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Abstract.  

The advances of EPR spectroscopy for the detection of activators as well as determining their local 

structure in the crystalline phase of glass ceramics is considered. The feasibility of d-element (Mn2+, 

Cu2+) and f-element (Gd3+, Eu2+) ion probes for the investigation of glass ceramics is discussed. 

In the case of Mn2+, the information is obtained from the EPR spectrum superhyperfine structure, for 

Gd3+ and Eu2+ probes – from the EPR spectrum fine structure, whereas for Cu2+ ions the changes in the 

EPR spectrum shape could be useful. The examples of EPR spectra of the above-mentioned probes in 

oxyfluoride glass ceramics are illustrated. 

Keywords: electron paramagnetic resonance; paramagnetic ions; glass ceramics. 

1. Introduction 

An actual problem for the development of glass ceramics is ensuring that the majority of dopant ions 

embed the crystalline phase of the material. Crystalline phases in glass ceramics are usually detected by 

X-ray diffraction (XRD) measurements and visualized by transmission electron microscopy (TEM) 

photographs, however, these methods do not provide the essential information about the activator local 

structure. Absorption and luminescence spectra, on the other hand, can indicate changes in the local 

environment around the luminescence centres, however, structure sensitive magnetic resonance 

spectroscopy techniques should be employed to reveal the detailed nature of defects in glass ceramics. 

Electron paramagnetic resonance (EPR) is one of the most convenient and informative methods for the 

study of point defects in crystals and glasses [1-11], however, there has been only a limited number of 

applications to glass ceramics [12-21]. 
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A choice of optimal temperature is necessary to ensure the best EPR signal intensity and avoid 

temperature caused line broadening in the spectra. For this reason EPR measurements are usually done 

at cryogenic temperatures, e.g. at liquid nitrogen boiling point (77 K). 

The present paper provides a review of EPR results of paramagnetic probes studied in glass ceramics as 

well as our recent data on Mn2+, Cu2+ and Gd3+ ions in oxyfluoride glass ceramics. 

2. Experimental 

Glasses were prepared by the conventional melt quenching technique. Batches of 8 g (see Table 1) were 

mixed and melted at 1450 ± 10 °C in covered alumina crucibles and quenched by pouring the melts onto 

a stainless steel plate. The glass ceramics were obtained by an isothermal heat treatment of the 

transparent precursor glass (PG) at the indicated temperature. The sample abbreviation includes the 

paramagnetic probe (Mn, Cu or Gd) as well as the crystalline phase of the glass ceramic samples (C – 

CaF2, S – SrF2, B – BaF2, N – NaLaF4). The last number in the sample abbreviation is the heating 

temperature in °C. For example, Mn_C_700 is the glass ceramic obtained after heating the Mn_C_PG 

(precursor glass) composition sample at 700 °C for 1 h.  

X-ray diffraction (XRD) measurements with PANalytical X’Pert Pro diffractometer were made to 

identify the crystalline phases present in glass ceramics 

Table 1. Compositions used for glass preparation. 

Abbreviation Composition 

Mn_C 46SiO2-20Al2O3-8CaCO3-25CaF2-0.1MnO 

Cu_C 46SiO2-20Al2O3-8CaCO3-25CaF2-0.1CuO 

Gd_N 63SiO2-7Al2O3-16Na2CO3-9NaF-5LaF3-0.1GdF3 

Gd_S_01 40SiO2-25Al2O3-15Na2CO3-1EuF3-19SrF2-0.1GdF3 

Gd_S_10 40SiO2-25Al2O3-15Na2CO3-1EuF3-18SrF2-1.0GdF3 

Gd_S_40 40SiO2-25Al2O3-15Na2CO3-1EuF3-15SrF2-4.0GdF3 

 

EPR spectra were measured at 77 K with a conventional X-band spectrometer (≈ 9.1 GHz). The 

magnetic field was callibrated using a polycrystalline DPPH reference – an organic chemical compound 

which is commonly used in EPR spectroscopy. 
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The structural models were visualised using VESTA software. [22,23]  

