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Abstract 

Influence of oxygen vacancy on dielectric relaxation behavior of pure and Eu-substituted BiFeO3 

nanoparticles synthesized by sol-gel technique has been studied using impedance spectroscopy in the 
temperature range of 90°C to 180°C. Electric relaxation time and activation energy of oxygen vacancy 10 

can be calculated from Arrhenius equation, as found to be 1.26 eV and 1.76 eV for pure and Eu-
substituted BiFeO3, respectively. Substitution induces structural disorder and change in Fe–O–Fe bond 
angle leading to alteration of magnetic properties, observed from magnetic studies and evaluated using 
Rietveld refinement of XRD patterns. X-ray photoelectron spectroscopy (XPS) confirms the shifting of 
binding energy of Bi 4f orbital, establishing the Eu substitution at Bi site. Calculation of area under 15 

Fe2+/Fe3+ (2p) and O (1s) XPS spectra gives approximate values of oxygen vacancy. 

Keywords: BiFeO3, Fe–O–Fe bond angle, activation energy, XPS 

Introduction  

Over the past few years, multifunctional materials have gained 
much interest of researchers because of their fascinating science 20 

and wide range of applications in various fields. Accordingly, 
multiferroic materials have shown potential applications in many 
fields such as multiple-state memories, spintronics, transducers, 
actuators, magneto-electric sensor devices, etc., due to their 
ferroic properties.1,2 It is well known that the bismuth iron oxide 25 

(BiFeO3) is one of the most well studied and widely discussed 
multiferroic materials due to its room temperature multiferroic 
properties with high ferroelectric (830oC) and G type-
antiferromagnetic (370oC) transition temperature which makes to 
study the possibility to explore the suitability of  BFO for device 30 

applications. BiFeO3 comes under pervoskite structured (ABO3) 
family, which crystallizes into distorted rhombohedral structures 
with space group R3c.  Studies have shown that the existence of 
ferroelectricity in BFO is due to its structural distortion caused by 
the hybridization of Bi 6S2 and oxygen (p) lone pair of electron, 35 

and its magnetic properties occur due to Fe ions. If the Fe 
magnetic moment permits canting of spins, then the 
antiferromagnetic sub- lattice induces macroscopic magnetization 
that is called weak ferromagnetism. However, in bulk BiFeO3, 
existence of space-modulated spin structure that have a 40 

wavelength of 62 nm leads to the cancellation of macroscopic 
magnetization.3 Besides, BFO suffers from high leakage current 
that gradually decreases its ferroelectric behavior and dielectric 

properties. Evidently, many studies have stated that the 
occurrence of oxygen vacancy defects is common in BiFeO3. 45 

Indeed, presence of oxygen vacancy leads to the formation of 
Fe2+ in order to maintain charge balance in the material.4 
Consequently, playing down the oxygen vacancy functionally 
contributes in the minimization of the leakage current and 
maximization of net magnetization that can be a beneficial to the 50 

multiferroic property of BiFeO3. Aforementioned the problem of 
oxygen vacancy declines with the modification of Bi or Fe sites 
through chemical substitution. Some research groups 5-7 have 
experimented with altering the Bi site through substitution of 
alkaline earth metals like (Ba, Ca, Sr, etc.) to enhance the 55 

magnetic properties of BFO; however, these ions possess 2+ 
oxidation states and while incorporating them into Bi3+ ions 
resulting in the appearance of oxygen vacancies that in turn 
increases the electrical conductivity of the material. Hence, 
several research groups have reported the improved multiferroic 60 

property of BFO through chemical substitution of rare earth 
elements, such as (La, Sm, Ce, Tb, Eu, Dy, and Gd ions)8-14 
owing to their 3+ oxidation state and relatively similar to ionic 
radius of Bi3+. These in turn would possibly affect the resultant 
chemically substituted BiFeO3’s structure in its structural 65 

distortion. Consequently, it reduces the oxygen vacancy and 
thereby in enhances the multiferroic property. 
 It is reported that when rare earth ion Eu3+ is substituted in 
Bi3+ions site, it induces  structural distortions owing to its smaller 
ionic radii (1.07 Å) as compared to Bi ions (1.17 Å).15 Besides 70 

that, Eu ions are of same valence state as that of Bi ions; hence, 
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there is no possible way to develop oxygen vacancy. Meanwhile, 
it possibly reduces the secondary phases and oxygen vacancy, 
thereby improving the ferroelectric and magnetic properties of 
BFO. 
 In this work, the effect of Eu substitution on structural, 5 

morphological, compositional, magnetic and electric properties of 
BiFeO3 are studied. Through these characterizations, the author 
takes the privilege to interpret the results with respect to 
reduction of oxygen vacancy and enhancements of Fe–O–Fe 
bond angle with the aim of improve the overall material’s 10 

multiferroic properties. Hence, we employed simple tartaric-
based sol-gel method as synthesized for a single-phase BiFeO3 
(BFO) and Bi(1-x)EuxFeO3(EBFO) nanoparticles. 

