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Abstract
Neodymium (Nd3+)-doped yttrium iron Garnet (YIG) nanoparticles, with compositional variation of NdxY3−xFe5O12 
(0.0 ≤ x ≤ 3.0), were prepared by co-precipitation method. The prepared nanoparticles were characterized using TGA, XRD, 
TEM, SEM, EDX, and FTIR. The calcination temperature was chosen according to the maximum decomposition tem-
perature (˃ 810 °C) achieved in TGA. XRD confirmed the successful phase formation, at the chosen sintering temperature 
(1100 °C), of Garnet for x < 3.0 (cubic Ia3d symmetry), after which the orthoferrite phase NdFeO3 at x = 3.0 (orthorhombic 
Pnma symmetry) was formed. The incorporation of Nd3+ increased the lattice parameters (12.3833–12.5020 Å), porosity 
(34.127–39.549%) and crystallite size (82.66–129.99 nm). Agglomerated, distorted, and irregularly shaped nanoparticles 
were observed in TEM and SEM with the elemental composition confirmed by EDX, inconsistency with the proposed 
NdxY3−xFe5O12. The FTIR analysis revealed the characteristic bands at 657, 600, and 565 cm−1 with Nd3+ doping concentra-
tion between 0.0 and 1.5. These bands disappeared at x = 3.0, where the orthoferrite phase of NdFeO3 dominated. UV–Vis 
spectroscopy revealed the semiconducting behavior of the prepared samples with energy gaps ranging between 2.89 and 
3.02 eV. A broad emission band was observed, in the range 500–550 nm, in the PL spectra of all the prepared samples in 
agreement with the calculated band energies. The transport properties were studied by DC conductivity measurements and 
analyzed by the Arrhenius plots, from which two activation energies were determined for each sample. The magnetic prop-
erties, investigated by VSM, showed that isovalent substitution of Y3+ by Nd3+ dramatically influenced room temperature 
parameters, such as saturation magnetization, coercivity, and remanence magnetization.
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1  Introduction

Yttrium iron Garnet (Y3Fe5O12; YIG) is an important fer-
rimagnetic material characterized by its notable thermal 
stability, magnetic, electric, and magneto-optical properties 
[1]. YIG is constantly being assessed as a supreme micro-
wave material to improve the performance of microwave 
devices due to its low microwave loss [2]. YIG is also used 

as a microwave absorber for minimizing electromagnetic 
interference at the high GHz frequency region [3]. Recently, 
YIG has attracted attention in the areas of spintronics and 
magnonics [4]. It belongs to the space group Oh

10–Ia3d, with 
overall cubic symmetry, consisted of eight formula units and 
three sub-lattices [5]. One sub-lattice is occupied by Y3+ 
ions in dodecahedral sites 24(c), while the tetrahedral 24(d) 
and octahedral(16a) sites are occupied by Fe3+ ions, leading 
to outstanding-exchange interactions between the magnetic 
ions in the several sub-lattices [5, 6].

Aiming to understand and control the intrinsic proper-
ties of Garnet, such as the specific magnetization and coer-
civity, several studies reported the effect of substituting 
trivalent yttrium cations by different rare earth elements 
with the same electronic charge, such as Ce3+, Dy3+, Gd3+, 
Sm3+, La3+, Nd3+ and Pr3+ [7, 8]. In particular, the Nd3+ 
ion received special attention due to its unique magneto-
optical properties [9]. It has been reported that substituting 
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Nd3+ in YIG improves their magneto-optical properties 
[10], bandwidth efficiency [11], dielectric properties, and 
magnetization values [12]. Enhancing magnetization val-
ues increases the Curie temperature (Tc), and thus mini-
mizes the potential variations in the magnetic properties 
of the Garnet with temperature [12]. Besides, doping 
YIG with rare-earth ions such as La3+, Nd3+, and Ce3+ 
enhances the Gilbert damping parameter (α) and reduces 
the relaxation time, rendering the lanthanide-doped YIG 
a good candidate for broad-band-width microwave filters, 
higher-band 5G technology, and design of high-speed 
memory devices [13].

Several synthetic procedures were developed for the 
preparation of pure YIG, such as sol–gel [14], ball mill-
ing [15], hydrothermal [16], microwave heating [17], 
co-precipitation [18], and solid state [18]. The chemical, 
microstructure, and physical properties of the synthesized 
Garnets are affected by the method of preparation [18]. 
The co-precipitation method remains the most commonly 
used one, due to its reproducibility, low cost, aqueous 
reaction milieu, and high product yield and purity [18].

