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Abstract 

 

  The aim of this study is to better understand the incorporation of rare earth elements in glass-

ceramics of nuclear interest. We synthesized glass-ceramics from glasses in the system SiO2-

B2O3-Na2O-CaO-Al2O3-MoO3-Gd2O3 by various heat treatments. Gadolinium is used both as 

a spectroscopic probe and as a minor actinide surrogate. Glass-ceramics contain only one 

crystalline phase in the bulk: powellite (CaMoO4).  This phase can incorporate Gd
3+

 and Na
+
 

ions by substitutions on the Ca site. We demonstrated that the charge compensation by Na
+
 

favors the rare earth elements incorporation. Moreover, the incorporated elements do not 

seem to be randomly distributed into the powellite structure. 

 

Introduction 

 

 Molybdenum is known to be poorly soluble in borosilicate glasses and to easily induce 

phase separation during cooling processes [1, 2, 3]. Since Mo is an abundant fission product 

during reactions in nuclear fuel, its concentration can be problematic for high level waste 

conditioning [4]. Particularly, after the reprocessing of old fuel rods used in gas cooled 

reactors during the 20
th

 century or when the charge load of glasses is too high (usually above 

18.5 wt% of fission products and minor actinides for the French R7T7 glass).  

http://iramis.cea.fr/sis2m/


Above its solubility limit (≈ 1 mol%), Mo can lead to the formation of crystalline 

phases like powellite (CaMoO4) or Na2MoO4 distributed in the volume and even to the 

separation at the macroscopic scale of a complex phase mainly containing alkaline and 

alkaline-earth molybdates called the “yellow phase” [5, 6]. Na2MoO4 and the “yellow phase” 

can drastically impact the immobilization properties of the glass since they are highly soluble 

in water and can carry radioactive elements like 
137

Cs. On the contrary, the powellite phase 

could be convenient for nuclear storage applications. Powellite has a tetragonal scheelite 

structure and crystallizes in the I41/a group (a = 5.225 Å, c = 11.433 Å) [7]. This phase is of 

particular interest for nuclear waste immobilization since it is poorly soluble in aqueous 

solutions and allows to incorporate high quantities of MoO3 in glass-ceramics [8]. Moreover, 

studies under external irradiation showed that it is highly resistant to amorphisation. Under a 

Transmission Electron Microscope (TEM) beam, powellite amorphisation begins between 

10
12

 and 10
13

 Gy [9] which is a dose much higher than the one received during underground 

storage (< 10
10

 Gy). Swift heavy ion irradiations made by Mendoza et al. [10] also showed a 

high resistance to amorphisation since no metamictisation has been detected by Raman 

spectroscopy and X-ray diffraction up to 10 dpa. 

In CaMoO4, Ca
2+

 ions can be substituted by various elements. Indeed powellite is 

known to incorporate rare-earth elements and doped crystals have widely been studied for 

their laser performances and emission properties [11, 7]. Various insertion schemes are 

possible and have been reported in the literature. The most common substitution is 2 Ca
2+

 ↔ 

(RE
3+

, R
+
) with RE

3+
 a trivalent rare-earth and R

+
 a monovalent ion [12, 13, 14]. This coupled 

substitution ensures the lattice electro neutrality and favors the dopant incorporation [15]. 

Other substitutions like 3 Ca
2+

 by 2 RE
3+

 plus a vacancy or (Ca
2+

, Mo
6+

) by (RE
3+

, Z
5+

)  are 

also possible [12, 15]. Doped scheelite structures can exhibit a random distribution of the 

inserted elements [12, 16, 17] or an ordered insertion which can lead to the formation of 



superstructures [12, 14, 16]. In powellite-rich glass-ceramics, the crystalline phase could act 

as a good host for actinides and therefore improve the immobilization properties. 

