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Abstract 

Multiferroic materials have significant attention due to the coupled magnetic, ferro- electric and ferro-

elastic orders. Among all multiferroic materials, bismuth ferrites (BiFeO3, BFO) are the only single-

phase room temperature multiferroic materials known, and have multifunctional applications. Bismuth 

ferrite possesses magnetic ordering of antiferromagnetic with a spatially modulated spin structure. 

Consequently, many researchers are engaged in releasing the ferromagnetism from space-modulated 

spin structure. This paper provides insights into the synthesis and characterization of Er3+ and Mg2+ co–

doped single-phase BFO nanocomposites namely BEFO, BEFMO–1 and BEFMO–2 with different mole 

ratios of magnesium by sol-gel method. FT – IR spectra confirmed the presence of Bi/Er –O bonds in 

doped BFO and the Raman spectra indicates the structural transformation of rhombohedral to 

orthorhombic. SEM images showed the undoped and doped BFO nanocomposites synthesized were 

spherical in shape and PL studies revealed that the reduction in the density of oxygen vacancies causing 

decrease in electron-hole recombination. Bismuth ferrites provide enhanced magnetic (Ms, Mr and Hc) 

behaviours due to doping of Er and Mg. 

 

Keywords: Bismuth ferrites; Er and Mg doping; Magnetic Hysteresis; PL studies. 

 

1. Introduction 

Recently, nanocomposite materials have pulled in the attention, imagination and close scrutiny of 

scientists and engineers. This results from the simple premise that using building blocks with dimensions 

in the nano sized range which makes it possible to design and create new materials with unprecedented 

improvements in their physical properties. This ability to tailor composites by using nano size building 

blocks of heterogeneous chemical species has been demonstrated in several interdisciplinary fields. The 

constituents of a nanocomposite have different structures and compositions and hence unusual 

properties, they serve various functions. Thus, the materials built from them can be multifunctional. 

Also, nanocomposites offer useful new properties compared to conventional materials. 

Multiferroic Bi1-xGdxFeO3 ceramics (x = 0.0, 0.05 and 0.10) have been synthesized by Sujata Sanghi et 

al. via two stage solid-state reaction method [1]. The structure phase transition from rhombohedral (R3c) 

to orthorhombic (Pnma) at x ≥ 0.10 was observed by XRD and Rietveld analysis. An increase in 

magnetization and coercive field was observed by the replacement of Fe3+with Gd3+. The improvement 
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in dielectric parameters and magnetic property is due to the presence of structural transformation of BFO 

lattice by incorporating Gd. 

Pal et al. prepared the enhanced magnetic, electric and magneto-dielectric (MD) properties of BFO by 

gadolinium doping through sol–gel method. The phase-purity and nanocrystalline nature of the samples 

have been confirmed by the XRD and TEM measurements. Both dc and ac electrical properties were 

measured to understand the charge transport mechanism. The dc electrical resistivity was found due to a 

variable range hopping conduction mechanism. The variation of ac-conductivity is based on the 

correlated barrier hoping (CBH) conduction mechanism. The improved magnetic and electrical 

properties have been attributed to a possible suppression of the inhomogeneous magnetic spin structure 

and broken periodicity of the spin cycloid of BFO owing to smaller crystallite size and decrease of the 

oxygen vacancies [2]. 

Pure BiFeO3 (BFO), Dy doped BiFeO3 (BDFO) and Dy–Mn co–doped BiFeO3 (BDFMO) thin films 

were successfully prepared on SnO2: F (FTO)/glass substrates by a sol–gel method. A structural 

transition from the trigonal structure (R3c: H) to the trigonal structure (R3m: R) was observed in the Dy 

doped and Dy–Mn co–doped BFO thin films by XRD, Rietveld refinement and Raman spectra. The 

results illustrated the high multiferroic property, giant remanent polarization and a relatively large 

saturation magnetization of BDFMO thin films [3]. Single–phase Bi0.95Ln0.05Fe0.95Co0.05O3 (Ln= La, Pr) 

nanoparticles were prepared by Weiwei Mao et al. through sol–gel method [4].The impurity phase was 

effectively suppressed and the magnetic properties of two co–doped samples were significantly 

enhanced. The significant structure distortion of Fe–O bonds due to high value of saturated 

magnetization, the co–doping of La and Co into BFO reduced the leakage current and enhanced the 

ferroelectric properties observed from Raman spectra. 