3. Results and discussion 

3.1.  Mn2+ 

Manganese is one of the most commonly used paramagnetic probes for local structure investigations via 

EPR spectroscopy. The characteristic Mn2+ EPR spectrum arises from the hyperfine structure (HFS) 

interaction between the d5 shell electron cloud effective spin S = 5/2 and 100% abundant 55Mn isotope 

nuclear spin I = 5/2. The resonance positions in single crystals are also strongly dependent on the Mn2+ 

centre symmetry determined by the surrounding ligand field. Thus, the effective spin-Hamiltonian (SH) 

is:  

q q
k k k

k q

H gBS f b O ASI        (1) 

where β is the Bohr magneton; g – the g-factor; B – the applied magnetic field; fk – numerical constants; 

bk
q – zero field splitting (ZFS) parameters depending on the site symmetry; Ok

q – spin operators and A 

– the hyperfine interaction constant. 

In vitreous media Mn2+ EPR spectrum consists of a signature sextet (see figure 1) centred at g = 2.0 

caused by the hyperfine interaction, whereas the angularly dependent ZFS part usually is not resolved. 

The magnetic field range of the spectrum is characterized by the magnitude of isotropic hyperfine 

interaction constant A, and is an indicator of local chemical environment around the impurity. A more 

ionic bonding to the surrounding ligands results in a larger A value. [24] 

In InF3 based glass ceramics, heat treatment of the precursor glass has caused the increase of the 

signal/noise ratio of the characteristic sextet indicating localization of a larger part of Mn2+ ions in highly 

order sites. [12] In tellurite borate glass ceramics, local Mn2+ site symmetry has been monitored from 

SH parameters as a function of manganese content in the composition. [13] Oxyfluoride glass ceramics 

containing fluorite structure crystallites (CaF2, SrF2, BaF2) have shown particularly interesting results –

additional superhyperfine structure (SHFS) splitting of each spectral line after the precipitation of 

fluoride nanocrystals in the glass matrix can be observed. [14–17] 
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Figure 1 shows Mn_C composition glass and the respective glass ceramic obtained after the heat 

treatment at 700 ± 10 °C. The superimposed SHFS in the glass ceramic is caused by the interaction 

between the Mn2+ effective spin S and the spins of N nearest fluorine nuclei IF = 1/2. As a result, each 

HFS line is split into 2NIF + 1 components with binomial intensity distribution. Splitting into 9 

components in our case means that Mn2+ ions substitute Ca2+ ions in CaF2 nanocrystals and are 

surrounded by 8 equidistant fluorine nuclei. The results obtained here are consistent with Refs. [14–17]. 

EPR studies of manganese paramagnetic probes in glass ceramics thus yields information not only about 

the formation of crystallites in the glass matrix, but also helps to assess the first coordination sphere 

around the dopant ions in the crystalline phase.  

3.2. Cu2+ 

Copper ions are commonly used spin probes for local structure investigations in vitreous media. [25–

29] For the interpretation of characteristic Cu2+ spectrum (see fig. 2), an axial SH should be applied: 

   || ||z z x x y y z z x x y yH g B S g B S B S A S I A S I S I            (2) 

The Cu2+ ion has S = 1/2 and I = 3/2 for both isotopes 63Cu and 65Cu and thus a HFS splitting into four 

resonances is expected for both parralel and perpendicular components of the g tensor. Such spectral 

features are characteristic of Cu2+ ions in distorted octahedral sites elongated along the z-axis. The SH 

parameter values indicate the strength of the surrounding ligand field. 

