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a b s t r a c t 

This article reports on a detailed study of the structural, spectroscopic and magnetic properties of 

La 0.57 Nd 0.10 Sr 0.18 Ag 0.15 FeO 3 (LNSAFO) ferrite nanoparticles, which were prepared using the solid state tech- 

nique. The Rietveld analysis of the powder X-ray diffractograms indicated that the material crystalizes 

in an orthorhombic structure, Pnma space group. Scanning electron microscopy (SEM) measurements 

showed that all particles have almost spherical shapes, and are characterized by a distribution of rela- 

tively narrow particle sizes. The average diameter of the particles was estimated within the 25–45 nm 

range by three different methods (SEM, and from the XRD data using the Debye-Scherer and Williamson–

Hall models).The elemental composition of the synthesized material has been investigated by energy dis- 

persive spectroscopy (EDS), which confirmed the presence of all expected elements in stoichiometries 

matching those of the precursor oxides of the synthesized perovskite. Raman spectroscopy measure- 

ments revealed that the studied sample had a considerable degree of crystallinity, in agreement with 

the X-ray diffraction data. Finally, the magnetic properties of the studied compound have been investi- 

gated by studying the variation of the magnetization as a function of temperature in both the ZFC (zero 

field cooled) and FC (field cooled) modes. A blocking temperature ( T B ) of around 100 K was observed. 

Published by Elsevier B.V. 
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ighlights (for review) 

• The SEM measurements showed that all particles have almost 

spherical shapes and are characterized by a distribution of rel- 

atively narrow particle size with an average diameter of about 

55 nm. 
• The Rietveld analysis of X-ray diffractograms indicated an or- 

thorhombic structure. 
• The variation of magnetization as a function of temperature in 

ZFC (zero field cooled) mode and FC (field cooled) mode. We 

notice the existence blocking temperature (T B ) at around 100 K. 

. Introduction 

In recent years, the scientific community has been showing a 

rowing interest in perovskite materials of general structure ABO 3 , 

oth for fundamental research and technological applications in 
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he fields of electronics and sensors, as well as for their use as 

 cathode or electrolyte in a solid oxide fuel cell and as a catalyst 

or redox reactions (automotive catalyst) [1–5] . In particular, great 

ffort has been made to obtain fundamental structural information 

n iron oxides of formula LaFeO 3 and its derivatives, and to mea- 

ure the relevant properties for their practical applications (for ex- 

mple as sensors), including their optical and magnetic properties. 

A favorable characteristic of this type of material is that it is 

elatively easy to modulate their physical properties by structural 

odifications, which include the nature and concentration of a 

opant, as well as the doping site(s) [6–10] . Indeed, LaFeO 3 doped 

aterials are known by their good optical and magnetic propri- 

ties for applications in optoelectronics and spintronics [11–13] . 

mong the possible dopants, Sr and Nd(as a co-doping system) 

ppear of interest, taking into account the improved properties 

esulting by LaFeO 3 doping with each one of these elements, 

hich include better photocatalytic activity and sensing sensibility 

nd selectivity, as well as improved efficiency for adsorption of 

asses at active surfaces and oxidation capabilities [14–16] . In 

his article the synthesis, and structural, spectroscopic and mag- 
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tional indicator of the structure of the material. It is an indicator 

Fig. 1. Rietveld analysis of the XRD patterns of LNSAFO, and peak indexation. 

Fig. 2. Williamson–Hall plot for LNSAFO. 
etic characterization of the LaFeO 3 Sn/Nd co-doped derivative, 

a 0.57 Nd 0.10 Sr 0.18 Ag 0.15 FeO 3 (LNSAFO) are reported. As a whole, 

he obtained results contribute to a better understanding of the 

hysicochemical properties of this material and their relationship 

ith its structural aspects. 

