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Abstract 

The structural and magnetic properties of a series of orthoferrites, RER0.7RSr R0.3RFeR0.9RNiR0.1ROR3R; RE= 
La, Pr, Nd, Gd, and Dy were successfully prepared by the citrate-nitrate autocombustion method. All 
samples were antiferromagnetic with a weak ferromagnetic component due to small canting of the FeP

3+
P 

moments. The correlation between magnetic transition and structural distortion is discussed on the 
basis of the variation of the Néel temperature and the tolerance factor as a function of different ionic 
radii of the rare earth elements. The results reveal that, X-ray diffraction (XRD) analysis indicated that 
all samples crystallized in pure orthorhombic perovskite structure with space group Pbnm. The 
Goldschmidt tolerance factor for the perovskite decreases from 0.85 for LaR0.7RSr R0.3RNiR0.1RFeR0.9ROR3 Rto 0.82 
for DyR0.7RSr R0.3RFeR0.9RNiR0.1ROR3 Rconfirming that the crystal structure is orthorhombic. The molar magnetic 
susceptibility increased from 0.086 to emu g P

−1
P mol at La P

3+
P to 0.379 emu gP

−1
P mol at DyP

3+ 
Pand the 

coercive field (HRCR) of the samples was increased from 129.38Oe for LaR0.7RSr R0.3RNiR0.1RFeR0.9ROR3 Rto 164.15Oe 
for the DyP

3+
P substituted sample. The Néel temperature indicates the highest value (834K) at DyP

3+
P.  

Keywords; Rare earth elements; Magnetic Properties; Orthoferrite; Antiferromagnet. 
 
 
1. Introduction 
 

Recently, a lot of interest was focused on the processing and characterization of mixed oxide 

ceramic powders [1–3]. Rare earth orthoferrite RFeOR3R perovskite type oxides are of practical interest 

for electroceramic applications due to their attractive mixed conductivity displaying ionic and 

electronic defects. The importance of these materials is mainly due to their wide variety of applications 

in catalysis [4]. They can be used as an active catalyst for oxidation or reduction of pollutant gases 

[5,6] and as electrode materials in solid oxide fuel cell [7–9] or materials for technological chemical 

sensors as well as the detection of humidity, alcohol, gases [10,11] and oxygen permeating membranes. 

Magnetic ordering can make these sites inequivalent and give rise to four distinct Fe sublattices [12]. 

Orthoferrites are canted antiferromagnets with high transition temperature that monotonically 

decreased as the rare earth atomic number increases [13]. The ideal perovskite structure is cubic; the 

distortion of the perovskites from the cubic symmetry is measured by the so-called tolerance factor (t) 

[14] and expressed as: 
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Where RA, RB and R0 are the ionic radii of A site cation with coordination number 12, B site cation 

with coordination number 6 and oxygen anion with coordination number 6, respectively. This formula 

can be modified to determine the tolerance factor of a       complex perovskite by substituting the 

average radius of two or more different cations. The tolerance factor of an ideal cubic perovskite is 

equal to 1. If the tolerance factor deviates from 1, structural distortions can occur. If t < 1, the A site 

cation is too small for its site, which results in BO6 octahedral tilting. Tilting of the BO6 octahedra 

within the perovskite structure leads to lowering its symmetry. Various types of possible tilting in 

perovskite are discussed as; if the tolerance factor is too small, corner shared perovskite structure is not 

stable. The tolerance factor range in which perovskite structure is preferred is 1.04–0.87.  

In the present study, we substituted different rare earth for  RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, 

Pr, Nd, Gd and Dy  to  influence the effect of rare earth cations radii on the crystal structure, 

microstructure, and magnetic properties of the investigated nanomultiferroics to optimum the condition 

which may be one of the major challenges for applications. Also one of our goals is to reach a optimum 

rare earth element, at which an improvement of the mentioned properties takes place. At such different 

ionic radii, one expects that the samples will be more applicable in the daily life.  