Literature about the incorporation of copper ions in the crystalline phase of glass ceramics, on the other 

hand, is somewhat scarce. Previous study of Cu2+-doped InF3 based glass ceramics has observed a 

relatively broad Gaussian line superimposing the glassy spectrum after the heat treatment of the 

precursor glass, however, its origin was related to oxygen/water content in the atmosphere during the 

glass preparation. [12] Here figure 2 shows the EPR spectra of Cu_C composition glass and the 

corresponding glass ceramic heated at 700 ± 10 °C. Spectrum shape near g = 2.0 has changed, however, 

the lack of structure in this resonance prohibits additional information about the nature of this 

paramagnetic centre. Nevertheless, changes in the EPR spectra shape observed after the creation of 

crystallites in the glass allows, in principle, to detect the crystalline phase in glass ceramics. 
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3.3.  Gd3+ 

Most potential applications of glass ceramics revolve around the luminescence of rare earth ions, 

therefore, the local structure of trivalent defects in these systems is of great interest. Unfortunately, direct 

observation of most rare earths is problematic either due to the lack of paramagnetic ground state or by 

the necessity of liquid helium temperatures to observe the spectrum. The unusually long spin-lattice 

relaxation time of gadolinium makes it one of the most useful paramagnetic probes for studying the 

“glass → glass ceramic” transition even at room temperature. The ground state of Gd3+ is an S-state (4f7; 

S = 7/2) and the splitting in external magnetic field is described by: 

q q
k k k

k q

H gBS f b O        (3) 

Gd3+ in disordered media is characterized by the signature U-type (ubiquitous) spectrum with resonances 

at geff = 6.0, 2.8 and 2.0. Coordination with a relatively large number of ligands at inequivalent distances 

can be simulated by taking a relatively broad distribution in second-order ZFS parameters. [30,31] In 

crystalline media, the nature of Gd3+ local environment is host sensitive and can yield valuable 

information about the material in study. [32] 

After precipitation of a crystalline phase in the glass matrix, intensive resonances centred at 

g = 2.0 usually superimpose the U-type spectrum. [12,18] An example is shown in figures 3 and 4 – 

Gd_N composition glass and the corresponding glass ceramic containing NaLaF4 nanocrystals. The 

XRD spectra clearly show the formation of NaLaF4 nanocrystals in the glass matrix. Meanwhile, the 

intense new EPR signal indicates efficient incorporation of trivalent rare earth impurities in the 

crystalline phase of glass ceramics. For a better understanding of gadolinium centres in NaLaF4, EPR 

angular variations in single crystalline sample should be studied. 

In order to extract the most from EPR spectra, an optimal concentration of paramagnetic impurities 

should be used. In figure 5 glass ceramics containing SrF2 crystalline phase and Gd3+ ions in different 

concentrations are compared. The fine structure is best resolved at relatively lower dopant concentration 

and is significantly broadened due to the dipolar interaction between the paramagnetic centres at higher 
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doping levels. At high concentration, various forms of composite defects such as gadolinium ion pairs 

and clusters may also be present. 

Gd3+ in oxyfluoride glass ceramics containing fluorite structure crystalline phase have been studied 

recently. [19,20] Main results for compositions containing CaF2, SrF2 and BaF2 are summarized in figure 

6. EPR spectrum structure strongly depends on the local symmetry around Gd3+ impurities in these 

nanocrystals. When trivalent gadolinium replaces the divalent cation, a charge compensation is 

necessary. Depending on the compensator orientation in the lattice, various forms of Gd3+ centres are 

possible in fluorite structure crystals – cubic centres when the compensator is located far from the 

impurity [33], tetragonal centres where usually an interstitial fluorine anion located along [100] direction 

distorts the original cubic configuration [34] and trigonal centres if the charge is compensated by an 

additional impurity along the [111] direction [35]. The mentioned Gd3+ symmetries in fluorite type 

crystals are illustrated in figure 7. When Gd3+ replaces the similarly sized Ca2+ ions in glass ceramics 

containing CaF2, the EPR spectrum is dominated by Gd3+ in local cubic symmetry crystal field [19], 

whereas substitution of significantly larger Ba2+ ions in glass ceramics containing BaF2 leads to an EPR 

signal characterized by SH parameters for trigonal site symmetry [20]. 

To summarize, EPR spectral features of Gd3+ ions are sensitive to the local environment and are effective 

for detecting the presence of crystalline phase in glass ceramics. The results obtained from the studies 

of Gd3+ EPR spectra could also be used to analyse non-magnetic trivalent rare earth ions, local structure 

of which cannot be studied by magnetic resonance spectroscopy. 

