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Abstract

Various ternary alumino silicate glasses with the molar compositions 20 Al,O3; — 60 SiO, — 20 R,O (R =
Li or Na), 20 Al,O3 — 60 SiO, — 20 RO (R = Mg, Ca or Zn) and 23.1 Al,O; — 69.2 SiO, — 7.7 R,03 (R =
Y or La) doped with 1-10® sm* ecm™ or 1-10° Eu* cm® (about 0.2 mol% Sm,03/Eu,03) were
prepared. The glasses were studied with respect to their molecular structure, their thermo-mechanical
and their fluorescence properties. All glasses show relatively broad fluorescence excitation and only a
weak effect of the glass composition on the emission spectra is observed. Although the glasses should
be structurally very similar, huge differences are found for the coefficients of thermal expansion and
the glass transition temperatures. The fluorescence lifetime increases steadily with decreasing mean
atomic weight and decreasing refractive index of the glasses, which may be explained by local field
effects. The only exception from this rule is the zinc alumino silicate glass, which shows a relatively
high fluorescence lifetime. The highest fluorescence lifetime is found for the lithium alumino silicate
glass. The lowest coefficients of thermal expansion are found for zinc- and magnesium alumino
silicate glasses. A low coefficient of thermal expansion is a prerequisite for a high thermal shock

resistance of the material and hence favorable for high-power laser applications.
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Introduction

Most glass-based laser amplifiers nowadays produced are realized using silica glass doped with
ytterbium, neodymium or erbium oxides. The solubilities of these rare earth oxides in silica glass are
comparably small, resulting in clustering of the rare earth ions at relatively low doping concentrations,
which strongly decreases the fluorescence parameters such as the fluorescence lifetime of the
dopants and the overall quantum efficiency. Therefore laser amplifiers based on silica glass are most
commonly used in the form of optical fibers. Here the low rare earth doping concentrations can be
compensated by increasing the interaction length i.e. the length of the fibers. Nevertheless, for ultra
high-power laser applications, where laser pulses with peak powers of Terawatt or even Petawatt are
generated, fiber amplifiers cannot be used since the necessary energy density and intensity in the
comparatively small fiber core would exceed the destruction limit by many orders of magnitudes.
Furthermore, non-linear effects such as self-phase modulation or self-focussing strongly deteriorate
the temporal and spatial distribution of the light pulses which renders most high-power applications
impossible1. Therefore, bulk glass amplifiers with larger rare earth oxide concentrations are necessary.
This, however, cannot be achieved using pure SiO, as host material. Although the solubility of rare
earth ions in silica glass can be substantially improved by aluminium codopingz’ ° a large scale
production of rare earth / Al,O; co-doped SiO, bulk glass is very cost intensive due to the

sophisticated production methods and very high melting temperature.

The amplifier materials used up to now in high-power bulk lasers are mostly ytterbium doped
phosphate glasses4, fluoride phosphate glasses5’ ®or ytterbium doped calcium fluoride single crystals7’
¢ The optical properties of these materials are exceptionally good, i.e. they show high fluorescence
lifetimes and broad emission spectras’ o enabling direct diode pumping and the amplification of sub-ps
laser pulses. However, when used in amplification stages where Joule-class laser pulses are to be
generated, micro cracks are likely to be formed in the glass, which increase light scattering and finally
lead to a complete collapse of the laser operation or — after a further growth of these cracks — a
destruction of the glass. The cause of this crack generation most likely is the high thermo-mechanical
stress that is induced by the intense laser irradiation in conjunction with the high coefficients of thermal
expansion, CTE, of these materials'®. The latter are as large as 15-10° K for fluoride phosphate
glasses'' around 20-10° K’ for CaF,'? and larger than 12:10° K’ for phosphate glasses”.

Furthermore the CTE strongly increases with increasing temperature.
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Usually, the thermal shock behaviour of materials is described empirically using an appropriate figure-
of-merit. In the literature, different figures-of-merit have been used (for a comparison see e.g.
Hasselman”’). In most of these formulae, the coefficient of thermal expansion is part of the

denominator, while the thermal conductivity and the mechanical strength are part of the numerator.