Gadolinium (Gd) and Dysprosium (Dy) doped multiferroic BGFM and BDFM ceramics has been 

synthesized by solid state reaction (SSR) technique. The crystal structure of the ceramic samples showed 

a monoclinic phase. The studies of dielectric properties like dielectric constant (ε) and loss tangent (tanδ) 

suggested ferroelectric–para electric phase transition in the compounds. The vibrating sample 

magnetometer (VSM) measurement showed a significant change in the magnetic properties of Gd and 

Dy doped samples [5]. Bi1-xPrxFe1-xTixO3 ceramics with x ≤ 0.20 were synthesized by solid state reaction 

method [6].  The single phase formation of all samples were observed in XRD and the structural 

transition from rhombohedral (R3c) phase for x ≤ 0.10 to orthorhombic (Pnma) phase for x ≥ 0.15 was 

observed by Rietveld refinement of diffraction data. The dielectric properties of samples were improved 

by controlling the amount of co–doping. M-H measurements showed an increase in magnetization with 

x due to the partial destruction of spin cycloid of Fe–O–Fe network caused by Ti doping. Absorption of 

light in the range of 520–546 nm indicates an optical band gap in the visible range for these doped 

materials. 

Ahmed et al. prepared nanometric multiferroic sample of Bi1-xLaxFeO3 (0.05 < x < 0.40) using ceramic 

method [7]. The decrease in the lattice parameters was due to the difference in the ionic radii of Bi and 

La and this effect was compensated by change in the atomic weight of the two elements. All samples of 

the ceramics showed anti–ferromagnetic and the small values of remnant and saturation magnetization 

indicated the canted type anti–ferromagnetism. The magnetic susceptibility measurements showed its 

size dependence due to long range spin arrangement. Improved magnetization of BiFeO3 is achieved by 

La3+ at different doping levels. Garg et al. [8] reported that the preparation of Pure and Samarium (Sm) 

doped BiFeO3 through a solid state reaction method. At a calcination temperature of 825°C, undoped 
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samples were found that maximum amount of pure phase BiFeO3, whereas a deviation in calcination 

temperature leads to secondary phases such as Bi25FeO40. On the other hand, Sm doped BiFeO3 samples 

revealed that the secondary phases do not appear on calcination at above 800°C. Vibrating sample 

magnetometry (VSM) measurements showed that Bi0.9Sm0.1FeO3 samples possessed higher remnant 

magnetization than undoped samples. Ferroelectric measurement showed that Sm doping in BiFeO3 

improves the polarization, but at the same time it enhances the leakage current. 

Pure phase and Sm3+/Zr4+co–doped BiFeO3 through sonochemical method were synthesized by Dimple 

P. Dutta et al. [9]. The presence of the dopant ions have been established by energy dispersive 

spectroscopy (EDS) and X–ray photoelectron spectroscopy (XPS). It has been found that 

Sm3+/Zr4+doped BiFeO3 shows the ferromagnetism while the bulk BiFeO3 shows anti–ferromagnetic 

behaviour due to size effects and lattice distortions in the sample. Also, doping decreases the leakage 

current and improves its ferroelectric properties and the suppression of oxygen vacancy is related  to 

defect more effective with Sm3+ doping in Bi3+ site compared to acceptor doping of Zr4+ in Fe3+ site of 

BiFeO3. The enhanced magneto dielectric properties in the Sm3+/Zr4+ doped BiFeO3 suggested that these 

materials are used in memory storage devices. 

