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Abstract. Assessment of activator distribution in lanthanide doped nanocomposites is an important 

and challenging task. Oxyfluoride glass ceramics have been chosen as a model system to characterize 

incorporation efficiency of Eu
3+

 ions in CaF2 nanocrystals using a combination of X-ray diffraction 

(XRD) and electron paramagnetic resonance (EPR) techniques. Lattice constant changes induced by 

size mismatch of Eu
3+

 and Ca
2+

 ions have been used to evaluate Eu
3+

 content in CaF2. The distortion of 

CaF2 lattice due to incorporation of europium ions can be detected from EPR investigations via Gd
3+

 

paramagnetic probe spectra. It is shown that ratio of different symmetry CaF2:Gd
3+

 centres and 

linewidth of EPR transitions can be used to monitor europium content in the crystalline phase of glass 

ceramics. 

Keywords: transparent oxyfluoride glass ceramics; activator distribution; optical spectroscopy; X-ray 
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1. Introduction 

Alkaline earth crystals with fluorite structure are extensively studied as the hosts for doping with rare 

earth (RE) ions. Among these, calcium fluoride (CaF2) is an excellent optical material possessing high 

transparency from infrared to ultraviolet regions of electromagnetic spectrum, low phonon energy and 

high chemical stability. The interest in CaF2 containing systems has been stimulated by recent 

advances in synthesis of nanostructured materials. Nanosized particles have potential to be used as 

luminescent probes in biomedical imaging [1]; whereas prospective applications of CaF2 containing 

nanocomposites range from thin film electrolytes [2] to various types of multifunctional polymer 

additives [3] and optical devices [4]. CaF2 nanocomposites doped with RE ions have been widely 

investigated for optical applications [5–7]. A challenging task arising in the investigation of such 

multi-phase materials is the quantitative characterization of RE ion distribution. 

*Manuscript
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Considerable attention has been devoted to the investigation of oxyfluoride glass ceramics – 

nanocomposite systems, in which the selected crystalline phase is surrounded by a chemically stable 

and thermally durable glass matrix. Moreover, it is possible to retain the transparency of glass by 

controlling the size of nanocrystals and refractive index of amorphous and crystalline phases. 

Oxyfluoride glass ceramics can be tailored to comprise fluoride nanocrystals and exhibit efficient 

luminescence processes [8,9].  

Europium doped glass ceramics containing CaF2 nanocrystals have been investigated recently. Both 

Eu
3+

 and Eu
2+

 ions are sensitive to crystallization induced local structure changes, which modify 

luminescence properties – integral intensity, spectral composition and decay time – of the material 

[10–21]. It has also been observed that crystallization of CaF2 during the melt cooling process 

promotes reduction of Eu
3+

 to Eu
2+

 [22]. The magnitude of these effects is expected to be dependent 

on europium incorporation efficiency in the crystalline phase. Unfortunately, in the above mentioned 

works the issue of activator distribution between amorphous and crystalline phases has not been 

addressed.  

For a quantitative assessment of activator distribution in glass ceramics several approaches have been 

used. One of the common techniques is X-ray diffraction (XRD) analysis of lattice constant changes 

induced by size mismatch between the impurity and host ions [23,24]. More direct visualisations using 

combined electron microscopy and energy dispersive X-ray spectroscopy techniques can be used to 

map the elements of interest [25]. If the dependence of a particular luminescence characteristic on the 

dopant concentration is established, activator distribution can also be assessed from optical 

spectroscopy measurements  [26]. In order to obtain reliable information about activator distribution, a 

combination of several independent approaches is desirable. 

In this work oxyfluoride glass ceramics containing CaF2 has been selected as a model system to 

characterize Eu
3+

 ion distribution using XRD and electron paramagnetic resonance (EPR) methods. 

Gd
3+

 is introduced as a paramagnetic probe to investigate Eu
3+

 ion induced structural changes in the 

nanocrystals. To the best of our knowledge, activator incorporation efficiency in the crystalline phase 

of glass ceramics from paramagnetic probe EPR spectra has been evaluated for the first time.  
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2. Experimental details 

Oxyfluoride glasses with nominal compositions shown in Table 1 were synthesized using the melt 

quenching technique. The chemicals were weighed within a 1 mg precision of the calculated values. 

