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A B S T R A C T

Here, we investigate the effect of structural and magnetic properties of Gadolinium (Gd) doped (x = 0, 0.05, and 
0.1) Neodymium Iron Oxide (NdFeO₃) nanoparticles synthesized via slow solution combustion technique. The X- 
ray Diffraction (XRD) analysis confirmed an orthorhombic crystal structure with the space group Pbnm (JCPDS 
card no. 25–1149), and the crystallite size was found to decrease from 52 nm to 32 nm with increasing Gd doping 
concentration. Field Emission Scanning Electron Microscopy (FESEM) revealed well-organized and agglomerated 
nanoparticles with consistent particle sizes. Magnetic measurements were performed using SQUID magnetometer 
that demonstrated a ferromagnetic character for all samples, with an increase in magnetic moment as the Gd 
doping concentration increases. The hysteresis curves showed an increase in remanent magnetization and a 
decrease in coercivity from 0.7 T to 0.4 T. These findings suggest that Gd-doped NdFeO₃ nanoparticles, with their 
enhanced magnetic moments and reduced coercivity, hold potential for spintronic applications.

1. Introduction

In recent years, metal oxide (MO)-derived advanced materials have 
attracted significant scientific and technological interest due to their 
exceptional electrical, optical, mechanical, magnetic, and physical 
properties, making them suitable for a wide range of applications in 
material science, biomedicine, and chemistry [1–3]. Magnetic nano-
materials have been the focus of extensive research, both for their 
fundamental properties and their technological applications, including 
data storage, sensors, catalysts, magnetic resonance imaging, and 
biomedical uses [4–6]. Among these, ferrite materials, especially 
perovskite ferrites, have been widely studied and are recognized as 
excellent absorptive materials due to their remarkable absorption effi-
ciency, tunability, and stability across a wide frequency range. Perov-
skite ferrites exhibit outstanding magnetic and dielectric properties, 
making them ideal for various applications such as electromagnetic 
shielding, wireless communication, and radar interference mitigation 

[7,8]. Furthermore, oxide materials are well-known for their remarkable 
characteristics, including high-temperature superconductivity, magne-
toresistance, and multiferroicity, as well as their utility in devices like 
solid-oxide fuel cells, catalytic converters, and gas sensors [9,10].

Rare-earth ferrites (RFeO3) exhibit a moderate dielectric constant, 
high magneto-crystalline anisotropy, and low magnetic permeability, 
making them highly suitable for fabrication of magnetic devices [8,
10–12]. Furthermore, RFeO3 perovskites demonstrate magnetically 
induced ferroelectric polarization which arises from the coupling be-
tween R3+ and Fe3+ ions. The domain walls in these materials display 
both ferroelectric and canted-antiferromagnetic properties with strong 
confinement, enabling the simultaneous control of electric polarization 
and magnetization through magnetic and electric fields [8,11]. This dual 
property of ferroelectricity and canted-antiferromagnetism in RFeO3 
compounds makes them highly versatile for advanced applications. The 
exceptional magnetoelectric properties of RFeO3, such as reversible 
magnetic exchange bias, the magnetocaloric effect, and 
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magnetism-driven ferroelectricity, have garnered considerable interest 
in materials research. Nano-sized ferrites, in particular, possess a higher 
specific surface area compared to their bulk counterparts due to the 
quantum size effect. This increased surface area enables the incorpora-
tion of various dopants into their structure, allowing the properties to be 
tailored based on the type of dopant material used. Additionally, the 
preferential occupation of A-sites or B-sites by the dopant elements can 
significantly influence the electrical, optical, and magnetic properties of 
RFeO3 [13–15].

Particularly, the orthorhombic symmetry of the Neodymium Iron 
oxide (NdFeO3) perovskites exhibited interesting magnetic interactions 
such as Nd–Nd, Nd–Fe, and Fe–Fe. In this transition, the direction of the 
easy axis of magnetization changes from one crystal axis to another 
induced by temperature or applied field [16,17]. NdFeO3 is a type of 
Perovskite oxide that is ferromagnetic and its magnetic properties 
mainly depend on the interaction between Nd3+-Fe3+, Fe3+-Fe3+, and 
Nd3+-Nd3+. For instance, Abida Bashir et al. [18] examined and re-
ported the change in magnetic behaviour by the addition of Ni3+ which 
replaces Fe site causing a spin reorientation of Fe3+ and new magnetic 
interaction when doped with NdFeO3.

