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Optical absorption and luminescence spectra as well as luminescence kinetics of the Nd** centres
in glasses with Ca;Ga,Ge;0,,:Nd composition, containing 0.2 and 1.0 wt% of the Nd,O; were
presented and analysed. The oscillator strengths and phenomenological intensity parameters 2,
(£2,, 2,, and ;) were obtained using standard Judd—Ofelt theory. Calculated (2, parameters,
radiative transitions rates, branching ratios and radiative lifetime for Nd>* centres in the glass
with Ca;Ga,Ge;0,, composition were analysed and compared with corresponding Nd**
parameters in their crystalline analogue with garnet structure. Experimental lifetimes are
compared with those calculated, and quantum efficiency of Nd>* centres from 4F3 » emitting level
in the glass with Ca;Ga,Ge;0;, composition is estimated. Incorporation peculiarities and local
structure of Nd** luminescence centres in the glass with Ca;Ga,Ge;0;, composition and
corresponding Ca;Ga,Ge;0,,:Nd** garnet laser crystals are considered. On the basis of extended
X-ray absorption fine structure (EXAFS) spectra (L;-edge) of rare-earth elements analysis it has
been shown that Nd** luminescence centres in the Ca0-Ga,05;-GeO, glass network occupy
structural sites with the coordination number to oxygen N = 6.
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1. Introduction

Glasses and crystals activated with Nd*>* ions, especially phosphate glasses [1, 2] and
garnet crystals [3—6], are still attractive as an active media for powerful solid-state
lasers. That gives rise to intensive spectroscopic investigations of the electron and local
structure of luminescence centres in different Nd-doped materials. Traditional laser
garnets such as YAG:Nd>" [3] and GSGG:Cr**, Nd*" [7] are characterised by good
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spectroscopic and lasing properties, but their synthesis is very expensive and difficult,
because these crystals have too high melting temperature (1960 °C and 1850 °C,
respectively). The multicationic laser garnets such as Ca3(Nb,G21)2G213012:Nd3+ [8],
CayGa,G;0,,:Nd* (CGGG:Nd*") [9, 10], and Ca;Sc,Ge;0,,:Nd*" (CaSGG:Nd* ) [11]
are characterised by compositionally (or substitutionally) disordered structure and
relatively low melting temperatures in the 1450-1460 °C range. Compositional
disordering of the Ca;(Nb,Ga),Ga;0,, garnet crystal is related to statistical filling of
the octahedral sites by Nb and Ga atoms, what leads to Nd** optical multisites.
Disordering of Ca;Ga,G;0,,:Nd*" and Ca;Sc,Ge;0,,:Nd>" crystals is caused by
compensation redistribution of Ga3* and Ge*" cations on octahedral and tetrahedral
sites of garnet structure at heterovalent Nd>* — Ca* substitution This compensation
redistribution leads to the creation of antisite defects of the Ga’y (d) (Ga*" in tetrahedral
(d)-sites) and Ga4+ (Ge*" in octahedral [a]-sites) types [12, 13] and to the formation
of several types of Nd** centres in dodecahedral {c}-sites with different local
environments in the second coordination sphere.

The study of optical properties of Nd** ions in disordered crystals by spectroscopic
methods, in particular the resolution and identification of the non-equivalent
luminescence centres with different local environments, is essential for a deep
understanding of their spectroscopic and laser properties, because laser action is
possible when Nd*" ions are located in specific sites [14, 15]. One can notice that
Nd*"-doped glasses, garnets and other compositionally disordered crystals are promising
materials for solid-state lasers with laser emitting diode (LED) pumping [1, 16-20].
The Nd**-doped compounds of Ca0-Ga,05;-GeO, system, which can be obtained in
both crystalline and glassy states, are perspective materials for LED-pumped lasers.
Particularly, in the CaO—Ga,0;—GeO, system, the crystals with garnet (Ca;Ga,Ge;0,,)
and Ca-gallogermanate (Ca3;Ga,Ge,0,,) structure [21, 22] and corresponding glasses
of the same composition can be synthesised [23].