For that purpose, we have developed model glass-ceramics containing monodiperse 

powellite crystals from glasses in the system SiO2-B2O3-Na2O-CaO-Al2O3-MoO3-Gd2O3. The 

micro-structure was mainly controlled by various heat treatments described in the 

experimental methods. The obtained glass-ceramics contain powellite crystals well dispersed 

into the residual glass, with various size distributions and concentrations. Crystal sizes range 

from a few tens of nanometers to a few micrometers depending of MoO3 content and heat 

treatments[18]. For nuclear waste immobilization, the partitioning ratio of radioelements 

between the glassy and the crystalline phases is a matter of concern. That is why this study 

addresses the speciation of Gd
3+

 ions in the glassy and the powellite phases by electron 

paramagnetic resonance (EPR) and Raman spectroscopy. At low Gd2O3 doping content (0.15 

mol%), Gd3+ (S=7/2) is used as an EPR spectroscopic probe whereas at higher content, Gd3+ 

ions could be considered as a trivalent minor actinide surrogate mainly of Np
3+

, Am
3+

 and 

Cu
3+

. We particularly studied the effects of composition and heat treatments on the 

incorporation of Gd
3+

 ions into the powellite structure. 

  

Experimental methods 

 

Glass-ceramics preparation 

For this study, we prepared glasses in the system: SiO2-B2O3-Na2O-CaO-Al2O3. 

Increasing amounts of MoO3 are added, from 0.5 to 4.5 mol% in order to have a wide range in 

powellite concentration in the glass-ceramics. Gd2O3 is added at 0.15 mol% and 1 mol% 

contents.  

(i) Series Mxg : (0.9985-2x/100)(61.16 SiO2 - 16.28 B2O3 - 12.85 Na2O - 3.88 Al2O3 - 

5.82CaO) - x CaO - x MoO3 - 0.15 Gd2O3 (in mol%) with x = 0, 0.5, 1.5, 2.5, 3.5 and 4.5. 



(ii) Series Mxg1: (0.99-2x/100)(61.16 SiO2 - 16.28 B2O3 - 12.85 Na2O - 3.88 Al2O3 - 

5.82CaO) - x CaO - x MoO3 - 1 Gd2O3 (in mol%) with x = 0, 0.5, 1.5, 2.5, 3.5 and 4.5. 

In the two series, CaO oxide was added in increasing amounts to the baseline glass 

composition to compensate the loss during powellite crystallization. Therefore the residual 

glass compositions of each series can be kept constant if all the molybdenum is incorporated 

into the powellite crystals. 

Parent glasses were prepared by mixing desired amounts of reagent grade SiO2, H3BO3, 

Na2CO3, Al2O3, CaCO3, MoO3 and Gd2O3. Each batch (~30 g) was melted at 1500°C for 3 + 

2 hours before being quenched on a copper plate. Then all samples were annealed at 500°C to 

relieve internal stresses. The melting process was described in more details elsewhere [18]. 

Ceramics were elaborated with three chemical compositions: pure powellite CaMoO4, 

powellite doped with 0.015 mol% of Gd2O3 (later mentioned as CaMoO4-Gd) and powellite 

doped with 0.015 mol% of Gd2O3 with a charge compensation (later mentioned as CaMoO4-

Gd-Na). The charge compensation was ensured by replacing CaO by ½ Na2O to compensate 

the charge excess due to the insertion of Gd
3+

 ions into the powellite structure. Appropriate 

amounts of reagents were grounded and calcined at 800°C for 6 hours. Then pellets were 

obtained with a mechanical press (P = 350 MPa) and sintered at 1150°C for 15 hours under 

air, with 5°C/min rates for heating and cooling. 

  



 Heat treatments 

 Two different crystallization methods were investigated to control the size and the 

concentration of powellite crystals in the glass-ceramics. Since powellite crystallization is 

strongly dependent on cooling rates [19, 20], we paid attention to perform all the cooling 

stages the same way. The nucleation temperature was chosen at 820°C according to literature 

and differential thermal analysis (DTA) [10, 21, 22]. The growth temperature was chosen at 

1050°C.  

(i) The first method consists of a long nucleation stage at 820°C for 110 hours. 