Yu Sui prepared single phase Europium doped BFO multiferroic ceramics to study the effects of Eu 

substitution on their crystal structure and ferroelectromagnetic behaviour of Bi1−xEuxFeO3 (0≤x≤0.3) 

[10]. The XRD studies revealed that a structural phase transitions R3c→Pn21a occurs at x = 0.2. 

Europium substitution effectively induced the appearance of spontaneous magnetization and enhanced 

composition–driven transition from a rhombohedral to an orthorhombic phase. By increasing Eu 

concentration, the leakage current was found to be reduced. The electric hysteresis loops of 

Bi1−xEuxFeO3 ceramics were obtained and the loops were not saturated. 

The systematic studies of crystalline structure, magnetic and ferroelectric properties of La and Pr doped 

polycrystalline Bi1-x-yLaxPryFeO3 ceramic samples have been done by Srivastava et al. [11].   La and Pr 

substitution at Bi site eliminates the impurity phases in the doped ceramic samples completely. Rietveld 

refinement showed that the crystal structure changes from Rhombohedral (R3c) to Orthorhombic (pbnm) 

with increased concentration of La and Pr. Substantial enhancement in magnetization of Bi1-x-

yLaxPryFeO3 has been observed and the structural phase change with doping of Pr leads to the 

suppression of helical spin order. It has been found that the dielectric constant and dielectric loss get 

improved by La and Pr co–substitution. The improvement in dielectric properties is due to the changes 

in lattice parameters and suppression of oxygen vacancies caused by La and Pr co–substitution. 

Polycrystalline Bi1-xDyxFeO3 (x=0.03, 0.05, 0.07, 0.10 and 0.12) ceramics has been synthesized by solid 

state reaction route and the Rietveld refinement revealed that all the samples crystallize in the 

rhombohedral structure with non–centrosymmetric R3c space group. Substitution induced suppression 

of the spiral spin structure and Dy3+– Fe3+ interaction enhanced RT magnetization. The magnetic 

coupling between Dy3+– Fe3+ and Dy3+– Fe3+ ions enhanced at low temperatures range for x = 0.07–0.12 

samples and the dielectric properties were improved with increasing Dy content in BiFeO3 [12]. 

Xingsen Gao et al. prepared Mg doped Bi0.8Ca0.2FeO3 ceramics and studied the structural and enhanced 

ferromagnetic properties. Oxygen vacancies are introduced into Bi0.8Ca0.2Fe1-xMgxO3 ceramics by 

doping in order to induce the enhanced macroscopic ferromagnetism from anti-ferromagnetism. The 

enhanced ferromagnetism is due to the creation of unbalanced Fe3+ spins induced by the collapse of the 

space modulated cycloidal spin structure and relative long–range coupling mediated by the oxygen 

vacancies trapped localized electrons [13]. 
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Yang et al. reported that Mn and Mg co–doped BiFeO3 films have been developed on Si (100) substrates 

by sol–gel method [14]. Rhombohedral lattice structure and phase transition was confirmed by XRD and 

Raman spectra. The improved surface morphology and decreased grain size of films were due to the 

influence of Mn and Mg co–doping which was observed in SEM. In Photoluminescence spectra, a blue 

emission of xBFMMO films was found while the non–linear shift of emission peaks indicates the 

variation of band gap. M–H curves exhibits the enhanced saturation magnetization due to destroyed spin 

cycloid and released locked magnetization. This offers a great potential on the multiferroic information 

storage applications. 

Recently, the research interest in multiferroic materials, in which ferroelectricity, ferroelasticity and 

ferromagnetism coexist, has increased due to the multifunctional device applications. BiFeO3 with 

distorted rhombohedral perovskite structure is the most interesting multiferroic compound, provides an 

enormous potential for technological applications and hence the present study. 