Optical, luminescence and laser properties of the CGGG:Nd>" garnet crystal are
described in detail in [9, 10, 24-26]. Assuming a D, local symmetry, the Nd>* Stark
energy levels in the CGGG crystal are identified, and using the Judd—Ofelt theory,
some relevant spectroscopic parameters for laser applications (radiative lifetime,
branching ratios and quantum efficiency) from *F, emitting level are estimated
in [24]. Six non-equivalent Nd** centres in dodecahedral {c}-sites of the CGGG:Nd**
garnet structure are observed in [25] by laser excited site-selective spectroscopy. In
[25] the nature and local structure of non-equivalent Nd** centres in the CGGG:Nd*>*
crystal in terms of possible charge compensating defects are discussed, and formation
of Nd**—Nd** pairs is suggested. Optlcal absorptlon lummescence characteristics and
stimulated emission parameters for *F5,, — 41,,/, and *F3,, — #l,3/, channels of Nd**
centres in Ca;Ga,Ge,O,, and Sr;Ga,Ge, O, compositionally disordered crystals are
investigated and analysed in [27].

At present, time high quality Nd-doped glasses with Ca;Ga,Ge;O,, garnet
composition were obtained according to [23]. Optical absorption and luminescence
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spectra as well as luminescence kinetics of Nd** centres in glasses with Ca;Ga,Ge;0,
composition were firstly presented in [28]. It has been shown in [28], by electron
paramagnetic resonance (EPR) and optical spectroscopy, that Nd is incorporated into
the CaO-Ga,0;-GeO, glass network exclusively as Nd*" ions (4f — electron
configuration, “l,, — free ion ground state), and all the observed transitions of
Nd** centres in optical spectra were identified. In this paper, the results of optical
spectroscopy of Nd*" luminescence centres in the glass with Ca;Ga,Ge;O,
composition are summarised and analysed. Optical absorption and emission spectra,
luminescence kinetics and basic parameters of Nd*" centres in the glass with
Ca;Ga,Ge;0,, composition are discussed and compared with corresponding data for
garnet crystal of the same composition. Incorporation peculiarities and local structure
of Nd*" luminescence centres in the glass and crystal with Ca;Ga,Ge;0,, composition
are considered.

2. Experimental details

2.1. Characteristics of the investigated samples

The Nd-doped glasses of high chemical purity and optical quality with Ca;Ga,Ge;0,,
(or 3Ca0-Ga,05—3Ge0,) composition were obtained in corundum crucibles by
high-temperature synthesis according to [23]. The Nd impurity was added to the glass
composition as Nd,O5 oxide in amounts of 0.2 and 1.0 wt%. The colour of obtained
Nd-doped glass samples varies depending on the Nd content from almost uncoloured
(Nd,O5 content — 0.2 wt%) to lightly blue (Nd,O5; content — 1.0 wt%). Chemical
composition of obtained samples was controlled by X-ray microanalysis technique
using a “Camebax” apparatus. Paramagnetic impurities were controlled by EPR
technique. For optical measurements samples were polished to approximate size
of 6x3x2 mm?. For EPR spectroscopy glass samples were cut to approximate size of
4x2x2 mm”.

By X-ray scattering, molecular dynamics simulations and extended X-ray
absorption fine structure (EXAFS) spectroscopy, it has been shown that mixed
tetrahedral (Ge/Ga)O, and octahedral (Ge/Ga)O¢ groups are basic structural units in
glasses of the CaO—-Ga,0;—-GeO, system [29, 30]. The synthesised Nd-doped glasses
with Ca;Ga,Ge;0;, composition show a typical glassy-like X-ray structure factor,
which is quite similar to the structure factor of the undoped glass of the same
composition [29]. Structural investigations of undoped [30] and rare-earth doped [31]
glasses with Ca;Ga,Ge;0,, composition by EXAFS technique show that
incorporation of Nd** and other rare-earth ions changes the local structure only around
Ga atoms (Ga short-range order), whereas the Ge short-range order is almost
independent of rare-earth doping and it is similar to the short-range order of undoped
glasses of the same composition. Results of direct EXAFS investigation of the local
environment of rare-earth impurity ions in the glass with Ca;Ga,Ge;0,, composition
were presented and analysed in [32].