As the quest towards improving the magnetic and 
electric properties of YIG continues to attract attention 
from the industrial and technological sectors, we aim in 
the current study to investigate the effect of substituting 
the magnetic rare-earth cation Nd3+ in YIG lattice on the 
structural, optical, electrical, and magnetic properties of 
the doped materials. Several NdxY3−xFe5O12 nanoparticles 
with different compositions (0.0 ≤ x ≤ 3.0) were synthe-
sized using the simple and cost-effective co-precipitation 
method. The systematic characterization of the prepared 
nanoparticles reveals their phase content, chemical com-
position, and morphology, in correlation with their optical, 
electrical, and magnetic properties.

2 � Experimental techniques

2.1 � Materials

The precursors that were used to synthesize the 
NdxY3−xFe5O12 nanoparticles, by the coprecipita-
tion method, include iron (III) chloride hexahydrate 
(FeCl3·6H2O, [99%]), obtained from Fluka, neodymium 
(III) chloride hexahydrate (NdCl3·H2O, [99.9%]), pur-
chased from Sigma Aldrich, yttrium (III) chloride (YCl3, 
[99.99%]), purchased from Alfa Aesar, and sodium hydrox-
ide, purchased from Alpha Chemika. Also, the deionized 
water was used as the dispersing solvent throughout the 
coprecipitation method. The drying and the annealing 
stages were performed by using an oven (Trade Raypa) 
and a Nabertherm box furnace, respectively.

2.2 � Preparation of NdxY3−xFe5O12 nanoparticles

The synthesis of the NdxY3−xFe5O12 nanoparticles, via the 
coprecipitation method, was initialized by reacting the 
appropriate amounts of NdCl3·6H2O, FeCl3·6H2O, and 
YCl3. The starting materials were dissolved in 100 mL of 
deionized water, and the reaction mixture was magneti-
cally stirred for 1 h at room temperature. The mixture was 
titrated with 3 M NaOH to reach pH = 12, as monitored by 
a pH-meter, and then heated for 4 h at 80 °C to precipitate 
the solution. The nanoparticles were collected by suction 
filtration and washed with deionized water till the mother 
liquor had a pH = 7. The samples were dried in an oven 
at 100 °C for 18 h. Thereafter, the dried powders were 
grinded and annealed at 1100 °C for x = 0.0 (YIG) and 
1050 °C for 0.0 < x ≤ 3.0 (NdxY3−xFe5O12) for 2 h to obtain 
the desired nanoparticles.

2.3 � Characterization of NdxY3−xFe5O12 nanoparticles

Thermogravimetric analysis (TGA) was carried out with 
a Bruker TGA-IR Tensor 27 NETZSCH TG 209 F1 
LIBRA in an N2 atmosphere. The prepared nanoparti-
cles were placed in a 100 µL Al2O3 crucible and heated 
from 30 to 1100 °C with a heating rate of 10 °C min−1.
The lattice parameters and crystallite size of the prepared 
samples were determined using X-ray diffraction (XRD) 
(Model: D8 FOCUS BRUKER), employing Cu-kα radia-
tion (kα = 0.154 nm) in the range 5° ≤ 2θ ≤ 80°. Trans-
mission electron microscopy (TEM) micrographs were 
collected on a Transmission Electron Microscope (JEOL 
1400 plus) operated at 80 kV. The microstructure morphol-
ogy and grain size of the nanoparticles were shown using 
AIS 2300 Cryo-Scanning Electron Microscopy (CSEM), 
operated at 20.0  kV × 3.0  K, with a resolution power 
of 10 μm. The atomic percentage of nanoparticles was 
measured using Energy-Dispersive X-ray analysis (EDX) 
detector-type SDD Apollo X at an accelerating voltage 
of 20 kV. Fourier Transform Infrared (FTIR) spectra of 
the nanoparticles were obtained on an FTIR Nicolet iS5 
in the range 400–1000 cm−1. Ultraviolet–visible spectros-
copy (UV–Vis) absorption spectra for the nanoparticles 
were recorded using a JASCO V-670 spectrophotometer 
in the range of 250–700 nm. Photoluminescence (PL) was 
deliberated using a JASCO spectrofluorometer FP-8600 
in the range 500–700 nm. DC conductivity was carried 
out with the two-probe method in the temperature range 
of 373.15–873.15 K, where the resistance was recorded in 
steps of 10 K during the sample cooling. Room tempera-
ture magnetic hysteresis (M–H) was performed using a 
vibrating sample magnetometer (VSM) (Lake Shore7410), 
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in the field range − 20 to 20 k Oe, to study the magnetic 
properties of the prepared samples.