Many boro silicate as well as alumino silicate glasses show comparatively small coefficients of thermal

expansion”’ 15, 16

and also high Young’'s moduli and somewhat higher mechanical strengths than
phosphate and fluoride phosphate glasses. In certain composition ranges, however, phase separation
might occur. Alumino silicate glasses are widely used as glasses with good mechanical and good
thermo-mechanical properties. Especially the CaO/MgO/Al,O5/SiO, system is well studied and is e. g.
used for high modulus technical fibers which are used for polymer matrix composites. Glasses in the
MgO/(ZnO)/Al,O4/SiO, system are used for glass-ceramics with excellent mechanical properties which
are e. g. suitable as hard disc substrates'” or as materials in dentistry”’. Magnesium and zinc alumino

silicates have good glass forming abilities™ '

, high tensile strengths, high Young's moduli and
especially low coefficients of thermal expansion19. In addition, alumino silicate glasses have a high
chemical durability, a high solubility for rare earth oxides as well as comparably low OH squbiIityzo’ 2,
Thus, alumino silicate glasses are promising candidates as laser host material, especially with respect
to high-power laser applications. Nevertheless, in the literature the only alumino silicate glass

frequently described as potential laser host material is the La,03/Al,05/SiO, system22 and references

therein.

In this article the effect of the glass composition on the structural, thermo-mechanical and
fluorescence properties of rare earth-doped alumino silicate glasses is described. Li,O, Na,O, MgO,
Zn0O, Ca0, Y,0; and La,O3; have been used as network modifiers. Sm* or Eu* have been used as
probing ion since the fluorescence lifetime of Yb** is difficult to measure because of strong

reabsorption effects.

Experimental procedures

The glasses were prepared from high purity raw materials (Fe < 10 ppm, other contaminating metals <
0.5 ppm) SiO, (Sipur A1, Schott, Germany), Al,O; (Ceralox, Condea Chemie, Germany), MgO (Merck,

Germany), ZnO (Merck, Germany), CaCO; (Merck, Germany), Na,CO; (Merck, Germany), Li,CO;
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(Chemapol, Czech Republic), Y,03; (Sigma-Alrich, Germany), La,03-H,O (Laborchemie Apolda,
Germany), Sm,0; (Ferak, Germany) and Eu,O; (Ferak, Germany). Batches of 100 to 200 g were
melted in covered platinum crucibles at temperatures in the range from 1600 to 1650°C depending on
the individual glass composition. Special measures for additional homogenization of the melts have
not been applied. After melting for at least 3 hours, the samples were cast into preheated steel moulds
and transferred into a muffle furnace, preheated to temperatures in the range from 720 to 920°C
depending on Ty of the glass. Subsequently the cooling furnace was switched off and the samples

were allowed to cool down (cooling rate: approximately 3 K/min).

Table 1 summarizes the chemical compositions of all prepared glasses. The samples were denoted
according to their molar chemical composition. Most glasses were doped with samarium using
samarium oxide as an additive to the raw materials. Some of the glasses were also prepared with
europium doping. The doping concentration of Sm* or Eu** was kept constant at 1-10% ions per cm?
for all glass compositions which corresponds to about 0.2 mol% Sm,O3; or Eu,O3 depending on the

density of the glass.

The glass transition temperatures T4 and the coefficients of thermal expansion CTE were measured
using a dilatometer (DIL 402 PC, NETZSCH Geratebau GmbH, Germany). For that purpose,
cylindrical samples with a diameter of 8 mm and a length of about 20 mm had been prepared. The
temperature range was 20 to 1000 °C and the heating rate 5 K/min. The densities were measured

using a helium pycnometer (AccuPyc 1330, Micromeritics GmbH, Germany).

Fluorescence emission spectra were measured using a fluorescence spectrometer (RF-5301PC,
SHIMADZU Japan); the samples were polished and had a thickness of 10 mm. Samarium excitation
spectra were recorded at an emission wavelength of about 600 nm (615 nm for Eu3+) while emission
spectra were obtained using an excitation wavelength of about 400 nm (395 nm for Eu**) (spectral
resolution: 0.2 nm). Fluorescence lifetimes were measured using a home-made experimental setup.
For excitation of the glass samples a high intensity pulsed InGaN-diode (LED 395-66-60-110, Roithner
Lasertechnik GmbH, Austria) with an emission wavelength of 395 nm was used. The emitted
fluorescence light was collected and focused by a lens array onto the entrance slit of a
monochromator (H.25, HORIBA Jobin Yvon, France). The spectrum-sliced light is amplified by a
photomultiplier tube (R5929, Hamamatsu Photonics K.K., Japan) connected to a digital storage

oscilloscope (TDS2012, TEKTRONIX USA). This setup allows for wavelength specific lifetime
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measurements. Fluorescence lifetimes were measured for the strongest fluorescence transitions (4G5/2

— ®Hyp, of Sm* at around 600 nm and Dy — 'F, of Eu** at around 615 nm).