. Experimental 

.1. Synthesis 

The powder sample of LNSAFO was prepared using the solid- 

tate reaction method in presence of air. The precursors (pu- 

ity > 99.9%) used for the preparation of the compound were 

anthanum oxide La 2 O 3 , neodymium oxideNd 2 O 3 , ironoxide FeO 3 , 

trontium oxide SrO, and silver oxide Ag 2 O, according to the reac- 

ion: 

 . 285L a 2 O 3 + 0 . 05N d 2 O 3 + 0 . 18 SrO + 0 . 075A g 2 O + Fe O 3 

→ L a 0 . 57 N d 0 . 10 S r 0 . 18 A g 0 . 15 Fe O 3 + 0 . 57 O 2 

The oxide precursors were intimately mixed in an agate mor- 

ar according to the desired stoichiometry, and ground for 30 min 

o obtain a homogeneous mixture. Then, the mixture was placed 

n platinum crucibles and baked at 700 °C for 48 h. The result- 

ng material was then brought to a temperature of 10 0 0 °C, in-

erspersed with several cycles of grinding and annealing. This step 

ade it possible to reduce the size of the grains and to homog- 

nize the obtained powders, which were then put in the form of 

hin pellets and placed in the oven at a temperature of 1300 °C for 

4 h.To properly estimate the better final annealing temperature, 

 series of experiments were carried out at temperatures ranging 

rom 1200 to 1300 °C, demonstrated that, below 1300 °C, the fi- 

al product is obtained as a single phase. The sample was finally 

ooled to ambient temperature by rapid quenching in air [17] . 

.2. Characterization of the synthesized material 

The phase purity, lattice structure and cell parameters of the 

ynthesized compound were obtained by X-ray diffraction (XRD), 

sing a Bruker 8D Advance X-ray powder diffractometer, working 

ith CuK α1 radiation ( λ = 1.5406 Å), in the θ–2 θ Bragg-Brentano 

eometry. The acquisition was performed in the 2 θ range of 5–

00 °, with a step of 0.03 ° and an acquisition time for each step 

f 1 s. The XRD data were used to obtain the lattice parameters 

y means of Rietveld analysis [18] , using the FULLPROF program 

19] . Microstructure and grain sizes were observed using a TESCAN 

EGA3 SBH scanning electron microscope (20 kV) equipped with 

n EDS detector BrukerXFlagh 410 M, which allows determination 

f the chemical elements present in the sample. For the analysis, a 

ittle amount of the powder of the compound was deposited on a 

arbon tape. 

The Raman data were obtained, in the wavenumber range 80–

600 cm 

−1 , in a Raman micro-system (Horiba LabRam HR Evolu- 

ion), equipped with a Synapse CCD detector, a high-stability BXFM 

pen-space confocal microscope, and a 600 gr.mm 

−1 grating, using 

32 nm excitation. The laser power at the sample was approxi- 

ately 17 mW, and the exposure time 30 s. A 50x objective lens 

as used. The final spectra are obtained by averaging of 60 scans. 

The magnetic properties of the compounds, namely hysteretic 

ycles and FC-ZFC curves, were measured in a Vibrating Sample 

agnetometer (VSM) with a cryogen-free DynaCool PPMS, operat- 

ng at a vibration frequency of 40 Hz and amplitude of 2 mm in

he central area of the coils. In order to undertake the analyses, the 

amples were placed in a Perspex rod-shaped sample holder. Ad- 

itional magnetic measurements were done using a Faraday type 

agnetometer MANICS DSM8,between 2 and 300 K. 

Mössbauer spectra were recorded at room temperature (RT) in 

 transmission geometry WissEL spectrometer, using a source of 
2 
7 Co in a Rh matrix with an activity of 10 mCi. The sample was in

owder form and was put in a sample holder made of Perspex. The 

easurements were carried out in a spectrometer operating with 

 triangular velocity waveform. The spectral data were fitted by 

sing the least squares method, with a set of Lorentzian lines, with 

he program NORMOS [20] ,which is distributed by WissEL GmbH. 

somer shifts are given relative to α–Fe measured at RT. 

. Results and discussion 

.1. Structural and microstructural properties 

In order to identify the phases present in the sample and check 

heir purity, an analysis by X-ray diffraction was performed. The X- 

ay diffractogram obtained at room temperature is shown in Fig. 1 . 

t shows fine and intense lines, a sign of good crystallization with- 

ut any trace of impurity. The Rietveld refinement shows an ex- 

ellent agreement with the experimental data. The result of the 

efinement allows to conclude that our compound crystallizes in 

he orthorhombic structure, space group Pnma, with a = 5.5438, 

 = 7.5697 and c = 5.5845 Å. 