3 � Results and discussion

3.1 � Thermogravimetric analysis (TGA)

The thermal stability of the NdxY3−xFe5O12 nanoparticles 
was addressed by investigating its decomposition per-
formance using TGA under nitrogen atmosphere where 
samples were heated in the temperature range from 30 to 
1100 °C. The effect of calcination temperature on the crys-
talline structures of the materials was extracted from the 
simultaneous TG–DTA curves shown in Fig. 1. An overall 
weight loss of 21.3%, 21.4%, 24.7% and 19.3% was observed 
for x = 0.0, 0.5, 1.5 and 3.0, respectively. The endotherm 
observed between 75 and 150 °C corresponded to the loss 
of residual moisture [18]. Decomposition started at 190 °C 
and thermal stability was achieved at ~ 810 °C with no fur-
ther thermal decomposition thereafter. The weight loss 
observed over a wide temperature range from 150 to about 
810 °C can be ascribed to the decomposition of amorphous 
precipitates into oxides [19]. The broad exothermic peak 
observed in the temperature range 500–700 °C is associated 

with crystallization of amorphous YFeO3, and the exotherm 
occurring at the temperature range of 800–1100 °C corre-
sponded to the formation and crystallization of YIG [18, 
20]. Accordingly, the calcination temperature was chosen 
to be between 1050 and 1100 °C, which is higher than the 
obtained final decomposition temperature to assure the total 
decomposition of the preparation precursors and complete 
crystallization of YIG.

3.2 � X‑ray diffraction patterns

The XRD patterns of the prepared NdxY3−xFe5O12 nanopar-
ticles, depicted in Fig. 2a, mainly illustrate the Garnet phase 
with complete crystallization, occurring at the selected tem-
perature. For undoped YIG (x = 0.0), the complete phase of 
pure YIG was achieved at 1100 °C, showing peaks with the 
hkl planes (400), (420), (422), (521), (532), (444), (640), 
(642), (800), (840), (842) and (664), which can be attributed 
to planes of a cubic unit cell [11]. The proper Garnet struc-
ture peaks (400), (420), and (422) are resolved, confirming 
that the prepared YIG Garnet belongs to the space group 
Ia3d with a cubic crystal structure [21]. The existence of 
the Garnet phase for YIG nanoparticles is observed from the 
structure peak (420) [22]. The single Garnet phase of YIG 
is satisfactorily formed at 1100 °C with a lattice parameter 

Fig. 1   TGA graphs of NdxY3−xFe5O12 nanoparticles synthesized by co-precipitation method at different Nd-doping concentrations
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of 12.3865 Å without any further reflections [23]. The XRD 
spectra of the Nd3+-doped YIG nanoparticles (x = 0.5, 1.0, 
or 1.5) revealed peak shifting of (420) crystal plane to lower 

2θ as shown in Fig. 2b [13]. Y3+ ions occupying the dodeca-
hedral c-site in YIG crystal lattice were partially replaced 
by the doped Nd3+ ions, leading to an increase in the lattice 
parameter ‘a’ (Table 2). This observation is in uniformity 
with multiple literature reports [12, 13, 22, 24]. The Gar-
net phase is noticed mainly in samples having x = 0.0, 0.5, 
1.0, and 1.5. On the other hand, the orthoferrite (NdFeO3) 
phase is dominant in the case of x = 3.0 in addition to more 
phases, thus proving that a higher concentration of Nd3+ 
inhibits the crystallization of the Garnet phase [25]. XRD 
analysis showed that the NdFeO3 nanoparticles were excel-
lently crystallized in the orthorhombic system, with the main 
peak at (121) planes [26]. Other peaks related to Fe2O3 and 
NdIG were observed (Table 1). This NdFeO3 structure is 
categorized in the orthorhombic Pnma phase [26], with lat-
tice constants a, b, and c, listed in Table 2.

The influence of strain on peak broadening was exam-
ined using the Williamson–Hall (W–H) method, where an 
individual contribution to line broadening β at full width at 

Fig. 2   a XRD patterns for NdxY3−xFe5O12 nanoparticles and b peak shifting in (420) crystal plane due to Nd3+ doping

Table 1   The phase contents of the synthesized nanoparticles and the 
reliability factors as determined by the MAUD program

x

0.0 0.5 1.0 1.5 3.0

Phase (wt.%)
Y3Fe5O12 77.327 96.255 95.297 94.042 –
Nd3Fe5O12 – 0.313 – – 0.024
YFeO3 21.866 2.747 2.413 2.286 –
NdFeO3 – – 1.441 3.672 82.891
α-Fe2O3 0.807 0.685 0.849 – 17.084
χ2 1.44 1.26 1.27 1.36 1.36
Rwp 3.377 3.352 3.617 3.862 4.428
Rexp 2.341 2.653 2.839 2.834 3.264

Table 2   Structural parameters of NdxY3−xFe5O12 nanoparticles obtained from XRD and TEM results

x 2θ (°) Lattice parameter 
(Å)

ρ X-ray (g/cm3) ρ bulk (g/cm3) P (%) ε (× 10−3) DXRD (nm) DTEM (nm) Icry

0.0 32.29 a 12.3883 5.166 3.403 34.127 0.8 57.77 82.66 1.430
0.5 32.21 12.4165 5.319 3.387 36.323 1.5 86.66 92.45 1.066
1.0 32.08 12.4649 5.447 3.503 35.689 1.7 69.33 74.99 1.081
1.5 31.70 12.5020 5.585 3.596 35.613 1.8 72.98 77.64 1.063
3.0 32.49 a 5.5878 6.961 4.208 39.549 2.9 115.55 129.99 1.124

b 7.7702
c 5.4567
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half maximum (FWHM) of Bragg reflection was expressed 
as follows [27]:

where βD is due to the contribution of crystallite size and βε 
is due to strain-induced broadening.

where k is the shape factor and is usually taken 0.89 for 
spherical crystallites with a cubic unit cell [28].

