound 655nm in Fig.6. In order to
confirm the possibility of the multiphonon decay, the fluores-
cence and excitation spectra were measured. Shown in Fig. 9 (a)
and (b) are the fluorescence spectra by the laser (A = 650 nm)
and Xe-lamp(A=352nm) excitations, respectively. The peak around
476nm is clearly observed in (a). whereas it is scarcely seen in
(b), and moreover, the emission from 3Hﬁ around 790nm is quite
weak. Both results indicate that the multiphonon decay rate from
lDz to the next lower level is too small to populate 1G4 and
still lower levels such as 3H4. This is supported by the excita-
tion results in Fig.9(c) and (d), that UV-excitation around 350nm
is responsible for the 451lnm emission but not for the 473nm
emission. Accordingly, the contribution of the second mechanism
is negligibly small and the ESA from SFQ is responsible for the

upconversion from 164 level.

D. Contribution of nonradiative decay process to upconversion
mechanisms

In the former section C, the multiphonon relaxation(MPR)
rate at 1D2~+1G4 was found to be negligibly slow in this fluo-
ride host. However, it would be impossible to observe 164 upcon-
version by the proposed mechanism, if the nonradiative decay did
not occur from 352’3 and aﬁh levels to 3Eh level. To check both
mechanisms, the MPR rate, WP(T) was calculated for the levels of

TmS* ion by the following equations[27],

WP(T)zwo(O)-exp[—Ct&E/ﬁw] (4)
a = ln{p/gln(T)+1]}-1 (5)
p _ AE/fw (6)
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where AE is the energy gap to the next lower level, g is the
electron-phonon coupling strength, p is the phonon number con-
sumed during MPR and WO{OJ is the decay rate at AE=0 and T=0.

The temperature dependence of W_ arises from its dependence upon

P
the Planck distribution function, n(T)[28] on the occupation
number of the phonon mode;
n(T)=[exp(hw/kT)-1]"1, (7)

In the calculation, only integer values for the number of phonons
p and a temperature-independent constant value of g were used. 1In
Fig.10, the AE dependences of Wp(300K) are plotted for wvarious
phonon energies. Apparently, Wp decreases with increasing AE
and decreasing hw . Since g depends on the structure or lattice
nature of host and not on the electronic nature of each wave
function[29], it is possible to compare the relative WP for
excited states of Tm3+ with various AE in this glass. It can be
seen that the Wp for 1D2. 164 and 3F4 levels are much lower in a
few orders of magnitude, for which much longer 1lifetimes are
expected than those for afh and aﬂs levels, where the electrons
are to decay rapidly to 3Hh and 3Fh levels, respectively. This
tendency is more pronounced for the lower phonon energy, i.e.
also in the the present fluoride glass (ﬁw=800cm_1). According-
ly, the nonradiative lifetime of 1Dz. 164 and 35@ can be in-
creased effectively with decreasing phonon energy of the host.
The latter two levels play a dominating role as an emitting or
intermediate state on the upconversion efficiency of the lGﬁ —
3H6 emission. On the upconversion efficiency from the lDz level,

the lifetime of the 3Ha level also becomes a dominating factor as

an intermediate state. The Np of 3H4 level is slower than that
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of SFé, however, it is still faster than that of 35&. As a

consequence,

lifetime,

can be between them.

calculated W

the next relation is expected for the nonradiative

Thus the lifetime of JF,

From the discussion in section C and the

B’ the quantum efficiency of IDZ level is considered

to be almost unity. whereas those of SEQ and SHB are almost zero.
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FIG.10. Multiphonon decay rate as a function of the energy gap for various

phonon energies. The corresponding Tm3+—levels are indicated.
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The lifetime of 3Hh level dominates the ratio of total electronic
transition rate (including ESA) to the nonradiative decay rate.
This ratio is responsible for the intensity ratio of upconversion
emissions from 1D2 and 164 levels, to which ESA occur from 3H4
and 3F4, respectively. Because both emissions are observed by
suitable pumping conditions, the quantum efficiency of sﬁh can
not be near zero nor unity. For this reason, it is possible to
change the ratio of 450nm to 480nm emission intensities, by
controlling the W, of 3Hﬁ level (Fig.11l) as well as by tuning the

pumping wavelength.