In terms of its structure, NdFeO3 displays a distorted orthorhombic 
configuration within the Pbnm space group, with each unit cell con-
taining four formula units [19]. This distortion notably alters the in-
tensity of super exchange interactions, with the interplay between 
magnetic ions (Nd3+and Fe3+) influenced by temperature variations. In 
this transition, the orientation of the magnetic axis shifts from one 
crystal axis to another due to temperature variations or an applied 
magnetic field. An extensive examination of spin reorientation, structure 
change and the underlying mechanism of spin reorientation within 
NdFeO3 were done by Slawinski et al. [20] and L. Chen et al. [21], 
respectively. Although NdFeO3 has been thoroughly investigated at low 
temperatures, there is limited literature available regarding its proper-
ties at higher temperatures, particularly close to the Néel temperatures.

Synthesis of RFeO3 nano ferrites through solution combustion tech-
nique with nitrate precursors and fuels, often faces challenges such as 

non-uniform atomic stoichiometric ratios and the emergence of unde-
sired phases [22–24]. In recent years, there has been a surge in attempts 
to produce these compounds through diverse methods like sol-gel, for 
improved regulation of particle size. It has been noted that there are 
changes in the physical attributes, including the magnetic and dielectric 
properties. In this paper, the structural, surface morphological and 
magnetic characteristics of Gd doped NdFeO3 synthesized using the 
solution combustion method were systematically investigated. The 
magnetic parameters such as Curie temperature, saturation magnetiza-
tion and remanent magnetization were determined and analysed from 
temperature and field dependence of magnetization measurements.

2. Experimental method

The undoped and Gd doped NdFeO3 nanomaterials were synthesized 
by solution combustion method using citric acid as fuel. The Nd 
(NO3)3⋅6H2O (99.9 %), Fe(NO3)3⋅9H2O (99.0 %) and Gd(NO3)3.6H2O 
(99.9 %) were taken as precursors to synthesize the Nd1-xGdxFeO3 (x =
0, 0.05 and 0.1) nanoparticles. All initial chemical components were 
carefully measured for the preparation of various samples. Each com-
pound was dissolved in deionized water in the necessary quantities to 
create a 1 M solution individually. Subsequently, the amalgamation of 
nitrates and citric acid was transferred into a beaker and stirred with a 
magnetic stirrer to ensure uniformity in the solution. The solution began 
to heat up, reaching a boiling point, and eventually underwent a self- 
propagating ignition process, resulting in complete combustion, after 
being continuously heated to approximately 200 ◦C. The resultant was 
an ash powder. The nanocrystalline powder was obtained by grinding 
the ash powder and calcining it at 700 ◦C for 5 h. The final product was 
powdered and then investigated. Fig. 1 illustrates the pictorial repre-
sentation of preparation procedure of Nd1-xGdxFeO3 (x = 0, 0.05 and 
0.1) nanoparticles.

Fig. 1. Pictorial representation of the synthesis of Gd doped NdFeO3 nanoparticles.
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3. Results and discussion

3.1. Structural analysis

All the prepared nanoparticles were examined by powder X-ray 
diffraction (XRD) using X’PERT-PRO X-ray diffractometer. Fig. 2 shows 
the XRD patterns of undoped and Gd doped NdFeO3 nanoparticles 
calcined at 700 ◦C. The X-ray diffraction pattern of NdFeO3 closely re-
sembles that of the orthorhombic crystal structure, especially within the 
space group Pbnm [25]. The obtained patterns also indicate high level of 
purity as there are no secondary phases found. This is confirmed by 
indexing the diffraction peaks using JCPDS pattern no. 25–1149 which 
offers confirmation in support of the claim [26]. The widening observed 
in the X-ray diffraction peaks suggests a reduction in the size of nano-
particles. The Scherrer equation has been utilized to determine the 
precise dimensions of the crystallites. The average crystallite size (L) of 
the ferrite samples can be accomplished by correlating it with the most 
prominent peak (121) and the FWHM (β) of the XRD peak as given by the 
Debye-Scherrer’s [27] equation: 