192 B. PAabLyAk, W. RyBA-RomaNowski, R. LISIECKI

2.2. Experimental methods and equipment

Optical absorption spectra were registered at room and liquid nitrogen temperatures
on a Carl Zeiss Jena (model Specord M-40) spectrophotometer. Photoluminescence
spectra were measured in the 4.2-300 K temperature range using equipment built in
the Institute of Low Temperatures and Structure Research of the Polish Academy of
Sciences (Wroctaw, Poland). Luminescence spectra were excited by an Ar ion laser
operating at A = 514.5 nm. Luminescence spectra were recorded at room temperature
with a Dongwoo (model DM 711) scanning monochromator having 750 mm focal
length equipped with an InGaAs detector. Low temperature emission spectra were
dispersed with a double grating monochromator (focal length — 1 m) and detected by
a photomultiplier with S-1 spectral response.

Luminescence decay curves were recorded with a Tektronix (model TDS 3052)
digital oscilloscope. Excitation was provided by a continuum surelite I optical
parametric oscillator (OPO) pumped by a third harmonic of an YAG:Nd*" laser (1 =
355 nm). For low temperature measurements, samples were mounted in an Oxford
(model CF 2104) continuous flow liquid helium cryostat equipped with a temperature
controller.

3. Results and discussion

3.1. Optical spectra of Nd®* centres

The Nd impurity in oxide crystals and glasses appears to be Nd>* (4f3, 4|9/2) and
Nd?* (44, 3l 4) lons with characteristic EPR and optical spectra. In the Nd-doped
glass with Ca;Ga,Ge;O0,, composition at liquid helium temperatures only Nd**
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Fig. 1. Optical absorption spectrum of Nd** centres in the glass with Ca;Ga,Ge;0,,:Nd composition
containing 0.2 wt% of Nd,O3, recorded at T =293 K.
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Fig. 2. Luminescence excitation spectrum of Nd*' centres in the glass with Ca;Ga,Ge;0,,:Nd
composition containing 1.0 wt% of Nd, O3, recorded at T = 293 K.

EPR spectrum was observed. This result shows that Nd impurity is incorporated into
the Ca;Ga,Ge;0,, glass network as Nd** ions.

The undoped glasses of the CaO-Ga,0;—-GeO, system are transparent in the UV
region up to 280-300 nm and are characterised by high transparency in the IR spectral
range [23]. Optical absorption spectrum of the Nd-doped glass with Ca;Ga,Ge;0,
composition in 340—1000 nm (10000—-30000 cm ') spectral range at room temperature
consists of several absorption bands with weakly resolved structure and belongs to
Nd** ions (Fig. 1). The linewidth and resolution of Nd** absorption bands practically
were not changed at lowering temperature up to liquid nitrogen, which is the evidence
of the inhomogeneous broadening, related to disordering of glass structure. As a result,
some observed complex and weakly-resolved Nd** bands can be assigned to groups
of absorption transitions (Fig. 1). In accordance with Nd** energy level diagram and
referenced data [33, 34] all observed absorption bands were assigned to appropriate
electronic f—f transitions from *l,,, ground state to excited states, which are identified
in Fig. 1.

In the luminescence excitation spectrum of Nd** ions, 11 weakly-resolved and
unresolved bands (Fig. 2) were observed at room temperature, which shows good
correlation with optical absorption transitions (Fig. 1). One can notice that the intensity
of 4y, = ?P3), and 4y, — ?H,,, transitions of Nd*" centres weakly appears in
the excitation (Fig. 2) and optical absorption (Fig. 1) spectra of the glass samples,
containing 0.2 and 1.0 wt% of Nd,O;.

The Nd** emission spectrum, recorded at room temperature in the 800—1500 nm
spectral range under excitation with Ar laser in the absorption band which corresponds
to Y19, = (K32 Gy, *Gyp) transitions is presented in Fig. 3a. The observed
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luminescence spectrum of Nd3* ions consists of three characteristic bands which
correspond to following transitions: *Fs;, = o) (Apa = 910 nm), *Fy — 4y,
(Amax = 1065 nm), and 4F3/2 -4 1372 (Amax = 1339 nm) (Fig. 3a). No better resolution
of 4F;, > Y11, and *F3,, = %l,3,, emission bands was observed at liquid helium
temperatures (Fig. 3b), which is the evidence of inhomogeneous broadening of
spectral lines, caused by disordering of glass structure.