Batches of 9 g were melted in covered alumina crucibles at 1400 °C for 1 h. The melts were rapidly 

cooled by pouring them in stainless steel moulds. The glass ceramics were obtained after 1 h 

isothermal treatment at selected temperatures. The uncertainty in the annealing temperature due to 

uneven sample positioning within the furnace was estimated to be approximately ± 10 °C. 

Additionally, Eu
3+ 

and Gd
3+

 doped polycrystalline CaF2 samples were synthesized following the 

guidelines described elsewhere [23]. 

Table 1 

Sample 
Composition, mol% 

CaO CaF2 Al2O3 SiO2 GdF3 EuF3 

S0 8.0 25.9 20.0 46.0 0.1 0.0 

S1 8.0 25.4 20.0 46.0 0.1 0.5 

S2 8.0 24.9 20.0 46.0 0.1 1.0 

S3 8.0 24.4 20.0 46.0 0.1 1.5 

S4 8.0 23.9 20.0 46.0 0.1 2.0 

S5 8.0 20.9 20.0 46.0 0.1 5.0 

S6 8.0 15.9 20.0 46.0 0.1 10.0 

XRD data were obtained with Rigaku MiniFlex using Cu Kα tube operated at 40 kV and 15 mA. The 

mean crystallite size was calculated using the Scherrer equation [27], the uncertainty was estimated to 

be ± 10 %.  The unit cell parameters were calculated using DICVOL06 [28] using Fullprof software 

[29]. The standard deviation of calculations was less than 0.0005 Å. 

The morphology of the samples was examined by scanning electron microscope (SEM) Tescan Lyra 

operated at 15 kV. Prior to examination, fractured samples were coated with a thin layer of gold. 

Luminescence was excited by Xe lamp Hamamatsu C2577 and tunable (210-2300 nm) pulsed 

EKSPLA NT342/3UV laser (pulse duration ~ 5 ns, repetition frequency 10 Hz). Laser wavelength 

could be varied by 0.1 nm. Luminescence signal was detected using DU-401 BV CCD camera from 

Andor and iCCD camera iSTAR DH734_18mm from Andor coupled to Andor SR-303i-B 

spectrometer. For low temperature measurements samples were placed in a closed cycle He cryostat 

(Sumitomo DE-204SLFF). For luminescence intensity measurements glass ceramics with different 
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concentrations of Eu
3+

 were grinded, transferred to transparent glass vials and placed in a stand 

ensuring an equal positioning of the samples. All samples were measured repeatedly and the 

confidence interval was estimated using standard deviation and Student’s two-sided t-distribution with 

a significance level of α=0.05. 

Room temperature X-band EPR measurements were made on powdered samples using a modified RE 

13-06 spectrometer. DPPH reference sample was used for magnetic field calibration. Spectral 

simulations were performed in EasySpin simulation toolbox [30]. The details of simulations are given 

in the EPR section of the article. 

3. Results and discussion 

3.1.  General characterization 

The glass ceramics were prepared by heat treatment of the precursor glasses. XRD patterns of S3 

samples annealed at different temperatures are shown in Figure 1.  

 

Fig. 1.  XRD patterns of S3 composition samples annealed at different temperatures. 

The absence of intense sharp peaks indicates the amorphous nature of the glass sample. The annealed 

samples exhibit characteristic diffraction patterns of the CaF2 fluorite structure (JCPDS 35-0816). The 

intensity of the diffraction peaks is increased after heat treatment at higher temperature indicating the 

growth of nanocrystals. The average crystallite size has been estimated using the Scherrer equation. 

The results are given in Table 2. Heat treatment up to 700 °C results in the formation of small 
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nanocrystals with the average size ranging from 10 to 18 nm; however, heat treatment at higher 

temperature promotes a rapid increase of crystallite size up to 59 nm. 