L= kλ/β cos θ (1) 

where the Scherrer constant k, the wavelength of X-ray λ and the Bragg’s 
peak radian angle θ are the main parameters of this analysis approxi-
mately. The crystallite size is decreased from 52 to 32 nm with increase 
in the Gd doping concentration. It is also known that the crystallite size 
value obtained from the Debye-Scherrer formula may not be entirely 
precise. Hence, an established relationship devised by Williamson and 
Hall (W–H) plot is employed. This graph enables the differentiation 
between micro-strain input and the broadening of the XRD peak, 
providing more customized measurements regarding the crystallite size. 
The complete FWHM of the XRD peak is correlated with the sample’s 
crystallite size (L) and micro-strain (ε) [28] as represented by the 
equation, 

β cos θ=
kλ
L
+ 4ε sin θ (2) 

The symbols used in the analysis are defined by equation (1). 
Additionally, the intercept kλ/L is utilized to estimate the size of the 
crystallites.

A crystallite size of 33.58 nm was obtained for the NdFeO3 sample. 

Notably, the estimated crystallite size has been found to be greater than 
Debye Scherrer’s value. This observation is attributable to the fact that 
the crystallite size has an inverse relationship to the FWHM of the XRD 
peak and that the presence of micro-strain results in a lower FWHM. As a 
result, a higher value of crystallites is obtained. The positive sign of the 
induced strain in the nanoparticle suggests a distorted crystal structure 
due to Oxygen vacancy and interfacial imperfection. With the increase 
in Gd concentration, the XRD peak is found to be shifted towards a 
higher 2θ (right shift) indicating a slight decrease in interplanar distance 
caused by the smaller ionic radius of the dopant (0.94 Å) compared with 
that of the host ion (1.12 Å). It is also noticed that the peak width is 
gradually broadened while the intensity of the peaks decreases. This 
broadening of the peaks indicates the decrease in the crystallite size and 
unit cell volume. Such a decrease is also a confirmation for the Gd (III) 
substitution to Nd (III) in the NdFeO3 crystal lattice.

3.2. Surface morphology and elemental analysis

In order to investigate the morphology of the Nd1-xGdxFeO3 nano-
particles, a Field Emission Scanning Electron Microscope (FESEM) was 
employed using ZEISS ultra plus with 20 kV FESEM. It is preferred for 
such analysis due to its straightforward image interpretation and simple 
sample preparation procedures. Fig. 3(a–c) shows the FESEM images of 
undoped and Gd doped NdFeO3. These images illustrate the uneven 
form of the grains, primarily spherical with a slight inclination to clump 
together. However, the magnification confirms that the grains comprise 
exceedingly fine particles.

In order to identify the constituent elements present in the sample, 
Energy Dispersive X-ray spectroscopy (EDX) was conducted, and the 
obtained results are presented in Fig. 4. Specifically, the spectra confirm 
the signature of Nd, Fe in the material as well as Gd present in the doped 
sample. But the oxygen (O) peak is not visible due to its low energy 
emission (around 0.5 keV) and potential masking by background noise 
or equipment limitations.

3.3. High-resolution transmission electron microscopy (HRTEM)

High Resolution Transmission Electron Microscopy (HRTEM) for the 
as prepared nanoparticles were carried out using JEOL Japan, JEM-2100 
Plus. Fig. 5a shows the morphology and structure of the undoped 
NdFeO3 nanoparticles. As can be seen, the shape of the particles of the 
synthesized NdFeO3 samples is close to spherical, but agglomerates of 
particles are noticeable. The particles appear smaller and more uniform 
compared to the doped version, indicating a different aggregation or 
growth behaviour. Fig. 5a (b) shows the selected area electron diffrac-
tion (SAED) pattern, indicating the crystalline structure, with diffraction 
spots suggesting a well-ordered crystalline nature. The lattice fringes 
seen in Fig. 5a (c) are clear, indicating good crystallinity.