Samples were placed into a pre-heated furnace and quenched in air. This heat 

treatment is labeled N (for nucleation). 

(ii) The second method consists of three stages. Samples were placed into a pre-heated 

furnace for a short nucleation phase at 820°C for 2 hours. The temperature was 

then raised to 1050°C with an 8°C/min rate for a 20 hours growth stage. After 

being air quenched, the samples were placed again into the furnace at 820°C for 

112 hours. This heat treatment is labeled NG (for nucleation-growth). 

The last nucleation stage of the second method was necessary to reach the same powellite 

concentration obtained during the first heat treatment. Indeed, since the dissolution 

temperature is close to the nucleation temperature [19], some powellite crystals can dissolve 

during the growth stage. All samples were annealed at 500°C for 2 hours to release internal 

stresses.  

 

Samples characterization 

 EPR measurements were done at room temperature on a X band ( = 9.86 GHz) EMX 

Bruker (Wissembourg, France) EPR spectrometer using a 100 kHz field modulation and 3 

Gauss of amplitude modulation. Microwave power of 1 mW was used to study Gd
3+

 and Mo
5+

 



ion environments. For EPR line analysis, the line width was calculated between maximum 

and minimum. 

 Micro-Raman spectroscopy was performed using a Renishaw INVIA (Wotton-under-

Edge, U. K.) spectrometer equipped with a doubled frequency Nd:YAG laser at 532 nm. The 

laser was focused on the sample using a Leica microscope with a 50X objective, the spectral 

resolution achievable by the CCD detector is around 2 cm
−1

. Spectra were recorded between 

200 and 1600 cm
-1

 with a 2400 l/mm grating. A linear base line was subtracted from each 

spectrum which was then normalized to the main peak of powellite. Full Width at Half 

Maximum (FWHM) of the main powellite peak was calculated after a peak fitting by a 

pseudo Voigt function. 

 Chemical analysis of powellite crystals were done on a CAMECA  SX 100 electron 

microprobe analyzer (CAMECA, Gennevilliers, France) equipped with four X-ray 

spectrometers with an acceleration voltage of 15 kV and a current of 4 nA. Analysis of 

powellite crystals was conducted on samples obtained by the NG heat treatment since the 

minimum crystal size needs to be a few micrometers. 

 

Results 

 

Gd
3+

 incorporation in polycrystalline powellite 

To better understand Gd
3+

 ions incorporation into the powellite structure, 

polycrystalline ceramics were characterized by EPR and Raman spectroscopy. 

EPR spectra of the ceramics CaMoO4-Gd and CaMoO4-Gd-Na are depicted on figure 

1. The only paramagnetic species in these ceramics samples is the Gd
3+

 ion (S=7/2). We 

assumed therefore that all EPR lines could be attributed to the complex fine structure of Gd
3+

 

ions (S=7/2) in different environments. Moreover the EPR spectra of Gd-containing 

powellites is close to spectra of molybdate and tungstate phases containing isolated Gd
3+

 ions 



at low content [23]. The study of saturation properties of several EPR lines (not shown here) 

revealed that Gd
3+

 ions enter the powellite structure with at least three different environments. 

The comparison of the EPR spectra leads to two important points. First, the area under the 

EPR spectra is much more important for the ceramic with the charge compensation than for 

the other ceramic. Since the EPR intensity is proportional to the Gd
3+

 ions concentration, the 

insertion of these ions into the powellite structure is highly favored by the charge 

compensation. Second, the EPR lines of the CaMoO4-Gd-Na ceramic are wider than the ones 

of the CaMoO4-Gd ceramic (see zoom on figure 1). This widening could be due to dipole-

dipole interaction close to Gd
3+

 ions. Therefore, the Gd
3+

 ions environment is different in the 

two ceramics. These differences reveal that the insertion of Gd
3+

 ions into the powellite 

structure was strongly modified by the charge compensation allowed by the Na
+
 ions. 