Table 2 

Annealing temperature, °C Average CaF2 crystal size, nm 

650 ± 10 10 ± 1 

700 ± 10 18 ± 2 

750 ± 10 46 ± 5 

800 ± 10 59 ± 6 

In addition, secondary crystalline phases with the most intense peaks matching to anortite CaAl2Si2O8 

(JCPDS 41-1486) can be detected after heat treatment at temperatures exceeding 800 °C indicating 

crystallization of the glass matrix. For credible optical spectroscopy and EPR studies glass ceramics 

with sufficiently large CaF2 nanocrystals and no additional crystalline phases are required. Therefore, 

quantitative analysis in this research has been performed on the samples heated at 750 °C for 1 h. 

A photograph and SEM micrographs of the S3 composition samples are shown in Figure 2.  

 

Fig. 2. a) Photograph of S3 glass and glass ceramics heat treated at 700 °C for 1 h and SEM 

micrographs of S3 glass ceramics heat treated at b) 700 °C, c) 750 °C and d) 800 °C for 1h. 

Due to the small size of the nanocrystals, the glass and glass ceramics annealed at 700 °C are visually 

indistinguishable to the naked eye. Annealing at higher temperatures promotes the growth of 

nanocrystals leading to a more significant scattering of the visible light and overall opaque appearance 

of the sample. Small, barely detectable nanocrystals are formed in glass ceramics heat treated at 700 

°C for 1 h. According to the XRD data, heat treatment at higher temperature promotes a rapid growth 

of the nanocrystals. Indeed, after heat treatment at 750-800 °C for 1 h large dendritic cubic crystals are 

formed in the glass matrix. The growth of dendritic crystals suggests relatively low viscosity of the 

glass matrix, which enables efficient ionic diffusion and rapid crystal growth.  

3.2. Optical spectroscopy 
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Europium ions can exist in two stable valence states – 3+ and 2+ – each having its distinct 

luminescence properties. Preliminary room temperature optical spectroscopy measurements of our 

samples revealed Eu
3+

 luminescence in the red spectral region (see inset of Figure 3), while the broad 

blue emission characteristic to Eu
2+

 in oxyfluoride glasses [11,14,31,32] as well as in CaF2 crystals 

[33,34] was not observed in the investigated glass ceramics. Literature is already abundant with room 

temperature Eu
3+

 luminescence spectra in CaF2 containing glass ceramics [12,13,17–22], therefore 

only the novel aspects are emphasized here. Eu
3+

 luminescence intensity in the glass ceramics 

depending on EuF3 content in the initial composition is shown in Figure 3. Luminescence is more 

intense at higher doping levels; however, spectral composition dependence on activator content was 

determined to be minimal.  

 

Fig. 3. Intensity of room temperature Eu
3+

 photoluminescence at 612 nm for glass ceramics 

annealed at 750 °C. Inset shows the photoluminescence spectrum of the S3 composition sample. 

The number of allowed f-f transitions in Eu
3+

 spectrum depends on the symmetry of the surrounding 

crystal field [35], thus it can be used to probe the structure of solids. Considering this fact, site-

selective spectroscopy analysis of glass ceramics was performed at 10 K. The spectra are shown in 

Figure 4. Two distinct signals, which were absent in the glass samples, could be selectively excited in 

glass ceramics with low Eu
3+

 content.  
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Fig. 4. Low temperature site selective spectra of the S3 composition glass and glass ceramics 

annealed at 750 °C. Transitions have been assigned according to [36]. 

Solid solutions with wide regions of formation can be prepared in CaF2-REF3 binary systems [37]. 

Incorporation of Eu
3+

 in CaF2 lattice requires heterovalent substitution. Charge compensation can be 

achieved by either introduction of additional fluorine anions in the structure, which is dominant in 

dilute solid solutions, or by formation of rare earth ion clusters [38]. When a trivalent impurity 

substitutes the divalent cation position in the fluorite lattice, excess charge compensators in the 

vicinity of the impurity modify its local environment. In several site-selective spectroscopy studies of 

CaF2:Eu
3+

 single crystals it has been established that the dominant isolated Eu
3+

 ion positions are the 

cubic and tetragonal centres. The tetragonal distortion in CaF2 is created by a fluoride interstitial in the 

next-nearest void position along the [100] direction in respect to Eu
3+

, while for cubic centres the 

charge compensation is more distant [36,39–41].  

