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Abstract. Lanthanum doped nickel ferrite – NiFe1-δLaδO4 has been synthesised by
solid state reaction using nickel and iron oxides (NiO and Fe2O3) and lanthanum
hydroxide (La(OH)3). The samples have been investigated by X-ray diffraction, in
situ-high temperature X-ray diffraction, scanning electron microscopy, energy
dispersive X-ray microanalysis, and differential scanning calorimetry. The amount of
the lanthanum cations which enter in the cubic spinel structure is less than 1 % –
related to 100 % of the one atom of Ni from the chemical formula of nickel ferrite –
NiFe2O4. In the case of all doped samples that have been prepared a secondary phase
with orthorhombic structure is resulting after the heat treatment: LaFeO3 –
orthoferrite. Upon increasing the lanthanum amount in the starting samples, the
amount of the orthoferrite increases also. The secondary phase follows the contour of
the lanthanum doped ferrite grains.
Key words: nickel ferrite, lanthanum doping, spinel ferrite, magnetic material,
lanthanum orthoferrite.

1. INTRODUCTION
Nowadays the soft magnetic cubic spinel ferrites are used in wide
applications in the electronics and electrics industries. Among the applications of
the spinel ferrite can be mention multilayer chip inductor applications, deflection
rings, filters, antennas, computer memory chips, recording heads, microwave
devices, transducers, transformers, radio frequency, transformer cores, sensors [1-7].
The spinel ferrites are chemically stable, possess high electrical resistivity, low
eddy current losses, moderate saturation magnetization and low costs. The Curie
temperature of the soft magnetic ferrites is high [8-10]. Their chemical formula can
be written as MeFe2O4, in which Me can be a metal or a group of metals with a
total valence of 2+. Soft magnetic ferrites crystallize in the complex cubic spinel
structure. This crystalline structure allows two types of sites for the metallic
Department of Materials Science and Engineering, Technical University of Cluj-Napoca, 103105 Muncii Avenue, 400641 Cluj-Napoca, Romania
Ro. J. Techn. Sci. − Appl. Mechanics, Vol. 62, N° 3, P. 207−219, Bucharest, 2017

208

T. F. Marinca, M. C. Olaru, B. V. Neamțu, F. Popa, I. Chicinaș

cations: tetrahedral and octahedral. Among the spinel ferrites, nickel ferrite –
NiFe2O4 is one of the most studied [11-16]. In the nickel ferrite structure the Ni2+
cations are distributed in octahedral sites and the Fe3+ cations are equally
distributed between the tetrahedral and octahedral sites [10]. The spinel ferrites for
common applications are generally obtained by solid state reaction at high
temperature but, the use of the other synthesis methods has an increasing trend.
The ferrites can be obtained as well by other methods such as: co-precipitation [1],
sol-gel [2] or mechanosynthesis [11-13]. The properties of the nickel ferrite can be
tailored by synthesis route or by adjusting its chemical composition. A classical
way to adjust characteristics by modifying the chemical composition is to add other
Me2+ cations, thus leading to Ni1-xMexFe2O4 - nickel mixed ferrite [10,13]. Another
way is to introduce small amount of rare earth dopant cations. The electromagnetic characterises of the ferrites can be improved by adding small amount of
La3+, Sm3+, Y3+, Dy3+ or Gd3+ cations [1,6,17-19].
The paper presents results concerning the influence of La3+ cations on the
structural, morphological and thermal characteristics of simple nickel ferrite NiFe2O4 using as precursors nickel and iron oxides and lanthanum hydroxide.
2. EXPERIMENTAL DETAILS
Nickel oxide – NiO (Alfa Aesar), iron oxide – Fe2O3 (Alfa Aesar) and
lanthanum hydroxide – La(OH)3 (Loba-Chemie Wien Fischamend) have been
used as starting materials. All the powders have purity more than 90% and the
particles size less than 40 μm. In order to obtain lanthanum doped nickel ferrite in
the equimolar mixture of NiO and Fe2O3 an amount x of La(OH)3 was introduced.
The x = 0, 1, 2, 3 and 5 and represents the percent of NiO substituted in the starting
samples. In the manuscript, the samples will be referring as 1% La in the case of
x = 1, 2% La in the case of x = 2 and so on. The La2O3 results after the dehydration
of the lanthanum hydroxide at temperature lower that the one where the ferrite is
forming by solid state reaction.
The stoichiometric mixtures of oxides and hydroxide have been homogenized
and after that subjected to heat treatment. The heat treatment has been carried out
in air atmosphere at 1200°C for 8 hours in a LAC heating furnace model VP

