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Abstract. Electron paramagnetic resonance (EPR) is a well-established spectroscopic technique for 

electronic structure characterization of rare earth ion impurities in crystalline and amorphous hosts. EPR 

spectra of erbium doped glass matrices and nanocomposites can provide information about local 

structure variations induced by changes in chemical composition or crystallization processes. 

Characterization possibilities of Er3+ ions in glasses and glass ceramics including direct EPR 

measurements, indirect investigations via secondary paramagnetic probes and optically detected 

magnetic resonance techniques are considered in this article.  
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1. Introduction 

Erbium incorporation into glass hosts is a major technological breakthrough in the development of fibre 

lasers and amplifiers, which has led to remarkable advances in optical fibre communications industry 

[1–4]. Additionally, the energy level arrangement of Er3+ is suitable for infrared radiation up-conversion 

into visible light, enabling erbium doped materials to be used as radiation visualisation screens and 

temperature sensors [5–8]. Transparent glass ceramics containing fluoride nanocrystals have been 

studied as promising hosts for Er3+ with up-conversion luminescence efficiency orders of magnitude 

higher in crystallized samples in comparison to precursor glasses [9–13]. Luminescence characteristics 

of a rare earth ion are inextricably linked with its local environment, a complete analysis of which 

requires a combination of several complementary spectroscopic techniques. This paper overviews the 

applicability of electron paramagnetic resonance (EPR) spectroscopy in the investigations of erbium 

doped glasses and glass ceramics. 

Spectroscopic properties of rare earth ions are governed by the electrons of the 4f shell. The outer 5s 

and 5p electron shells shield the 4f shell from the local environment, therefore energies of the 4f levels 

are well separated from each other and in the first approximation appear to be rather insensitive to the 

host matrix [14]. According to the Hund’s rules, the ground state of Er3+ 4f11 electron configuration has 

an electron spin S = 3/2 and an orbital angular momentum L = 6, which gives the possible values of 

J = 15/2, 13/2, 11/2 and 9/2. The 4I15/2 level has the lowest energy because the 4f shell is more than half-

filled. A schematic illustration of Er3+ energy level structure is given in Fig. 1; the energy values have 
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been assigned according to Refs [15–17]. When incorporated in a crystal, Er3+ is subjected to electric 

fields exerted by surrounding atoms. The crystal field splits the degenerate 4f levels into a number of 

Stark components determined by the symmetry and strength of the field. Er3+ ground state can be split 

into either 5 Stark sublevels in cubic symmetry or 8 components in lower symmetry field [18]. In 

luminescence spectroscopy it appears as the fine structure of optical spectra and is a powerful tool for 

probing the structure of the host matrix [12–14]. The external magnetic field applied in conventional 

EPR experiments produces only a small perturbation of the lowest lying Kramer’s doublet of the 4I15/2 

ground state in form of the Zeeman splitting.  

 

Fig. 1. An illustration of Er3+ energy levels. 

Most rare earth ions are strongly coupled to lattice vibrations resulting in short spin-lattice relaxation 

times, which makes EPR spectra detection feasible at low temperature only [19]. Typical Er3+ signal 

detection range is 4-20 K [20]; above 30 K spectra are usually unobservable [21–23], however, there 

are cases, when for selected orientations erbium resonances can be observed up to 80 K [19]. 

 

2. Experimental details 

Oxyfluoride samples synthesized by the melt quenching technique of the following compositions have 

been investigated: 19NaO2-7BaF2-7YF3-6Al2O3-60SiO2-1ErF3 (BYF), 19NaO2-7NaF-7YF3-6Al2O3-

60SiO2-1ErF3 (NYF) [11] and 8CaCO3-25.4CaF2-20.5Al2O3-46SiO2-0.1Er2O3 (CF) [24]. CF glass 

ceramics have been obtained by an isothermal heat treatment at 700 °C for 1 h. 

EPR spectra were measured at 10 K with Bruker ELEXSYS-II E500 CW-EPR spectrometer equipped 

with a liquid helium flow cryostat. Magnetic field modulation parameters were 100 kHz and 0.1 mT; 

microwaves were generated at 9.36 GHz frequency and 0.6325 mW power. EPR spectra simulations 

have been performed in Easyspin toolbox [25] for Matlab. 
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3. Results and discussion 

3.1.  Direct EPR detection 

Microwave quanta generated in conventional X-band EPR experiments probe only the lowest lying 

sublevel of the 4I15/2 manifold of trivalent erbium. Consequently, a simple effective spin 𝑆 = 1/2 system 

can be used to account for the features of Er3+ EPR spectra: 