The Goldschmidt’s tolerance factor, t G , was used as an addi- 
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Fig. 4. EDS spectrum of LNSAFO. 
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or the stability and distortion of the crystal structure and can be 

alculated from Eq. (1) [21] , 

 G = 

r A + r O 

( r B + r O ) 
√ 

2 

(1) 

here r A = r (La 3 + , Nd 

3 + , Sr 2 + , Ag + ), r B = r (Fe 3 + ) and r O (O 

2–)are

he ionic radii associated with the cations of the perovskite sites A 

nd B and oxygen anion, respectively. For the studied compound, 

sing the crystal ionic radii of O 

2 −, La 3 + , Nd 

3 + , Sr 2 + , Ag + , Fe 3 + and

e 2 + of 1.260, 1.216, 1.123, 1.320, 1.290, 0.640 and 0.750 Å [22] : 

 r A > = 0 . 57 r 
(
L a 3+ ) + 0 . 1 r 

(
N d 

3+ ) + ( 0 . 33 − 0 . 15 ) r 
(
S r 2+ )

+0 . 15 r 
(
A g + 

)
= 1 . 236 Å

 r B > = 0 . 52 r 
(
F e 3+ ) + ( 1 − 0 . 52 ) r 

(
F e 2+ ) = 0 . 6928 Å

 O = 1 . 260 Å

o that t G is 0.903, which stays within the range of values compat- 

ble with an orthorhombic structure (0.71–0.96 [ 21 , 23 ]). 

The average crystallite size was determined from the most in- 

ense peak of the XRD diffractogram using the Debye–Scherrer for- 

ula: 

 SC = 

0 . 9 × λ

β × cosθ
(2) 

here λ is the used wavelength, θ the Bragg angle of the most 

ntense peak and β the width at half height of this peak. The ob- 

ained mean value of the Debye-Scherer crystallite size ( D SC ) for 

NSAFO was 25 nm, which confirmed the nanometric size of the 

articles of the compound. 

The Williamson–Hall method is another method to determine 

rystallite sizes [24] , and was also used in the present study. It is

xpressed as: 

cos θ = 

kλ

D 

+ 4 ε sin θ (3) 

The Williamson–Hall crystallite size ( D W–H ) and the microstrain, 

, can be obtained from the y-intercept and the slope, respectively, 

f the linearly fitted data, ( β cos θ ) as a function of 4sin θ , amount-

ng to 37 nm and 0.0 0 04.It is worth noting that the crystallite size
Fig. 3. Size distribution histogram (a) , an

3 
alculated by the Williamson–Hall method is slightly higher than 

hat calculated using the Debye–Scherrer equation, because the 

roadening effect due to the microstrain is completely excluded in 

his latter [25] . 

The structural study by X-ray diffraction was supplemented by 

n analysis of the surface morphology using scanning electron mi- 

roscopy (SEM). As it can be seen in Fig. 3 b, a non-uniform grain

istribution in the samples was observed. Furthermore, the grains 

ave a quasi-spherical shape. The grain size distribution was ob- 

ained using the Image-J software, and compiled in the histogram 

hown in Fig. 3 a, the average value obtained by this approach be- 

ng ca. 45 nm, i.e., slightly larger than the values obtained from the 

RD data using the Debye-Scherer and Williamson–Hall models . 

The elemental composition of the sample was analyzed using 

nergy dispersive spectroscopy (EDS). The results are shown in 

ig. 4 , and also in Table 1 where the elements’ abundances in the 

ample (percent weights) are given. It is worth mentioning the 

ery good agreement between the EDS determined composition 
d SEM micrograph (b) for LNSAFO. 



F. Issaoui, H. Issaoui, E. Dhahri et al. Journal of Molecular Structure 1238 (2021) 130344 

Table 1 

Elemental composition of LNSAFO as determined by EDS. 

Element Weight (%) Atomic (%) 

Oxygen 18.88 56.62 

Iron 25.72 22.10 

Strontium 8.25 4.52 

Silver 0.49 0.22 

Lanthanum 37.81 13.06 

Neodymium 7.89 2.62 

Fig. 5. Room temperature Raman spectrum of LNSAFO, in the 90–750 cm 

–1 ( a) and 

750–1050 cm 

–1 (b) spectral ranges. 
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nd the expected stoichiometry of the starting materials used for 

he preparation of sample. 