 

2. Materials and Methods 

Nano-sized composites of Bi0.8Er0.2Fe1Mg0O3 (BEFO), Bi0.8Er0.2Fe0.9Mg0.1O3 (BEFMO-1) and 

Bi0.8Er0.2Fe0.8Mg0.2O3 (BEFMO-2) were synthesized via sol-gel method. The appropriate proportions of 

analar grade of Bismuth nitrate [Bi(NO3)3.5H2O, 98%], iron nitrate [Fe(NO3)3.9H2O, 98%], Erbium 

nitrate [Er(NO3)3.5H2O, 99.9%] and Magnesium nitrate [Mg(NO3)2.6H2O, 99%] were used as starting 

materials and dissolved in 1.2 mL of nitric acid (99.5%) and double distilled water. Ascorbic acid was 

added as an organic complex to the reaction mixture. After the dissolution of the reactants completely, 

the solution was stirred for 1 to 2 hours to attain a homogeneous gel like mass and dried. Further, the 

dried samples were underwent thermal treatment at 250°C and 800°C for 1hour [15]. 

 

3. Results and Discussion 

3.1 UV – Visible spectra 

The UV–Visible absorption spectra and the corresponding Tauc’s plot for the Er and Mg co-doped BFO 

samples are shown in Figure: 1 (a) and (b). A strong band is observed around the wavelength of 450 nm 

is attributed to metal–metal transition and the weak band in the range of 600–700 nm is assigned to the 

crystal field transition. The direct band gap is calculated using Tauc’s equation by plotting [αhν]2 as a 

function of energy and is equal to zero. The estimated band gap is found to be 2.23, 2.10 and 1.89 eV for 

BEFO, BEFMO–1 and BEFMO–2 samples with absorption maximum at 417, 427 and 448nm 

respectively. The observed changes in band gap energy may due to the size effect and the structural 

distortion induced in the host materials. In particular, co-substitution of Er in BFO induces change in 

Fe–O–Fe bond angles due to octahedral distortion. Thus, the narrow optical energy band gap value 

obtained suggests that Er doped BFO samples would be a potential candidate towards the application of 

visible light photocatalyst. 
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Figure 1:  (a) UV– Visible spectra     (b) Tauc’s plot 

 

3.2 FT – IR spectra 

Figure: 2 shows the FT–IR spectra of doped bismuth ferrite nanocomposites. The FT–IR spectra of 

BEFO show a peak at 589.89 cm-1 due to Bi/Er–O vibration mode. The vibration mode of Mg doped 

composites has been shifted to lower values of 588.31 and 583.49 cm-1 corresponding to BEFMO-1 and 

BEFMO-2 respectively.  Since bending of Fe–O and Bi–O bonds developed due to the deformation of 

octahedron with Er and Mg substitution and also the bending of OH bonds in water molecule decreases 

with increase in concentration of dopants. 

 
Figure: 2 FT – IR spectra 

 

3.3 XRD studies 

The XRD pattern of BEFO, BEFMO-1 and BEFMO-2 nanocomposites synthesized are shown in figure: 

3. The pure, undoped BFO depicts the rhombohedral symmetry which involves in structural distortion 

and hence transformed to orthorhombic (lbmm) symmetry by dopants. The structural distortion was 

attributed as a result of small ionic radius of Er3+ (0.89 A°) in comparison with that of Bi3+ (1.03A°). 
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The peaks in the XRD are indexed as (130), (121), (200), (141), (150), (210), (042), (202), (242), (280), 

(143), (1 10 1) and (1 11 1) shown in figure: 3(c). Although, further doping of magnesium (Mg2+) in B 

site of Fe3+ ( 0.645 A°) does not change the existing structure, the increase in atomic number of the 

transition elements leads  to a reduction in ‘b’ parameter eventually the cell volume changes due to the 

variation of ionic radius of Mg2+ (0.66 A°). 
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Figure: 3 XRD 

 

The Goldschmidt tolerance factor determines the distortion degree of ABO3 perovskite and the stability 

of perovskite compounds is based on ABO3 formula. The reduction of tolerance factor for BEFO, 