Fig. 5b (d) shows aggregated clusters with an irregular shape of 
Nd0.95Gd0.05FeO3 nanoparticles. The particles appear somewhat larger 
and more irregular compared to the undoped sample. Fig. 5b (e) 
(Selected Area Electron Diffraction, SAED Patterns) shows a crystalline 
structure with distinct diffraction spots. The pattern indicates a well- 
ordered crystal structure, possibly with some distortion due to Gd 
doping. Fig. 5b (f) shows visible lattice fringes, indicating the crystalline 
nature of the Nd0.95Gd0.05FeO3 material. The lattice appears ordered, 
however shows minor distortions due to the presence of Gd atoms.

Fig. 5c (g) shows elongated, irregular cluster of grains of 
Nd0.9Gd0.1FeO3. The particles appear larger and more aggregated than 
the 5 at % doped and undoped samples, indicating that the increased Gd 
doping affects the particle morphology. The SAED pattern displays a 
crystalline structure with diffraction spots. The spots are less sharp or 
more diffuse compared to the 5 at % doped and undoped samples, 
indicating increased lattice distortions or strain due to higher Gd doping. 
The HRTEM lattice fringe image shows lattice fringes, but they are less 
uniform compared to the 5 at % doped and undoped samples. The higher 

Fig. 2. X-ray diffraction patterns of undoped and Gd (x = 0, 0.05 and 0.1) 
doped NdFeO3.
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Gd doping level could introduce more significant distortions or defects 
in the crystal lattice. An analysis of the results of the size distribution of 
Gd doped NdFeO3 grains allows us to conclude that the average grain 
size decreases monotonically with an increase in the dopant content in 
the synthesized samples. In the undoped NdFeO3 sample, clear lattice 
fringes are observed, indicating high crystallinity. However, in the Gd- 
doped sample, changes in the spacing or regularity of these fringes 
suggest that Gd doping affects the crystal structure, leading to lattice 
distortions or reduced crystallinity. Changes in lattice structure and 
crystallinity can alter the magnetic properties of NdFeO₃, making Gd- 
doped variants useful in designing magnetic sensors, memory devices, 
and spintronic applications.

3.4. Magnetic studies

The temperature and field dependence of magnetization were 
measured for Nd1-xGdxFeO3 nanoparticles by using SQUID magnetom-
eter. The temperature-dependent magnetization measurements were 
performed under both field-cooled (FC) and zero-field-cooled (ZFC) 
conditions, using an applied magnetic field of 100 Oe. Additionally, the 
field-dependent magnetization was measured at 5 K and 300 K, with the 
applied magnetic field ranging up to 5 T. Fig. 6 exhibits the magnetic 
behaviour of all the samples with respect to temperature. From the 
measurements, it is clear to observe a ferromagnetic to paramagnetic 
transition for all the samples. At 5 K, all samples exhibit ferromagnetic 
behaviour, as indicated by the upward bending of the curves with 
decreasing temperature. This upward trend signifies that as the mag-
netic field strength increases, the magnetic moments align more effec-
tively, leading to greater overall magnetization. Ferromagnetic 

materials naturally possess a net magnetization even in the absence of an 
external magnetic field, due to the alignment of magnetic moments 
within the material. Doping does not eliminate ferromagnetism but can 
modify its strength or other magnetic properties depending on the ma-
terial’s composition. The Curie temperature (TC) for the undoped 
nanoparticles is approximately 13 K, rising to 34 K for Nd0.9Gd0.1FeO3. 
Consequently, the paramagnetic behaviour decreases as the Gd doping 
concentration increases. The enhancement in ferromagnetism is a 
complex phenomenon governed by factors such as the material’s crystal 
structure and the magnetic interactions among its elements [29,30].