Equation (2) represents the modified W–H formula and 
addresses the uniform deformation model (UDM), where 
the strain is assumed uniform in all crystallographic direc-
tions. The strain and the average crystallite size can be 
determined from the slope and the intercept of the plot 
of βcosθ as a function of 4sinθ, respectively, as shown 
in Fig. 3f. The positive slope value indicates the tensile 
strain. The scattered data in Fig. 3f showed that the crys-
tallite size and strain do not vary monotonically according 
to the W–H formula for different samples. This suggests 
that the broadening of the Bragg diffraction peaks for the 
different Bragg reflections is caused by an anisotropic 
microstrain. The extracted values from W–H plots are 
summarized in Table 2.

The % porosity (P) of the synthesized samples was cal-
culated according to [29]:

where ρx-ray and ρbulk are the X-ray density and the bulk den-
sity (ρbulk), respectively, given by the following relations [30, 
31]:

where n is the number of atoms per unit cell, (8 is for the 
cubic Ia-3d structure and 4 is for the orthorhombic struc-
ture), M is the molecular weight, NA is Avogadro’s number, 
V is the unit cell volume, (a3 in the cubic Ia-3d structure and 
abc for the orthorhombic structure), m is the mass of the 
pressed pellets, r is the pellet’s radius, and h is its thickness.

Upon Nd-doping, the porosity of the samples increases. 
Several factors affect the % porosity of a sample such as 
intergranular porosity, intragranular porosity, and grain size. 
The change in bulk density and porosity might be attributed 
to the greater atomic mass and radius of Nd3+ ions com-
pared to iron (55.85 a.m.u). Assessing the average grain size, 
porosity, and degree of agglomerations of Nd-doped YIG 

(1)� = �D + ��,

(2)� cos � =
k�

D
+ 4� sin �,

(3)%P =

(

1 −
�bulk

�x - ray

)

× 100

(4)�X-ray =
nM

NAV

(5)�bulk =
m

�r2h

nanoparticles is essential for Garnet ferrite commercializa-
tion [30].

3.3 � Microstructural analysis

The morphology and particle size of the synthesized nano-
particles was inspected by TEM, and the collected images 
are portrayed in Fig. 4. The TEM images display distin-
guishable, distorted, and irregularly shaped nanoparticles. 
It can be noticed that the addition of the Nd3+ ions did not 
alter the overall morphology of the prepared nanoparticles, 
although it caused a change in the particle size. The particle 
size distributions of the prepared nanoparticles are shown 
in the histograms of Fig. 4, constructed using ImageJ soft-
ware. The values of the mean particle size (DTEM) for the 
NdxY3-xFe5O12 nanoparticles are listed in Table 2, with 
an error of ± 3.55–6.83 nm. The slightly larger values of 
the particle size obtained from the TEM images compared 
with that obtained from the XRD analysis may be due to 
the stretching of the grains caused by the magnetic inter-
actions. The crystallinity index Icry = DTEM/DXRD [32] was 
calculated and is listed in Table 2. The values of Icry vary 
around 1, proving the high crystallinity of the prepared 
NdxY3-xFe5O12 nanoparticles, especially for 0.5 < x < 1.5. 
Moreover, an obvious agglomeration of the NdxY3-xFe5O12 
nanoparticles is observed as a result of the high surface 
energy and the permanent magnetic moment [33]. Because 
the system tends to minimize the total surface energy, attrac-
tive Van der Waals forces act upon and play a role in the 
agglomeration of the nanoparticles. Moreover, the magnetic 
forces created by the permanent magnetic moments of the 
Fe3+ ions give rise to magnetic interactions between the 
nanoparticles, proving the high reactivity of the composi-
tion [31]. The magnetic properties and dipolar moments of 
the nanoparticles play a key role in the agglomeration of the 
nanoparticles, especially in the absence of any surfactant 
[34]. Note that, it has been reported in the literature that 
particles having a diameter larger than 20 nm have enough 
magnetic moments that can overcome the Brownian motion 
of the particles [18]. Accordingly, the prepared nanoparticles 
do not suspend freely in the solvent and move randomly in a 
Brownian motion, but they agglomerate together under the 
effect of their magnetic interactions.