In the glass ceramics we can clearly identify the cubic CaF2:Eu
3+

 centre excited with 525.3 nm from 

the narrow single-component luminescence structure of the 
5
D0 → 

7
F1 transition at 590 nm. The 

second signal could be attributed to the tetragonal site or Eu
3+

 cluster sites in CaF2 nanocrystals. 

Unfortunately, relatively broad luminescence bands of Eu
3+

 in the glass matrix prevent detailed Eu
3+

 

site identification in these materials.  

3.3. XRD 
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The introduction of Eu
3+

 in glass did not cause changes in the phase formation; however, as shown in 

Figure 5, slight XRD peak shift to higher angles with the increase of Eu
3+

 content could be detected 

suggesting the incorporation of Eu
3+ 

in CaF2 lattice. The substitution of Ca
2+ 

by Eu
3+

 results in the 

increase of CaF2 lattice parameter and the relation agrees reasonably well with Vegard’s law, which 

states a linear dependence of lattice parameter on the content of substituting compound [42,43].  

 
Fig. 5.  XRD patterns of glass ceramic samples annealed at 750 °C. 

In this research Eu
3+

 content in the CaF2 nanocrystals was analysed by comparing the lattice 

parameters of CaF2:Eu
3+

 nanocrystals in the glass ceramics with polycrystalline CaF2:Eu
3+

 prepared 

using hydrothermal synthesis. The results are shown in Figure 6. The lattice parameter of the 

polycrystalline samples gradually increases with the increase of Eu
3+ 

content and it can be fitted with 

empirical relation reported previously [44]. Slight deviations can be detected for the samples with Eu
3+

 

content higher than 20 mol%, which correspond well with the data reported in [43]. 
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Fig. 6.  The change of the lattice constant in CaF2:Eu

3+
 (solid spheres – experimental points of 

polycrystalline samples, solid line – empirical relation taken from [41], dashed lines – Eu
3+

 content 

in CaF2:Eu
3+

 containing glass ceramics). Inset: XRD pattern of {113} lattice planes of CaF2: Eu
3+

 in 

glass ceramics heat treated at 750 °C for 1 h. 

The lattice parameter was determined in the glass ceramics and compared with the empiric relation, 

from which the approximate Eu
3+ 

content was estimated. It should be noted that in the glass ceramics 

slight changes in the lattice parameters could also be associated with the lattice strains in CaF2 

nanocrystals formed during the heat treatment.  

3.4. EPR 

Direct EPR investigations of Eu
3+

 are of no interest due to the non-degenerate ground state of the ion 

[35]. Therefore, constant amount of gadolinium was added to all investigated compositions to serve as 

a paramagnetic probe for EPR purposes. The advantages of Gd
3+

 ions over other paramagnetic 

impurities are as follows: (1) Gd
3+

 EPR spectra fine structure is sensitive to variations in the local 

crystal field [45]; (2) EPR spectra are detectable at room temperature; (3) Gd
3+

 incorporates into CaF2 

crystalline phase of oxyfluoride glass ceramics [46]. Furthermore, the addition of gadolinium does not 

interfere with the visible transmittance of the material because all optical transitions of Gd
3+

 are in the 

ultraviolet region of electromagnetic spectrum. In the previous studies low concentrations of 

gadolinium co-dopants have been used to investigate the influence of primary dopant ions on their 

crystal structure [47–53]. Several effects were observed in the EPR spectra. First, site symmetry of 

Gd
3+

 centres in CaF2 and SrF2 crystals was dependent on the concentration of primary ions [47–49]. 
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Secondly, linewidth of Gd
3+

 EPR transitions was found to increase at higher doping levels [49–53]. In 

this work we try to establish whether the above-mentioned effects can be exploited to determine Ca:Eu 

ratio in the crystalline phase of glass ceramics.  