 
2. Experimental technique 
 

Multiferroic RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd, and Dy were successfully prepared by 

the citrate-nitrate autocombustion method [15, 16]. The molar ratio of metal nitrates to citric acid was 

1: 1. A small amount of ammonia was added to the solution to adjust the pH value at 7. The precursor 

mixture was then heated to allow evaporation and to obtain a dried product in the form of uniformly 

colored gray fibers containing all the cations homogenously mixed together at the atomic level. After 

cooling to room temperature it was grinded properly for half an hour in an agate mortar. The powder 

was characterized by X-ray diffraction to assure of the formation of the multiferroic in single phase 

without any impurity. Crystal structure and lattice parameters of the synthesized nanostructures were 

determined by X-ray diffraction technique; (Proke DS) with Cu Kα radiation source (λ= 1.5418Ǻ). The 

average crystallite size (L) of nanometric orthoferrite was calculated using the Debye-Scherer's formula 

[19]; L= 0.89λ/β cosθ, where λ is the wavelength of X-ray, θ is the angle of reflection and β is the 

FWHM. High resolution transmission electron microscope (HRTEM) model (JEOL-1010) was used 

for studying the morphology of the nanostructures and their particle size. HRTEM is one the most 

powerful tools to image the nanostructure materials down to atomic resolution to correlate their 

chemical and physical properties. The dc magnetic susceptibility measurements were carried out using 

Gouy's method and at different temperatures ranging from 295K up to 950K as a function of applied 

magnetic field using different magnetic field intensities 1100, 1300 and 1660 Oe. The temperature of 

the samples was measured using K- type thermocouple with junction near the sample keeping it free. 

The accuracy of magnetic susceptibility measurements was ±1% and the data was reproducible. The 

hysteresis and magnetization measurements were performed using vibrating sample magnetometer 
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(VSM; 9600 – 1LDJ; USA) with a maximum applied field of nearly 20kOe at room temperature. The 

magnetoelectric coefficient was measured for all prepared samples.  

 
3. Results and Discussion: 
 
3.1 X-ray analysis: 
 

The Phase identification and structural analysis due to X-ray diffraction patterns of the 

multiferroic samples RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd, and Dy were shown in Fig.(1:a,b).  it 

is reveals that, all the samples are found to be single-phase perovskite orthorhombic structure with 

space group  Pnma and no spurious phases are observed indicate that, the formation of solid solution 

can eradicate unfavorable phases. These contradictory results may be due to the influence of the 

oxygen stoichiometry on the phase formation. All planes in XRD charts of the samples were compared 

and indexed with ICDD card No.(04-007-9985) while for La3+ was compared with ICDD card No. 01-

089-1269. The broad XRD peaks confirm that the samples are in nanocrystalline form. The lattice 

parameters a, b and c were calculated on the basis of the orthorhombic unit cell and reported in Table 

(1).  

Table (1): Values of the lattice parameters (a, b and c), unit cell volume, crystallite size, and tolerance 
factor for RE0.7Sr0.3Fe0.9Ni0.1O3; RE=La, Pr, Nd, Gd, and Dy nanomultiferroics. 

 
 

From Figure (2a) and Table (1) it seen that, the lattice parameters decreases with decrease the ionic 

radii were found to expand marginally with the inclusion of high ionic radius of RE as (La3+ ion). 

Because of larger ionic size of RE3+ ions compared to that of Fe3+, a small distortions in the lattice due 

to RE3+ substitutions were observed also due to changes in the Fe3+ (R3+)–O–Fe3+ and R3+–O–Ni2+ bond 

angles and Fe2+/Ni2+– O bond lengths, from those of NiO. Fe2O3. The tolerance factor (t) for the 

investigated samples was calculated from the relation (1). The values of the tolerance factor as shown 

in Fig (2b) and Table (1) indicate that, the orthorhombic structure for the samples of  

RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd and Dy because of the radii of RE3+ and Sr2+ were taken in 

9-fold coordination [17] while that for Fe and Ni were 0.85 indicated the orthorhombic 

structure of the investigated perovskite samples agree well with the data obtained 

from XRD analysis as mentioned above. By decreasing radii of the rare earth cation 

from La3+ to Dy3+, the tolerance factor decreases due to the difference in the ionic 

radii between the A site RE3+ cations . The decrease in the tolerance factor means that 

Tolerance 
factor(t) 

Particle size 
(L) HRTEM 
nm 

Crystallite size 
(L) XRD nm 

V(   Å )   c(  Å )   b(  Å )  a(  Å ) R(nm) RE ions 

0.851 22 34 474.622 8.977 7.935 6.663 1.216 La 
0.843 13 35 407.091 8.356 7.455 6.535 1.179 Pr 
0.839 23 32 376.819 8.145 7.123 6.495 1.163 Nd 
0.826 29 34 354.084 7.985 7.051 6.289 1.107 Gd 
0.820 40 27 324.033 7.609 6.995 6.088 1.083 Dy 
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the distortion increases. This distortion originated from tilting of (FeO6) octahedron 

as a result of decreasing the RA cation size as well as the Fe–O–Fe angle decreasing.  
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Fig. (1:a, b):  XRD Diffraction patterns for RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, 
Gd, and  Dy nanocrystalline samples. 
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3.2. Microstructure and densification 
 