Experimental details:  

The typical sol-gel16 technique was employed to synthesize pure 15 

and Eu-substituted BiFeO3 compositions. All chemical reagents 
were of laboratory grade procured from Alfa-Aesar chemical 
company. Stoichiometric amount of Bi(NO3)3.5H2O and 
Fe(NO3)3.9H2O were dissolved in double-distilled water with 
constant addition of conc. HNO3 in order to get a homogenous 20 

solution., Then tartaric acid (as chelating agent) was added to the 
above solution to obtain the solution of metal and tartaric acid 
with a molar ratio of 1:2. The obtained solution was vigorously 
stirred at 80oC for 3 hours to obtain a dry gel resulting in 
powders. The final products were grind into a fine powder and 25 

calcined in a furnace (VB ceramics) at 650oC for 3 hours in order 
to get pure BiFeO3. The Eu-substituted BiFeO3 compositions 
were prepared using similar synthesis methodology as that of 
pure BiFeO3. The difference was the addition of required amount 
of Eu(NO3)3.H2O in accordance with the substitution percentage.  30 

All the synthesized compositions were subjected to thermal 
gravimetric analysis (Perkin Elmer) in order to identify the 
approximate annealing temperature range of BiFeO3 phase 
formation. The samples were heated in an inert atmosphere from 
room temperature (32°C) to 850°C at the rate of 20°C/min. The 35 

structural and phase composition analysis of the samples were 
carried out in an X-ray diffractometer (XRD, X’PERT PRO 
PANalytical) using Cu-Kα source (λ = 1.5406 Å) in the 2θ range 
of 10° to 60° at a scan rate of 3.3°/min.  
Field emission electron microscopy (FESEM) was used to study 40 

the morphology of the samples (using Hitachi, Japan; Model- 
S6600). The chemical composition and chemical shift of the 
elements were determined by using X-ray photoelectron 
spectroscopy (XPS) instrument (Omicron nanotechnology). 
Iodometric chemical titration was carried out in order to estimate 45 

the oxygen content in the samples. The magnetic properties of the 
samples were studied at room temperature with an applied field 
(1 T maximum field) using vibration sample magnetometer 
(VSM) (using lakeshore). The impedance spectroscopy (IS) 
measurements were done in an impedance/gain phase analyzer 50 

(Solartron, SI 1260) over the frequency range 1 MHz to 1 Hz and 
temperature range of 40°C to 200°C.  

Results and discussion: 

Thermal analysis (TGA)   

In order to evaluate the calcination temperature, a calculated 55 

amount of sample was heated from room temperature to 850°C in 
an inert atmosphere at a rate of 20°C/min. At 800°C, the 
estimated weight loss was 38% as depicted in Fig.1. The weight 
loss observed at 100°C, 200°C and 400°C were due to the 
removal of water, CO2 and tartaric acid, respectively.17 The 60 

constant weight loss after 500°C enabled to fix 650°C as 
calcination temperature. Therefore, all the as prepared samples 
were calcined at an optimized temperature of 650°C for 3 hours 
and obtained the BFO phase.  

 65 

Fig.1 TGA curves of BFO and EBFO 

Structural analysis 

 
Fig.2 (a) XRD pattern of (a) BFO (b) Bi0.95Eu0.05FeO3 and (c) 

Bi0.90Eu0.10FeO3  70 

Fig 2(a) shows the XRD pattern of Bi1-xEuxFeO3 (0≤ x≤0.10) 
compositions. All the reflections peak were indexed to 
rhombohedral space group R3c. Notably, the observed merge of 
planes (104) and (110) in 10% Eu-BFO as shown in Fig. 2 (b) 
indicated the lattice distortions occurred in the composition. 75 