The nanoparticles morphology was confirmed by the 
SEM micrographs, presented in Fig. 5 for the prepared 
NdxY3-xFe5O12 nanoparticles, along with their corresponding 
EDX graphs, where agglomerated grains with irregular mor-
phology appear in the SEM micrographs. The histograms 
of these micrographs were constructed and are displayed in 
Fig. 5. The grain size appears larger than the crystalline size 
evaluated in the XRD analysis. This is explained by the fact 
that in XRD analysis, the assessment is applied to the crys-
talline area in which the X-rays are diffracted in a coherent 
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manner; however, in SEM measurements the grain size is 
measured between the visible grain boundaries [35]. The 
Nd-doped samples exhibit a smaller grain size than the pure 
sample with a higher porous morphology, confirming the 

porosity values listed in Table 2. This is due to the compres-
sion that occurred to the Garnet samples when doped with 
Nd3+ ions, causing deformation in the Fe2+–O2−–Y3+ and 
Fe2+–O2−–Fe3+ bond angles [31]. The analysis of the EDX 

Fig. 3   The phase contents of the synthesized nanoparticles with peak fitting as determined by the MAUD program and the W–H plots
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data (Table 3) for all the samples shows that oxygen was the 
dominant element, followed by iron, yttrium, and neodym-
ium, which is consistent with the proposed NdxY3−xFe5O12 
formula. While no Nd was detected in pure YIG (x = 0.0), the 
atomic percentage of Nd in the NdxY3−xFe5O12 nanoparticles 

(x = 0.5, 1.0, 1.5, and 3.0) increased as the level of dop-
ing increased, thus demonstrating the successful doping 
of Nd by the coprecipitation method, with no undesirable 
impurities.

3.4 � Fourier‑transform infrared (FTIR) spectroscopy

The successful synthesis of NdxY3−xFe5O12 nanoparticles 
was further confirmed by acquiring FTIR spectra as shown 
in Fig.  6. The three intense vibration bands at 657.09, 
600.58, and 565.68 cm−1 are characteristic of the FeO4 tet-
rahedral in the YIG Garnet [9]. The absence of an absorption 
band at 580 cm−1 contributing to the orthoferrite (YFeO3) 
further established the complete conversion of orthoferrite 
into YIG Garnet upon calcination at 1050 °C. Furthermore, 
a strong band at 400 cm−1 was attributed to the isolated octa-
hedral characteristic of YIG. The incorporation of the Nd3+ 
ions in the Y3Fe5O12 matrix shifted the absorption bands to 
the right. Nd3+ ion (1.12 Å) has a bigger ionic radius than 
Y3+ ions (1.02 Å). Therefore, the incorporation of Nd3+ ions 
into the dodecahedral site of YIG Garnet structure led to 
the distortion of the tetrahedron causing the observed shift 
in its characteristic bands. This was also associated with an 
increase in the lattice size as the degree of neodymium ion 
doping increased as revealed from the XRD data (Table 2). 
Besides, no significant changes can be seen in intensity 
and bands for the absorption bands for the doped samples 
(0.0 ≤ x ≤ 1.5), where the characteristic band for Garnet for-
mation continued to appear. On the other hand, the FTIR 
spectrum for x = 3.0 did not show the typical vibration 
modes of the Garnet structure, suggesting that the Garnet 
structure did not form. Instead, a strong band at 553 cm−1 
corresponding to Nd–O bonds of the NdFeO3 orthoferrite 
was observed, where an orthorhombic crystal structure can 
be proposed for this composition.

3.5 � UV–Vis spectroscopy analysis

UV–Vis absorption analysis was performed to study the 
optical properties and to determine the energy bandgap of 
the prepared NdxY3−xFe5O12 nanoparticles. Figure 7a shows 
the UV–Vis absorption spectra of the prepared samples in 
the wavelength range 250–700 nm. Rare earth metals (Nd 
and Y) are usually identified in the wavelength region of 
220–450 nm [36], whereas YIG (x = 0.0) showed a band 
maximum at 358 nm, Nd0.5Y2.5Fe5O12, Nd1Y2Fe5O12, and 
Nd1.5Y1.5Fe5O12 exhibited absorption maxima 356, 351, 
350 nm, respectively. The observed blue shift was attributed 
to the electronic transitions between the oxygen ions and the 
different cations in doped YIG nanoparticles [30].