EPR spectra of the glass samples showed the typical glass spectrum characteristic to Gd
3+

 ions in 

disordered environment similar to the previous investigations of gadolinium doped oxyfluoride 

systems [46,54,55]. The EPR spectrum of 4f
7
 configuration ions (Gd

3+
, Eu

2+
) in disordered media is 

labelled as the “U-type” (from “ubiquitous”) and is produced by a broad distribution of second rank 

zero field splitting (ZFS) parameter values [56,57]. To evaluate the possible contribution of Eu
2+

 ions 

to the EPR spectra, samples singly doped with europium in analogous composition glass ceramics 

were investigated. It was determined that the EPR signal intensity arising from Eu
2+

 ions is negligible 

in comparison to the Gd
3+

 probe signal up to 5 mol% Eu doping. At higher concentration the signals of 

Gd
3+

 and Eu
2+

 ions in the glass samples are comparable, which for the S6 sample puts an upper limit of 

0.1 mol% Eu
2+

 concentration.  

EPR spectra of the S0 composition samples annealed at different temperatures are shown in figure 7.  

 
Fig. 7. EPR spectra of S0 composition samples annealed at different temperatures. 

The most prominent features of the “U-type” spectrum at B ≈ 110 and 230 mT (geff = 6.0 and 2.8, 

respectively) remain after the annealing. This means that a part of Gd
3+

 ions resides in the glassy 

phase. Intense Gd
3+

 EPR signal centred at 330 mT (geff ≈ 2.0) overlays the spectrum confirming the 
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incorporation of the probe in the CaF2 nanocrystals. For samples annealed at > 700 °C additional set of 

resonances at B ≈ 15, 80, 200 and 230 mT can also be observed. The observed signals have been 

attributed to the cubic (C) and tetragonal (T) CaF2:Gd
3+

 centres [58], where the symmetry is 

determined by the direction of charge compensator relative to Gd
3+

. As has been reported previously in 

studies of SrF2:Gd
3+

 polycrystalline systems [59] and glass ceramics containing CaF2:Gd
3+

 [46], the 

formation of C and T centres is strongly dependent on the annealing temperature. We observe a rapid 

increase in T signal intensity in the 650-750 °C sample annealing range, while the additional increase 

to 800 °C does not have a major effect on T and C centre signal relative intensities. We chose 750 °C 

as the optimal annealing temperature to avoid undesirable Gd
3+

 signals arising from secondary 

crystalline phases. Experimental EPR spectra of the glass ceramics annealed at 750 °C are shown in 

Figure 8. 

 
Fig. 8. EPR spectra of glass ceramic samples annealed at 750 °C. 

With the increase of Eu
3+

 in the glass ceramics, the relative intensity ratio of tetragonal (T) and cubic 

(C) centre is decreased. The experimental data imply that for low doping amount the ratio of T/C 

CaF2:Gd
3+

 EPR signals could be used to monitor Eu
3+ 

content in the crystalline phase of glass 

ceramics. To test this hypothesis, EPR spectra were investigated for the polycrystalline 

CaF2:Gd
3+

/Eu
3+

 samples. The experimental spectra were fitted using a superposition of two S = 7/2 

systems with: 
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 C signal – g = 1.9918,    = 2.33 MHz and spin-Hamiltonian (SH): 

            
     

         (1) 

 T signal – g = 1.992,   
  = -1501.73 MHz,   

  = -1.18 MHz,   
  = -7.59 MHz and SH: 

         
   

    
   

    
   

       (2) 

The symbols in SHs (1) and (2) have their conventional meanings [60]:   – the Bohr magneton;   – 

the external magnetic field value;   – the spectroscopic splitting factor;   
 

 – ZFS parameters and   
 

 

– Steven operator equivalents, where k = 2, 4, 6 and q = +k, …., -k. 

Afterwards, signal amplitudes were calculated from EasySpin “Weight” function. The “Weight” of 

signal T relative to signal C was defined as the T/C ratio parameter. T/C as a function of Eu
3+

 doping 

in CaF2 polycrystals is shown in Figure 9. The uncertainties for the polycrystalline samples have been 

determined as ± 15 % based on the repeatability of synthesis of 0 mol% and 1 mol% Eu concentration 

samples. The dashed lines indicate the values of T/C and the respective Eu
3+

 content in CaF2 

nanocrystals for the glass ceramic samples. An example of simulated signals is given in the inset of 

Figure 9.  

