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Abstract 

In this work, ErNbO4 samples were prepared using the sol-gel method, through the citrate route, 

and heat-treated at temperatures between 700 and 1600 ºC. The structure was studied by X-ray 

diffraction and Raman spectroscopy. The crystallite size was estimated using the Rietveld 

refinement and the Sherrer's formula, presenting values from 31.27 to 86.65 nm and from 40.96 

to 78.23 nm, respectively. The morphology was studied by scanning electron microscopy. The 

measurement of the complex permittivity was made using the small perturbation technique, with 

a cavity operating in TE105 mode, at resonant frequency of 2.7 GHz. The increase of the 

treatment temperature promoted the increase of the dielectric constant and the dielectric losses 

were still maintained with low values, allowing their potential application in electric storage 

devices. The dielectric constant of ErNbO4 in a zero porosity sample case was estimated and 

compared with the experimental values. 
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1 Introduction 

In the last two decades, the microwave frequency region has been adopted in the civilian 

electronic communication system. Consequently, that allows the development of new dielectric 

materials, with the reduction of size and weight of electronic components becoming a priority 

[1-3].  

In this context, the ABO4 ternary oxides have been studied since their ability to combine 

chemical elements in this basic formula leads to a large number of structures and phases with 

different properties, such as BiNbO4 or Bi(Sb,Nb,Ta)O4 [4-7]. A special interest appears in the 

rare-earth orthoniobates, RENbO4, which belongs to the family of A3+B5+O4 compounds. 

Recently, properties such as mixed protonic, native ionic and electronic conductive properties, 

are being studied [6,8]. 



The conventional solid state method is the most used ones for the preparation of oxides, and the 

ABO4 compounds are no exception [9]. ABO4 oxides can be prepared by the solid state reaction 

method, resulting in powders with high crystallinity, but not always in pure and homogeneous 

phases, since metastable phases can be formed under these conditions [6]. Other disadvantages 

documented in the literature are: large grain growth, segregation of components and loss of 

stoichiometry [9,10,11,12].  

Some alternative methods have been investigated to prepare oxides, namely wet-chemical 

techniques, such as sol-gel citrate, co-precipitation, hydrothermal and combustion syntheses. 

These methods can be considered advantageous since they produce oxides with nanosized 

particles (thus, high surface area), high reactivity and very good homogeneity. Among these 

routes, the sol-gel citrate method has been considered a simple way to obtain stable precursors 

and stoichiometric fine powders. This method is considered suitable to achieve high 

homogeneity at relatively low temperature, since the formation of citrate complexes allows 

mixing the precursors cations on an atomic scale, and consequently, they can react with each 

other immediately [9–14]. 

The functionality of a dielectric ceramic is mainly determined by its electrical properties, 

namely their dielectric constant, ε', and dielectric losses, ε'', values [3,15].  For example, a 

ceramic material with low losses and with ε' in the range of 4-12, at room temperature and in the 

GHz range, can be used for millimeter wave communication systems and, also, as substrates for 

microwave integrated circuits [16].   

The RENbO4 are an interesting group of materials due to the complexity of their structure and 

properties, making them eligible for a variety of applications. The complexity arises mainly 

from the range of possible coordination of the Nb cation, from 8 to 4 [17]. 

The structure of the monoclinic ErNbO4 consists of ErO8 dodecahedrons and 

NbO4 tetrahedrons. While the known structures are dominated by pentavalent Nb atoms in 

octahedral coordination, rare‐earth niobate fergusonites, such as ErNbO4, and scheelites, are 

exceptions. These structures are seen as one of the enigmas of crystal chemistry [17,18] and 

might play an important role in the dielectric properties of this class of materials. 

In this work, ErNbO4 powders were prepared using the sol-gel method and their dielectric 

properties were studied at 2.7 GHz using the small perturbation method. 

Since it is known that the behaviour of functional materials is intrinsically related with their 

structures [19], structural characterization of the obtained powders was performed, using X-ray 

diffraction and Raman scattering. 

 

 

 

 



2 Experimental methods 

ErNbO4 powders were prepared using the sol-gel method, through the citrate route.  