10\17. A schematic diagram of heat treatment (HT) parameters used for
producing of lanthanum doped nickel ferrite and an image of the as obtained
powder are shown in Fig. 1.
The X-ray diffraction (XRD) have been performed by an INEL EQUINOX
3000 diffractometer, with CoKα radiation ( λ =1.7903 Å). The scanned interval
was 2 theta = 20-110°. The powder in-situ high temperature X-ray diffraction (HTXRD) investigations have been performed in preliminary vacuum up to 1200°C,
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using an Anton Paar HTK1200N heating furnace mounted on the above mentioned
diffractometer.
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Fig. 1 – a) Schematic diagram of heat treatment (HT) parameters used for producing of lanthanum
doped nickel ferrite and b) image of the as obtained powder.

The samples thermal stability was checked by differential scanning
calorimetry (DSC) by a Setaram Labsys apparatus under argon flux. The DSC
measurements were recorded up to 1200°C using a heating/cooling rate of
10 °C/min.
The powder morphology was analysed at different magnification levels by
scanning electron microscopy (SEM) using a Jeol-JSM 5600 LV microscope. The
local chemical homogeneity was investigated by X-ray Microanalysis using an
Energy Dispersive Spectrometer (EDX) - Oxford Instruments, INCA 200 software.
3. RESULTS AND DISCUSSION
Fig. 2 presents the X-ray diffraction patterns of the starting mixtures (0, 1, 2,
3 and 5 % La). In the same figure are presented the X-ray diffraction patterns of the
La(OH)3, NiO and Fe2O3. In the X-ray diffraction pattern of the lanthanum
hydroxide (La(OH)3) are identified the peaks characteristic of the hexagonal
structure from P63/m space group according to JCPDS file no. 36-1481. In the case
of NiO (bunsenite) diffraction pattern are noticed the peaks of the cubic structure
from Fm-3m space group characteristic for this material (JCPDS file no. 47-1049).
The hematite-Fe2O3 diffraction pattern presents its characteristic peaks,
corresponding to the rhombohedral structure of R-3c space group (JCPDS file no.
33-0664). In starting samples (homogenized mixtures) the characteristic peaks for
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the iron oxide and nickel oxide are very well defined due to the well crystalized
state and large amount of these phase.
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SS - 5 % La
SS - 3 % La
SS - 2 % La
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SS - 0 % La
La(OH)3
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Fe2O3
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Fig. 2 – X-ray diffraction patterns of the starting mixtures (0, 1, 2, 3 and 5 % La), La(OH)3, NiO and
Fe2O3.

The characteristic peaks for the lanthanum hydroxide are not very well
visible in the diffraction patterns due to the low amount of this phase in starting
mixtures. The most intense peak of this phase is visible in the diffraction patterns
independent on the amount in the starting mixtures (even in the case of 1% La) as
can be seen in the Fig.3. In this figure is presented a detail of the X-ray diffraction
patterns of the starting mixtures (0, 1, 2, 3 and 5 % La) and La(OH)3 in the region
where the most intense peaks of La(OH)3, 2theta=30-35°, is visible.
In the Fig.4 is presented the heating curve of the Differential Scanning
Calorimetry (DSC) investigation for the starting mixture containing 5% La. In the
DSC curve can be noticed a thermal event around at temperature of 390 °C. This
endothermal event is assigned to the dehydration of the lanthanum hydroxide and
the transformation of this after dehydration in lanthanum oxide – La2O3 [20]. The
dehydration of the lanthanum hydroxide occurs according to the following
reaction:
2·La(OH)3→ La2O3+3·H2O

(1)

Intensity (a.u.)
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Fig. 3 – Detail of the X-ray diffraction patterns of the starting mixtures (0, 1, 2, 3 and 5 % La) and
La(OH)3 in the region of the most intense peaks of La(OH)3.
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Fig. 4 – Heating curve of the Differential Scanning Calorimetry (DSC) investigation of the starting
mixture containing 5% La.