However, no new EPR lines are observed on the CaMoO4-Gd-Na spectrum, which means that 

the Gd
3+

 ions environment is not strongly modified by the presence of Na
+
 ions in the 

structure.  

Raman spectra of the three ceramics are given on figure 2. The structure of the spectra 

is the same as the one commonly reported for scheelite structures [24, 25]. Seven internal 

modes, corresponding to the vibration of the MoO4
2-

 tetrahedron, are observed in CaMoO4. 

The breathing vibration ν1(Ag) of the MoO4
2-

 tetrahedron appears at 878 cm
-1

. The modes 

ν3(Bg), ν3(Eg), ν4(Eg) and ν4(Bg)  are respectively observed at 848, 795, 405 and 393 cm
-1

.  The 

doubly degenerated modes ν2(Ag + Bg) appear around 330 cm
-1

. All spectra were normalized 

to the intensity of the main peak at 878 cm
-1

 (called peak A) since it is the less influenced by 

the beam orientation [26]. All peaks are attributed to CaMoO4 except one, which is only 

observed if Gd
3+

 and Na
+
 ions are in the powellite structure. Indeed, a peak, labeled B, grows 

around 907 cm
-1

 when Gd2O3 and Na2O oxides are added to pure powellite. Moreover, XRD 

analysis showed that no secondary crystalline phases are detected in the CaMoO4-Gd-Na 



ceramic.  The width of the peak (~ 15 cm
-1

) seems to indicate that it could be linked to a 

vibration mode of an ion in an ordered environment. A similar peak was reported in literature 

for polycrystalline powellites enriched with trivalent rare earth elements (Eu
3+

, Nd
3+

, La
3+

, 

Pr
3+

) and monovalent charge compensators (Na
+
, Sr

+
) [10]. Possible attributions for this 

unidentified Raman peak will be discussed later. 

 

Gd
3+

 incorporation in CaMoO4 rich glass-ceramics 

The microstructure of the samples from the series Mxg and Mxg1 were studied 

elsewhere [18]. Depending on the molybdenum and gadolinium contents, samples can either 

be amorphous or partially crystallized. The results presented here address the incorporation of 

gadolinium ions in the glassy phase and into the powellite structure. 

The evolution of the M25g sample EPR spectrum with heat treatments is plotted on 

figure 3. The spectra are complex and result from various signals. First, several narrow EPR 

lines are observed (indexed by arrows on figure 3). They are attributed to Gd
3+

 ions 

incorporated into powellite structure by comparison with the spectra of ceramics reported on 

figure 1. Second, we find the well known “U spectrum” with the wide lines at g = 2, 2.8 and 6 

attributed to Gd
3+

 ions diluted in the glass in network modifier position (Gd[n.m]) and the line 

at g = 4.6 attributed to Gd
3+

 ions acting as network formers (Gd[n.f])  [27]. A very wide line is 

also observed on all EPR spectra, this signal is linked to the formation of magnetic oxide 

clusters of Gd
3+ 

ions, linked through the oxygen bridges [28]. The presence of magnetic 

clusters was also confirmed by low temperature EPR measurements at 150 K. Finally, a 

second paramagnetic species was identified, since an extra line at g = 1.91 is observed. This 

line appears only in glasses and glass-ceramics containing MoO3 and is attributed to Mo
5+

 

ions diluted in the glass structure [4, 29, 30].  With increasing the Mo content in parent 

glasses, the intensity of the line attributed to Mo
5+ 

ions increases as already reported in 

literature [31]. The same trend is observed with the lines attributed to Gd
3+

 ions incorporated 



into the powellite structure. This increase is linked to the increase of powellite quantity in the 

glass-ceramics [18]. After the two heat treatments, some evolutions are visible in the EPR 

spectrum. First, the signal of Mo
5+ 

ions decreases during heat treatments, particularly with the 

treatment NG during the growth phase at 1050°C. Second, the intensity of lines attributed to 

Gd
3+

 ions incorporated into the CaMoO4 structure increases with heat treatments. This 

evolution seems similar for the two heat treatments and could be due to an increase of 

powellite quantity and/or to an increase of the incorporation rate during the heat treatments. 