𝐻 = 𝜇𝐵𝐵𝑔𝑆 + 𝑆𝐴𝐼        (1) 

where the Zeeman term represents energy of the spin in magnetic field 𝐵 and the second term – the 

hyperfine interaction energy with nuclear spins 𝐼 ≠ 0. 𝜇𝐵 is the Bohr magneton and 𝑔 and 𝐴 are 

interaction tensors, which reflect local structure peculiarities of the paramagnetic complex. Hyperfine 

structure (HFS) in Er3+ spectra arises from 𝑆 interaction with the 23 % abundant 167Er isotope with 

𝐼 = 7/2. This produces an approximatelly symetrical HFS pattern of 8 components with 3.7 % amplitude 

of the central line [18]. Typical Er3+ EPR spectra are presented in Fig. 2; the curves have been obtained 

from simulations with parameters reported for the cubic CaF2:Er3+ center [26,27]. 

 

Fig. 2. EPR spectra simulations of the cubic CaF2:Er3+ centre. 

Er3+ EPR spectra are isotropic in a cubic environment. The high symmetry crystal field decomposes the 

sixteen-fold degeneracy of the 4I15/2 level into three quartets Γ8 and two doublets Γ6 and Γ7. The 

determined value of g can serve as the “fingerprint” in assigning the lowest-lying level [18]. In lower 

symmetry Er3+ complexes splitting into a maximum of eight Kramer’s doublets can occur. In general, 

analysis of angle-dependent behaviour of resonance positions in single crystals is necessary for a 

determination of principal components of 𝑔 and 𝐴 tensors. For the case of lower symmetry Er3+ sites, 
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spectra are highly anisotropic [18,21,28–30]. In policrystalline systems all crystal orientations are 

statistically equally probable. As a result, powder EPR spectrum reflects a superposition of all single 

crystal orientations [31]. In the case of non-cubic Er3+ centers it leads to orientation disorder induced 

EPR line broadening. If the particles are sufficiently small, structure disorder effects may also produce 

broadening in the spectral features, which has been demonstrated in CaF2:Er3+ [32] and CeO2:Er3+ [33] 

nanocrystalline systems. A tentative simulation of the effect is given as the second curve in Fig. 2. Note 

that for an equal number of spins the double integral of the EPR spectrum is conserved, thus the wider 

curve has a much smaller signal amplitude. In glasses structure disorder effects are more pronounced – 

site-to-site variations in the local environment produce wide distributions in SH parameter values and, 

as a rule, broad spectral features are expected. Experimental EPR spectra of erbium doped oxyfluoride 

glasses are shown in Fig. 3. 

 

Fig. 3. EPR spectra of erbium doped oxyfluoride glasses. 

An overlap of signals from diferent paramagnetic centres is resolved in the EPR spectra of glasses. Fe3+ 

impurities typically produce a resonance at g = 4.3 (155 mT) [34,35], whereas signals related to glass 

network defects are expected in the vicinity of g = 2 [35,36]. The broad features at low field values are 

related to Er3+ ions residing in the glass matrix. Depending on the composition of the glass Er3+ g values 

in 6-10 range have been reported in literature [37–42]. Spectra feature assignment to erbium is usually 

based on the low temperature requirement for the detection of the signal. Alternatively, evidence for 

EPR signal association with Er3+ can be obtained from sample investigations with different levels of Er 

content [40,42]. For high levels of Er doping formation of Er-Er ion pairs can be expected, however 

literature data for the g values of such features are not unambiguous [41,42]. 

From a structural point of view glass ceramics can be considered as composite materials, where 

nanocrystalline structures are embedded within an amorphous matrix. This results in spectral patterns 
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of signals associated with crystallites superimposing broader curves related to defects in glass [43,44]. 

In the studies of erbium doped glass ceramics EPR signal intensity or shape variations may occur 

indicating structural changes around the rare earth ion upon crystallization [39]. A comparison of EPR 

spectra double integral with a reference sample can provide quantitative information about erbium 

content in the crystalline phase [45]. In the case of complete ion segregation in the crystalline phase 

during the devitrification process, the broad Er3+ glass EPR signal can vanish completely, which has 

been demonstrated in glass ceramics containing β-PbF2 nanocrystals [38]. The reported EPR spectrum 

in glass ceramics (which is essentially the same as the bottom curve of Fig. 2 here) could be simulated 

with SH parameters determined in single crystal β-PbF2 providing evidence that same type of cubic 

symmetry Er3+ centres are created in single crystals as well as in glass ceramics [38].  

An EPR spectrum of erbium doped oxyfluoride glass ceramics containing CaF2 crystalline phase is 

shown in Fig. 4. The determined g value of the additional signal coincides with the simulations in Fig. 2 

providing experimental evidence that Er3+ ions incorporate in the CaF2 nanocrystals in cubic site 

symmetry. The spectrum is too broad to resolve the HFS, which could be associated either with structural 

disorder effects or relatively high level of substitution of Er3+ within the nanocrystals. 