Upon increasing the temperature up to 1200 °C no other noticeably thermal event is
observed. After 550 °C it is reasonable to assume that the phases present in the
homogenised mixture start to react leading to the formation of new phases. In order
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to check the presence of the phases formed upon heating X-ray diffraction have
been performed to the sample heated in DSC furnace up to 1200 °C.
In the Fig.5 is presented X-ray diffraction pattern of the sample containing
3% La after DSC at 1200 °C in argon. Alongside of this pattern is presented also
the X-ray diffraction pattern of the sample containing 5% La after XRD-HT at
1200 °C in preliminary vacuum. Indeed, after heating in DSC the phases present in
the starting mixture react leading to the formation of two new phases: a spinel
ferrite cubic structure and iron lanthanum oxide orthorhombic structure. The spinel
ferrite cubic structure has been indexed according to the JCPDS file no. 10-0325,
trevorite (NiFe2O4), Fd-3m space group. The iron lanthanum oxide orthorhombic
structure, LaFeO3 (orthoferrite), has been indexed according to JCPDS file no. 371493, Pn*a space group.

LaFeO3
NiFe2O4

Intensity (a.u.)

Fe2O3

After XRD-HT 1200°C - 3% La
After DSC 1200°C - 5% La
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110
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Fig. 5 – X-ray diffraction patterns of the sample containing 3% La after DSC at 1200 °C in argon and
sample containing 5% La after XRD-HT at 1200 °C in preliminary vacuum.

In the X-ray diffraction pattern of the sample containing 5% La heated in the
X-ray diffractometer furnace in preliminary vacuum at 1200 °C can be also
observed the diffraction peaks of the same phases observed after DSC at 1200 °C in
argon (cubic spinel and orthoferrite) – Fig.5. In addition, in this diffraction pattern
can be observed the diffraction peaks of a hematite phase.
X-ray diffraction patterns of the samples heat treated (HT) at 1200 °C for 8h
in air and doped with 0, 1, 2, 3 and 5 % La are presented in the Fig.6. For reference

Influence of lanthanum doping on the characteristics of nickel ferrite

213

are given the X-ray diffraction patterns of the La(OH)3, NiO and Fe2O3. After this
heat treatment, it can be observed that, independent on the amount of lanthanum
introduced in the starting mixtures, there is no unreacted precursors (La(OH)3, NiO
or Fe2O3). In the case of the sample with 0% of lanthanum (undoped sample) in the
diffraction pattern are identified only the peaks corresponding to the cubic spinel
structure of NiFe2O4. Thus, indicating a complete reaction during this heat
treatment between NiO and Fe2O3 according to the following reaction:
NiO+Fe2O3→ NiFe2O4

(2)

In the case of the samples in which in the starting mixture an amount of
lanthanum hydroxide has been introduced, beside spinel structure are observed the
peaks corresponding to the lanthanum orthoferrite, LaFeO3. Thus, indicating that
during the heat treatment a reaction between the dehydrated lanthanum hydroxide
and hematite occurs as follow:
La2O3+Fe2O3→ 2·LaFeO3

(3)

Another reaction that is possible during the heat treatment is the reaction of the
nickel oxide with iron oxide and dehydrated lanthanum hydroxide and the
formation of the lanthanum doped nickel ferrite. Such type of reaction can occur
according to the following general reaction:
2·NiO+ δ·La2O3+(2-δ)·Fe2O3→ 2·NiFe2-δLaδO4

(4)

Due to the large volume of the lanthanum cations (La3+) the presence in the
cubic spinel structure of the nickel ferrite is limited [1-3]. This was indicated by the
X-ray diffraction investigation. Indeed, it can be observed that even for a small
amount of dopant element, 1% La, in the diffraction pattern are present the peaks
of LaFeO3. This means that less than 1% of lanthanum is present in the cubic spinel
structure of the nickel ferrite. The lanthanum ion (La3+) has a larger ionic radius as
compared to Fe3+ cations radius (1.05 Å as compared to 0.67Å [3]) this being one
of the explanations of limited solubility of the lanthanum cations in the spinel
structure. Taken into account that the nickel ferrite is an inverse spinel ferrite with
the half of the Fe3+ cations in the tetrahedral site and half of the Fe3+ cations in the
octahedral site alongside of the Ni2+ cations at a first glass it can be assumed that
the La3+ can substitute Fe3+ cations from both sites. Due to the large radius of the
La3+ cations it has preference for the octahedral sites [1,2]. Also, it has been
reported that the lanthanum cations can occupy interstices in the spinel cubic
structure due to the large energy for activation of La3+ cations to enter in octahedral
sites as compared to Fe3+ cations because the bond energy of La–O is stronger than
that of Fe–O [1].
Upon increasing the amount of lanthanum in the samples the amount of the
orthoferrite increases accordingly. The intensity of the diffraction peaks of the
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orthoferrite is increasing upon increasing the amount of lanthanum as compared to
the intensity of the spinel ferrite peaks. According to the literature the amount of
lanthanum that does not enter in the cubic spinel structure will form the orthoferrite
secondary phase in the grain boundary of the cubic spinel ferrite [3].