Tauc’s relation [37] calculated the optical bandgap (Eg) 
of the prepared samples, and Tauc’s plots of (αhν)n versus 
the photon energy hν are depicted in Fig. 7b, where α is the 

(a)

(b)

(c)

(d)

(e)

Fig. 4   TEM images and histograms of NdxY3-xFe5O12 nanoparticles 
at different Nd-doping concentrations: a x = 0.0, b x = 0.5, c x = 1.0, d 
x = 1.5 and e x = 3.0
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Fig. 5   a EDX and SEM 
micrographs and b histograms 
of the SEM micrographs for 
NdxY3-xFe5O12 nanoparticles at 
different Nd-doping concentra-
tions
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absorption coefficient, while n takes on the values of 2 and 
1/2 in case of allowed direct and allowed indirect optical 
transitions, respectively. No significant change in the band-
gaps was observed at different Nd-doping levels, with calcu-
lated values ranging between 2.89 and 3.02 eV. These values 
are in agreement with literature reports [35] that showed Eg 
of 2.8 eV for YIG. The fact that Eg values fall in the range 
2–4 eV suggested that the synthesized nanoparticles behaved 
as semiconductors.

Table 3   Atomic percentage of the elemental composition in 
NdxY3−xFe5O12 nanoparticles

Element Samples (at.%)

x = 0.0 x = 0.5 x = 1.0 x = 1.5 x = 3.0

Y 14.26 14.69 11.60 10.40 –
Fe 21.26 25.02 25.53 30.40 23.16
O 39.42 46.49 47.78 40.58 47.88
Nd – 2.88 5.48 11.45 21.08

Fig. 6   FTIR spectra of 
NdxY3−xFe5O12 nanoparticles

Fig. 7   a UV–Vis spectra and b Tauc’s plots of NdxY3−xFe5O12 nanoparticles
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3.6 � Photoluminescence properties of NdxY3−xFe5O12 
nanoparticles

Photoluminescence (PL) studies of NdxY3−xFe5O12 nano-
particles were conducted to gain insight into the effect of 
Nd3+ doping on the energies and of the excited states. PL 
spectra were acquired at room temperature upon excitation 
at 450 nm blue light under excitation-emission bandwidth 
of 5 nm, and emissions were recorded between 500 and 
700 nm. Figure 8 shows the emission bands for the pre-
pared samples sintered at 1050–1100 °C. Broad emission 
bands in the wavelength range 500–550 nm were obtained, 
and therefore, the green light was observed for all samples. 
The emission at 530 nm can be attributed to the 4G7/2 → 4I9/2 
transition [38, 39]. An increase in the PL intensity band 
(0.988 for x = 0.0 → 1.772 for x = 3.0) was observed as 
Nd3+ content increased due to the additive contribution of 
Nd3+ ions towards the aforementioned transition. The peak 
at 530 nm in each curve (E = 2.34 eV) is ascribed to the near 
band edge emission (NBE) originated from the recombina-
tion of excitons (recombination of the electron with hole 
due to electrostatic Coulomb force). The detected peaks 
were in reasonable agreement with the bandgap energies 
obtained from UV–Vis spectroscopy [40]. The PL spectra 
were deconvoluted to Gaussian peaks as shown in Fig. 8a–e. 
All spectra revealed an intense peak at ~ 530 nm, showing 
the presence of green emissions that illustrate the existence 
of oxygen deficiencies in the samples since the green emis-
sions originate from oxygen vacancies and singly ionized 
oxygen vacancies [41].

3.7 � DC conductivity

The conductivity of the NdxY3−xFe5O12 nanoparticles was 
measured within a temperature range of 373.15–873.15 K, 
where all samples reached their maximum conduction at 
873.15 K.  Figure 9a shows that as the temperature increases, 
the conductivity of the samples increases, as a result of the 
increasing concentration of the charge carriers that can 
overcome the energy barrier to contribute in electrical con-
duction. The increase in conductivity can be attributed to 
point defects created by the doping process [35], and to an 
increase in charge carriers’ hopping rate [42]. The obtained 
results corroborated the observations from UV–Vis spectros-
copy, which showed that the samples are semiconductors as 
deduced from the energy gap measurements. Several factors 
can affect the point defects such as variation in atomic size 
between dopant and substituent, and the lattice site of host 
structure [35].  

The DC conductivity temperature dependence was studied 
by the Arrhenius plot, illustrated in Fig. 9b. Two regions are 
revealed corresponding to two activation energies (EaH) and 

(EaL), related to the hopping process at high and low tempera-
tures given by the Arrhenius equation [43]:

where σH and are σL pre-exponential factors, KB is the Boltz-
mann’s constant, and T is the absolute temperature. Except 
for concentration x = 3.0, the energy gap for all the prepared 
samples in the high-temperature region is higher than that 
in the low-temperature region (Table 4).