Furthermore, Fourier-transformed IR (FTIR) spectra of all samples were recorded using a
spectrometer (IRAFFINITY-1, Shimadzu Corp., Japan) with specular reflectance accessory (SRM-
8000A). Reflection spectra were measured on polished glass samples in the wave number range from

400 to 2,000 cm™; subsequently the Kramers-Kronig-transformation was applied.

Results and discussion

In Table 1, the as weighted glass compositions are shown. For alkali- and earth alkali alumino silicate
glasses the molar composition is 20% network modifier oxide, 20% Al,O3; and 60% SiO,. The samples
are named RAS2020 while R stands for the network modifier ion. To ensure the same network
structure of all investigated glasses, those glasses containing Y,O3; and La,O3; have additionally been
prepared with only 6.67 mol% Y,0O3; and La,O3, while keeping the Al,O; / SiO, ratio constant at 1:3.
The normalized molar composition of these glasses is 7.7mol% Y,03/La,03, 23.1 mol% Al,O3; and
69.2 mol% SiO,. These samples are named YAS0823 and LaAS0823 respectively. All prepared glass
samples were visually transparent and homogeneous. Furthermore, Table 1 summarizes the glass
transition temperatures, T, the refractive indices, ne, the coefficients of linear thermal expansion, CTE,
and the densities of all glass compositions. As expected, the density and the refractive index of the
glasses increase with increasing atomic weight of the network modifier ion. For laser applications, a
high refractive index is likely to be disadvantageous because of increased second order effects®
which might lead to self focusing and self-phase modulation which strongly deteriorate the temporal
and spatial characteristics of the pulses®. The lowest CTE of all investigated glasses are found for the
magnesium and the zinc alumino silicate glasses (4.06 and 3.64:10° K, respectively). The highest
CTE are found for the lithium- and sodium alumino silicate glasses. Low CTE are a prerequisite for a
high resistance to thermo-mechanical shock. Glasses of low atomic weight, on the other hand, in
general show relatively high thermal conductivity values if glasses of similar structure are discussed®.
A high thermal conductivity should decrease the thermal stress of the material and therefore is
beneficial for high power laser applications. Thermal conductivity is also increased by increasing

network connectivityzs, but for most glasses investigated here, network connectivity should not change
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much. For that reason thermal conductivity should be similar for most glass compositions that are
discussed here. However, there should be a tendency to lower thermal conductivity for glasses of

higher atomic weight.

Huge differences were found for the glass transition temperatures. In general, the glass transition
temperatures are very high and lie in the range of 693 to 863 °C. The lowest T4 was found for lithium-
and zinc-alumino silicate glasses. This might be advantageous for the glass production because lower
melting temperatures are possible. Hence better homogenization of the glasses might be facilitated

due to lower viscosities.

The FTIR absorption spectra of all investigated alumino silicate glasses are shown in Fig. 1. Basically,
the spectra can be divided into 3 parts: the high energy part with wavenumbers above 850 cm’, the

low energy part below 600 cm™ and the part of medium energy in between (600 to 850 cm'1).

The high energy part of all spectra is dominated by a high intensity, broad band in the range from 850
to 1250 cm™. The main peak of this band is located between 1050 and 1200 cm” and can be
attributed to vibrations of two types of oxygen bridges, Si-O-Si and Si-O-Al %, According to Lee and
Deventer”’ two asymmetric stretching bands due to Si-O-(Si, Al) units are observed at around 1115-
1140 and 1080 cm™. Additionally, another band occurs at around 1165 cm™” due to asymmetric
stretching of Si-O-Si units. These bands reflect the “bridging” oxygen atoms (BO) that form the
interlinkage of one [SiO,] group with another [SiO,] tetrahedron, as well as of a [SiO,] tetrahedron with
an [AlO4] group. All these [SiO,4] and [AlO,] tetrahedra form the glass network in alumino silicate
glasses. For the occurrence of aluminum in fourfold coordination, i.e. as [AlO,] tetrahedra, the
compensation of the negative charge is required. This can be achieved by the addition of appropriate
quantities of network modifier oxides. Larger concentrations of network modifying oxides can also
result in the splitting up of the bridging oxygen Si-O-(Si, Al) bonds and hence in the formation of non-
bridging oxygen (NBO). In the IR spectra, the stretching vibration of these terminating Si-O™ groups is