LaFeO3
NiFe2O4

Intensity (a.u.)

HT - 1200 °C - 8 h
5 % La
3 % La
2 % La
1 % La
0 % La
La(OH)3
NiO
Fe2O3
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110

2 theta (degree)
Fig. 6 – X-ray diffraction patterns of the samples heat treated (HT) at 1200 °C for 8 h in air.
For reference are given the X-ray diffraction patterns of the La(OH)3, NiO and Fe2O3.

Scanning Electron Microscopy (SEM) images in Secondary Electron Image
(SEI) mode of the samples containing 0, 3 and 5 % of La at a magnification of
1,000 and respectively 5,000x are shown in the Fig.7. It can be observed that the
morphology of the sample is changing upon increasing the amount of lanthanum in
the samples. The size and the shape of the grains differ when the amount of
lanthanum differs in the samples. In the case of the doped samples it can be
remarked that the porosity is diminishing upon increasing the dopant element
amount.
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0 % La

3 % La

5 % La
Fig. 7 – Scanning Electron Microscopy (SEM) images in Secondary Electron Image (SEI) mode of
the samples containing 0, 3 and 5 % of La at a magnification of 1,000 and respectively 5,000x.

The large particles consist in large grains welded together which have some
pores depending on dopant element concentration. It has been reported that in the
doping of spinel ferrite with rare earth limit the grains growth [1,2].
Distribution maps of Fe, Ni and O (EDX analysis) for the sample containing
0% La after heat treatment at 1200 °C for 8h is shown in the Fig.8. The chemical
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elements Fe, Ni and O are uniformly distributed in the investigated area. The lack
of these chemical elements can be remarked in the pores zones.

Iron

Nickel

Oxygen

Fig. 8 – Distribution maps of chemical elements (EDX analysis) for the sample containing 0% La
after heat treatment at 1200 °C for 8 h.

In the Fig.9 are presented the Energy Dispersive X-ray Spectrometry (EDX) for the
sample containing 5% La after heat treatment at 1200 °C for 8h. The distribution of
the chemical elements, Fe, Ni, La and O is not uniform. It can be observed that in
the investigated area it is a zone which follow the contour of the main grain and in
which Fe, La and Ni have different concentrations as compared to the rest of the
investigated area. In this zone (contour zone) the Ni it is almost inexistent, the Fe
present low concentration as compared to the rest of the investigated area. In the
same time, it can be observed a pronounced presence of the lanthanum as
compared to the rest of the investigated area where the La presence is very low.
The contour zone in which the Ni is not present and Fe has is less present and the
La is present in large amount is associated with the LaFeO3 chemical compound.
The rest of the investigated area is associated with the presence of the cubic spinel
phase of the lanthanum doped nickel ferrite. The lanthanum low quantity presence
in this zone suggests the presence of the La3+ cations in the cubic spinel structure of
the nickel ferrite.
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Oxygen
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Fig. 9 – Distribution maps of the chemical elements (EDX analysis) for the sample containing 5% La
after heat treatment at 1200 °C for 8 h.

These results are in good agreement with X-ray diffraction investigation and the
earlier reported results concerning the doping of the cubic spinel ferrites.
4. CONCLUSIONS
The lanthanum doped nickel ferrite has been successfully synthesised by
solid state reaction using as starting materials NiO, Fe2O3 and La(OH3). The
amount of the chosen doping element that enter in the cubic spinel structure is less
than 1 % − related to 100 % of the one atom of Ni from the chemical formula of
nickel ferrite − NiFe2O4. The extra amount of the lanthanum from the samples
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leads to the formation of a secondary phase of LaFeO3 type – orthoferrite. The
secondary phase in the samples is situated at the grains boundary of the cubic
spinel phase, following the contour of the grains. The presence of the lanthanum
dopant element in the cubic spinel structure has been suggested by combining Xray diffraction with the EDX microanalysis.
Received on October 4, 2017
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