V. CONCLUSIONS

In contrast to Er3+. clarified are the evidence of the

excited state absorption mechanisms of UV- and blue-upconversion

fluorescences in Tm3+

—doped fluoride glass by using a tunable
DCM-dye laser for a single wavelength pumping. It was found that
the dependences of fluorescence intensity on the incident excita-
tion power were quadratic both for 0.36 and 0.45um emissions,
which originate from lDz. and also for 0.48um emission from 164.
indicating two step excitation mechanisms. To investigate the
upconversion mechanisms, the excitation efficiencies were moni-
tored for these upconversion emissions and for the normal one-
step emission at 0.79um by tuning the pumping wavelength. It
was found that the excitation profile for the normal emission was
varied in the same way as that of the absorption spectra of Sfé,g
— 3”6 transition, while those for upconversion emissions shift-

ed to higher energy side. Moreover, the excitation process to

164 was found to be different from that to lDz level. It was
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concluded that the mechanisms leading to these upconversion
emissions are ES4 for both levels and the process to ng level is
that from 3H4, while that to 164 is from 3F4 after nonradiative
decay from the upper levels. The slow multiphonon decay rate

from 1D2 to 164 level was shown in this glass with the phonon

energy of 600cm™ .
30 1 650nm
Do A~
360nm 450nm
25F
1 645nm
Lo G4 b
IE 20+ N 480nm
r‘-’CJU 3 680nm
— 15} 3h2 k &-
> 3F3 b
o Ha
g 10+ 5 655nm 800nm
L Hs l
\
5t °F 4
(0 3Hs
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FIG.l1l. Upconversion mechanism of the present glass.
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SUMMARY

In the present thesis, the structure and optical properties
of rare earth containing glasses are investigated.

In Chapter 1, the fundamental background for rare earth

research was reviewed. The theories of radiative and nonradia-
tive transition of trivalent rare earth ions are shown. These
relaxation phenomena dominate the optical characteristics. Also

the background for the M8ssbauer spectroscopy on rare earth
elements is revealed. The applicability of this spectroscopy to
the local structure of rare earth ions in solids was discussed.
In Chapter 2, the results of lleu M8ssbauer spectroscopy
for several oxides have been shown. The relationship between the

3+ ions or Eu-0

3+

isomer shift and the coordination number of Eu
bond length in several oxide crystals are clarified, where Eu
ions take 6- to 12-fold coordination. On these bases, this
spectroscopy was applied to europium containing aluminosilicate
glasses, in which the coordination number change from 8 to 12
with decreasing optical basicity of the host composition. In
order to investigate the structure and lattice dynamic properties
of europium aluminosilicate glasses, the compositional depend-
ences of molar volume and sound velocities were obtained. From
the chemical shift of AlKa band emission spectra and the isomer
shift of 151Eu by Mdssbauer spectroscopy, it was found that the

coordination number of Eu3+

ions was twelve, while the average
coordination number of A13+ ions was almost five in these glass-
es. By introducing Eu203. the packing of constituent ions was

strongly enhanced and the elastic moduli increased in this sys-
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tem. The compositional dependence of the molar volume and elas-
tic moduli were explained by these states of high CN for Eu3+ and
low CN for A13+ ions compared with those in the corresponding
M,04 crystals.

In Chapter 3, the local structure and multiphonon relaxation
mechanisms of Eu3* ions in several oxide, fluoride and fluoro-
phosphate glasses were discussed. The phonon sideband measure-
ments have been revealed to be effective to get the information
about the local vibrational mode contributing to the multiphonon
relaxation of rare earth ions in glass.

The phonon sideband of EuB+ associated with the 5D2<—7F0
transition was investigated for the By,045-Na,0 glasses doped with

3+

1 mol% Eu203. The phonon mode coupled with Eu ions in the

glasses, assigned to those in IR or Raman spectra, was almost
consisting of B-0  or B-0 stretching vibration of BOs units and
vibrations of BO4_ units in tetra- and diborate groups. More-
over, the electron-phonon coupling strength of each borate group
was found to be influenced not only by its fraction present in

3+

glasses but also by the site selectivity of Eu ion to them.

This discrepancy could be interpreted in terms of the different

3+

chemical affinity of groups and site-preference of Eu ion.