attributed to the peak at around 950 cm™” %

. Hence, the intensity of this peak directly reflects the
breaking of the network forming Si-O-(Si, Al) bonds. Furthermore, the formation of NBO sites also
affects the position of the BO peak. The vibrational energy of [SiO,4] tetrahedra coordinated with four

bridging oxygen atoms is higher than those of [SiO,] groups coordinated with two or three bridging
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oxygen atoms. Hence, a decreasing network connectivity results in the shift of the BO peak to smaller
wavenumbers and therefore in a decrease of the maximum phonon energyzz. For zinc- and
magnesium alumino silicate glasses, the BO peak can be found at around 1150 cm™ (Fig. 1). It is well
separated from the NBO peak at around 950 cm™. For most other glasses, the BO peak is shifted to

lower energies and the NBO peak can only be observed as a shoulder of the broadened BO peak.

In the medium energy range of the spectra in Fig. 1 between 600 and 850 cm”, mainly symmetric Si-
O-(Si, Al) stretching modes are observed. As reported for vitreous silica, the symmetric stretching

vibrations of Si-O-Si can be found at around 800 cm™ %

. In calcium alumino silicate glasses these
vibrations are observed at wave numbers between 770 and 833 cm” %. In rare earth and cerium
alumino silicate glasses the band is reported to occur at 780 cm” *° and at 773 to 792 cm” 31,
respectively. These data fit very well to our observations (see Fig. 1). The Al-O stretching vibrations

are observed between 650 and 750 cm™ %

. Tarte found that vibrations in the range from 900 to 700
cm™ can be attributed to “condensed” [AlO,] tetrahedra in crystalline materials®?. “Isolated” [AIO,]
tetrahedra absorb between 800 and 650 cm™. However, the spectra in Fig. 1 show a broad but mostly
very weak band in this wavenumber range. But A" ions can also act as network modifiers. In this
case [AIOG]S' octahedra are formed instead of [AIO,] tetrahedra. For “isolated” and “condensed”
[AIOg]* octahedra the characteristic vibrational energies are reported to be at around 500 to 680 cm’”
and 400 to 530 cm™ respectively32. Further, in the low energy part of the spectra in Fig. 1 below 600
cm’” rocking vibrations of Si-O-Si and Si-O-Al units are found®. These dominate this wavenumber
range. In charge compensated alumino silicate glasses, that means at network modifier oxide to
aluminium oxide ratios of about 1, most of the AI** ions are found in [AIO,4] tetrahedra. Shelby
estimates the amount of A®* ions in [AI06]3' octahedra to be less than 10% in such glasses%.

However, within this wavenumber range all spectra in Fig. 1 show approximately the same shape, and

almost no variation between glasses of different composition is found.

The fluorescence excitation and emission spectra of three samarium doped glass types are shown in
Figures 2 and 3, respectively. For comparison only the lithium-, calcium- and lanthanum alumino
silicate glasses are displayed. All spectra are normalized to their most intense peaks at around 400
nm (excitation) and 600 nm (emission). Furthermore the different spectra are shifted in vertical
direction for clarity. Relatively narrow bands attributed to the f-f-transitions of Sm** are observed,

which are broadened in comparison to the transitions observed in crystals due to the irregular glass
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structure and the attributed variation in the local sites of the Sm®" ions. In the excitation spectra (Fig.
2) several small and one relatively intense excitation band are present. This intense excitation band is
due to the transition 6H5,2 (ground state) to 6P3,2 at around 402 nm**. In general the excitation spectra
of all glasses do not show notable differences. Only for the zinc alumino silicate glass (ZnAS2020),
which is additionally shown in Fig. 2, a decrease in intensity for the transitions below 400 nm is
observed in comparison to all other glasses. This effect is due to the broad absorption band of the zinc
ions in glasses between 200 and 400 nm, which hinders the excitation of the Sm*" ions in this