 

Fig. 9. T/C ratio as a function of Eu
3+

 doping in CaF2 polycrystals. Dashed lines indicate the 

determined values of Eu
3+

 content in glass ceramics. Inset shows the experimental spectrum of the 

S0 sample and the simulated components of T and C signals. 
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The fitted values of SH parameters for the T and C centres are in line with the previous studies of Gd
3+

 

in CaF2 single crystals [58]. The T signal is not observed in polycrystalline CaF2 if Eu
3+

 doping 

exceeds 3 mol%. The C signal remains but it is significantly broadened. Several factors could 

contribute to this phenomenon such as variations in ZFS parameter values and linewidth increase of 

ZFS transitions themselves. We assume that the formation of isolated CaF2:Gd
3+

 centres is hindered by 

the introduction of additional impurities and the line broadening in the glass ceramics is caused by the 

formation of Eu
3+

-F
-
 dipole and Eu

3+
 clusters. Similar effects have been observed in gadolinium doped 

fluorite single crystals for large concentrations of RE
3+

 ions [49,50,52,53].  

To quantify this effect, 310-350 mT spectra region containing the most prominent CaF2:Gd
3+

 line was 

selected and the variation in its linewidth as a function of Eu
3+

 concentration in CaF2 was investigated. 

EPR resonance lines are typically described by either Lorentzian or Gaussian type functions – the 

former is used to characterize lineshapes determined by the relaxation processes, while the latter is 

used to describe  resonances broadened by multiple overlapping components  [61]. As the EPR spectra 

of glass ceramics are effectively composed of a superposition of a glass background signal and myriad 

orientation-dependent single crystal spectra, it is more reasonable to fit our spectra with a Gaussian 

function. The linewidth of the C signal as a function of Eu
3+

 content in CaF2 is shown in Figure 10. An 

example of the simulations is given in the inset of Figure 10. The uncertainties for the polycrystalline 

samples have been determined based on the repeatability of synthesis of 0 mol% and 1 mol% Eu 

concentration samples. 
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Fig. 10. C signal linewidth as a function of Eu
3+

 doping in CaF2 polycrystals. Dashed lines indicate 

the determined values of Eu
3+

 content in glass ceramics. Inset shows the experimental and simulated 

spectra of the S4 sample. 

Up to 20 mol% Eu
3+

 doping the linewidth of Gd
3+

 EPR spectra can be approximated with a straight 

line; for larger Eu
3+

 content linewidth saturation effects are observed. We use the linear dependence 

region to evaluate activator distribution in the glass ceramics. The results of EPR and XRD 

investigations are presented in Table 3. For the EPR data the error estimates have been made based on 

the uncertainties of calibration curves presented in Figures 9 and 10. For the XRD results the 

credibility of results is estimated to be ± 10 %. 

Table 3 

Sample 

Eu content in CaF2 nanocrystals, mol% 

XRD 
EPR 

T/C signal ratio C signal linewidth 

S0 0.0 0.0 0.0 

S1 0.9 ± 0.1 0.9 ± 0.3 0.7 ± 0.5 

S2 2.4 ± 0.2 1.9 ± 0.5 1.9 ± 0.5 

S3 4.6 ± 0.5 > 3.0 4.1 ± 0.8 

S4 6.3 ± 0.6  10.9 ± 1.4 

S5 21.5 ± 2.2  > 20.0 

S6 33.9 ± 3.4   

For low activator concentrations the analysis of Gd
3+

 probe EPR spectra yields consistent results with 

dopant-induced lattice constant changes determined from XRD. The T/C approach is limited by the 

requirement of having several available site positions for paramagnetic ions in the crystal. Primary 

dopant distribution determination based on EPR probe linewidth simulations is more straightforward 
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and could be applied to a larger variety of systems. In our case, however, Eu
3+

 content in CaF2 is 

overestimated for the glass ceramic samples S4-S6. The increased line broadening in the glass ceramics 

could be attributed to Eu
2+

 ions possibly residing in the glass matrix and should be investigated in 

more detail. Additionally, the effects of the nano-size nature of crystals have been found to result in 

the broadening of EPR spectra in SrF2:Gd
3+

 [59] and LaF3:Gd
3+

 [62] nanoparticles. To minimize these 

effects on quantitative analysis performed here, the investigations were carried out for the glass 

ceramics annealed at 750 °C, where the average CaF2 crystal size exceeded 40 nm. Another factor, 

which should be taken into account, is that at large RE doping Gd
3+

 itself becomes a “non-innocent” 

probe and participates in the formation of Gd-RE ion pairs and clusters [50]. The approach based on 

the isolated centre EPR spectra simulations could be justified by the fact that the defect formation in 

the glass ceramics was compared to the polycrystalline CaF2.  

