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Abstract 

 

The influence of the mechanochemical treatment on the synthesis and properties of        

YxLa1-xFeO3 (0 £ x £ 1) orthoferrites is studied. Solid mixtures of the corresponding metal 

oxides were treated in a high-energy ball-mill. X-ray diffraction revealed that during the 

milling the disappearance of the reactants and a fast conversion to orthoferrite phase take 

place. Magnetic measurements showed a weak ferromagnetic behavior of the obtained 

materials, observing higher magnetization for larger x. The activated powders heated at 600 

and 800ºC showed a progressive crystalline ordering together with a significant drop of 

magnetization. Thermal treatments at 1000ºC produced the formation of the phase Y3Fe5O12 

for the samples richer in yttrium, increasing the magnetization. Rietveld refinements of the 

diffraction patterns and dynamical scanning calorimetry were used respectively to determine 

the lattice parameters and Néel temperatures for the formed orthoferrites. The effect of the 

composition on the structure and magnetic behavior is discussed.  
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1. INTRODUCTION 

 

Perovskites with general formula ABO3 constitute one of the more extensively studied 

families of inorganic compounds. This is due to the plethora of functional properties that can 

be achieved by the modification of its structure through the incorporation of different cations 

[1,2]. When position B is occupied by Fe, the term orthoferrite is often used to refer to this 

series of compounds. Depending on the size of cation A, orthoferrites can adopt ideal 

perovskite structures (cubic) or distorted ones (tetragonal, rhombohedral). The distortion is 

produced by the cooperative tilting of the FeO6 octahedra around their own axes [3]. All the 

combinations of possible tilts give rise to a variety of space groups. The most critical 

requirement for the formation of a perovskite structure is the ability of cation B to support an 

octahedral coordination and cation A to support a dodecahedral one. This establishes limits 

for the radii of both ions, which are commonly expressed by the tolerance factor of 

Goldschmidt, t [4] :  

t= (rA + rO)/Ö2 . (rB + rO),  

where rA, rB and rO are the ionic radii of cation A, cation B and oxygen anion, respectively.  

The cubic ideal structure has a value of t=1, but perovskite structure exists in the range 0.75 < 

t < 1.  

In the case of LaFeO3, although the crystal symmetry is orthorhombic, two lattice parameters 

are almost identical while the third one is clearly larger, giving rise to a quasi-tetragonal 

structure [5]. In the past decade pure or doped LaFeO3 has been subject of numerous studies, 

because of its potential applications in environmental catalysts [6,7], solid oxide fuel cells 

[8,9], sensors [10] and permeation membranes [11]. From the magnetic point of view, the 

orthoferrite structure can be described as a two-sublattice system formed by FeO6 octahedra 

strongly antiferromagnetically coupled and slightly canted, producing a net magnetic moment 



perpendicular to the antiferromagnetic axis. The canting angle is of the order of milliradians 

and depends on the A-cation size [12]. These features and the extraordinary domain-wall 

motion of these compounds make them applicable in magneto-optical devices, such as 

switches and sensors [13-14]. 

YFeO3, presents also an orthorhombic structure, with lattice parameters that differentiate 

among them much more than in the case of LaFeO3. In this way, the incorporation of a 

smaller cation, such as Y, to the LaFeO3 structure decreases the tolerance factor, presumably 

leading to reduce the crystal symmetry.  

Conventional solid-state reaction method has been used for the synthesis of LaFeO3. This 

involves grinding and subsequent thermal treatment at 1300-1500ºC of the parent oxides 

[15,16]. Although the method is quite simple and produces single phase LaFeO3, there are 

some drawbacks such as slow kinetics and uncontrolled particle size and specific surface. For 

YFeO3 the situation is more complicated because of the formation of secondary phases Fe3O4 

and Y3Fe5O12 (YIG) [17]. Alternative synthetic routes have been developed, such as co-

precipitation, combustion, sol-gel, etc. [18-20]. In these wet chemical methods, pure phase 

formation can be accelerated and also the particle size and morphology can be much more 

controlled.  