wavelength range35’ %,

Figure 3 shows the typical four fluorescence emission lines of the Sm** ion. The most intense line at
around 600 nm is attributed to the transition 465,2 — 6H7/2. At 563, 646 and 705 nm, the transitions
4G5/2 — 6H5/2, 4G5/2 — 6H9/2 and 4G5/2 — 6H11/2 are respectively observed* ¥, The line shapes are
hardly affected by compositional variations. A slight but steady shift in the emission spectra to longer
wavelengths can be observed with lower atomic weight of the network modifying ion: e.g. the highest
fluorescence emission peak of LaAS0823 is located at 598 nm while it is observed at 600 nm for the

LiAS2020 glass.

Figure 4 shows the fluorescence decay curves of four Sm3+-doped glass types. After excitation at 395
nm by the high-power LED, fluorescence rises quickly to its maximum value (not shown), which is kept
for several milliseconds (normalised fluorescence intensity level at t<0). At t=0, the diode is switched
off and the fluorescence intensity of the samples drops with distinct characteristics. Due to the half-
logarithmic scale, a mono-exponential decay appears as a straight line. The slope of this line
corresponds to the inverse fluorescence lifetime. For all samples an almost mono exponential decay is
observed, which indicates an almost undisturbed fluorescence emission process and homogeneously
distributed fluorophores. The slight deviations from mono exponential decays most likely are due to
cross-relaxation processes. For clarity only 4 decay curves are displayed in Fig. 4. The lifetimes vary
between 2.2 ms (lanthanum alumino silicate) and 2.7 ms (lithium alumino silicate). The fluorescence
lifetimes of all glasses are included in Table 1. The fluorescence lifetime decreases steadily with
increasing atomic weight of the network modifier ions and therefore also with increasing refractive
index of the glasses. The only exception from this rule is, again, the zinc alumino silicate sample. Its
relatively long fluorescence lifetime is only surpassed by the lithium alumino silicate glass. In general,

the same behaviour is also found for Sm3+-doped ternary alumino silicate glasses of the molar
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composition 15/15/70 (Table 1). Even lower fluorescence lifetimes were found for glasses with higher
lanthanum concentration? and tantalum containing alumino silicate glasses (not shown). According to
frequent reports in the literature, the fluorescence lifetime should increase with decreasing phonon
energies of the glass network. Hence, it should be assumed, that those compositions which show low
phonon energies should also show high fluorescence lifetimes. Although figure 1 suggests a slightly
lower phonon energy for lithium and sodium alumino silicate glasses in comparison to the other
glasses depicted in this figure (peak position and high energy offset of the peak at around 900 to 1300
cm'1), previous detailed studies of magnesium and lanthanum alumino silicate glasses, however,
found no correlation between phonon energy and fluorescence lifetime in Sm3+-doped alumino silicate

glasses® *

. For both glass systems the maximum phonon energy could be reduced by increasing the
network modifier concentrations. This resulted in a decrease of the fluorescence lifetime in lanthanum
alumino silicate glasses while it did not show a significant effect for the magnesium alumino silicate
glasses. A clear correlation to other parameters of the network modifying ions such as
electronegativity, ionic radius or ionization energy can also be ruled out easily by comparing the
tabulated data with the measured fluorescence lifetimes. A clear dependency upon the optical basicity
of the glass host can also be ruled out, although a general trend to higher lifetimes for low basicity
glasses can be observed. Furthermore the OH" concentrations of all glasses have been measured
using IR-spectroscopy (Table 1). In the wavenumber range between 3000 and 3700 cm™ all glasses
show low E/d (extinction/thickness) values between 1.4 and 0.4 cm” which correspond to OH
concentrations between 1.3 and 0.4-10" cm™ assuming OH" extinction coefficients to be the same as