3.8 � Magnetic properties of Nd‑doped YIG 
nanoparticles

The magnetic hysteresis (M–H) loops of the prepared 
NdxY3−xFe5O12 nanoparticles, collected at room temperature, 
are depicted in Fig. 10. An obvious ferrimagnetic behavior 
is displayed by the Garnet samples (x < 3.0), whereas a weak 
ferromagnetic behavior is exhibited by the orthoferrite sam-
ple (x = 3.0), as shown in the inset of Fig. 10. In the Garnet 
structure, the Fe3+ ions present in the octahedral (24d) sites 
couple antiferromagnetically with the Fe3+ ions in the tetrahe-
dral [16a] sites, through Fe2+–O2−–Fe2+ superexchange inter-
action. As a result, a net ferromagnetic behavior arises due to 
the parallel alignment of the remaining uncoupled Fe3+ ions 
in the d-sites. Note that the presence of the non-magnetic Y3+ 
ions in the dodecahedral {24c} sites does not affect the net 
magnetization. Upon doping, the Nd3+ ions in the c-sites of the 
Garnet structure are arranged in ferromagnetic alignment with 
the existing uncoupled Fe3+ ions, thus enhancing the net mag-
netization [12]. On the other hand, the weak ferromagnetism 
in the orthoferrites is attributed to the Dzyaloshinskii–Moriya 
interaction between slightly canted Fe3+ ions [44]. In the 
distorted and slightly titled orthorhombic unit cell, the spin 
moments of the Fe3+ ions are not perfectly antiparallel and are 
arranged non-collinearly, possessing a G-type spin structure, 
with the rare earth ions being disordered in a paramagnetic 
state, giving rise to a small net magnetization [45, 46]. Gener-
ally, the magnetic properties are affected by different extrinsic 
and intrinsic parameters, including particle size, morphology, 
material’s composition, temperature, the technique of prepara-
tion, orbital and spin interactions of the metal ions at intersti-
tial sites, cations movement, ferrimagnetic domains, internal 
structure and magnetocrystalline anisotropy [30, 47, 48].

The saturation magnetization (Ms) of the obtained hyster-
esis loops was calculated using the law of approach to satura-
tion, according to [40]:

where b is a factor related to anisotropy. Figure 11a–e shows 
the plot of M as a function of 1/H2 at high field and its linear 

(6)� = �H exp

(

−
EaH

KBT

)

+ �L exp

(

−
EaL

KBT

)

(7)M = Ms

(

1 −
b

H2

)
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fitting, from which the value of Ms was determined and is 
listed in Table 5. The value of Ms was found 18.658 emu/g 
for the pure YIG inconsistency with previous literature [49, 

50]. Upon doping YIG by Nd, Ms increased and recorded a 
maximum value of 23.862 emu/g at the doping concentra-
tion of x = 0.5, where the percentage of the Garnet phase 

Fig. 8   Deconvoluted PL spectra of NdxY3−xFe5O12 nanoparticles at different Nd-doping concentrations: a x = 0.0, b x = 0.5, c x = 1.0, d x = 1.5 
and e x = 3.0, and f represents the PL spectra of all the samples in the wavelength range of 510–550 nm
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present is the maximum. The higher values of Ms for the 
doped samples indicate that the Nd3+ ions at the c-site 
align with the uncoupled Fe3+ ions ferromagnetically by 

superexchange interaction. Moreover, the magnetic Nd3+ 
(3.62 μB) substitutes the non-magnetic Y3+ (0 μB), increas-
ing the net magnetization of the sample [9]. It is noteworthy 
to point out that Ms increases as the crystallite size increases, 
as shown in Fig. 11f. On the other hand, the orthoferrite 
sample (x = 3.0) displays poor magnetic properties with Ms 
value equal to 0.828 emu/g, similar to previous studies [51, 
52]. This highlights the weak ferromagnetic behavior, as a 
result of the formation of NdFeO3 (82.891%) and hematite 
(17.084%) [26]. The magnetic moment (nB) of the prepared 
samples was calculated according to [53]:

where M is the molecular weight of the samples. The pres-
ence of a higher nB (Table 5) is noticed to give rise to higher 
values of Ms.

The remanent magnetization (Mr) of the synthesized 
Garnets ranged between 0.10 and 4.24 emu/g. Pure YIG 
exhibited the highest Mr (4.24 emu/g), which is close to the 
value reported in the literature [30] for YIG (4.06 emu/g). 
Doping YIG by Nd3+ ions caused a decrease in the Mr 
values. The ratio of (Mr/Ms), known as the squareness 
ratio, gives a significance concerning the uniaxial anisot-
ropy contribution in Nd3+-doped YIG generated by the 
internal strains [37]. The magnetic squareness values of 
the synthesized samples are less than 0.5 in the range of 
0.078–0.227, indicating that the prepared samples have a 
multi-magnetic domain nature [53].