A suspension containing stoichiometric amounts of Er(NO3)3·5H2O (99%, Aldrich) and NbCl5 

(99%, Merck) was initially prepared in a minor amount of hydrogen peroxide (3% V/V) and 

dispersed in a mixture of citric acid and ethylene glycol (Sigma-Aldrich),  used as chelating 

agent and reaction medium, respectively. To promote the solubility, the suspension was stirred 

for 7 days until a clear colloidal suspension was formed. Subsequent to that, the solution was 

dried at 500 °C for 6 h to evaporate the solvent. The obtained powders were pressed into 

cylinders, of 4 mm in diameter and 10 mm in height, and were heat-treated at 700, 800, 900, 

1100, 1200, 1400 and 1600 ºC for 4 h. The heating rate of 5 ºC/min was used and the cooling 

process was made naturally.  

The structural characterization was performed using X-ray diffraction (XRD). The patterns were 

obtained on an Empyrean diffractometer (CuK α radiation, λ=1.54060 Å) at 45 kV and 40 mA, 

in a  Bragg-Brentano parafocusing optics configuration. Intensity data was collected by the step 

counting method (step 0.02 º in 1 s) in the 2θ angle range of 10-60 º. 

For the sample with the most promising dielectric properties, a TEM specimen was prepared by 

dropcasting a suspension of ground powder and ethanol onto a holey carbon TEM grid. STEM 

characterization was performed in a probe-side aberration-corrected FEI Titan Themis S/TEM 

with a 200kV 150 pA electron beam. Both bright field and high angle annular dark field 

(HAADF) detectors were used to identify the particles as crystalline and characterize their 

morphology and size. Energy dispersive X-ray (EDX) spectrum imaging was acquired in 

parallel. The relative intensities of the erbium, niobium and oxygen characteristic edges were 

used to map the distribution of these elements across the particles. 

The Micro-Raman spectra were recorded at room temperature, with a HR-800-UV Jobin Yvon 

Horiba spectrometer, in backscattering geometry with a 441.6 nm laser line. 

The morphology of the samples was analyzed by scanning electron microscopy (SEM). The 

images were obtained on a TESCAN-Vega III, on the free and fractured surfaces. Previous to 

the microscopic observation, the samples were covered with carbon. 

The measurements of the complex permittivity were made at 2.7 GHz, in a resonant cavity 

operating in the TE105 mode, coupled to a HP 8753D Network Analyzer. 

Introducing a sample in the centre of the cavity, where the electric field is maximal, the changes 

in the resonant frequency, Δf, and in the inverse of the quality factor Δ(1/Q) of the resonant 

cavity can be related with the permittivity values, [1,19]. The shift in the resonant frequency of 

the cavity can be related to the real part of the complex permittivity, ε', and the change in the 

inverse of the quality factor of the cavity can be related with the imaginary part, ε''. 



Using the small perturbation technique and considering only the first order perturbation in the 

electric field caused by the sample [20], the real, ε´, and the imaginary parts, ε'', of the complex 

permittivity were calculated using Eqs. (1) and (2) 
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K is a constant related to the depolarization factor, which depends upon the geometric 

parameters, v and V are the volumes of the cylindrical sample and the cavity, respectively, and f0 

is the resonance frequency of the cavity. Using a sample of known dielectric constant, in this 

study polytetrafluorethylene (PTFE), the constant K can be determined, and consequently, ε´ 

and ε'' calculated. 

 

3 Results and discussion 

The XRD patterns of the prepared samples are shown in Figure 1(a). For heat treatments below 

1100 ºC, besides the ErNbO4 phase, the secondary phase Er0.5Nb0.5O2 (tetragonal) was 

identified. Above 1100 ºC, all the detectable peaks were indexed only to ErNbO4 monoclinic 

structure found in the standard reference data [21]. 

The Rietveld refinements simulations, made for the samples with single ErNbO4 phase, allowed 

the estimation of the lattice parameters, typical crystallite sizes, D, and the strain induced in 

powders due to crystal imperfections and distortion, ��, which are assembled in Table I.  

Figure 1 (b) shows the measured and the calculated spectra for the sample treated at 1100 ºC. 

Consistent results were obtained from the Rietveld refinements, with ���� ≤ �� and  �	 > 1 

[22], which shows the good quality of the fitting,  

Table I also shows the crystallite size determined using the Scherrer's formula, which will be 

approached later.   

 



 

 

 

Figure 1 – (a) X-ray diffraction patterns of the prepared powders; (b) Measured and calculated 

spectra of the sample treated at 1100 ºC . 

