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Abstract

A series of Nd1-xCdxFeO3 (x = 0.1, 0.2 and 0.3) nanoparticles were successfully synthesized from Nd(III),
Cd(II) and Fe(III) nitrates by a simple co-precipitation method in boiling water with a 5% sodium hydroxide
aqueous solution (without any surfactants) and annealed at 700, 850 and 950 °C for 1 h. SEM and TEM anal-
yses showed particle sizes in the range of 50–70 nm. According to XRD the average crystallite size increased
with the annealing temperature, but decreased when the cadmium concentration increased. As the anneal-
ing temperature was raised from 700 to 950 °C, the magnetic properties, such as coercivity (Hc), remanent
magnetization (Mr) and saturation magnetization (Ms), of the Nd0.8Cd0.2FeO3 sample also increased. In gen-
eral, the Hc, Mr and Ms values increased with the degree of cadmium doping. The synthesized Nd1-xCdxFeO3

nanopowders have much larger coercivity values than some other rare-earth perovskites, such as Nd1-xSrxFeO3,
NdFe1-xCoxO3, LaFe1-xTixO3, YFe1-xNixO3, Y1-xCdxFeO3, La1-xCdxFeO3 or Bi1-xCdxFeO3. The high Hc value
(1916.52–4833.41Oe) of the synthesized Nd1-xCdxFeO3 nanopowders enables their use for permanent mag-
nets or magnetic recording on hard disks and tapes.
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I. Introduction

Nano-sized LnFeO3 rare-earth orthoferrites (in which
Ln is 4f rare-earth element, such as Ho, Pr, Nd, La, Y,
Sm, Eu, etc.) have been studied and applied in many
fields, such as catalysis, electrodes for Li-ion batteries,
gas-sensors, electro-optical and electromagnetic devices
[1–5]. The structural parameters and properties of rare-
earth orthoferrites depend on various factors, such as
the crystal size, the particle size and morphology, the
nature of doping elements, the degree of doping and
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also the synthesis method [6–10]. Amongst the most in-
teresting rare- earth orthoferrites, NdFeO3 has attracted
much attention. Previously, neodymium orthoferrite had
been studied for applications such as As5+ adsorption in
aqueous solutions [11]. Their structure, optical proper-
ties, magnetic properties, and electrical properties have
also been analysed [12–14]. In the work of Anand et

al. [15], the doping of La, Pr and Sm significantly af-
fected the optical absorbance and band gap energy value
of NdFeO3 nanomaterials synthesized by the citric acid
sol-gel method. The obtained Nd0.5Ln0.5FeO3 (Ln = La,
Pr, Sm) nanomaterials had strong absorption both in the
UV and Vis regions [15]. The calculated band gap en-
ergy (Eg) values were 3.70, 3.80 and 3.76 eV for the
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NdFeO3 doped with La, Pr and Sm, respectively, while
the pure NdFeO3 had Eg of 4.3 eV [16]. The shift of the
absorbance of the material from the UV region to the
Vis region along with the reduction of band gap energy
gives the La, Pr and Sm-doped NdFeO3 materials great
potential in the application as photocatalysts under sun-
light [17,18].

Doped NdFeO3 orthoferrite materials have been syn-
thesized by several methods, such as solid state reac-
tion [13,14,16,19], microwave assisted [21], hydrother-
mal [2,22,23], co-precipitation using surfactants [24],
and sol-gel or gel combustion with the addition of var-
ious polymers [15,25,26]. In previous studies [27–31],
the authors successfully synthesized LnFeO3 nanoparti-
cles (Ln = Y, Nd, Pr, Ho) with several doping elements,
such as Sr, Co, Ca and Ni by simple co-precipitation
via the hydrolysis of cations in hot water (≥ 95 °C)
and precipitation at room temperature (without any sur-
factant). Cd is also a divalent metal with an ionic ra-
dius of 0.097 nm, which is comparable to that of Ca2+

(0.104 nm) and Nd3+ (0.094 nm) [32]. Previous stud-
ies of Cd-doped LnFeO3 (Ln = La, Y) showed an in-
crement in the saturation magnetization and coercivity
similar to that of Ca-doped LnFeO3 [33–37]. However,
there has been no publication on the influence of cad-
mium doping on the structural and magnetic properties
of NdFeO3 nanoparticles synthesized by the aforemen-
tioned co-precipitation method. The importance of rare
earth orthoferrites in many applications prompted us
to investigate the effects of annealing temperature and
Cd2+ doping on the structure and magnetic properties of
NdFeO3 orthoferrite nanomaterials.