Figure (3) shows high resolution transmission electron microscope (HRTEM) 

micrographs for studying the effect of RE P

3+
P substitution on the crystallite size and 

shape of the RER0.7RSrR0.3RFe R0.9RNiR0.1RO R3R; RE= La, Pr, Nd, Gd, and Dy nanomultiferroic 

samples. The data in the Figure clarified that, the particles were seen in clear platelet 

form and crystallized in small nanoparticles ranged from 22-30 nm as reported in 

Table (1). The clear images could be mainly due to the formation of single domain 

rather than multidomain and agglomerated particles appeared due to relatively large 

magnetization for these small particles.  
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Fig. (2: a, b): a) Variation of lattice constants at different ionic radii. b) Effect of ionic 
radii on the Tolerance factor (t) for RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd, and  Dy. IJSER
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3.3 Magnetic properties: 

The temperature dependence of the magnetic susceptibility (χM) as a function of 

applied magnetic field intensities of RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd, and 

Dy nanomultiferroic samples is shown in Fig. (4a). It is clear that, the values of χM 

decrease slowly with increasing the temperature until reaching the Néel temperature 

(TN). The general behavior of the samples before TN is antiferromagnetic. The 

magnetic ordering of Fe3+
 ions is that of a canted antiferromagnet of the G-type [18]. 

NdPr

Gd Dy

La

Fig. (3): HRTEM morphology for RE0.7Sr0.3Fe0.9Ni0.1O3 nanomultiferroics 
system doped rare earths; La3+, Pr3+, Nd3+, Gd3+, and Dy3+ ions. 
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It is known that [18], The basic antiferromagnetic spin arrangement of Fe3+
 ions along 

the a-axis is related to the magnetic symmetry of the configuration (G-type) and the 

ferromagnetic spin component along c-axis due to canting of Fe3+
 spins. In other 

words, the substitution of RE3+ of different radius will change the bond angle of Fe3+-

O2−-Fe3+, which leads to the suppression of the spatially modulated spiral spin 

structure and hence the appearance of weak ferromagnetism. Moreover, the change in 

tolerance factor due to substitution of different RE3+ could be achieved by increasing 

exchange interaction between Fe3+–Fe4+, which could increase the canting angle of 

the antiferromagnetically ordered spins and give rise to an increase in magnetization 

for Dy3+  (2.87 emu/g). There is an improvement in the magnetic properties where the 

value of χM increased from 0.086 emu/g. mole of the La3+ to 0.379 emu/g. mole of 

Dy3+ at 300K and 1100 Oe. From these data, one could argue that, the large 

improvement of the magnetization by rare earth cation substitution depends on the 

strength and type of exchange interaction and/or canting angle as well as buckling of 

the < FeO6 > octahedron. At lower temperature, the easy axis of magnetization begins 

to deviate towards the basal plane giving rise to the so-called spin reorientation 

process which always occurs at temperatures much lower than the Neél temperature 

of the orthoferrite. The difference in trend and values of χM with the change of the 

rare 

earth element depends on the following factors [19]:  

(i)The coordination number of the A site cation (rare earth).  

(ii) The ionic radius of the rare earth which affects directly on the calculated value of 

the tolerance factor.  

(iii) The atomic number of the rare earth element.  

(iv)The number of 4f electrons which in turns controls the value of the effective 

magnetic moment. 
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Fig. (4): Dependence of the molar magnetic susceptibility (χRMR) on the absolute    

temperature for RER0.7RSrR0.3RFeR0.9RNiR0.1ROR3R; RE= La, Pr, Nd, Gd, and Dy nanosamples 

The dependence of TRNR on rare earth radii is shown in Fig (4b) and reported in 

Table (2). The data show that, TRNR decreases with increasing in radii up to Pr P

3+
P after 

which it increases at LaP

3+
P. TRNR generally reflects the strength of the superexchange 

interaction of the FeP

3+
P ions through the intervening of oxygen anions. The type of 

exchange interaction here is believed to be antiferromagnetic [20] and depends on the 

Fe–O–Fe distance as well as the buckling angle Fe–O–Fe. The RE P

3+
P ions; in the 

present study; decreases the values of the tolerance factor; as reported in Table (1); 

which indicated lowering the value of the Fe–O–Fe angle [21] as well as induced 

distortion. This distortion in the (FeOR6R) octahedron, i.e., the decrease in the buckling 

angle leads directly to a decrease in the Néel temperature. In other words, the 

decreasing in TRNR is due to the replacement of smaller ionic radius (Dr P

3+
P = 1.083Å) 

instead of the larger ionic radius (LaP

3+
P = 1.216Å). This agree well with the magnetic 

behavior due to formation of oxygen vacancies which could increase the canting angle 

of the antiferromagnetically ordered spins and give rise to an increase in 

magnetization as mentioned before.   