 

 

 

 

 

 

 

 

 



Table I - Rietveld fitting parameters, diffraction pattern fitting factors and crystallite size 

calculated from Scherrer's formula. 

Temperature 

(ºC) 

Lattice 

parameters 

(nm) 

β 

(º) 

DRietveld 

(nm) 

εs 

(×10-3) 
R-factor χχχχ2 

DScherrer 

(nm) 

1100 

a = 0.7031 

131.52 31.27 2.7 

Rp = 5.03 

3.39 40.96 b = 1.0916 Rwp = 7.17 

c = 0.5062 Rexp = 3.89 

1200 

a = 0.7024 

131.48 43.75 1.9 

Rp = 4.89 

2.37 55.17 b = 1.0914 Rwp = 6.57 

c = 0.5062 Rexp =4.26 

1400 

a = 0.7024 

131.46 70.43 1.2 

Rp = 5.15 

2.02 65.55 b = 1.0917 Rwp = 6.65 

c = 0.5064 Rexp = 4.68 

1600 

a = 0.7022 

131.42 86.65 1.0 

Rp = 5.40 

1.83 78.23 b = 1.0911 Rwp = 7.03 

c = 0.5064 Rexp = 5.19 

 

The most important properties that can be extracted from peak width analysis are the crystallite 

size, a measure of the size of coherently diffracting domains, and the lattice strain, a measure of 

the distribution of lattice constants arising from crystal imperfections, such as lattice 

dislocations, which affect the Bragg peak in different ways. These effects increase the peak 

width and intensity and shift the 2θ peak position accordingly [23,24]. Figure 2 shows, for the 

samples with single ErNbO4 phase, the relation between the crystallite size and the lattice strain 

estimated through the Rietveld analysis. As one can see, the crystallite size of ErNbO4 increases 

with the increase of the treatment temperature, with the lattice strain showing the opposite trend. 

This tendency can be due to the decrease of the number of boundaries with the increase of the 

crystallite size, since one of the sources of lattice strain is the crystal boundary triple junction 

[23,24].      

 

 



 

 

Figure 2 - Heat treatment dependence of the crystallite size and the lattice strain estimated 

through the Rietveld analysis. 

 

The ErNbO4 crystallite size for the samples treated above 1100 ºC was also calculated using the 

standard Scherrer's formula (Table I) 

θβ
λ=

cos

N
D                      (3) 

where λ is the wavelength of X-ray radiation, β is full width half maximum of the diffracted 

peaks, θ is the angle of diffraction and N is a numerical factor, often referred as the crystallite-

shape factor [25,26]. According to the literature, N = 0.89 is considered a suitable 

approximation [27,28]. 

The β parameter was corrected using the equation  

2
inst

2
exp WW −=β                    (4) 

where wexp, winst are the experimental and instrumental width, respectively. The instrumental 

width was obtained with the LaB6 (SRM 660 - National Institute of Standard Technology) 

powder standard pattern [29]. 

By substituting the relevant data from XRD profile measurement, the average crystallite size 

was found to be between 40.96 and 78.23 nm. 

As presented in figure 3, one can see a good agreement between the Rietveld and the Scherrer's 

formula, with the bigger crystallite size occurring for the sample treated at 1600 ºC. For the 

samples heat-treated at 1100 and 1200 ºC, the ones with higher lattice strain, the crystallite sizes 

obtained by Scherrer's formula are slightly higher than those obtained earlier by the Rietveld 



analysis. This difference may be due to the fact that the effect of the internal strain is not 

considered in the Scherrer's model, where the peak shape is fitted with a Gaussian function only. 

However, in the Rietveld method, the peaks shape profile is fitted using a Voight function, 

which is a combination of both Gaussian (crystallite size) and a Lorentzian (microstrain) 

functions [30]. 

 

 

 

 

 

 

Figure 3 - Treatment temperature dependence of the ErNbO4 average crystallite size, calculated 

from Rietveld fitting and Scherrer's formula. 

 

STEM analysis was used to further examine the crystallite size and shape for the sample heat-

treated at 1600 ºC, since this is the sample with the most promising dielectric properties, as it 

will be shown later. 

Figure 4 displays the STEM bright field micrographs of the powders treated at 1600 ºC, where it 

can be seen that the morphology of the ErNbO4  crystals is approximately oval. 

The crystallite size distribution and abundance is shown in figure 5. The average crystallite size 

obtained was 81.74 nm, from what we can see a good agreement with the results previously 

obtained from the XRD measurements, in particular for the Scherrer's formula.   