The observed optical absorption and luminescence spectra of Nd** jons in glasses
of the Ca0O-Ga,0;—GeO, system are almost independent of basic glass composition
and temperature in the 4.2-300 K range and are quite similar to optical spectra in other
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Fig. 3. Luminescence spectra of Nd>" centres in the glass with Ca;Ga,Ge;0,,:Nd composition

containing 1.0 wt% of Nd,O; under excitation with Ar laser (4,,, = 514.5 nm), recorded at T = 293 K (a)
and T=10 K (b).
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Nd**-doped oxide glasses [35-37] and compositionally-disordered Ca-gallogermanate
(Caz;Ga,Ge,0,,) crystals [27].

3.2. Luminescence kinetics of Nd3* centres

Luminescence decay curves for *Fs,, — #l,,,, transition (4,, = 1065 nm) of Nd**
centres in the glass with Ca;Ga,Ge;0,,:Nd composition and different Nd,O; content
are presented in Fig. 4. The observed decay curves were satisfactorily described by
one-exponential decay with lifetimes 7= 342 psand 7= 290 us for samples containing
0.2 and 1.0 wt% of Nd,O3, respectively (Figs. 4a and 4b). Lowering of the lifetime
value in the sample with 1.0 wt% of Nd,O; in comparison with the lifetime in
the sample with 0.2 wt% of Nd,O; is related to the saturation effect which appears at

high concentration of luminescence centres. In the Ca;Ga,Ge;0,:Nd glass containing
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Fig. 4. Luminescence decay curves for Nd** centres (*F3,, — *l,,, transition, 4,,,, = 1065 nm), recorded
at T=293 K in the glass with Ca;Ga,Ge;0,,:Nd composition containing 0.2 wt% (a) and 1.0 wt% (b)
of Nd,Oj;. Black lines with noises — experimental, white solid lines — results of one-exponential fit.
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0.2 wt% of Nd,O5 small increasing of the Nd*>* luminescence lifetime was observed
in the 4.2-300 K range, whereas in the glass doped with 1.0 wt% of Nd,O5, the Nd**
lifetime practically was not changed with temperature [28].

The obtained lifetime values for Nd*" centres and their temperature dependences
show good correlation with corresponding literature data for glasses with other
compositions [35, 36, 38, 39]. In silicate glasses, the Nd** lifetime in the *F;, level
7=380 pus at T=300 K [39]. In silicate-phosphate glasses with 56Ca0O-35Si0,—
9P,05 composition, the Nd** lifetime 7 =330 us and is independent of temperature
in the 10-300 K range for samples containing = 0.07 wt% of Nd,O;, whereas for
samples containing 1-4 wt% of Nd,O; 7=295us at T=10K and 7 =245 ps at
T=300K [38]. In the Ca3Ga2Ge3012:Nd3+ laser garnet (crystalline analogy of
the investigated glass) containing ~ 0.8 at% of Nd,O;, the Nd** centres are
characterised by approximately single-exponential luminescence decay with
the lifetime 7 = (210  10) psat4.2 and 77 K [9, 24]. Six non-equivalent Nd** centres,
observed in dodecahedral {c}-sites of the Ca;Ga,Ge;O;, garnet structure with
different local environments in the second coordination sphere [25], were not resolved
in the luminescence kinetics. The obtained lifetime value 7= (210 £ 10) ps in [9] is
assigned to Nd>* centres with most probable local environment in the Ca;Ga,Ge;0,
crystal structure. In the Ca;Sc,Ge;0;:Nd>" garnet crystal with the composition
closely similar to Ca;Ga,Ge;0;,:Nd3* garnet and investigated glass, the Nd**
luminescence (F5,, — 41, transition, A,,,, = 1060 nm) in the 10-298 K temperature
range is also characterised by single exponential decay with 7= (254 +2) us
which corresponds to one type of Nd*" centres, despite the presence of several types
of centres with different local environments [11].

The lifetimes of Nd*" centres in Ca;Ga,Ge;0,, [9] and Ca;Sc,Ge;0, [11]
crystals and glasses with Ca;Ga,Ge;0,, composition [28] are independent or
weakly-dependent on temperature and quantum efficiency of luminescence from
*F,, level which is close to 100%. These results can be understood for
C213Sche3012:Nd3+ crystal, because the energy between emitting 4F3 » and the lowest
excited 41,,, levels equals = 5300 cm™!, which corresponds to six quants with
the highest phonon frequency (804 cm™"), observed in this crystal. A similar situation
was observed in the crystal and glass with Ca;Ga,Ge;0,,:Nd*" composition.
Presented results show that the multiphonon relaxation from #F5), level in compounds
of Ca0-Ga,0;-GeO, and CaO-Sc,0;-GeO, systems is negligible.