Fig. 7 demonstrates the field dependence of magnetization curves for 
all samples measured at 5K. As seen in the curves, the decrease in the 
slope of the magnetization response indicates a reduction in para-
magnetic behaviour and an increase in ferromagnetic behaviour, 
consistent with the addition of Gd dopant. The observed increase in the 
magnitude of the magnetic response with increasing Gd dopant content 
supports the notion of enhanced ferromagnetic behaviour. The satura-
tion magnetization observed for higher doping confirms that the Gd 
dopant favours the ferromagnetic behaviour in NdFeO3 and supports the 
results obtained from temperature dependence of magnetization 
(Fig. 6).

The same hysteresis curves were obtained for 300 K which is illus-
trated in Fig. 8. It is observed that the magnetic curves do not saturate 
even for high doping concentration of Gd. However, the MH curves 
exhibit a large coercivity (HC) and exhibit a similar tendency as the Gd 
content increases. Fig. 9 demonstrate the variation of HC and remanent 
magnetization (Mr) with respect to Gd dopant concentration. As the Gd 
content increases, the Mr also increases and indicate the aptness of Gd to 
improve the magnetic ordering state in NdFeO3. Meanwhile, the 

Fig. 3. FESEM images of (a) NdFeO3 (b) Nd0.95Gd0.05FeO3 (c) Nd0.9Gd0.1FeO3 nanoparticles calcined at 700 ◦C.
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coercivity decreases sharply with the dopant of Gd that shows the soft 
magnetic nature of NdFeO3 with Gd.

In consequence, doping Gd into NdFeO3 enhances its magnetic 
properties by introducing Gd3+ ions with a higher magnetic moment (7 
μB) compared to Nd3+. This substitution can strengthen the exchange 
interactions between the Fe3+ ions and the rare-earth ions and hence 
promote ferromagnetic ordering. Moreover, Gd doping can modify the 

crystal structure, leading to changes in bond angles and bond lengths, 
which influence the magnetic exchange pathways. These results could 
be valuable for tailoring magnetic properties in ferrite materials and 
highlights the intricate nature of magnetic materials and their response 
to changes in composition. Moreover, understanding the relationship 
between Gd content and magnetization parameters like HC and Mr is 
crucial in designing magnetic materials for various applications.

Fig. 4. EDX spectra of (a) NdFeO3 and (b) Nd0.9Gd0.1FeO3 nanoparticles.

Fig. 5a. HRTEM images of NdFeO3 at (a)200 nm, (b)21 nm and (c)2 nm.
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4. Conclusion

The Nd1-xGdxFeO3 (x = 0, 0.05 and 0.1) was effectively synthesized 
by solution combustion method. The XRD analysis confirmed the 
orthorhombic structure with space group Pbnm. The average crystallite 
size was found to be reduced from 55 to 32 nm as the Gd doping 

Fig. 5b. HRTEM images of NdFeO3 doped with 5 at% gadolinium at (d)200 nm (e)21 nm (f)2 nm.

Fig. 5c. HRTEM images of NdFeO3 doped with 10 at% gadoliniumat (g)200 nm, (h)21 nm, (i)2 nm.

Fig. 6. Temperature dependent Magnetization for Nd1-xGdxFeO3 (x = 0, 0.05 
and 0.1) under FC and ZFC conditions.

Fig. 7. Hysteresis loops measured at 5 K for Nd1-xGdxFeO3 (x = 0, 0.05 
and 0.1).
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concentration increases to 0.1. The FESEM images depict uneven grains 
but they are found to be spherical in shape. The EDX spectra confirm the 
presence of Nd, Gd, Fe, and absence of O due to low energy emission in 
the synthesized samples. As per HRTEM analysis, Gd doping affects the 
morphology, crystallinity, and lattice structure of NdFeO3. The magnetic 
property reveals its response to changes in composition and the HC starts 
from 0.7 T and decreases to 0.4 T. These properties influence the per-
formance and efficiency of devices and systems utilizing magnetic ma-
terials, and optimizing them can lead to improved functionality and 
reliability of devices such as magnetic recording media, magnetic sen-
sors, and magnetic nanoparticles for biomedical applications.
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