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The lanthanum substitution and sintering temperature variation effect on selected parameters of nickel-zinc ferrites were analyzed. 
To determine the structural parameters, we used X-ray diffraction together with SEM micrographs. The magnetic properties of 
ferrites were measured using thermomagnetic analysis methods and hysteresis loop measurements. Moreover, to analyze magnetic 
behavior of prepared polymer composites, we used the results of measuring the frequency dependences of the complex permeability. 
The ferrite filler content in all investigated composites was 60 vol.% and epoxy resin was used as the polymer matrix.  
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I. INTRODUCTION 

his work deals with the analysis of the results of selected 
types of measurements, which can be used to determine 

the structural and magnetic properties of lanthanum 
substituted nickel-zinc ferrites with spinel structure. These are 
soft magnetic materials that have extensive use in various 
applications due to their suitable properties including high 
saturation magnetization, high Curie temperature, high 
resistivity, low eddy current losses and relatively cheap 
production [1-3]. They are used in transformer cores, filters, 
power inductors, high-frequency components, etc [2,4]. In 
various applications, it is necessary to use different parameters 
of ferrites, which can be achieved in several ways. One of the 
ways to change the magnetic properties ferrites, is a change in 
the proportions of the starting materials during the production 
of the sample [5]. In our case, the ratio of nickel to zinc was 
the same for all the samples examined, namely 0.42:0.58. 
Only the lanthanum content was changed. As a trivalent 
element, it belongs to the group of rare earths and, when 
entering the crystal lattice, occupies the positions of trivalent 
iron ions. Rare earths including lanthanum play an important 
role in influencing magnetic properties such as electrical 
resistance and power losses [2]. They also play an important 
role in determining magnetic anisotropy [6]. We varied the 
lanthanum content for values x = 0, 0.02, 0.04, 0.06, 0.08 and 
0.1, which appear in the formula Ni0.48Zn0.52LaxFe2-xO4. The 
next options that affect the properties of ferrites are the 
methods of sample production, different sintering 
temperatures and also the sintering time [7]. Our samples were 
produced by glycine-nitrate process based on auto-combustion 
preparation method, allowing the preparation of nanoparticles 
with small crystallite size variation together with high 
compositional homogeneity [8,9], and subsequently sintered at 
different temperatures (T = 400, 550, 700, 850, 1000, 1100, 
1200, 1300°C), all for 6 hours. One sample was not sintered at 

all and is therefore a sample after decomposition. In addition, 
the authors supplemented the systematic influence of 
lanthanum substitution and sintering temperature on the 
investigated properties with an analysis of the magnetic 
behavior of selected nanoparticles used as fillers in polymer 
composites. These find application, among others, in the field 
of electromagnetic compatibility and/or microwave absorbers 
[10].  

II. EXPERIMENTS AND RESULTS 

A. Materials and Methods 

A description of the chemical preparation of the samples 
and the measuring equipment used to determine the structural 
and magnetic properties of the samples were published in our 
previous article dedicated to a similar composition of samples, 
but sintered at only one temperature [11]. 

B. X-ray Diffraction 

XRD diffraction patterns measured on powder samples of 
Ni0.48Zn0.52Fe2O4 and Ni0.48Zn0.52La0.1Fe1.9O4 ferrites are 
shown in Fig. 1. Phase analysis confirmed a single-phase 
cubic spinel structure for all samples. Except for the 
lanthanum-substituted samples sintered at temperatures of 850 
and 1000°C, the minor phase is designated as orthoferrite with 
a perovskite structure. At a higher sintering temperature, due 
to the redistribution of ions [12], this minor phase is 
incorporated into the spinel phase of ferrite. At a sintering 
temperature of 400°C and in the sample after decomposition, 
crystals do not yet begin to form and therefore we observe 
lower peaks. Table I shows the lattice constants and crystallite 
sizes. Lattice constants tend to decrease slightly with 
increasing sintering temperature, while substituted samples 
generally have higher ones, which may be due to the larger 
ionic radius of lanthanum ions compared to iron ions [13]. 
However, this is not the case for samples sintered at 850 and 
1000°C, which is probably due to the formation of a secondary 
orthoferrite phase [14]. The size of the crystallites is 
significantly affected by the sintering temperature and the 
presence of lanthanum in the sample. It is true that the higher 
the sintering temperature, the larger the crystallite size. This 
means that increasing sintering temperature promotes their 
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growth [15], which is consistent with the increasing sharpness, 
or rather the size, of the peaks in Fig. 1. The measurement 
results further show that unsubstituted samples have larger 
crystallite size values, as the presence of lanthanum ions 
prevents their growth [16]. 