for soda lime silica glasse321’ 3

. The shape of the OH™ absorption band (particularly the high energy
offset of the band) also doesn’t change for all glasses. A correlation between OH™ concentration and
fluorescence lifetime in this concentration range was not found (Table 1). Hehlen et al. show that OH"
concentrations in this range have only little influence on the quantum efficiency (and therefore on the
fluoerescence lifetime) of the 4I13/2 level of Er** in alumino silicate glasses at relatively low rare earth
doping concentrations of around 0.2 mol% ¥ The 465,2 emission of Sm®" should be even less
influenced than the *l;3, emission of Er** because of the bigger energy gap to the next lower energy
level (around 7,400 cm™ and 6,500 cm’’ respectively34). However, all these parameters, especially the
ion radius of the network modifier ions and OH" concentration might have a minor effect on the

fluorescence lifetime of the doped rare earth elements. A clear correlation was found for the mean

atomic weight of the glass composition and therefore for the mean atomic number of the network
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modifier ion if glasses of constant molar fractions of the glass components are compared (e. g.
20/20/60). Figure 5 shows the dependency of the Sm** fluorescence lifetime on the mean atomic
weight of ternary alumino silicate glasses. Data points of the glasses reported here are filled, while the

additional data (not filled data points) is taken from earlier publications® %

and some glasses with a
somewhat different molar composition. The systematical error of the lifetime measurements due to
sample preparation and experimental setup can be estimated to less than 2%. The biggest uncertainty
is due to cross-relaxation processes and OH  quenching. While cross-relaxation processes mainly
depend on the Sm** doping concentration which is kept constant and therefore has a consistent
influence on all samples, OH™ quenching in this OH™ concentration range causes an error of about 10%
¥ To be able to estimate the influence of OH quenching on the measurement, the size of the filled
circles represents the OH™ concentration of the specific glass sample. But despite all disturbance, an
almost linear dependence of the fluorescence lifetime on the mean atomic weight of the glass
composition can be observed. The same dependency was found for Eu3+-doped alumino silicate
glasses which were additionally prepared. These data points (triangles) are also added to the diagram.
While the Sm*" measurements might be slightly influenced by OH™ quenching as discussed above, the
°D, emission of Eu** should be almost free of any OH™ quenching because of the huge energy gap of

around 12,000 cm™ *°. This can be shown easily by applying the so called energy-gap law®. Also,

cross-relaxation processes do not occur for Eu3+-doped materials in this concentration range46.

According to Bardez et al., rare earth ions (Nd3+ in this case) enter depolymerized regions of the glass
matrix (sodium calcium alumino silicate system in this case)4°. It was shown by extended X-ray
absorption fine structure (EXAFS) measurements, that sodium and calcium ions are likely to be
present in the second coordination shell of the Nd>* ions. A similar behavior of rare earth ions (Er3+
and Eu3+) is reported by Du, Cormack and Kokou for binary alkali silicate glasses‘”' 2 A very nice

f. *3. This behavior

depiction of such depolymerized regions in alkali silicate glasses can be found in Re
of rare earth ions could well explain the strong dependence of the fluorescence lifetime on the network
modifier, assuming that closely coordinated network modifying ions have a substantial influence on the
parameters of the rare earth sites as e.g. crystal field strength and symmetry. Unfortunately, the
spectra of the Sm3+-doped glasses presented in figures 2 and 3 do not show notable variations with
the glass composition. For this reason, few Eu3+—doped glasses have additionally been prepared since
Eu®* has a hypersensitive transition which is strongly dependent on the local symmetry at the rare

37, 44

earth site . Figure 6 shows fluorescence emission spectra of two Eu*"-doped glasses, a lithium and
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a lanthanum alumino silicate glass. Note that the two spectra are shifted vertically for clarity. For
excitation, a wavelength of 395 nm was used. Both spectra are normalized to the strongest
fluorescence emission line at about 615 nm which is assigned to the transition 5D0 — 7F2 4 This
transition is almost entirely electric dipole in nature and therefore sensitive to the local crystal field
symmetry44. The other peaks are assigned to the transitions 5D0 — 7F0 at about 575 nm, 5D0 — 7F1 at
about 590 nm, 5D0 — 7F3 at about 655 nm and 5D0 — 7F4 at about 700 nm*°. The transitions at 575
and 590 nm can hardly be distinguished because of the strong splitting of the 590 nm line. The latter
of these two (SDO — 'Fy at 590 nm) is an almost pure magnetic dipole transition which is not influenced
by local site symmetry‘”. Therefore the intensity ratio of the emission peaks at 590 and 615 nm,
Isoo/le15, can be used as measure for the overall symmetry at the local Eu® site. A high ratio lsgo/lg15
indicates a high crystal field symmetry and vice versa®. Unfortunately, a clear differentiation between
the intensity ratios of the peaks in the two spectra of figure 6 is not possible, although the peak at 590
nm in lanthanum alumino silicate is slightly higher than in lithium alumino silicate which should indicate