In the last years, a couple of studies about the synthesis of LaFeO3 by mechanochemical 

activation of oxide precursors have been reported [21,22]. This powder-processing technique 

consists in a high energy ball-milling of solid reactants that usually accelerates diffusive 

processes favoring the completion of solid-state reactions under ambient conditions. 

Frequently, the compounds obtained in this way have a metastable structure that confers them 

special properties.  For this reason this method has been applied in the last decades to prepare 

a variety of materials with electrical and magnetic properties [23-25]. According to Cristóbal 

et al. [22] mechanosynthesized LaFeO3 exhibited a relatively high saturation magnetization, 



which is associated to the accumulation of numerous defects in the crystal structure during the 

mechanical treatment. The replacement of a half of La by Y cations increases the structural 

distortion and produces a significant rise in the magnetization [26].  

On this basis we propose in the present work the modification with yttrium of lanthanum 

perovskite in the whole range of composition, aiming to determine the combined effect of 

doping and mechanochemistry on the structure and magnetic properties of these materials.  

 

2. EXPERIMENTAL 

 

2.1. Materials  

Starting materials were Fe3O4 (a magnetite concentrate ore, 97.5 wt%), La2O3 and Y2O3 (both 

commercial reagents, 99.9 wt%). Powder mixtures with different molar ratio were prepared 

and mechanochemically activated in a Fritsch Pulverissette 7 planetary ball-mill. Cr-hardened 

steel vials were rotated at about 1500 rpm, each one containing 7 balls and 5 g of powder 

resulting in a ball-to-powder ratio of 20. Oxygen supply was assured by means of a periodic 

opening of the vials. Also small amounts of sample were withdrawn in order to study the 

evolution of the reaction throughout the mechanical treatment. Five compositions with 

yttrium contents (x in the formula YxLa1-xFeO3) ranging between 0 and 1 were prepared. The 

series of samples were named YML-x-yh where x is the Y content and y the activation time in 

hours.  

The activated powders were submitted to thermal treatments between 600 and 1000ºC for 30 

minutes in air atmosphere.  

 

 

 



2.2. Characterization techniques 

Evolution of the mixtures’ composition was followed by XRD using a PW 1830/40 

diffractometer at 40 kV and 30 mA, with CoKa radiation (l= 1.789 Å). Lattice parameters 

were determined for each composition by means of the Rietveld method. The refinements 

were made on patterns taken under special conditions: a step size of 0.02 º2q with 5 seconds 

of counting time per step.  

For samples with x £ 0.5 the refinement routines were initiated with crystallographic data of 

LaFeO3 [5], while for samples with x > 0.5 the refinements were made starting from YFeO3 

structure [27]. In this way lattice parameters and occupancy factors were refined for the whole 

series of calcined samples.  

Magnetization (M) at room temperature as a function of applied field (H) was measured using 

a Lakeshore 7300 vibrating sample magnetometer. Magnetic loops between +15 and -15 kOe 

were registered.  

Differential scanning calorimetry (DSC) was used to determine Néel temperatures (TN) of the 

orthoferrite phases present in calcined samples. The scans were performed in a Shimadzu 

DSC-50 calorimeter, using a heating-cooling rate of 10ºC min-1. 

 

3. RESULTS AND DISCUSSION 

 

Figure 1 shows the XRD patterns of the series of activated samples for x= 0.25 (a) and 0.75 

(b).  For both compositions the consumption of reactants is clearly observed after 1 h of 

milling. Simultaneously, peaks corresponding to orthoferrite phase start to be visible. After 3 

h of mechanical treatment the diffraction signals corresponding to the reactants have 

disappeared and only peaks ascribed to orthoferrite (Y0.25La0.75FeO3 or Y0.75La0.25FeO3) can 

be observed. Similar results were obtained for the other compositions.  