To summarize, a novel methodology for assessing activator distribution in glass ceramics is proposed 

based on activator-induced changes on Gd
3+

 probe EPR spectra. The results obtained with this 

approach are sound with the results of XRD analysis. We can conclude that EPR spectroscopy can be 

used for the quantitative analysis of RE content in the crystalline phase of glass ceramics. In this 

respect, the proposed method is an excellent alternative for the investigation of materials in cases 

when typical methods cannot be applied, such as crystals with similar activator and host matrix ionic 

radii implying insignificant changes of lattice parameters. Nevertheless, the multiple factors, which 

influence the spectroscopic properties of RE ions in nanocomposite systems, should be investigated in 

more detail. When activator distribution in composite materials is estimated, a combination of several 

methods is highly recommended.   

4. Conclusions 

In this study a novel approach for the analysis of activator distribution in nanocrystalline glass 

ceramics has been demonstrated. XRD and EPR techniques have been combined to investigate Eu
3+

 

incorporation efficiency in CaF2 crystalline phase of oxyfluoride glass ceramics. The linear 

dependence of CaF2 lattice parameter on Eu
3+

 dopant concentration has been used to determine the 

distribution of activators in glass ceramics. For the investigations of non-magnetic Eu
3+

 ions via EPR 
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spectroscopy, paramagnetic probe ions can be introduced to glass ceramics. Gd
3+

 probe local structure 

is modified by the addition of Eu
3+

 in CaF2. At low concentration range of europium, the ratio of 

tetragonal-to-cubic CaF2:Gd
3+

 EPR signals proved to be more sensitive towards changes of the 

concentration, while at higher concentrations of europium the broadening of the spectrum seems to be 

more appropriate for the evaluation of Eu
3+

 content. Both effects can be applied to evaluate the content 

of Eu
3+

 in the nanocrystals present in glass ceramics and up to 5 mol% are in a good agreement with 

the estimations from XRD.  
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Figure captions 

Fig. 1. XRD patterns of S3 composition samples annealed at different temperatures. 

Fig. 2. a) Photograph of S3 glass and glass ceramics heat treated at 700 °C for 1 h and SEM 

micrographs of S3 glass ceramics heat treated at b) 700 °C, c) 750 °C and d) 800 °C for 1h. 

Fig. 3. Intensity of room temperature Eu
3+

 photoluminescence for glass ceramics annealed at 750 °C. 

Inset shows the photoluminescence spectrum of the S3 composition sample.  

Fig. 4. Low temperature site selective spectra of the S3 composition glass and glass ceramics annealed 

at 750 °C. Transitions have been assigned according to [36]. 

Fig. 5. XRD patterns of glass ceramic samples annealed at 750 °C. 

Fig. 6. The change of the lattice constant in CaF2:Eu
3+

 (solid spheres – experimental points of 

polycrystalline samples, solid line – empirical relation taken from [41], dashed lines – Eu
3+

 content in 

CaF2:Eu
3+

 containing glass ceramics). Inset: XRD pattern of {113} lattice planes of CaF2: Eu
3+

 in glass 

ceramics heat treated at 750 °C for 1 h. 

Fig. 7. EPR spectra of S0 composition samples annealed at different temperatures. 

Fig. 8. EPR spectra of glass ceramic samples annealed at 750 °C. 

Fig. 9. T/C ratio as a function of Eu
3+

 doping in CaF2 polycrystals. Dashed lines indicate the 

determined values of Eu
3+

 content in glass ceramics. Inset shows the experimental spectrum of the S0 

sample and the simulated components of T and C signals. 

Fig. 10. C signal linewidth as a function of Eu
3+

 doping in CaF2 polycrystals. Dashed lines indicate the 

determined values of Eu
3+

 content in glass ceramics. Inset shows the experimental and simulated 

spectra of the S4 sample. 
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