37, 44 Nevertheless, because of the

a slightly higher symmetry in the lanthanum containing glass
relatively low intensity ratio Isqo/lg15 Of both glasses (see Figure 6), it can be stated that the rare earth
site symmetry in alumino silicate glasses is generally very low. This is not surprising since similar
observations have been made for other silicate glasses46. In contrast to alumino silicate glasses,
fluoride based glasses offer a much higher symmetry at the local Eu®" sites. Here, much higher
intensity ratios lsgo/lg15s were found®. In summary, a clear estimation of individual symmetry or crystal
field strength cannot be made for the glasses investigated here. However, Brecher and Riseberg as
well as Lochhead and Bray found decreasing fluorescence lifetimes for Eu® ions at sites with locally
increased crystal field by laser-induced fluorescence line narrowing (LFLN) measurements*” *®. On the
other hand it is well known, that spontaneous emission can be changed by altering the refractive index
of the surrounding dielectric media. Since the first publication of this effect by Purcell* many

50-54

theoretical e. g. and experimental e. g. * and references therein studies have been published on

this topic, although only few of the experimental work has been done on glasses so far 5557

. Among
the various theoretical models that predict the dependence of the spontaneous emission rates A% on
the refractive index n of the surrounding dielectric medium are the real—cavity58 and the virtual-cavity
model®. In general this dependency can be written as: A*(n) = n - I(n)> - Ao. Here, A, is the vacuum

spontaneous emission rate and | is the dielectric local-field correction factor which differs for the

various models. For the real-cavity model it is defined as I(n) = 3n%(2n* + 1) *® and for the virtual-cavity
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model I(n) = (n2 + 2)/3 % Since n21 the spontaneous emission rate is increased (and the lifetime of
the excited state is decreased) by the dielectric medium around the emitter with increasing n, and
accordingly with increasing interaction of the emitter and the surrounding dielectric medium. Figure 7
shows the fluorescence lifetimes of Sm3+—doped glasses in dependence of the measured refractive
index n, of the samples together with the least-square fit of both models. Although both models
represent the experimental data about right it is difficult to decide which one fits the data better. As
discussed earlier, the fluorescence lifetime of the Sm**-doped samples is additionally influenced by
various effects, most notably OH™ quenching and cross-relaxation processes (slight deviation from
mono-exponential fluorescence decay in Fig. 4 6°) which distort the relation between fluorescence
lifetime and refractive index for the measurements presented here. Furthermore, the observed
fluorescence transition of Sm®* (4G5/2 — 6H7/2) has a notable magnetic dipole contribution and
therefore is not entirely electric dipole dominated®’ which is required to apply the two models.
Magnetic dipole transitions show a different dependence on the refractive index of the surrounding
medium®. In analogy to the Sm**-doped glasses, Fig. 8 shows the fluorescence lifetimes of the Eu®-
doped samples in dependence of the measured refractive indices. Again, the virtual and real cavity
model have been fitted to the data. Here, the real cavity model reproduces the data much better than
the virtual cavity model, although the data consists of only 4 samples. Nevertheless, this result is in

%5:56 |n contrast to Sm**, the measured transition of Eu®*

agreement with previous studies on glasses
(5D0 — 7F2) is much less sensitive to cross-relaxation processes and OH" quenching46. Furthermore, it

has an almost entirely electric dipole character**.

However, also the theoretical models are based on the variation of the inhomogeneous, time-
dependent electromagnetic local field around the emitting atom. Hence, the observations of Brecher

and Riseberg as well as Lochhead and Bray‘”’ 48

are not in disagreement with the theoretically derived
refractive index-dependency since the average effective field strength is correlated to the density of

the surrounding atoms which form the dielectric medium®.