BEFMO-1 and BEFMO-2 nanocomposites are owing to the variation of average radius at A site or B 

site, indicating that Fe3+/Mg2+–O and Bi3+/Er3+– O bonds are under the compression and tension forces 

respectively. In order to reduce the lattice stress after doping Er3+ and Mg2+, oxygen octahedron rotates 

cooperatively which leads to the transformation of crystal structure of BiFeO3 with the substitution of 

Er3+ and Mg2+. Thus, the change in Goldschmidt tolerance factor values further proved that the 

substitution of Er3+ and Mg2+ results in the transformation of crystal structure from rhombohedral to 

orthorhombic phase [16]. The following table 1 gives the crystallographic parameters of doped BFO 

nanocomposites. 

 

Table 1: Crystallographic parameters of Er3+ and Mg2+ co-doped BFO nanocomposites: 

Compounds a (A°) b (A°) c (A°) 
Cell volume 

V (A°)3 

Crystalline 

size (nm) 
Tolerance factor 

Bi0.9Er0.1FeO3 5.5898 15.7286 5.6121 493.4 64.5 0.8351 

Bi0.9Er0.1Fe0.9Mg0.1O3 5.5482 15.5159 5.4372 468.1 52.6 0.8344 

Bi0.9Er0.1Fe0.8Mg0.2O3 5.5276 15.3293 5.5470 470.1 21.7 0.8338 

 

3.4 Raman spectra 

Figure: 4 shows the Raman spectra of BEFO, BEFMO–1 and BEFMO–2 nanocomposites. The ionic 

radius of Er3+ (0.89A°) is smaller than that of Bi3+ (1.03A°) and hence, it is easy to substitute Er into the 
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Bi site of BFO. The changes observed in the low frequency Raman modes (A1) for the synthesized 

nanocomposites are mainly due to the Er substitution into the Bi site of the perovskite BFO. The low 

frequency modes move towards a higher frequency, which associated with the reduction of activity of Er 

doped in BFO. After co-doping of Mg2+ ((0.66A°) ions, the A and E modes changed in which the E–

mode regarded as the bending and stretching of FeO6 octahedra. The A1-1 mode of intensity is reduced 

to 280, 240, 190 counts for BEFO, BEFMO –1 and BEFMO –2 respectively and the significant changes 

in E modes shifted towards higher wave numbers with intensity enhancement indicating that the 

structural transformation from rhombohedral to orthorhombic occurs which altered the Fe–O bonds by 

doping Mg2+ ions [16,17]. The comparison of E mode intensities of doped nanocomposites are given in 

table 2. 

 

 
Figure 4:  Raman spectra of (a) BEFO (b) BEFMO-1 (c) BEFMO-2 nanocomposites 

 

Table 2: Comparison of E-mode intensities: 

Modes 
Intensity 

BEFO BEFMO –1 BEFMO –2 

E7 190 500 840 

E8 210 510 520 

E9 200 530 610 

 

3.5 SEM analysis 

The SEM images of BEFO, BEFMO–1 and BEFMO–2 nanocomposites are shown in Figure 5 (a), (b) 

and (c) respectively. The morphology of the synthesized nanocomposites showed the agglomerated 

spherical shape and the size of composites has been diminished by dopants, due to the oxygen vacancies, 

which slows down the motion of oxygen ion and hence lowers the grain growth [13]. The addition of 

Mg in BEFO results in inhibition of grain growth, which attributes the reduction in oxygen vacancies in 

the nanocomposite samples. 
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Figure: 5 SEM images of (a) BEFO (b) BEFMO–1  (c) BEFMO–2 

 