.2. Raman spectroscopy results 

The Raman spectrum of the studied material was registered at 

oom temperature using the conditions provided in the Experi- 

ental section. No pre-processing of the sample was done. The 

btained spectrum, in the 90–750 and 750–1050 cm 

–1 ranges, is 

hown in Fig. 5 . 

In the 90–750 cm 

–1 range ( Fig. 5 a), the characteristic Raman 

ands of the LaFeO 3 structure dominate the spectrum. These bands 

re observed at 102.8, 148.2 and 172.1 cm 

−1 , which are ascribable 
4 
o La-sites vibrations [26–29] , as well as at 253.0, 281.4, 395.9, 

35.5 and 657.9 cm 

−1 , which originate in the Fe-sites. The frequen- 

ies of these bands match well the previously reported values (110, 

45 and 170 cm 

−1 , in the case of the La-sites related vibrations 

26–29] , and 255, 285, 400, 430 and 640 cm 

−1 for the Fe-sites 

27–29] ). The 395.9 and 435.5 cm 

–1 bands are ascribable to O-Fe-O 

ending vibrations, while that observed at 657.9 cm 

−1 is assigned 

o the O-Fe-O stretching modes [27–31] . Two additional bands, ob- 

erved at 582.6 and 705.0 cm 

−1 are much probably also due to the 

 

–Fe –O stretching vibrations, shifted in frequency relative to that 

bserved for the pristine LaFeO 3 because of the structural distor- 

ions induced by the doping of ions of different sizes in the studied 

aterial. The remaining bands are not present in the Raman spec- 

rum of pure LaFeO 3 and shall be assigned to vibrational modes 

hich involve the dopant atoms. The two bands observed at 116.6 

nd 208.0 cm 

–1 are here assigned to vibrations involving the Sr-O 

oiety. The higher frequency band shall also receive contribution 

rom vibrations associated with the Ag dopant, since in the Raman 

pectra of AgO films a band has been observed at 217 cm 

–1 [32] .

n the spectrum of this last material, other bands were observed 

t 302, 379, 429 and 487 cm 

–1 [32] , which are here put in corre-

pondence with the bands at 328.0, 372.0, 478 and 491 cm 

–1 , re- 

pectively, observed in the spectrum of the presently studied per- 

vskite. Finally, the bands observed at 347.4 and 543.8 cm 

–1 are 

entatively assigned to vibrations involving the Nd dopant atoms, 

ince in the Raman spectrum of NdO bands are present at 413 and 

30 cm 

–1 [33] , appearing at slightly different wavenumber values 

n this latter material when compared to their position in the Ra- 

an spectrum of LNSAFO due to the different structural environ- 

ents. 

Above 750 cm 

–1 , no bands are observed in the Raman spectrum 

f the studied material, with the exception of that at 864.2 cm 

–1 , 

hich exhibits a series of lower intensity satellite bands within 

he 775–975 cm 

–1 spectral range ( Fig. 5 b), which shall be ascribed 

o oxygen species(mainly peroxide anion, O 2 
−2 [34] ) adsorbed onto 

he surface of the sample. Very interestingly, this band shows a 

arrower profile compared to the analogous feature observed pre- 

iously for other similar materials [ 27 , 35 ]and a somewhat higher 

requency, which points to a less tightened adsorption in the 

resent case, possibly taking place at strongly preferred sites. 

It is also interesting to note that the general profile of the Ra- 

an spectrum of the studied material is characterized by relatively 

arrow bands, which is an indication of a considerable degree of 

rystallinity of the sample. This result in agreement with the data 

ere reported, obtained from X-ray diffraction measurements. 

.3. Magnetic measurements 

The magnetization curves M( T )-ZFC and M( T )-FC are shown in 

ig. 6 and have a common part, for the highest temperatures, in 

hich the variations of the magnetization with the temperature 

re superimposed and reversible; that is, heating and cooling does 

ot affect the magnetization. On the other hand, at low tempera- 

ures, the behavior is irreversible with a large divergence between 

( T )-ZFC and M( T )-FC. The temperature corresponding to the sep- 

ration between the two curves is called thermomagnetic irre- 

ersibility temperature or blocking temperature, noted T irr or T B , 

hich for LNSAFO is approximately equal to 100 K.The irreversibil- 

ty between M( T )-ZFC and M( T )-FC may therefore be due to the

rapping of the walls of low-field domains, as has been observed 

or manganites [36] . 