Besides their advantageous properties, such as high solubility for rare earth ions, broad excitation and
emission spectra of doped rare earth ions, good glass forming ability, low coefficients of thermal
expansion and high mechanical strengths, alumino silicate glasses can also provide relatively long
fluorescence lifetimes. Obviously network modifying ions of low atomic weight as well as Zn** can

substantially improve the fluorescence lifetime of doped rare earth ions in this glass system.
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Conclusions

Alumino silicate glasses with the molar compositions 20 Al,O; — 60 SiO, — 20 R,O (R = Li or Na), 20
Al,O3; — 60 SiO, — 20 RO (R = Mg, Ca or Zn) and 20 Al,O3 — 73.33 SiO, — 6.67 R,03 (R =Y or La)
doped with 1-10%* sSm* cm™ or 1-10%° Eu* cm™ (about 0.2 mol% Sm,03/Eu,03) were prepared and
investigated with respect to their molecular structure and their thermo-mechanical as well as optical
properties. The glasses show broad fluorescence excitation and emission spectra that are hardly
affected by the glass composition which is a mandatory requirement for chirped pulse laser
amplification. Although the glasses should be structurally very similar, significant differences are found
for the coefficients of thermal expansion, the glass transition temperatures and the fluorescence
lifetimes. The fluorescence lifetime increases steadily with decreasing atomic weight and decreasing
refractive index of the glasses. The only exception from this rule is the zinc alumino silicate glass
which shows a longer fluorescence lifetime than the calcium- and magnesium alumino silicate glasses.
Its relatively long fluorescence lifetime is only surpassed by the lithium alumino silicate glass. The zinc
alumino silicate glass also provides one of the lowest glass transition temperatures which should be
beneficial for the production and the optical quality of the glass. Furthermore, it shows the lowest
coefficient of thermal expansion of all investigated glasses which is highly advantageous for a high
thermal shock resistance. Hence, a zinc alumino silicate glass could be a promising laser material

especially with respect to ultra high-power systems or applications with high repetition rates.
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Table 1: Molar compositions, transition temperatures T,, density, refractive index n,, coefficients of
thermal expansion CTE, fluorescence lifetimes (1 10 sm* cm'3) and OH" absorption coefficients of
homogeneous glass samples.
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sample composition (mol%) Ty density Ne CTE Tsma+ Eon/d
name

(°C) (g/cm’) (10°K")  (ms) (em™)

M,0O / MO Al,O4 SiO, +3 +0.005 +0.005 +0.1 +0.03 +0.05

/ M504

LiIAS2020 Li,O: 20 20 60 693 2.40 1.531 7.64 2.65 1.27
LiIAS1515 Li,O: 15 15 70 820 2.36 1.521 6.64 2.62 1.06
NaAS2020 Na,O: 20 20 60 811 2.45 1.507 9.46 2.45 1.37
NaAS1515 Nay0: 15 15 70 813 2.38 - 7.98 2.56 1.17
MgAS2020 MgO: 20 20 60 827 2.55 1.548 4.06 2.43 0.73
MgAS1515 MgO: 15 15 70 831 2.44 1.520 3.22 2.47 0.37
CaAS2020 Ca0:20 20 60 868 2.61 1.557 5.71 2.37 1.00
CaAS1515 CaO: 15 15 70 876 2.50 - 5.05 2.51 0.85
ZnAS2020 ZnO: 20 20 60 742 2.84 1.573 3.64 2.51 0.99
ZnAS1515 ZnO: 15 15 70 757 2.68 - 3.10 2.47 0.83
YAS0823  Y,05:7.7 23.1 69.2 899 2.85 1.581 4.31 2.28 1.32
LaAS2020 Lay0s: 20 20 60 863 4.08 1.709 6.50 2.01 0.76
LaAS1515 Lay03: 15 15 70 862 3.57 1.648 5.43 212 0.93
LaAS0823 La,05:7.7 23.1 69.2 875 3.02 1.593 4.43 2.23 0.85
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Fig. 2: Sm3+ excitation spectra of samples LiIAS2020, CaAS2020, ZnAS2020 and LaAS0823 doped with
1-1020 Sm3+/cm3. Note that the different spectra have been shifted in vertical direction for clarity.
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Graphical Abstract: A red fluorescent Sm3+-doped alumino silicate glass under UV excitation. The inset
shows the dependence of the Sm3+ fluorescence lifetime on the refractive index of the glass (upper
diagram) and the influence of the network modifying ion on the molecular structure of the glass (FTIR
spectra, lower diagram).