EPR spectra of the M25g1 sample (1 mol% Gd2O3) before and after heat treatments 

are given on figure 4. These spectra are quite different from the ones of the M25g sample 

containing only 0.15 mol% in Gd2O3. First, the intensity of the broad signal due to magnetic 

oxide clusters of Gd
3+ 

ions is far more intense. This means that an important part of the added 

Gd2O3 forms clusters in the glass rather than being part of the glassy network. Indeed the 

contribution of the “U spectrum” of Gd
3+ 

ions involved in the glassy network is similar for the 

two gadolinium oxide contents. Nevertheless, the line at g = 4.6, attributed to Gd
3+

 ions acting 

as network formers, is no longer visible. The lines attributed to Gd
3+

 incorporated into 

powellite are also difficult to distinguish but are present. It seems that these lines are very 

broad, which could be due to dipole-dipole interactions because of a higher incorporation rate. 

The comparison of the two incorporation rates is, however, not possible because of the 

complexity of the EPR spectra. This point will be discussed later. Moreover, the line at g = 

1.91 attributed to Mo
5+

 ions diluted in the glass is barely visible.  

Because of the complexity of the spectra, the relative proportion of Gd
3+

 ions 

incorporated into the CaMoO4 structure is difficult to calculate. Nevertheless, the mean widths 

of Gaussian lines attributed to Gd
3+

 ions into powellite can be calculated to compare ions 

environments. The mean widths were calculated on six Gaussian lines for the series Mxg, 

Mxg-N and Mxg-NG and are plotted on figure 5. The width for samples from the series Mxg 



and Mxg-N are similar whatever the Mo content is. Therefore the Gd
3+

 ions environment is 

similar in these glass-ceramics. However, the trend is different for the series Mxg-NG. 

Indeed, the mean width is higher than for samples from the other series and it decreases with 

the Mo content increase. The ions environments are then different and could be linked to the 

concentration of inserted ions into the powellite structure.  

 

Raman spectra of samples from the series Mxg-N and Mxg1-N are plotted on figure 6, 

(a). First, the powellite main peak, A, is broader for the Mxg1-N samples than for the Mxg-N 

samples. This means that the powellite phase is more disordered when the samples contain 

more gadolinium. The same observation is made for samples after the NG heat treatment. 

This trend is better illustrated on figure 7 which depicts peak A FWHM evolution with MoO3 

content (mol%)  in glass-ceramics.  First, we clearly see that for samples with high content of 

gadolinium, the peaks are wider than for samples with low content. Second, after NG heat 

treatment the powellite peak is broader than after N heat treatment. This means that powellite 

crystals are, on average, more disordered after the NG heat treatment than after the N one. 

This disorder could be due to a higher incorporation rate of Gd
3+

 ions after the NG heat 

treatment. Back to figure 6, we observe the peak B, around 907 cm
-1

, on all samples. The 

relative intensity of peak B is higher for Mxg1 samples than for Mxg samples, for all thermal 

histories. This difference could be linked to higher Gd incorporation rates into the powellite 

structure for samples containing 1 mol% in Gd2O3. To check this point, measurements with an 

electron probe micro-analyzer (EPMA) were performed on powellite crystals in samples from 

the Mxg-NG and Mxg1-NG series. After the NG heat treatment, few crystals are large enough 

to be probed by EPMA. These analyses show that for samples containing 1 mol% in Gd2O3, 

the average composition of powellite crystals is Ca0.9Gd0.05Na0.05MoO4 whereas it is 

Ca0.95Gd0.015Na0.015MoO4  for samples containing only 0.15 mol% in Gd2O3. This means that 



Gd incorporation rates are higher in samples containing more Gd2O3, which is consistent with 

EPR and Raman spectra observations. Indeed, figure 8 depicts the evolution of peak A 

FWHM versus the total substitution rate on the Ca site measured by EPMA. The higher the 

substitution rate on Ca site is, the larger the peak A is. Moreover, these chemical analyses 

suggest that the incorporation mode of trivalent lanthanides into powellite structure is 

accompanied by the insertion of a monovalent ion Na
+
. Therefore, the main incorporation 

scheme is the replacement of two calcium ions by a gadolinium ion and a sodium ion. 