In addition to the glasses, a single crystal and an amor-
phous solid of EuA13(803)4 were prepared and their fluorescence
properties were compared each other. The 5D0 -> 7FD transition

3+

in the amorphous state, which is forbidden for Eu ions at Dgy

symmetry in the huntite crystal structure, became allowed and a

3+

decrease of the ligand field symmetry around Eu ion was sug-

gested with the glass formation. The results of 151Eu M8ssbauer
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effect and AlKx emission spectroscopy showed that the coordina-

3+ ions increased from 9 to 12 and that of A13+

tion number of Eu
ions decreased from 6 to 4 by glassification. The increase of
the linewidth of both the fluorescence and M8ssbauer spectra
could be attributed to the site variation and ligand asymmetry of
Eu3+ ions in the glass of this system.

As a typical host of laser materials, fluorophosphate glass-
es were prepared in the system of AlF3-AlP0,-EuF4-MF, (M = Ca,Ba)

3+-fluorescence properties

and the compositional dependences of Eu
were investigated. It was found that with an increase of A1P04
content, the fluorescence intensities from Eu3+:5DJ(J=1,2,3)
levels were decreased and the intensity ratio of (SDO - 7Fz) Vi
(5Db -> 7Fl) was increased. The local structure and multiphonon
relaxation mechanisms were investigated by measuring the 151Eu
M8ssbauer effect and phonon sideband spectra associated with the
5D2<-7Fb transition. It was concluded that the P-0" stretching
mode with the highest phonon energy contributes to the rapid
multiphonon relaxation of 5DJ states and that the covalency and

3

asymmetry of Eu +—1igand field were increased by the addition of

A1P04 to the present glasses.

In Chapter 4, the upconversion characteristics of Er3+

ions
in several glasses were discussed in terms of the nonradiative
loss due to the multiphonon relaxation. The upconversion effi-
ciency of fluorophosphate glasses are found to be lower than that
of fluoride glasses owing to the coupling of P-0 stretching
vibration with high phonon energy. The temperature dependence

of upconversion intensity was large for the fluoride system,

while it was small for the fluorophosphate system. These tenden-
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cies could be well explained by considering the multiphonon decay
rate of the Er3+ intermediate level and its temperature depend-
ence, which are functions of the phonon energy of the host and
the energy gap to the next-lower level of Er3+. These differ-
ences in local structure and multiphonon mechanisms were con-
firmed by the results of lleu M&ssbauer spectroscopy. It is
concluded that the the efficiency of the upconversion process is
dominated by the lifetime of the intermediate level, which is
influenced by the phonon mode locally coupled to the rare earth
ion 1in the glass.

Owing to their low phonon energy, the efficient upconversion
phenomena of Er3+ have been also reported for the first time in
heavy metal oxide glasses with the AlGaAs/GaAs semiconductor
laser pumping. The possibility was shown that these oxide
glasses can become one candidate for a high temperature upconver-
sion device.

In Chapter 5, the upconversion mechanisms of Er3+

doped and
Tm3+ doped fluoride glasses were investigated by using tunable
dye laser. In the Er3+ doped glass, the energy transfer between
the 4I11/2 levels is found to be the controlling mechanism for
the green upconversion. The upconversion characteristics were
investigated in the excitation wavelength range of 0.62~0.6%um.
The power dependence of 0.55um emission due to 453/2—>4I15/2
obeyed quadratic law, indicating two-step process. The excita-
tion spectra of upconversion and infrared Stokes emissions were
compared and both of them had a similar profile to that of

4F9/2€-4115/2 absorption. It was concluded that the excited

state absorption from any 4IJ level (J = 9/2, 11/2, 13/2) was not
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the main mechanism. From the temperature dependence of efficien-
cy, the energy transfer between 4111/2 excited Er3+ ions was
found to be the controlling process to upconversion of this
glass.

On the other hand, in the Tm3+ doped glass, the excited
state absorption was found to be the main process leading to UV
and blue upconversions. The dependences of fluorescence intensi-
ty on the incident excitation power were found to be quadratic
both for 0.36 and 0.45um emissions, which originate from 1D2,
and also for 0.48um emission from 1G4. indicating two step
excitation mechanisms. While the excitation profile for Stokes
emission was varied in the same way as that of the absorption
spectra of 3F2,3 €= 3HS transition, those for upconversion
emissions shifted to higher energy side. The mechanisms leading
to these upconversion emissions are clarified to be ESA for both
levels and the process to 1D2 level is that from SHh, while that
to 164 is from 3Ph after nonradiative decay from the upper

levels.
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