3.3. The Judd-Ofelt analysis and spectr oscopic parameters of Nd>* centres

Transition energies and relative intensities of Nd** absorption bands in the glass with
Ca;Ga,Ge;0,, composition were analysed on the basis of Judd—Ofelt theory [40, 41].
Using a standard program for Judd—Ofelt calculations, oscillator strengths (fyco,)
and intensity parameters (£2,, £2,, £2,) for observed transitions of Nd3" centres in
the Ca;Ga,Ge;0,, glass were obtained (Tab. 1). By comparison, Tab. 1 also presents
oscillator strengths (f,,,) calculated from average energies of the maxima (E) of
the experimental absorption bands and Judd—Ofelt intensity parameters (£2,, £2,, £2)
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for Nd** centres in the Ca;Ga,Ge;0,, laser garnet crystal [24]. Differences between
theoretical (fy,,) and experimental (f,,,) oscillator strengths for all observed Nd**
absorption bands in the glass with garnet composition are negligible (Tab. 1), which
shows good correlation of the experimental data with Judd—Ofelt theory. A significant
difference between intensity parameters, especially £2, and €2, in the glass and crystal
with Ca;Ga,Ge;0,, composition (Tab. 1) shows an essentially different distortion of
the local environment for Nd** centres in the glass network and crystal lattice.

Using the obtained (2,, £2,, and £, parameters, the radiative transition rates (W,),
branching ratios (8) for *F5,, = *lg/5, *F3/5 = 112, *F30 = #1530, and *F50 = 41510
electro-dipole transitions and radiative lifetime (z,,4) for 4F,, metastable level of Nd3*
centres in the glass with garnet composition were calculated from standard relations,
given in [24]. The obtained spectroscopic parameters of Nd>" centres in the glass
with Ca;Ga,Ge;0,, composition, which are of relevance for laser applications (W,,
B, and r,,), are presented in Tab.2, where the corresponding parameters of
the Ca;Ga,Ge;0,,:Nd*" laser garnet crystal are also shown. The calculated rates
W, for Nd3* spontaneous electro-dipole transitions *F3,, — %lg,, and *Fz — #15)y
in Ca;Ga,Ge;0, crystal are approximately 3 times larger, and for *F;, — 4l,,,
*F;, = 43, and *F5,, — *l,;,, transitions 2 times larger than those in the glass of
the same composition (Tab. 2). Branching ratios S for all emission transitions in
the crystal are larger than those in the glass. The *F3,, — *l;/, channel in the glass
with Ca;Ga,Ge;0,, composition is characterised by the largest branching ratio and
can be used for laser generation. The calculated radiative lifetime z,,; of Nd>* centres
in the *F;,, metastable level in the glass with Ca;Ga,Ge;0;, composition is more
than 2 times larger than the corresponding lifetime in the garnet crystal of the same
composition. Quantum efficiency of the spontaneous emission from *F;, level of
Nd3* centres is 7= 75% in the glass with Ca;GayGe;0,,:Nd (Nd,O5 content —
0.2 wt%) composition. The calculated 7 value of Nd3* centres in glass is lower than
that in Ca3Ga2Ge3012:Nd3+ garnet crystal (7= 97%) [24], but essentially higher than
that in fluoroborophosphate glasses (77 = 59-65%) [42] and close to Nd** quantum
efficiency in borate (17 = 72—-78%) and phosphate (77 = 80%) laser glasses [2]. Basing
on this analysis, we can conclude that the glass with Ca;Ga,Ge;0,,:Nd*" composition
is a perspective material for lasers (*F;, — *l,;,, channel, A, = 1065 nm) and in
future, from a technological point of view, it will be able to compete with laser
phosphate glasses and with Ca;Ga,Ge;0,,:Nd*>" laser garnet crystal.