The study of the variation of the magnetization as a function 

f the magnetic field for our material ( Fig. 7 ) shows that the sat-

ration magnetization decreases with increasing temperature and 

hows a clear hysteresis. Indeed, the hysteresis loop shows the ex- 

stence of a coercive field Hc (0.06T) and a moderate remnant mag- 
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Table 2 

Mössbauer parameters resulting from the fit to the spectrum shown in Fig. 8 . 

δ (mm/s) 2 ε/QS (mm/s) B(T) � (mm/s) % coordination site 

0.34(1) 0.065(1) 48.3(1) 0.61(1) 27.5 Sextet Fe 3 + Site 1 

0.36(1) 0.070(1) 44.3(1) 0.82(1) 27.0 Sextet Fe 3 + Site 2 

0.29(1) −0.090(1) 37.7(1) 1.61(1) 39.0 Sextet Fe 3 + Site 3 

0.34(1) 2.220(1) – 0.30(1) 4.5 Doublet Fe 3 + Site 4 

1.69(1) 1.790(1) – 0.45(1) 2.0 Doublet Fe 2 + Site 5 

δ-isomer shift, 2 ε/QS- quadrupole splitting, B-hyperfine magnetic field, �- line width at 

half maximum,%- site percentage. Isomer shifts are given relatively to α-Fe at R T . 

Fig. 6. M- T curves carried out with zero-field-cooling (ZFC) and field-cooling (FC) 

modes of LNSAFO. 

Fig. 7. Hysteresis loop for LNSAFO at 300 and 4 K. 
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Fig. 8. Room temperature Mossbauer spectrum of LNSAFO. 
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etization Mr (0.45 emug −1 ), in addition to a magnetization com- 

onent which does not reach saturation even for a high magnetic 

eld. This hysteresis loop indicates a strong antiferromagnetism. A 

ow hysteresis is observed for T = 4 K and, together with the fact 

hat the values of Hc and Mr are both very low, suggest a super- 

aramagnetic behavior at low temperatures. 

.4. Mössbauer spectroscopy results 

In order to investigate the iron valence states, we performed 

össbauer spectrometry measurements on the sample. The spec- 

rum, taken at room temperature, is displayed in Fig. 8 and the 

yperfine parameters that result from the fitting procedure are 

hown in Table 2 . The spectrum was fitted with three sextets and 
5 
wo doublets. The existence of three sextets in doped LaFeO 3 com- 

ounds is due to non-equivalent positions of Fe 3 + ions that arise 

rom a weak distortion of the octahedral oxygen environment, 

s explained by Russo et al. [37] . The hyperfine magnetic fields 

re lower than the ones usually obtained for doped LaFeO 3 com- 

ounds, e.g. [ 8 , 27 , 35 ].. The linewidths of the sextets are large, be-

ng in accordance with a distortion of iron sites and also with a 

istribution of nanoparticles sizes. The doublets (Fe 3 + and Fe 2 + ) 
re present in tiny concentrations and can be due to superparam- 

gnetism. 

. Conclusion 

The structural, spectroscopic and magnetic properties charac- 

erization of LNSAFO ferrite nanoparticles was undertaking by the 

onjugated use of different techniques. The synthesis of the com- 

ound by the solid state technique, the elemental composition of 

he synthesized sample, as obtained by energy dispersive spec- 

roscopy, confirming the presence of all expected elements and in 

he expected percentages. 

The Rietveld analysis of the powder XRD data indicated that 

he material crystalizes in an orthorhombic structure, Pnma space 

roup, a result that receives further support from the obtained 

oldschmidt’s tolerance factor ( t G = 0.88), which falls within the 

ange of values of this parameter for an orthorhombicstructure. 

Scanning electron microscopy images showed that all particles 

re approximately spherical and have a relatively narrow size dis- 

ribution, with an average diameter of about 45 nm (values slightly 

maller were obtained from the XRD data using the Debye-Scherrer 

nd Williamson–Hall model: 25 and 37 nm, respectively), while 

aman spectroscopy measurements revealed that the sample had 

 considerable degree of crystallinity (in agreement with the XRD 

ata). 
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