Figure 2 shows the diffractograms for samples activated for 3 h with x between 0 and 1. As 

mentioned above, for the entire composition range all the diffracted peaks belong to the 

orthoferrite phase. Also, the appearance of additional peaks as Y content increases can be 

noticed. This is due to the loss of structural symmetry produced by the doping with Y. For 

LaFeO3 the structure is almost tetragonal having one lattice parameter (b) larger than the other 

two (a and c) which are very close each other. By contrast in YFeO3 the shorter parameters a 

and c are clearly different between them, leading to the appearance of additional diffraction 

peaks corresponding to additional crystalline planes. On the other hand, a displacement of the 

main peaks towards higher angles as Y content increases is observed (see inset of Fig. 2). This 

is a consequence of the reduction in lattice volume produced by the substitution of La by the 

smaller Y cation.  

From the M vs H curves, maximum magnetization (measured at maximum applied field, 

H=15 kOe) were determined for all the samples. The results are shown in Figure 3, where the 

variation of Mmax with activation time is presented. The continuous decrease of magnetization 

is due to the gradual consumption of magnetite, which is a ferrimagnetic oxide with a very 

high magnetization (92 emu g-1 [28]). At the same time, as the reaction progresses the 

formation of the orthoferrite phases becomes prevalent. Although orthoferrites are essentially 

antiferromagnetic, their spin magnetic moments are not perfectly ordered in an antiparallel 

configuration, giving rise to a weak ferromagnetism [12,29]. In summary, the progressive 

formation of YxLa1-xFeO3 (weak ferromagnetic compound) at expenses of Fe3O4 

(ferrimagnetic oxide) leads to a dramatic drop of Mmax after 3 h of mechanical activation.  

The inset of Fig. 3 shows the variation of Mmax as a function of yttrium content (x) for 

samples YML-x-1h and YML-x-3h. In both series an increase of Mmax for larger x values is 

observed. It is important to remark that as x grows magnetite content in the starting mixtures 

increases, according to the stoichiometry of each composition. In samples activated for 1 h 



this obviously produces higher magnetization values, since magnetite is a significantly 

abundant phase in the powder mixture. The same tendency can be noticed for samples 

activated for 3 h, but in this case the cause for the increment of Mmax can not be the presence 

of remnant magnetite, according to XRD patterns (see Figs. 1 and 2). As Y replaces La in the 

perovskite lattice, the structure suffers a distortion produced by the significantly different 

ionic radii of both cations (1.36 Å for La3+ and 1.10 Å for Y3+) [30]. This distortion leads to a 

spin canting which is the responsible for the net magnetic moment measured for each 

compound.  

Figure 4 shows XRD patterns of samples YML-x-3h calcined at 1000ºC. The comparison 

with as-milled powders (Fig. 1) reveals the increase of crystallinity and crystallite size 

produced by the thermal treatment. The incorporation of yttrium to the perovskite phase is 

evidenced by the shift to higher angles of the XRD peaks and the appearance of additional 

signals due to the variation in the lattice parameters (this was also observed for the as-milled 

series). For x ³ 0.5 small peaks corresponding to a secondary phase can be clearly noticed. 

These are assigned to YIG, a common impurity in the synthesis of YFeO3, as stated in the 

Introduction. Weight percentages of this phase were estimated from the refinement of XRD 

patterns using the Rietveld method. The results (Table 1) show a continuous increase as Y 

content grows, reaching a maximum value of 15% when x=1.  

Lattice parameters of the orthoferrite phase were refined for all the compositions, and the 

results are shown in Table 1. These values are presented together with the corresponding 

lattice parameters of the parent compounds, LaFeO3 and YFeO3, which were taken from 

powder diffraction files database [5,27]. A comparison between the three orthorhombic 

structures reveals that doping with Y produces a significant decrease of the unit cell volume, 

which is an expectable effect due to the smaller size of this cation with respect to La3+. 