It has also been argued that the change in coerciv-
ity values of the doped YIG nanoparticles depends on 
the magnetic domain wall motion, as explained by the 
Stoner–Wohlfarth model [35, 54, 55]. It can be noticed that 

(8)nB =
M ×Ms

5585

Fig. 9   a The variation of the DC-electrical conductivity with temperature and b Arrhenius plot for NdxY3−xFe5O12 nanoparticles

Table 4   Energy gaps and activation energies for NdxY3−xFe5O12 nan-
oparticles obtained from UV–Vis analysis and DC conductivity

x Eg (eV) EaH (eV) EgL (eV)

0.0 2.99 0.77 0.65
0.5 2.97 0.58 0.41
1.0 3.02 0.55 0.46
1.5 2.89 0.60 0.43
3.0 2.98 0.84 0.97

Fig. 10   M-H loops for NdxY3−xFe5O12 nanoparticles at room tem-
perature
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the coercivity Hc (Table 5) increases as the size increase 
for x = 1.0 and then decreases for the larger crystallite size 
for x = 1.5 and 0.5. Furthermore, a prominent increase in 
Hc value occurred for x = 3.0 (3075.8 Oe), attributed to 
the existence of an orthoferrite phase that crystallizes in 
perovskite-type structure, and displays unique magnetic 

properties such as a large Hc [56]. It should be noted that 
the coercivity of YIG and Nd3+-doped YIG is larger than 
half the remanence magnetization, thus highlighting their 
potential use in high-frequency applications [22]. The 
variation in magnetic coercivity (Hc) among the prepared 
samples can be attributed to the substitution of Nd3+ ions 

Fig. 11   Variation of M versus 
1/H2 curve of NdxY3−xFe5O12 
nanoparticles for the differ-
ent Nd-doping concentrations: 
a x = 0.0, b x = 0.5, c x = 1.0, 
d x = 1.5 and e x = 3.0, and f 
represents the variation of the 
obtained Ms as a function of the 
crystallite size D 

Table 5   Magnetic parameters 
of NdxY3−xFe5O12 nanoparticles 
obtained from VSM results

x Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe) K (erg/g) nB (μB) N μi

0.0 18.658 4.24 0.227 53.942 1048.39 2.469 1.754 19.18
0.5 23.862 1.87 0.078 21.757 540.79 3.275 0.325 91.24
1.0 18.987 1.98 0.104 87.149 1723.64 2.699 2.981 14.50
1.5 21.566 3.91 0.181 48.712 1094.29 3.172 1.297 31.02
3.0 0.828 0.10 0.120 3075.8 2652.88 0.134 2682.534 0.029
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that induce variations in Fe–O-Fe bond angle originat-
ing from the distortion of the oxygen polyhedrons. Such 
distortions in the Garnet structure influence the crystal-
line fields and magnetic anisotropy. Hc is related to the 
magnetocrystalline anisotropy K and Ms as inferred by the 
following relation [53]:

Thus, K may be considered as the main factor for the 
Hc variation. The anisotropy constant K (Table 5) increases 
from 1048.39 erg/g for YIG to a maximum of 1723.64 erg/g 
for x = 1.0. Moreover, the Stoner–Wohlfarth model [57] 
describes the relationship between anisotropy constant and 
coercivity (Hc) according to [30]:

where N is the demagnetization factor for the particles 
(Table 5). The initial permeability was determined using 
[58]:

4 � Conclusion

Neodymium-doped yttrium iron Garnet, NdxY3−xFe5O12 
(0.0 ≤ x ≤ 1.5), and NdFeO3 (x = 3.0) orthoferrite phase 
have been successfully prepared by the co-precipitation 
method at pH = 12, followed by annealing temperature in 
the range of 1050–1100 °C for 2 h. In this work, results 
showed that the rare earth metal Nd has a powerful influ-
ence on the structural, morphological, optical, electrical, and 
magnetic properties of YIG. The selection of the calcination 
temperatures was decided according to the thermal stabil-
ity observed at ~ 810 °C from the TGA analysis. XRD con-
firmed the formation of the Garnet phase for 0.0 ≤ x < 3.0, 
and the orthoferrite phase was prominent for x = 3.0. The 
lattice constants (a) were found to increase upon increas-
ing Nd3+ concentrations. The formation of orthoferrite 
phases of Nd and Y was observed with the highest Nd3+ 
concentration. TEM and SEM revealed the presence of 
irregularly shaped nanoparticles with some agglomeration, 
and the elemental compositions were confirmed by EDX. 
The structural changes indicated from increasing Nd3+ ions 
were confirmed by FTIR analysis, in good agreement with 
the results obtained from XRD. The energy gaps obtained 
from Tauc’s plots (2.89–3.02 eV) and the increasing DC 
conductivity trend as a function of temperature confirmed 
the semiconducting behavior of the prepared samples. PL 

(9)K =
Hc ×Ms

0.96

(10)Hc =
2K

Ms

−
1

2
(1 − 3N) ×Ms

(11)�
i
= M

2
s
×
D

K

showed that the emission intensity is affected by increas-
ing the concentration of Nd3+ ions. Nd-doped YIG samples 
showed ferrimagnetic behavior assigned to the inherent 
structure, while the orthoferrite (NdFeO3) phase showed a 
weak ferromagnetic behavior during magnetization measure-
ments, which rely on the composition of the materials and 
their particle size.
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