 

Fig. 4. EPR spectra of erbium doped oxyfluoride glass and glass ceramics samples. 

  

3.2. Indirect EPR detection 

A direct detection of Er3+ EPR is problematic due to the requirement of low temperature and the fact 

that the energy of microwave quanta probes only the lowest lying Kramer’s doublet of the 4I15/2 manifold. 

As a consequence of the latter, EPR spectra of Er3+ are not always informative, e.g. in similar symmetry 

hosts, where only slight variations in the g values could be expected.  
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An alternative approach is the introduction of paramagnetic probes, for which EPR spectra features are 

sensitive to local structure variations induced by the primary dopant. This principle has been 

demonstrated in CaF2-containing oxyfluoride glass ceramics co-doped with Gd3+ and Eu3+ [46]. Gd3+ is 

an excellent EPR probe, which exhibits a strong signal detectable at room temperature, while the fine 

structure features of the spectrum are host-sensitive [47]. Eu3+, on the other hand, is “EPR-silent” and 

does not contribute to EPR signal intensity [48]. Gd3+ EPR spectra dependence on the amount of Eu3+ 

doping in oxyfluoride glass ceramics is presented in Fig. 5. 

 

Fig. 5. Room temperature EPR spectra of gadolinium/europium co-doped glass ceramics containing 

CaF2 nanocrystals [46]. Simulation curve represents the expected curve for cubic CaF2:Gd3+ centres. 

The EPR spectrum of the sample singly doped with Gd3+ can be simulated with SH parameters reported 

for the cubic CaF2:Gd3+ centre [20]. With the introduction of second rare-earth ion in the matrix EPR 

spectra associated with the cubic Gd3+ centre are broadened. It indicates that Eu3+ ions also incorporate 

the CaF2 phase of glass ceramics and distort the cubic local environment around Gd3+ sites. It has been 

shown, that for a low-to-medium Eu-doping range variations in Gd3+ EPR spectra can be used for a 

quantitative analysis of the rare earth ion incorporation efficiency in the crystalline phase of glass 

ceramics [46]. Structural changes detected via Gd3+ probe spectra have been also demonstrated for other 

rare earth ions, e.g. Ce3+, La3+, Y3+ [49–51], thus it could be a feasible strategy in the studies of systems 

containing erbium. 

 

3.3. Optical detection of EPR 

A direct correlation of optical properties to particular defect or impurity centres can be achieved via 

optically detected magnetic resonance (ODMR) measurement techniques. One of the variations of 
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ODMR is EPR detected via magnetic circular dichroism (MCD-EPR) [52]. MCD and MCD-EPR 

spectra for erbium doped CF glass ceramics are shown in Fig. 6 [24]. 

 

Fig. 6. MCD spectrum of erbium doped oxyfluoride glass ceramics containing CaF2 nanocrystals 

detected at 1.5 K and 1 T. Inset shows 62 GHz MCD-EPR spectra of the glass ceramics and respective 

glass samples measured at 521 nm MCD band [24]. 

In MCD-EPR detection, first, an MCD spectrum of a sample is obtained. The features of the MCD 

spectrum should correlate with the optical absorption spectrum as the same transitions are induced. 

Afterwards, variable temperature MCD measurements are carried out to determine, which of the bands 

possess paramagnetic behaviour. In this case MCD intensity should be inversely proportional to 

temperature. If paramagnetic behaviour is detected, the excitation wavelength can be fixed and an MCD-

EPR experiment is carried out by sweeping magnetic field at a fixed microwave frequency. When the 

EPR resonance condition is met, changes in the MCD intensity occur and are detected [53].  

In the inset of Fig. 6 an MCD-EPR signal at g = 6.78 is resolved in CF glass ceramics, which is not 

present in the precursor glass. The g value suggests that it is caused by Er3+ ions in CaF2 in cubic site 

symmetry (see Fig. 2 and Fig. 4). It can be concluded that a part of Er3+ ions incorporate the crystalline 

phase of glass ceramics and contribute to the 4I15/2 → 2H11/2 MCD transition [24]. 

 

4. Conclusions 

Direct EPR investigations of erbium-doped materials require low temperature and provide information 

about the Zeeman splitting and hyperfine interactions of the ground state. The interaction parameters 

are host dependent, which enable unique characterization possibilities of Er3+ ions in glasses and glass 

ceramics. ODMR techniques can be applied, when a direct correlation with optical spectra needs to be 
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established. Alternatively, secondary paramagnetic probe ions can be introduced in the matrix to 

characterize the local environment of the primary rare earth ion. 
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