Therefore, the objective of this work was to study
the effect of annealing temperature and cadmium dop-
ing on the structure and magnetic properties of NdFeO3
orthoferrite nanoparticles synthesized by a simple co-
precipitation (without any surfactant).

II. Experimental

The starting materials for preparation of
the Nd1-xCdxFeO3 nanoparticles included
Nd(NO3)3 · 6 H2O (99.8% purity, Merck),
Cd(NO3)2 · 4 H2O (99.7% purity, Sigma-Aldrich),
Fe(NO3)3 · 9 H2O (99.6% purity, Sigma-Aldrich) and
NaOH (99.7% purity, Sigma-Aldrich), which were used
directly without further purification.

Nd1-xCdxFeO3 orthoferrite nanoparticles (x = 0.1, 0.2
and 0.3) were synthesized by a co-precipitation method
based on the technique previously used for prepara-
tion of Nd1-xSrxFeO3 nanoparticles [28]. The difference
was that the precipitating agent 5% (NH4)2CO3 was re-
placed by NaOH 5% solution. A solution (50 ml) con-
taining mixture of Nd(NO3)3 · 6 H2O, Cd(NO3)2 · 4 H2O
and Fe(NO3)3 · 9 H2O with suitable molar ratio was
added very slowly to 400 ml of boiling water (≥ 95 °C)
and homogenised on a magnetic stirrer. After mixing, a
reddish-brown colour system was obtained. As demon-

strated in the earlier works on the synthesis of LaFeO3
and YFeO3 nano orthoferrites [38,39], by slowly adding
the mixture of Nd(III), Cd(II) and Fe(III) salts in wa-
ter at high temperature, the hydrolysis of metal cations
could be accelerated, which limited the increase in the
particle size of the obtained Nd1-xCdxFeO3 orthofer-
rites. Next, a NaOH 5% solution was slowly added to
the above obtained system until the pH = 9.0 [29].
The formed precipitate was stirred for 45 min, vacuum
filtered and washed several times with distilled water
until the filtrate had a pH of ∼7.0 [28]. The precip-
itate was dried at 105°C for 3 h to remove moisture
and then finely ground with a mortar and pestle to ob-
tain a yellowish-brown powder (Nd1-xCdxFeO3 precur-
sor powders). The Nd0.8Cd0.2FeO3 precursor was an-
nealed at 700, 850 and 950 °C for 1 h to study the forma-
tion of the single-phase orthorhombic Nd0.8Cd0.2FeO3
nanoparticles and the effect of temperature on their
properties. From these results, an appropriate anneal-
ing temperature for other two Nd1-xCdxFeO3 (x = 0.1
and 0.3) powders were determined and the influence of
Cd-doping on structure and magnetic properties of the
NdFeO3 orthoferrite nanoparticles was investigated.

Powder X-ray diffraction analysis (PXRD) of the
obtained Nd1-xCdxFeO3 samples was carried out us-
ing a D8-Advance X-ray diffractometer (Germany) with
CuKα radiation (λ = 0.154184 nm, angle range of 2θ
= 10–80°, scan rate of 0.02 °/s). The average crystal-
lite size (D) of the Nd1-xCdxFeO3 samples was cal-
culated by the Debye-Scherrer formula. Morphology
and particle size of the obtained Nd1-xCdxFeO3 samples
were determined by transmission electron microscopy
(TEM, JEOL JEM-1400, Japan) and scanning electron
microscopy (FE-SEM, S-4800, Japan).

The hysteresis loop and magnetic properties, includ-
ing the coercivity (Hc), remanent magnetization (Mr)
and saturation magnetization (Ms) were recorded on a
vibrating sample magnetometer (VSM, MICROSENE
EV11) under the maximal magnetic field of ±20 kOe.