However, the lattice contraction is not isotropic: parameters b and c undergo a pronounced 



decrease whereas a shows a slight increase, indicating a marked distortion of the lattice 

geometry as the yttrium content grows. Figure 5 summarizes these observations.  

 

Magnetization of samples YML-x-3h-1000 is shown in Figure 6. A gradual increase of Mmax 

can be noticed up to x=0.75, which is related to the distortion produced by the growing 

incorporation of Y in orthoferrite structure. For x=1 a sudden rise is observed due to the 

presence of an appreciable amount of Y3Fe5O12 (see Fig. 4). This is a ferrimagnetic oxide 

with saturation magnetization about 26-28 emu g-1 [31,32], which obviously increases the 

total magnetization. As stated above this garnet is a common secondary-phase in the synthesis 

of YFeO3, so it seems reasonable that its formation was greater for x=1. The inset shows the 

variation of Mmax with heating temperature (for as-milled powders we assume 25ºC). For the 

sake of clarity, only curves for x=0.25 and 0.75 are displayed (the rest of compositions 

exhibits the same tendency). The magnetization continuously diminishes up to 800ºC, owing 

to the gradual elimination of the structural damage generated by the mechanical treatment. 

However, for samples calcined at 1000ºC Mmax increases. At this temperature the formation of 

YIG becomes more significant, 8 wt.% according to Table 1.  For each sample it is possible to 

estimate the contribution of YIG to the measured magnetization considering the weight 

percentages obtained by the Rietveld refinement and taking the saturation magnetization for 

YIG as 27 emu/g. Table 2 summarizes these results, showing a marked similarity between 

measured magnetizations (Mmeas) and the calculated ones (Mcal). For all the compositions this 

observation indicates that total measured magnetization is due to YIG, being the contribution 

of YxLa1-xFeO3 almost negligible. This is reasonable since after heating at 1000ºC, most part 

of the structural disorder accumulated during the mechanical treatment of samples was 

eliminated, yielding an antiferromagnetically ordered structure for the orthoferrite.  

 



Néel temperatures (TN) of YxLa1-xFeO3 were determined by DSC for each sample YML-x-3h-

1000. A continuous decrease of TN as x increases is observed (Fig. 8). The incorporation of Y 

to the perovskite lattice provokes a destabilization of the magnetic structure, due to the loss of 

crystal symmetry (see Fig. 5). As a consequence, the thermal energy necessary to break the 

antiferromagnetic ordering is lower, decreasing the transition temperature. TN values obtained 

from DSC scans are somewhat lower than those reported in literature for the parent 

compounds [12] (to the best of our knowledge there is not information reported for the other 

compositions). We obtained TN =449ºC and 354ºC for LaFeO3 (x=0) and YFeO3 (x=1), 

respectively. By differential thermal analyses, Treves has determined Néel temperatures of 

465 and 372ºC for these compounds [12]. The lowering of Néel temperature of these 

materials can be interpreted in terms of a decrease in the number of Fe-O-Fe linkages due to 

the existence of oxygen and iron vacancies [33]. The presence of lattice defects remaining 

from mechanochemical treatment in the calcined materials could be the origin of these ionic 

vacancies.  

 

4. CONCLUSIONS 

 

The mechanochemical activation of La2O3, Y2O3 and Fe3O4 in a planetary ball-mill allows 

synthesizing orthoferrite YxLa1-xFeO3 phases at room temperature in the whole range of 

composition. The distorted crystal structure produced by 3 h of mechanical treatment and the 

incorporation of yttrium produces materials with relatively high magnetization. Maximum 

magnetization of the mechanosynthesized orthoferrites increases as yttrium content grows, 

reaching 4.20 emu g-1 when x=1. This is a consequence of the anisotropic distortion 

underwent by the perovskite structure as Y cations replace La cations, leading to increase the 

spin canting angle.  