3.4. Local structure of the Nd** centresin the CagGa,Ge;0;, glass network

Presented results, concerning optical spectroscopy and luminescence kinetics analysis,
show that in the glass with Ca;Ga,Ge;0,, composition exists only one type of
Nd** centres with local environment, distorted by statistically-distributed Ga>*
and Ge*' cations in the second coordination sphere, which leads to formation of
the ensemble of luminescence centres with distributed spectroscopic parameters. On
the basis of published data [9, 11, 24, 25] for Nd*" ions in Ca;Ga,Ge;0;, and other
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garnet crystals [28] it has been assumed that Nd®* centres in the glass with
Ca;Ga,Ge;0,, composition are localised in the sites similar to the dodecahedral sites
of the garnet structure with a coordination number N = 8.

Due to a detailed analysis of the Eu, Ho, and Er (L;-edge) EXAFS spectra, it has
been shown that the local structure of these elements in the Ca;Ga,Ge;0,, glass is
characterised by N = 6 [32], in contrast to the corresponding garnet crystal. In [32]
the Nd*" local structure has not been investigated directly by EXAFS method, but
in [31] it has been shown that the incorporation of rare-earth (Ce, Nd, Eu, Ho, Er)
impurities leads to similar modification of local structure around Ga cations in
the glass network. On the basis of results, presented in [31, 32], we can conclude
that the local environment of Eu’", Ho®*, Er¥", and Nd*' luminescence centres in
the Ca;Ga,Ge;0,, glass network is the same, and that the first coordination sphere
around rare-earth impurity ions consists of six O>~ anions. This result shows good
agreement with results obtained for Er** (N = 6—7) [43] and Eu*" (N = 6) [44] ions in
some oxide glasses.

Thus, the local structure of Nd*" and of other rare-earth luminescence centres
is essentially different in the glass and crystal of the same composition, because in
the garnet lattice, the rare-earth ions generally occupy dodecahedral {c}-sites with
N = 8. Lowering of the coordination number to N = 6 for rare-earth ions in the glass,
in comparison with their crystalline analogy, can be related to a large number of oxygen
vacancies in the glass network. The EXAFS analysis [32] reveals only one type of
rare-earth ions sites in the glass network with broad distribution of the interatomic
distances in the first coordination sphere. These results show good agreement with
optical spectroscopy and luminescence kinetics of the Nd** centres in the glass with
Ca;Ga,Ge;0,, composition.

4. Conclusions

On the basis of the analysis of presented results, we can conclude the following:

1. The neodymium impurity is incorporated into the Ca;Ga,Ge;0,, glass
network as Nd** (413, 4| o/2) ions, exclusively, because the characteristic optical spectra
of the Nd>* (44, 4 5) ions were not registered in all investigated samples.

2. Optical spectra of the Nd*" ions in the glasses with Ca;Ga,Ge;0;, composition
are quite similar to Nd>" optical spectra, observed in other oxide glasses and
compositionally-disordered crystals, and are characterised by inhomogeneous
broadening of spectral lines. All observed transitions (UV, visible, and IR) of the Nd**
centres in optical absorption, emission and luminescence excitation spectra are
identified. Luminescence kinetics of the Nd** centres for *F5,, — 4,/ transition is
satisfactorily described by exponential decay with the lifetimes 342 and 290 us at
T =293 K for samples containing 0.2 and 1.0 wt% of Nd,O;, respectively.

3. The Nd*" optical spectra were analysed and described in the framework of
Judd—-Ofelt theory. Oscillator strengths, Judd—Ofelt intensity parameters (£2,, £2,, £2;),
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radiative transition rates, branching ratios, and radiative lifetime for Nd*" centres in
the glass with Ca;Ga,Ge;0,, composition were calculated.

4. Calculated spectroscopic parameters were compared with corresponding data,
obtained for Ca;Ga,Ge;0,,:Nd>" laser garnet crystal. It has been shown that the glass
with Ca3GazGe3012:Nd3+ composition is a perspective material for lasers, operating
in the infrared spectral range (F;, > 4 112 channel, 4., = 1065 nm), in particular for
LED-pumped lasers.

5. On the basis of presented optical spectroscopy and referenced EXAFS data
analysis, it has been shown that the local structure of Nd*>* luminescence centres in
the glass with Ca;Ga,Ge;0O,, composition is characterised by the coordination number
N = 6, at variance with the corresponding garnet crystal, where N = 8 for all rare-earth
luminescence centres.
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