These lattice distortions showed possible influence in lattice 
parameter of Eu-substituted BFO compositions. Therefore, in  
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Fig.2 (b) Merges of plane (1 0 4) and (1 1 0) 

order to confirm the distortion, the XRD patterns were analyzed 
using Rietveld refinement method using FULLPROF 
PROGRAM to calculate the lattice parameters, Fe–O bond 5 

length, and Fe–O–Fe bond angle. “For all the refinement, 
Thompson-Cox-Hastings pseudo-Voigt function was chosen and 
background was fitted with 6-Coefficient polynomial function. 
Lattice parameter, scale factor, background, atomic position 
FWHM/shape parameter, asymmetric parameter etc were refined 10 

and micro strain parameter refinement was not done during 
refining process”. Figure 3 shows the observed, calculated, and 
the difference in the refined XRD patterns of BFO and EBFO. 
The obtained values of the lattice parameters for pure BFO are a 
= b = 5.5793 Å and c = 13.8685 Å, which are consistent with the 15 

reported values.18 Detailed analysis of the structural parameters 
studied using Rietveld refinement are given in Table 1 

 
Fig.3 Rietveld Refinement of BFO and EBFO samples 

The 10% Eu-substituted BFO showed no effect on its crystal 20 

structure but lattice parameters decreased with Eu percentage, in 
accordance with the literature reports. 19 Therefore, a decrease in 
unit cell volume (Table 1) was observed, probably due to the 
smaller ionic radii of Eu3+ compared to Bi3+ ions leading to the 
merging of peaks. Using Scherer`s formula the average crystallite 25 

size of BFO, Bi0.95Eu0.5FeO3, and Bi0.9Eu0.1FeO3 are calculated to 
be 58 nm, 48 nm, and 38 nm, respectively. 
  

Table 1 The refined structural parameters of BFO and EBFO samples based on the measured XRD patterns shown in Fig. 2(a) 

Parameter BiFeO3 Bi0.95Eu0.05FeO3 Bi0.90Eu0.10FeO3 
a 5.5793 5.5762 5.5661 
b 5.5793 5.5762 5.5661 
c 13.8685 13.8475 13.783 
α 90 90 90 
β 90 90 90 
γ 120 120 120 

Volume 373.8 372.8 369.8 
R-Factor    

Rp 5.34 5.70 5.52 
Rwp 7.08 7.61 6.95 
χ2 6.33 5.33 3.94 

Atomic position – Bi Bi Bi/Eu Bi/Eu 
x 0 0 0 
y 0 0 0 
z 0 0 0 

Atomic position – Fe    
x 0 0 0 
y 0 0 0 
z 0.2787 0.2207 0.2210 

Atomic position – O    
x 0.4497 0.5600 0.56986 
y 0.0069 0.014 0.0297 
z 1.0457 0.9613 0.9600 
    

B iso(Bi) 
Fe 
O 

0.273 
0.396 
0.8106 

0.2622 
1.120 
1.141 

0.2046 
0.9956 
0.672 

  (Bi/Eu – O) (Bi/Eu – O) 
Bi–O bond length 2.3674 2.3779 2.298 
Fe–O bond length 1.85 1.9852 1.981 

Fe–O–Fe bond angle 159.9 161.63 158.78 
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Table 2 Fraction of covalency Fc and fraction of ionicity Fi for Bi–O, Eu–
O, and Fe–O bonds 

Parameter Bi Eu Fe O 

Electronegativity 2.02 1.2 1.83 3.44 

Fc 0.60 0.28 0.52  

Fi 0.40 0.72 0.48  

Table 2 signifies that the value of Fi for Eu–O (0.72) was much 
larger than Bi–O (0.40) indicating higher binding energy value 
for (Bi, Eu)–O than that of Bi–O bond. Therefore, the observed 5 

shift in the binding energy of EBFO toward higher order was 
essentially attributing the substitution of Eu in Bi sites.  
 To evaluate the oxidation state of Fe, the narrow scan XPS 
spectrum of Fe 2p line for the pure and Eu-substituted BFO are 
shown in Fig.7b. From the spectrum, it was observed that Fe 2p 10 

orbital into Fe 2p3/2 and Fe 2p½ can be observed. These sub peaks 
could be possibly de-convoluted into two peaks as 711.4eV, 
710.0 eV for pure, and 711.9, 710.5 for Eu-substituted BFO. 
Generally, the oxidation states of Fe3+ and Fe 2+ have reported 
binding energy values of 711 eV and 709 eV, respectively.20,22 In 15 

our experiment, the Fe ions were found to have a mixture of 3+ 
and 2+ oxidation states in pure and Eu-substituted BFO. 
However, the Fe2+ ions are unavoidable in BFO owing to the air 
atmospheric annealing which introduces defects in the form of 
oxygen vacancies for charge balancing. 20 