3.6 Photoluminescence Studies 

The Photoluminescence spectra of Er and Mg doped nanocomposites are shown in Figure 6. The peak 

appeared in the range of 410 to 450 nm which centered at 416 nm (2.97 eV) and 440 nm (2.81 eV), both 

are in Visible luminescence region. The strong blue emissions appeared since self-activated centers in 

the synthesized doped BFO nanocomposites. The Er doped composites showed the peak with high 

intensity, while the intensity decreases for Mg dopants due to the reduction in the density of oxygen 

vacancies and hence decrease in electron–hole recombination. Also, Mg co–doping causes the blue shift 

due to the consequence of quantum confinement. Consequently, the reduction in crystallite size and 

suppression of recombination rate of electron–hole pairs [18] may influence the photocatalytic action of 

Er and Mg doped BFO nanocomposites. 
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Figure 6: Photoluminescence of (a) BEFO (b) BEFMO –1 (c) BEFMO – 2 

 

3.6 M–H studies 

The magnetic behaviours of pure and Erbium doped bismuth ferrite have been investigated by Vibrating 

Sample Magnetometer at room temperature. The saturation magnetization increases with the increase in 

concentration of Er3+ ions in the BFO samples. This increased saturation magnetization is due to the 

alignment of spins in the field direction which may cause the decreased particle size. The synthesized 

a b c 
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nanoparticles have lesser diameter (∼62 nm) of BFO and possess high ferromagnetism, depend on 

quantum confinement of the particles. The enhanced magnetic parameters (Ms, Mr and Hc) are due to 

increase in the concentration of Er which causes the structural deformation from rhombohedral to 

orthorhombic [19]. 

The room temperature magnetic hysteresis (M–H) of BEFO, BEFMO-1 and BEFMO-2 are shown in 

Figure: 7 (a), (b) and (c) respectively. The saturation magnetization (Ms) and remanant magnetization 

(Mr) value of BEFO has been increased in comparison with pure BFO (Ms =0.31 and Mr = 0.13) since 

structural deformation that occurs from rhombohedral to orthorhombic which caused by the addition of 

Er3+ ions. The relative rotation of FeO6 octahedra takes place in the process of structural transformation 

from rhombohedral to orthorhombic. Further, the magnetization of BFO has been increased by Mg 

doped on B site. Both Bi–O and Fe–O bond distance leads to the suppression of spiral spin structure 

which increases the net magnetization after doping of Mg2+ with Er3+. Comparison of magnetic 

parameters of Pure BFO and doped BFO nanocomposites are shown in table 3. 

 

 
Figure 7: M – H curve of (a) BEFO (b) BEFMO–1 (c) BEFMO–2 at room temperature 

a b 

c 
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Table 3: Comparison of the Magnetic parameters of Pure BFO and Er3+ and Mg2+ doped BFO 

nanocomposites: 

Compounds Coercivity  (Hc) 
Saturation 

Magnetization (Ms ) 

Remanent 

Magnetization (Mr) 

BFO 574.6 0.32 0.13 

BEFO 17.084 1.1885 0.1408 

BEFMO-1 117.5 7.1343 0.5579 

BEFMO-2 427.83 9.7223 0.5814 

 

5. Conclusion 

The single phase Er3+ doped and (Er3+, Mg2+) co−doped BFO nanocomposites have been synthesized by 

sol- gel method. UV−Visible and FT− IR spectral analyses confirmed that the dopants Er3+ and Mg2+ 

were present in the BFO nanocomposites. From the band gap value, it has been found that doped BFO 

would be a potential material towards the application of Visible light photocatalyst. XRD and Raman 

spectra of BFO indicates the structural transformation from rhombohedral to orthorhombic phase and the 

crystallite size has range of 21−64 nm. The SEM images of Er-doped BFO revealed the spherical shape 

and the inhibition of grain growth were observed after co-doping. The photoluminescence studies 

exposed the suppression of recombination rate of electron–hole pairs which supported the enhanced 

photocatalytic action of BFO nanocomposites. The increased magnetization is due the structural 

transformation from rhombohedral to orthorhombic and suppression of spiral spin structure which 

increases the net magnetization after doping of Mg2+ and Er3+ with BFO. 
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