 

 

 

 

 

 

 

 

 

 

 

Fig. (5): The effect of rare earth radii on Néel temperature TRNR. 
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region. The values of the Curie constant and the effective magnetic moment were 

calculated from                    

           C = 1/slope                                   , µeff = 2.83√C                                             (2) 

and Ө is calculated from the intercept of the straight line with the temperature axis. 

The data are reported in table (2) where Ө gives +ve values pointing to the weak 

ferromagnetic character for all investigated samples.  

 

 

 

 

 

 

 

 
 

The room temperature magnetization field (M-H) curves with a maximum 

applied field of 2T for RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd and Dy 

nanosamples are shown in Fig. (5). It is found that the hysteresis curves do not 

saturate. The remanent magnetization (Mr) and magnetic coercive field (Hc) of the 

investigated samples are summarized in Table (2).   

Table (2): Values of the magnetic parameters; saturation magnetization (Ms), 

remanence magnetization (Mr), squareness ratio (Mr/Ms), coercive field (HC), the 

magnetic constants, and Néel temperature (TN)K for RE0.7Sr0.3Fe0.9Ni0.1O3; RE=La, 

Pr, Nd, Gd and Dy nanomultiferroics. 
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Compared to Mr value (0.062 emug-1) of La3+ (0.08 emug-1), Mr values of Dy3+ 

is highly in this study. This increase could be attributed to that A-site substitution by 

different rare earths which have different radii leads to enlarge the degree of  

La 1.216 0.0593 0.037 0.062 129.35 4.46 750 5.985 0.086 

Pr 1.179 0.703 0.044 0.0624 133.5 5.61 622 6.707 0.078 

Nd 1.163 0.814 0.068 0.0834 55404 3.36 664 5.405 0.079 

Gd 1.107 1.772 0.079 0.0449 201.5 5.19 774 6.452 0. 175 

Dy 1.083 2.87 0.08 0.0278 113.2 9.81 784 8.874 0. 379 

Fig. (5): Variation of hysteresis loops of RE0.7Sr0.3Fe0.9Ni0.1O3 
nanomultiferroics at different  doped rare earths; La3+, Pr3+, Nd3+, 
Gd3+, and Dy3+ ions. 
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distortion, which leads to spontaneous magnetization [23] as well as increase in 

remanent magnetization as mentioned before. The large Ms and unsaturated M-H 

behavior of the solid solutions suggests their antiferromagnetic nature with weak 

ferromagnetism [22]. Moreover, the highest Hc value at Gd3+ ion (201.5 Oe) is due to 

the contribution from the large single ion anisotropy from the rare earth sublattice. 

Substitution of rare earth ion into the spinel structure has been reported to lead to 

structural distortion [24-26] and to induce strains in the material and significantly 

modify the magnetic properties. 

 

4. Conclusions 
 
1. Single phase RE0.7Sr0.3Fe0.9Ni0.1O3; RE= La, Pr, Nd, Gd, and Dy nanomultiferroic 

samples were successfully prepared using citrate autocombustion technique. 
 
 2. XRD analysis reveals orthorhombic distorted perovskite structure in all the 

investigated samples with rare-earth ions substitution where the lattice parameters 
reduces with decrease ionic radii of rare earth ions. 

 

3. Both lattice parameters (a, b, and c) and tolerance factor decrease with decreasing 
ionic radius of RE3+ ions. 

 

4. An enhanced magnetic moment was also observed for RE0.7Sr0.3Fe0.9Ni0.1O3; RE= 
La, Pr, Nd, Gd and Dy nanomultiferroics, attributed to the phase purity and also 
for the broken cycloid spins structure 

 
5. Temperature and magnetic field dependent magnetization demonstrates the 

favorable effect of RE radii with huge enhanced magnetization.  
 
 

6. There is an improvement in the magnetic properties where the value of χΜ    
      increased from 0.086 emu/g. mole of the La3+ to 0.379 emu/g. mole of Dy3+ ion. 
 
7. La and Dy substituted samples suggests their use as pressure sensor at room 

temperature, chemical sensors as well as the detection of humidity, alcohol, gases 
and oxygen permeating membranes. 
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