 

Discussion 

In this work, we studied powellite-rich glass-ceramics by EPR and Raman 

spectroscopy. We showed that gadolinium ions enter the powellite structure and that 

incorporation rates depend on synthesis processes, gadolinium content in parent glasses and 

availability of a charge compensator (Na
+
). Chemical analyses, like with EPMA, are difficult 

to use for most of the samples developed during this work. Indeed, the small sizes (few 

hundred nanometers) and the distribution of crystals in the residual glasses make the analysis 

often impossible [19]. Therefore, it is very interesting to be able to link spectroscopic 

parameters, like Raman FWHM or EPR line width, to the incorporation rate into the powellite 

structure. Raman FWHM is usually linked to the disorder of the crystalline structure. In our 

case, the disorder is mainly due to the substitution of two calcium ions by a couple (Gd
3+

, 

Na
+
). For some samples, we demonstrated that Raman FWHM increases with the insertion 

ratio (cf. fig. 8). Let us assume that the FWHM increase is only due to the increase of the 

insertion rate. Then powellite crystals obtained by the NG heat treatment have a higher 

insertion rate than the ones obtained by the N heat treatment. Besides, this higher insertion 

rate allows us to explain the evolution of EPR lines widths with heat treatment depicted on 

figure 5. The widening of EPR lines in samples obtained by the NG heat treatment can 



therefore be attributed to dipole-dipole interaction between close Gd
3+

 ions in the powellite 

structure. Even if the analysis of spectroscopic parameters does not give an absolute value of 

the Gd incorporation rate, it allows us to compare the insertion between the different series 

and after the heat treatments without the need of uneasy chemical analyses.  

During this study, we observed a new peak (peak B) on powellite Raman spectra when 

Gd
3+ 

and Na
+
 ions are incorporated into the structure. This peak is also observed on glass-

ceramics containing powellite and Gd2O3. Its relative intensity compared to the main peak of 

powellite increases with the incorporation rate and its FWHM is quite small (around 15 cm
-1

). 

According to literature CaMoO4 main peak is usually found between 877 and 879 cm
-1 

[10, 

32, 33, 31] and Na2MoO4  main peak is found between 891 and 897 cm
-1

 [34, 35]. This peak 

cannot be attributed to simple molybdates like CaMoO4 or Na2MoO4 since its position is 907 

cm
-1

. Therefore, we can assume that the peak B can be attributed to the presence of Gd
3+ 

and 

Na
+
 ions incorporated into the powellite. Several assumptions can then be made to attribute 

peak B. First, we can assume that this peak is due to a secondary phase of general 

composition Ca1-2xGdxNaxMoO4. The main peaks of phases CaMoO4 and GdNa(MoO4)2 are 

respectively at 878 and 882 cm
-1

 [24]. Therefore, the main peak of Ca1-2xGdxNaxMoO4 should 

be observed between 878 and 882 cm
-1

. Since peak B is around 907 cm
-1

, it cannot be 

attributed to a secondary phase of composition Ca1-2xGdxNaxMoO4 unless its environment is 

strongly distorted. Indeed, the Mo – O stretching frequency depends strongly on MoO4
2-

 

tetrahedral environment [4]. For instance, the powellite main peak position can increase from 

878 cm
-1

 to 900 cm
-1 

if the applied pressure increases from 1 to 8 GPa [36, 32]. A similar 

trend was observed for the Na2MoO4 phase [34]. Second, we can assume that peak B is a 

splitting of the main peak of powellite. Peak A splitting has been reported in literature by 