 

 

 

 

 

 



 

  

 

Figure 4 – (a) STEM and (b) high resolution STEM micrographs of the sample heat-treated at 

1600 ºC. 

 

 

 

Figure 5 – Crystallite size distribution and abundance in the sample heat-treated at 1600 ºC. 

  

Figure 6 shows the STEM-EDX mapping analysis of the same sample, where the homogeneous 

distribution of Er, Nb and O elements on the surface of the particles can be seen. Furthermore, 

no impurities were detected. 

 

(a) (b) 



 

 

 

Figure 6 - STEM-EDX mapping analysis of the sample heat-treated at 1600 ºC. 

 

The values of theoretical density, ρtheo, bulk density, ρexp, fractional porosity, P, and the unit cell 

volume, Vcell, were obtained by the following equations [31-33]. 

cellA
theo VN

ZM=ρ                                   (5) 

β= sincbaVcell                                 (6) 
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teo

exp1P
ρ
ρ
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where Z and Vcell are the number of atoms and the volume of a unit cell, respectively, M is the 

molar mass, NA is Avogadro’s constant, a, b, c and β are the lattice constants, m is the mass of 

the cylindrical samples, r and h are the radius and the high of the cylinders, respectively. 

The volumes of the unit cells were calculated using the data obtained from the Rietveld 

refinement and the number of atoms in a unit cell in ErNbO4 is 4 [21]. 

The results are summarized in Table II. 

 

 

 



Table II -  Theoretical density, ρtheo, bulk density, ρexp, and porosity, P. 

HT (ºC) 1100 1200 1400 1600 

ρtheo  (g cm-3) 7.40 7.41 7.40 7.40 

ρexp  (g cm-3) 4.13 5.00 5.53 6.55 

P (%) 44 32 25 11 

 

The values of the theoretical density remain approximately constant with the increase of the 

treatment temperature and the results show that the heat-treatment promotes the increase of the 

bulk density and, consequently, the decrease of the porosity. 

Raman spectroscopy was made and the resultant spectra are shown in figure 7(a). The Raman 

spectra of the samples with single phase ErNbO4 are consistent, with very small variations of 

intensity and position of the Raman peaks. In Figure 7(b) is shown, in more detail, the Raman 

spectrum of the sample treated at 1600 ºC. Similarly to the other samples with single phase 

ErNbO4, HT1600 possess peaks centred at 128, 184, 197, 228, 238, 330, 340, 427, 445, 474, 

500, 520, 547, 662, 676, 701, 707 and 814 cm-1. Sixteen of the eighteen peaks identified in these 

six samples were already associated in literature to monoclinic ErNbO4 [6,34]. The peaks 

occurring at 520 and 547 cm-1 had not been yet assigned to ErNbO4. 

 

 

 

Figure 7 – (a) Raman spectra of the prepared powders; (b) Raman spectra of the HT 1600 

sample. 

 

SEM micrographs, showed in figure 8, reveal the morphology changes with the increase of the 

treatment temperature, for the samples with single ErNbO4 phase. As it was expected, the size 

of the grains increased with the heat-treatment temperature from approximately 0.5 µm (sample 

HT1100) to more than 10 µm (sample HT1600). Regarding the grains form, they have a 

prismatic habit being in agreement with the literature [35]. Analysing the surface and fracture of 

the sample HT1200 it is visible the similar grain size, confirming that the time of sinterization 



was enough to keep the same morphology either inside and on the surface of the sample. This 

similarity between the grain size  inside and on the surface, was observed for all the samples. 

 

  

 

  

 

Figure 8 – SEM micrographs of the samples (a) HT1100, (b) HT1200, (d) HT1400, (e) 

HT1600 surfaces and (c) HT1200 fracture. 

 

In figure 9(a) is presented the measured transmission of the 2.7 GHz cavity, for the cavity with 

the sample holder, the sample holder filled with PTFE and filled with the sample treated at 1600 

ºC, where the shift in the resonant frequency of the cavity, Δf, is observed. Figure 9(b) shows 

the real part of the complex permittivity, as function of the treatment temperatures, where one 



can notice that the dielectric constant increases with the increase of the treatment temperature. 

Table III summarizes the ε' and ε'' values, obtained for the different samples, at room 

temperature. 