From the percentage area under the peak obtained from fitting, 
the Fe spectrum about 27% and 18% of Fe ions were found be 
possessed Fe2+ oxidation state in pure and Eu substituted BFO 
respectively. The observed lower concentration of Fe2+ ions in 
EBFO signifies the reduced oxygen defects in the material. A few 25 

reports23, 24 provide an insight into the investigation of oxygen 
vacancy concentration in perovskite metal oxide materials from O 
1s spectra. Consequently, the percentage of oxygen vacancy in 
pure and Eu-substituted BFO was estimated from the de-
convoluting O 1s peak into three peaks as shown in Fig.7c. The 30 

lower binding (LB) energy, medium binding (MB) energy and 
higher binding (HB) energy of pure and Eu-substituted BFO were 
attributed to the oxygen present in the lattice, oxygen loss and 
absorbed oxygen on the surface respectively. The percentage of 
oxygen vacancy concentration can be calculated by taking the 35 

ratio MB/LB, from which the values obtained for pure and Eu-
substituted BFO were 35% and 28% respectively. Hence, it was 
evident that the oxygen vacancy concentration was effectively 
reduced by Eu substitution25. The Convoluted peaks of Bi 4f, Fe 
2p and O 1s were given in Table 3.  40 

In addition to this, the Iodometric chemical titration analysis was 
also carried out in order to quantify the oxygen content in pure 
BFO (2.85) and EBFO (2.91) samples. From the analysis, the 
oxygen content was found to be rich in EBFO compared to pure 
BFO. This clearly indicated that the oxygen vacancy was reduced 45 

due to the Eu substitution in BFO. 

 

 
 

 50 

Fig.7 Narrow scan spectra of (a) Bi 4f (b) Fe 2p and (c) O1s. 

 
 
 
 55 
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Table 3 Convoluted peaks of Bi 4f, Fe 2p and O 1s 

Samples Elements Convoluted Deconvoluted  
peaks(eV) 

Area FWHM 

  Peaks Energy 
position(eV)

   

BFO Bi 4f 5/2  158.4 157.4 8084.2 1.775 
    158.6 23990.4 1.775 
  7/2 163.8 162.8 6063.1 1.775 
    163.9 17992.8 1.775 
 Fe 2p 1/2 710.5 710. 1462.7 2.876 
    711.4 4075.6 4.599 
  3/2 724.2 723.5 731.4 2.876 
    725.2 2037.8 4.599 
 O1s   529.8 17697.1 2.677 
    531.6 6323.5 2.026 
    532.7 3047.3 2.026 

EBFO Bi 4f 5/2  158.6 157.5 13421.6 1.778 
    158.7 42751.5 1.778 
  7/2 163.9 162.9 10066.2 1.778 
    164.1 32063.6 1.778 
 Fe 2p 1/2 711.4 710.5 2431.9 2.932 
    711.9 11126.9 4.303 
  3/2 725 724.3 1215.6 2.932 
    725.7 5563 4.303 
 O1s   530 31278 2.79 
    532.2 9046 1.8208 
    533.1 4844 1.8208 
       

. 

Magnetic properties 

In order to investigate the magnetic properties of pure and Eu-5 

substituted BFO samples, the VSM measurements were carried 
out at room temperature. Fig.8 shows the measurement of 
magnetization (M) of pure and 10% Eu substituted BFO as a 
function of applied field (H). Weak magnetic hysteresis behavior 
was observed for pure BFO with a magnetization value of 70.25 10 

m emu/g at the maximum field of 1 T due to existence of canted 
antiferromagnetic spins (weak ferromagnetic). As generally 
reported4 bulk BFO exhibits antiferromagnetism without any 
saturation magnetization. Hence, weak ferromagnetism exhibited 
was due to the pure BFO nanoparticles. With substitution of 10% 15 

Eu, an enhancement in magnetization value, 88.04m emu/g, at the 
maximum field of 1T was observed. A similar behavior has been 
reported for Eu-substituted BiFeO3

26. 
Enhancement of magnetic behavior with Eu substitution can be 
attributed to structural distortion leading to collapse and 20 

suppression of the space modulated cycloid spin structure, as 
property exhibited by other rare earth ions.27 With Eu 
substitution, the structural distortion occurs that results in the 
canting of spins and therefore bond angle of Fe–O–Fe changes 
from 159.9° to 158.78°, calculated using BondSTR 25 

(FULLPROF). consequently, an increase in the canting angle 
modifies the magnetic properties, as reported in related 
literature.28 
The change in bond angle is an important factor when structural 
distortion is considered. Up to 10% Eu substitution, there was a 30 

suppression of spiral spin structure alone. According to the 
Landau–ginzburg29,30 theory, destruction of spin cycloid in BFO 
leads to enhanced magneto-electric interaction which can 
improve the effective magnetic susceptibility and ferroelectric 
remanent polarization of multiferroics. 35 

 
Fig.8 Magnetization(M) vs Magnetic field(H) for BFO and EBFO. 