Kolesov et al. for scheelite-like double molybdates R0.5R’0.5MoO4 where R and R’ are 

respectively alkaline and rare earth metals [24]. The splitting of peak A depends on the radius 



ratio of R and R’ ions and it is attributed to an ordered distribution of these ions in the 

structure. Other authors, put in evidence ordered distributions in schellite like molybdates by 

other techniques like XRD, TEM or Monte Carlo simulation [37, 14]. Therefore, peak B 

could be due to an ordered distribution of Gd
3+ 

and Na
+
 ions on the octahedral Ca sites in the 

powellite structure. This assumption allows explaining the fact that no new EPR lines appear 

when Na
+
 ions enter the powellite structure. Indeed, if Na

+
 ions are not close enough to Gd

3+
 

ions, their structural environment is not strongly modified and no EPR lines appear. In this 

case, the charge compensation by Na
+
 is ensured at a medium or long distance. To conclude 

on the attribution of peak B, we can reasonably assume that it is due to the insertion of Gd
3+ 

and Na
+
 ions into the powellite structure with an ordered distribution. Nevertheless, further 

studies by high resolution TEM and advanced diffraction methods are needed to better 

characterize the insertion into the powellite structure.   

 

Conclusion 

 

In this work use of EPR and Raman spectroscopy revealed that gadolinium ions are 

incorporated into the powellite structure in all the glass-ceramics. The incorporation rate 

strongly depends on the charge compensation by Na
+
 ions in pure ceramics. It also depends 

on the heat treatment and on the initial rare earth concentration in the parent glass for glass-

ceramics. Raman spectroscopy suggests an ordered insertion of Na
+ 

and Gd
3+ 

ions into the 

powellite structure. Nevertheless, further studies on highly doped powellite ceramics with 

high resolution TEM or advanced XRD Rietveld refinements are needed to better understand 

the distribution of incorporated elements into powellite. 
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Figure Captions 

 

Fig 1: EPR spectra of ceramics. Dashed line: CaMoO4 doped with 0.015 mol% of Gd2O3. 

dotted line: CaMoO4 doped with 0.015 mol% of Gd2O3 and charge compensated by Na2O.  

Fig 2:  Normalized Raman spectra of ceramics. Solid line: pure CaMoO4.Dashed line: 

 CaMoO4 doped with Gd2O3. Dotted line: CaMoO4 doped with Gd2O3 and charge 

compensated by Na2O. Inset: zoom on the region 860 – 920 cm
-1

.  

Fig 3: EPR spectra of glass-ceramics containing 2.5 mol% in MoO3 and 0.15 mol% in Gd2O3. 

Solid lines correspond to as quenched samples, dashed lines correspond to N heat treatment 

and dotted lines to NG heat treatment. 

Fig 4: EPR spectra of glass-ceramics containing 2.5 mol% in MoO3 and 1 mol% in Gd2O3. 

Solid lines correspond to as quenched samples; dashed lines correspond to N heat treatment 

and dotted lines to NG heat treatment. 

Fig 5: Mean width of EPR lines attributed to Gd
3+

 ions incorporated into the powellite phase 

in samples from the series Mxg, Mxg-N and Mxg-NG. Squares: as quenched samples, circles: 

samples after N heat treatment and rhombuses: samples after NG heat treatment. 

Fig 6: Raman spectra of glass-ceramics in the region 800 – 980 cm
-1

. (a) Series Mxg-N (solid 

lines) and Mxg1-N (dotted lines). (b) Series Mxg-NG (solid lines) and Mxg1-NG (dotted 

lines). 

Fig 7: FWHM of the main Raman peak of powellite (peak A at 870 cm
-1

) after N and NG heat 

treatments.  

Fig 8: Evolution of peak A FWHM with the substitution rate on the Ca site in CaMoO4 

measured by electronic microprobe in glass-ceramics from the series Mxg-NG and Mxg1-NG. 

The FWHM of a non substituted powellite was measured on a pure polycrystal (square).   
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