III. Results and discussion

Figure 1a shows PXRD patterns of the
Nd0.8Cd0.2FeO3 sample annealed at 700, 850 and
950 °C. The results showed that all three samples ex-
hibited peaks matching with the standard orthorhombic
NdFeO3, Pbnm (62) space group (JCPDS No. 74-1473)
[28]. No peaks of impurities, such as Nd2O3, Fe2O3,
Fe3O4, CdO or CdFe2O4 were observed, proving the
successful doping of cadmium into the orthorhombic
NdFeO3 crystal lattice. When the annealing temper-
ature was raised from 700 to 850 °C, the degree of
crystallinity of the Nd0.8Cd0.2FeO3 sample increased
significantly and then decreased slightly when the
sample was annealed at 950 °C. In addition, when the
annealing temperature increased, the average crystal
size also increased, i.e. D700 °C = 29.4 nm, D850 °C =

35.7 nm and D950 °C = 53.1 nm (Table 1).
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Figure 1. PXRD patterns of Nd0.8Cd0.2FeO3 annealed at 700, 850 and 950 °C (a) and of Nd1-xCdxFeO3 annealed at 850 °C (b)

Table 1. Structural parameters of Nd1-xCdxFeO3 nanocrystals synthesized by the co-precipitation method

Samples 2θ112 [°] Height [cts] d-spacing [Å] D [nm]

NdFeO3, 850 °C [28] 32.5078 197.52 2.74585 29.8
Nd0.8Cd0.2FeO3, 700 °C 32.6357 84.48 2.74301 29.4
Nd0.8Cd0.2FeO3, 850 °C 32.6232 211.18 2.74708 35.7
Nd0.8Cd0.2FeO3, 950 °C 32.6179 203.60 2.74956 53.1
Nd0.9Cd0.1FeO3, 850 °C 32.6102 185.20 2.74226 42.5
Nd0.7Cd0.3FeO3, 850 °C 32.6328 223.65 2.73973 34.1

Table 1 shows that the crystallinity values of the
Nd0.8Cd0.2FeO3 samples, annealed at 700 and 850 °C,
are approximately the same, while the crystallite size of
the sample annealed at 850 °C is much smaller than that
of the sample annealed at 950 °C. Therefore, tempera-
ture of 850 °C was chosen to anneal the Nd0.9Cd0.1FeO3
and Nd0.7Cd0.3FeO3 precursors to study the effect of
Cd-content on structure and magnetic properties of the
Nd1-xCdxFeO3 nanoparticles.

Figure 1b depicts PXRD patterns of the
Nd1-xCdxFeO3 samples (x = 0.1, 0.2 and 0.3) annealed
at 850 °C for 1 h. XRD peaks of all three Nd1-xCdxFeO3
samples with x = 0.1, 0.2 and 0.3 appear at the same
positions as those of the standard NdFeO3 (JCPDS No.
74-1473) with no observable impurity peaks. Hence,
all Nd1-xCdxFeO3 samples are single-phase perovskites
with an orthorhombic structure, Pnma (62) space group.
As the concentration of Cd-doping increased from 0.1
to 0.3, the 2θ diffraction angle for the peak with the
highest intensity (corresponding to (112) plane) also
increased, shifting 2θ angle to the right (Fig. 2 and
Table 1). It can be explained with the fact that the Cd2+

ionic radius (r = 0.097 nm) is larger than that of Nd3+

(r = 0.094 nm) [32]. Similar results were reported by
Vo et al. [28] for Nd1-xSrxFeO3 perovskite (ionic radius

of Sr2+ is 0.112 nm) and by Berezhnaya et al. [8] for
La1-xBaxFeO3 perovskite where ionic radius of Ba2+ (r
= 0.134 nm) is larger than that of La3+ (r = 0.104 nm).
However, with the increase of x, the full width at
half maximum (FWHM) tended to widen, meaning a
decrease in the crystallite size (Table 1). When Cd2+ is
doped into the NdIIIFeIIIO3 crystal lattice, part of the