Electric properties 

The electric properties of pure and Eu-substituted BFO were 
analyzed by using impedance spectroscopy. Generally, 40 

impedance spectroscopy data can be analyzed using four possible 
complex interrelated formalisms, that is, Impedance (Z*), 
modulus (M*), permittivity (ε*), and admittance (A*)31. In 
general, dielectric material kept in an electric field polarization 
occurs at a certain frequency. As the field is reversed, dipole 45 

reorientation becomes out of phase resulting in energy dissipation 
and this effect is known as dielectric relaxation. The time delay 
involved is known as the dielectric relaxation time. This dielectric 
relaxation occurs at various frequencies for different materials, 
which is dependent on the type of defect related to the dipoles, 50 
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that is, physical or chemical defect.32 From earlier discussions, it 
is observed that oxygen vacancy is one of the defects present in 
BFO. Eventually oxygen vacancy plays an important role in the 
electrical relaxation of pervoskite materials and it influences the 
dielectric relaxation behavior at high temperatures due to its 5 

increase in oxygen vacancy concentration.33 There is a decrease 
in oxygen vacancy concentration with Eu substitution in BFO 
possibly affecting the dielectric relaxation behavior that was 
studied using the impedance spectroscopy. The modulus 
formalism has an added advantage of suppressing the electrode 10 

polarization effect. The variation of imaginary part of electric 
modulus (M*) as a function of frequency over a temperature 
range of 90oC to 180oC for pure and Eu-substituted are shown in 
Fig. 9 (a) and (b). 

 15 

Fig. 9 Modulus spectra of (a) BFO and (b) EBFO 

As observed from the spectra, relaxation peaks were shift toward 
higher frequency with increasing temperature. This was 
essentially attributing the increase in relaxation rate. The 
dielectric relaxation time is calculated using the relation, 20 

τm = 1/ (ωm)  
where τm = relaxation time and ωm = angular frequency of the 
materials. This relaxation time as a function of temperature is 
shown in Fig. 10. As temperature increases, the relaxation time 
decreases for both the samples attributed to the semiconducting 25 

nature of the samples. The activation energy (Ea) was determined 
from the relaxation time plot using the Arrhenius relation given 
by,  
 τm = τoexp (−Ea/kBT) 
Where τo is the pre-exponential factor of the relaxation time, T is 30 

the temperature, and kB is the Boltzmann constant 

 
Fig. 10 Dielectric relaxation time vs temperature of BFO and EBFO 

 

 35 

Fig.11 Activation energy of (a) BFO and (b) EBFO 

The activation energy (Ea) was determined from the slope of the 
linear fit in Arrhenius plot, shown in Fig. 11. The values for pure 
and Eu-substituted BFO are 1.26 eV and 1.76eV, respectively. 
These values match well with the literature reports.34 On this 40 

basis, the stoichiometric BFO activation energy is 2 eV,35 
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whereas, in this study activation energy was lower due to 
existence of oxygen vacancy. In Eu-substituted samples, 
activation energy has increased dramatically. Hence, lead to the 
suppression of oxygen vacancy. 

Conclusions 5 

In summary, this study investigates the dielectric relaxation 
behavior, activation energy, and magnetic properties of sol-gel 
derived pure and Eu-substituted BFO nanoparticles. The results 
were interpreted by estimating the oxygen vacancy and change in 
the Fe–O–Fe bond angle. XRD studies  evidently confirms the 10 

rhombohedral space group of R3c and the Rietveld refinement 
confirms the structural distortion as well as  induced changes in  
lattice parameter and Fe–O–Fe angle with Eu substitution. An 
increase of canting angle (i.e., decrease of Fe–O–Fe bond angle) 
with Eu substitution alters the magnetic properties of BFO. The 15 

observations of XPS narrow scan of Fe 2p and O1s spectra 
revealed that the oxygen vacancies were reduced with Eu 
substitution. Further, these oxygen vacancies induce the changes 
in dielectric relaxation time and activation energy with related 
samples. 20 
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