Thermal treatments significantly improve the crystallinity and structural ordering, diminishing 

the magnetization of the materials. At the highest heating temperature (1000ºC) the formation 

of Y3Fe5O12 garnet is observed, clearly favored in the compositions richer in Y. XRD 

Rietveld refinements allowed to determine lattice parameters of orthoferrite phases obtained 

for each x value after calcinations at 1000ºC. The measurement of the Néel temperature 

shows a gradual decrease with x due to the loss of stability of the magnetic structure caused 

by the lower symmetry of crystal lattice.  
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Table 1. Rietveld refinements of XRD patterns of samples YML-x-3h heated at 1000ºC. YIG 

percentages, lattice parameters and volume for YxLa1-xFeO3 phases are also displayed.  

 
 

x 
YIG 

wt% 

Lattice parameters Refinement parameters 

a (Å) b (Å) c (Å) V(Å3) Rwp Rexp RBragg c2 

0 0 5.5447(3) 5.5513(2) 7.8545(4) 241.8 10.6 7.5 2.1 1.99 
0.25 < 1 5.4943(2) 5.5563(2) 7.8103(3) 238.4 14.8 7.8 3.5 3.64 
0.5 5 5.4152(5) 5.5625(4) 7.7332(3) 232.9 18.0 8.3 7.9 4.70 
0.75 8 5.3440(1) 5.5725(1) 7.6648(2) 228.3 11.9 8.3 4.3 2.02 

1 15 5.2803(2) 5.5757(1) 7.6001(3) 223.8 9.2 7.4 2.0 1.55 
 

LFO ----- 5.5530(2) 5.5630(2) 7.8670(3) 243.0 ------ ------ ------ ----- 
YFO ----- 5.2819(2) 5.5957(5) 7.6046(3) 224.8 ------ ------ ------ ----- 
 
 
 



Table 2. Measured and calculated saturation magnetization, Mmeas and Mcal respectively, for 

samples YML-x-3h heated at 1000ºC.  

 
x Mmeas (emu/g) Mcal (emu/g) 

0 0.14 0 
0.25 0.69 < 0.27 
0.5 1.09 1.35 
0.75 1.94 2.16 

1 4.20 4.05 
 

 
 
 
 
 



Figure captions 

 

Figure 1. Diffractograms of the series of activated samples for x= 0.25 (a) and 0.75 (b). M: 

Fe3O4, Y: Y2O3, L: La2O3, o: Y0.25La0.75FeO3, *: Y0.75La0.25FeO3 

 

Figure 2. XRD patterns for samples YML-x-3h. All the peaks correspond to phase        

YxLa1-xFeO3. The inset displays an enlargement of the main peak, showing its displacement 

towards higher angles as the yttrium content increases.  

 

Figure 3. Magnetization measured at maximum applied field (H= 15 kOe) as a function of 

activation time for samples YML-x (0 £ x £ 1). The inset shows the variation of Mmax as a 

function of yttrium content (x) activated for 1 h and 3 h.  

 

Figure 4. XRD patterns for samples YML-x-3h heated at 1000ºC. All the peaks correspond to 

phase YxLa1-xFeO3 except where indicated, G: Y3Fe5O12. The inset displays an enlargement of 

the central region, showing the displacement of the peaks with the yttrium content.  

 

Figure 5. Variation of lattice (l) parameters and volume (V) as a function of yttrium content 

for samples YML-x-3h heated at 1000ºC. 

 

Figure 6. Maximum magnetization (Mmax) as a function of yttrium content (x) for samples 

YML-x-3h heated at 1000ºC. The inset shows the variation of Mmax with heating temperature 

for samples YML0.25 and YML0.75 activated for 3 h.  

 



Figure 7. XRD patterns of samples YML-0.25-3h and YML-0.75-3h heated at several 

temperatures, showing the formation of Y3Fe5O12 (G) at 1000ºC.  

 

Figure 8. Néel temperature as a function of yttrium content (x) for YML-x-3h heated at 

1000ºC. Inset: DSC curves obtained for YML-0-3h-1000.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image



Figure(s)

Click here to download high resolution image