Figure 2. The magnified XRD patterns of peaks at
2θ ∼ 32.4–32.8°
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Table 2. EDX analysis of Nd1-xCdxFeO3 nanosized powders annealed at 850 °C

Nominal formulas Nd [at.%] Cd [at.%] Fe [at.%] O [at.%] Real formulas
Nd0.9Cd0.1FeO3 16.90 1.86 19.20 62.04 Nd0.88Cd0.097FeO3.23

Nd0.8Cd0.2FeO3 14.18 3.27 18.18 64.37 Nd0.78Cd0.18FeO3.54

Nd0.7Cd0.3FeO3 11.73 4.55 17.51 66.21 Nd0.67Cd0.26FeO3.78

Figure 3. EDX analysis of Nd0.8Cd0.2FeO3 sample annealed
at 850 °C for 1 h

Fe3+ ions could be oxidized to Fe4+ ions to balance
the local charge (Fe3+

→ Fe4+ + e– , and rFe4+ < rFe3+),
leading to an increase in Fe4+ ion concentration and
internal stress with the degree of Cd-doping, and finally
resulting in the decrease in crystallite size according to
Vegard’s law [40,41]. The increase in Fe4+ content with
increasing x is also consistent with the EDX results and
the observed increase in oxygen content (Fig. 3 and
Table 2).

Elemental composition analysis from EDX shows
that no impurity element apart from Nd, Cd, Fe and O
was detected in the Nd1-xCdxFeO3 nanomaterials (Fig.
3). The atom percentage of each element is also in ac-
cordance with their ratio in the nominal formulas (Table
2). As the solubility product constants of corresponding
hydroxides are very small (1.10 · 10−21 for Nd(OH)3,
2.39 · 10−14 for Cd(OH)2 and 2.79 · 10−39 for Fe(OH)3)
[32], Nd3+, Cd2+ and Fe3+ ions easily precipitated with

OH– [32]. The increase in the percentage of oxygen
atoms when x increased from 0.1 to 0.3, as explained
above, was due to a part of Fe3+ ions being oxidized to
Fe4+ ions [28,39–41]. Similar results were observed for
some other rare earth perovskites, such as Nd1-xSrxFeO3
[28], La1-xBaxFeO3 [8] and Y1-xBaxFeO3 [10].

In previous reports [28,30,31,36], SEM and TEM
studies did not prove a significant effect of different
doping elements on the particle size of LnFeO3 (Ln =
La, Y, Ho, Nd) powders. Therefore, here we presented
SEM and TEM images only of the Nd0.8Cd0.2FeO3 sam-
ple annealed at 850 °C for 1 h (Fig. 4). The annealed
Nd0.8Cd0.2FeO3 sample shows a quite uniform particle
morphology and size: the particles are almost spherical
with a size of 50–70 nm. However, difficulties in the dis-
persion of the particles due to their magnetic attraction
resulted in aggregation and stacked clusters. Particle ag-
glomeration was also observed for similar perovskites
such as Nd1-xSrxFeO3, LaFe1-xNixO3 or NdFe1-xCoxO3
[28,30,31].

The magnetic studies at room temperature (Figs.
5 and 6) showed that the annealing temperature and
the degree of Cd-doping content affected not only
the structural, but also the magnetic properties of
the Nd1-xCdxFeO3 nanoparticles (x = 0.1, 0.2 and
0.3). Indeed, all three magnetic values (Hc, Mr and
Ms) increased with annealing temperature for the
Nd0.8Cd0.2FeO3 nanopowder (except for the sample an-
nealed at 850 °C, which had the lowest Ms). Hc and Mr

values increased due to an increase in crystallite size
when the annealing temperature was raised from 700
to 950 °C. Nanoparticles (D < 100 nm) can be consid-
ered as single-domain particles and then the coercivity

Figure 4. SEM (a) and TEM (b) images of the Nd0.8Cd0.2FeO3 sample annealed at 850 °C for 1 h
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Table 3. Magnetic properties of Nd1-xCdxFeO3 nanopowders at 300 K

Samples Hc [Oe] Mr [emu/g] Ms [emu/g]