3.4. Eu2+ 

The electron configuration of Eu2+ ground state is the same as for Gd3+ (4f7; S = 7/2), however, the EPR 

spectrum is complicated by the HFS interaction with europium isotopes 151Eu and 153Eu (I = 5/2). As a 

result, each ZFS component is further split into two sets of sextets and SH (1) must be used for 

interpretation. In glass ceramics doped with Eu2+, the randomly orientated crystallites are, therefore, 

expected to generate much broader lines than similar systems with Gd3+. EPR studies of europium doped 

systems may also be hindered by the presence of stable non-magnetic Eu3+ ions which are generally 

more abundant unless special reduction has been carried out during the sample preparation. 
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Eu2+ EPR signal has been observed in glass ceramics containing BaBr2. Successful simulation of the 

spectrum with the single crystal SH data confirmed that the signal originates from the BaBr2 crystalline 

phase of glass ceramics. [21] 

Europium doped glass ceramics are promising materials for optical applications and the luminescence 

properties have been studied extensively in various systems containing fluorite type nanocrystals. [36–

38] As well-known from the literature, the broad emission of Eu2+ 5d → 4f luminescence is sensitive to 

the local ligand field and, thus, some EPR data could contribute to a better understanding of these 

systems. 

A recent study [39], in particular, focuses on monitoring the valence state of europium ions in different 

composition glass ceramics containing SrF2. Sharp lines in the EPR spectra can be observed after the 

heat treatment of the precursor glass at high temperatures, where Eu3+ → Eu2+ reduction and 

incorporation into crystalline phases is efficient, whereas Eu2+ ions in the glassy matrix can be detected 

by the signature U-type spectrum. Combining the EPR data with photoluminescence spectra allows a 

direct attribution of Eu2+ local structure to particular optical properties. 

4. Conclusions 

1. d-element (Mn2+, Cu2+) and f-element (Gd3+, Eu2+) paramagnetic probes are suitable for 

detecting the incorporation of activators in the crystalline phase of glass ceramics. 

2. Variation of Mn2+ and Cu2+ spectral shapes after the precipitation of crystalline phases in the 

glass matrix indicates the change of local environment around the impurities. Coordination of 

Mn2+ in nanocrystals can be determined if the SHFS is resolved in the EPR spectrum. 

3. Intensive EPR signal emerges and overlays the glassy U-type spectrum after the heat treatment 

of the precursor glass if Gd3+ ions embed in the crystalline phase. The resonance positions 

depend strongly on the local crystalline field, therefore, local site symmetry around the impurity 

can be determined. 

4. Europium ion valence state can be monitored from EPR spectra measurements. Similarly to 

Gd3+, Eu2+ ions in the glass matrix exhibit the signature U-type spectrum and incorporation into 
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crystalline phases of glass-ceramics can be determined via additional EPR spectrum fine 

structure.    
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Fig. 1. EPR spectra of the manganese doped glass (black) and the glass ceramic (red) containing 

CaF2. Inset shows the eightfold coordinated Mn2+ site in CaF2 nanocrystals. 
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Fig. 2. EPR spectra of the copper doped glass and glass ceramic containing CaF2. 

 

 
Fig. 3. XRD spectra of the gadolinium doped glass and glass ceramic containing NaLaF4. The 

blue curve is the calculated polycrystalline NaLaF4 diffractogram. Peak marked with * belongs 

to the NaF crystalline phase. 
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Fig. 4. EPR spectra of the gadolinium doped glass and glass ceramic containing NaLaF4. 

 
Fig. 5. Gd3+ concentration dependance of the EPR spectra of glasses and glass ceramics 

containing SrF2. 
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Fig. 6. EPR spectra of glass ceramics containg CaF2 [19], SrF2 and BaF2 [20] nanocrystals. 

 

 

 

Fig. 7. Possible Gd3+ centres in fluorite structure single crystals. Adaptations from [33], [34] and 

[35] respectively. 

 

  