Analyzing the samples with single phase (the ones treated from 1100 up to 1600 ºC), it can be 

seen that the dielectric constant increases, as expected, with the decrease of the fractional 

porosity. The ε'' values are in the range of 0.04 and 0.11, with the highest value occurring for 

the sample treated at 1200 ºC. 

Comparing the samples with single ErNbO4 with the samples where secondary phases were 

identified, it is detectable an increase in the dielectric constant values, however, without 

significant increases in the losses. 

Considering only the samples where single ErNbO4 was obtained, one can see that the samples 

with lower ε'' are, as expected, the samples with higher bulk density/lower fractional porosity, 

i.e., the samples treated at 1400 and 1600 ºC. 

In addition to the losses due to porosity, and even in a fully dense ceramic, the grain boundaries 

can also be the source of losses, since that is not present in a single crystal. 

It was expected that the increase of the crystallite size promoted a decrease of ε'' values, since 

the number of grain boundaries decrease with the increase of the crystallite size. Analyzing 

these two parameters, one can see that for the samples treated at 1100 and 1200 ºC, ε'' remained 

approximately constant, regardless of the variation in the crystallite size. The heat-treatment 

preformed at 1400 ºC promoted a decrease in the ε'' value, which remained constant with the 

treatment of 1600 ºC, despite the increase in the crystallite size. This not unprecedented but 

unexpected relation, can be due to the fact that bulk density also varied significantly, making a 

firm correlation between crystallite size and dielectric properties unpredictable [36-38]. 

 

 

 



 

 

 

Figure 9 - (a) Measured transmission of the 2.7 GHz cavity; (b) Calculated ε´ as function of 

treatment temperature, at 2.7 GHz and 300 K. 

 

Table III - Calculated ε'  and ε''  for the different samples, at 2.7 GHz and 300 K. 

HT 

(ºC) 
700 800 900 1100 1200 1400 1600 

ε' 3.31 3.35 3.53 4.25 4.79 4.92 5.53 

ε'' 0.08 0.07 0.04 0.10 0.11 0.07 0.07 

 

The variation of ε' has been studied using models that consider the dielectrics as a composite 

system of two dielectrics with different dielectric constants, being one of the phases the 

porosity, with ε' = 1 [36]. 



Heidinger et al.[39] proposes the following general relation for spherical pores in a dielectric  
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where '
dε  is, in this case, and considering the heat treatments from 1100 ºC, the dielectric 

constant of ErNbO4. 
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The dielectric permittivity plotted with respect to fractional porosity, for the samples with single 

phase, can be seen in Figure 10. The y-intersect of the fitted line, 5.95, represents the dielectric 

constant '
dε , in other words, an estimated value for the dielectric constant of ErNbO4 in a zero 

porosity sample case, which is not much different of the ε' value obtained for the sample treated 

at 1600 ºC. 

 

 

 

Figure 10 - Fractional porosity dependence of ErNbO4 samples dielectric constant. 

 

4 Conclusions 

The ErNbO4 ceramic powders were prepared successfully by the sol-gel method, with the single 

phase ErNbO4 formed at treatment temperatures from 1100 up to 1600 °C. 

The crystallite size was estimated through the Rietveld refinement method and through the 

Scherrer's formula, with the two processes presenting consistent results.  



The dielectric study revealed that the real part of the complex permittivity increases with the 

increase of the treatment temperature, with the imaginary part of the complex permittivity 

presenting values in the range of 0.04 and 0.11. 

The Heidinger et al. [39] model was applied, showing that the estimated value for the dielectric 

constant of ErNbO4 in a zero porosity sample case is 5.95, not much higher than the one 

calculated for the sample treated at 1600 ºC. 
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Highlights 

 

• ErNbO4 ceramic powders were successfully prepared by the sol-gel method; 
• A relation between the crystallite size and the lattice strain estimated through the Rietveld 

analysis was established; 
• The crystallite size of ErNbO4 was obtained by three different methods, Rietveld refinement, 

Scherrer's formula and STEM analysis, with the results showing a good consistency; 
• The dielectric constant of ErNbO4 in a zero  porosity sample case was estimated and one can 

conclude that this value is not much higher than the dielectric constant obtained for the 
sample treated at 1600 ºC; 

• The dielectric constant increases with the increase of the treatment temperature, without 
significant increases of the losses. 

 



Declaration of interests 

 

× The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 