NdFeO3, 850 °C [28] 62.27 0.0031 0.15

Nd0.8Cd0.2FeO3, 700 °C 1916.52 0.14 0.97

Nd0.8Cd0.2FeO3, 850 °C 3747.05 0.17 0.82

Nd0.8Cd0.2FeO3, 950 °C 4833.41 0.24 1.02

Nd0.9Cd0.1FeO3, 850 °C 3753.04 0.20 0.95

Nd0.7Cd0.3FeO3, 850 °C 4250.05 0.21 0.93

Figure 5. Room-temperature magnetic hysteresis loops of
Nd0.8Cd0.2FeO3 nanoparticles annealed at 700, 850 and

950 °C for 1 h

Figure 6. Room-temperature magnetic hysteresis loops of
Nd1-xCdxFeO3 nanoparticles annealed at 850 °C for 1 h

depends on the particle size according to the following
formula [42]:

Hc = g −
h

D3/2
(1)

where g and h are constants, D is the particle
size. Accordingly, Hc will increase as the particle
size of the sample increases. Indeed, for the sample
Nd0.8Cd0.2FeO3, when the annealing temperature in-
creased from 700 to 950 °C, the crystallite size in-
creased from 29.4 to 53.1 nm (Table 1) and Hc also

increased from 1916.5 Oe to 4833.4 Oe (Table 3). Al-
though the crystallite size of the Nd1-xCdxFeO3 de-
creased with the increment of Cd2+ ions concentration
in the NdFeO3 crystal lattice (Table 1), the Hc value
of the Nd0.7Cd0.3FeO3 (Hc = 4250.0 Oe) was much
higher than that of the Nd0.9Cd0.1FeO3 (Hc = 3753.0 Oe)
and Nd0.8Cd0.2FeO3 (Hc = 3747.0 Oe). This can be
explained by the increase in the magnetic anisotropy
in NdFeO3 as the Cd2+ content increased [43]. The
exception for the Nd0.8Cd0.2FeO3 sample annealed at
850 °C (Hc and Mr values are the lowest) was because
of its highest crystallinity (Table 1), meaning a higher
crystal stability and lower crystal anisotropy [43]. The
anomaly for doping content x = 0.2 also occurred for
other rare earth perovskites such as La1-xBaxFeO3 [8],
LaFe1-xTixO3 [9], Nd1-xSrxFeO3 [28], YFe1-xNixO3 [31]
or LaFe1-xNixO3 [44].

The Cd-doped NdFeO3 orthoferrite nanoparticles
prepared in this study have higher coercivity values
than those of NdFeO3 doped with different elements,
such as Nd1-xSrxFeO3 [28] or NdFe1-xCoxO3 [30],
and also higher than some other rare earth perovskite
systems such as LaFe1-xTixO3 [9], YFe1-xNixO3 [31],
Y1-xCdxFeO3 [35], La1-xCdxFeO3 [36] or Bi1-xCdxFeO3
[45]. In addition, at the magnetic field H = ±20 kOe,
the magnetization curve of the Nd1-xCdxFeO3 nanopar-
ticles continued to rise without any sign of satura-
tion. With high coercivity and unsaturated magnetiza-
tion curve at magnetic field H = ±20 kOe, Cd-doped
NdFeO3 nanoparticles can be applied as hard magnetic
materials for permanent magnets and magnetic record-
ing in hard drives and magnetic tapes [42].

IV. Conclusions

Cd-doped NdFeO3 (Nd1-xCdxFeO3 where x = 0.1, 0.2
and 0.3) nanoparticles were successfully synthesized by
the simple co-precipitation method (without any surfac-
tant) and annealed at different temperatures (700, 850
and 950 °C) for 1 h. The average crystallite size varied
between 29.4 and 53.1 nm. The SEM and TEM images
show particles with a size of 50–70 nm. In general, the
magnetic values increased with the annealing temper-
ature and with the degree of Cd-doping. With a very
high coercivity (Hc = 1916.5–4833.4Oe), the synthe-
sized Cd-doped NdFeO3 nanoparticles can be applied
as permanent magnets or magnetic recording materials
in hard drives.
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