 

 
(a) (b) 

Fig. 1. XRD patterns of (a) Ni0.48Zn0.52Fe2O4 and (b) 
Ni0.48Zn0.52La0.1Fe1.9O4. 
 

TABLE I. Lattice Parameters of Ni0.42Zn0.58LaxFe2-xO4 
Sintering temperature (°C) / 

substitution amount x 
Lattice parameter (Å) Crystallite 

size (nm)
after decomposition / 0.00 8.41220 ± 0.0009 24.0 ± 1

400 /0.00 8.40600 ± 0.0003 21.6 ± 0.2
850 /0.00 8.40467 ± 0.00007 129 ± 2
1000 /0.00 8.40412 ± 0.00006 171 ± 3
1200 /0.00 8.40293 ± 0.00005 484 ± 21

after decomposition / 0.10 8.41380 ± 0.0005 17.6 ± 0.3
400 /0.10 8.41260 ± 0.0003 17.9 ± 0.2
850 /0.10 8.40200 ± 0.0001 50.4 ± 0.6
1000 /0.10 8.40264 ± 0.00008 134 ± 2
1200 /0.10 8.40300 ± 0.00008 336 ± 16

C. SEM micrographs 

SEM micrographs of Ni0.42Zn0.58La0.02Fe1.98O4 sintered at 
different temperatures are shown in Fig. 2. At 400°C, no 
particles are observable. Crystallization processes are not yet 
visible, which is also confirmed by the slightly sharp peaks on 
the diffractograms, although they are sharper than in the case 
of a sample after decomposition, which is still amorphous. At 
850°C, small particles are already visible, which, although 
they do not crystallize yet, are the seeds of future crystals and 
are clearly separated from the volume of the amorphous mass 
of the sample. This trend continues when the temperature is 
increased to 1000°C, where the particles are already in the 
entire volume and begin to form cubic crystals. With a further 
increase in temperature, they grow and gradually crystallize in 
the entire volume. 
 

(a) (b) (c) (d)
Fig. 2. SEM micrographs of Ni0.42Zn0.58La0.02Fe1.98O4 
sintered at (a) 400, (b) 850, (c) 1000 and (d) 1200°C.

 
D. Thermomagnetic analysis 

The temperature dependences of magnetic susceptibility 
provide useful information about the thermal stability and 

phase composition of the samples, see Fig. 3. At 400 and 
550°C, the addition of lanthanum significantly affects their 
steepness, but this behavior disappears with increasing 
temperature. This can be explained by the fact that at lower 
temperatures, lanthanum is not sufficiently incorporated into 
the ferrite structure and thus its paramagnetic behavior 
prevails and weakens the magnetic susceptibility of the 
sample. At 550°C, the first Hopkinson peak appeared in the 
sample without lanthanum. It is characterized by a sharp 
increase in susceptibility with increasing temperature, showing 
a significant maximum below the Curie temperature. This 
phenomenon has to do with the movement of domain walls 
during the transition from a region with stable magnetization 
to a superparamagnetic state. [17]. As the sintering 
temperature increases, the number of Hopkinson peaks also 
increases. At 700°C, we can see three more significant peaks, 
and only traces of them are visible on the remaining three 
curves. For the sample without lanthanum content, 
thermomagnetic analysis indicates that there is a small amount 
of the second phase, due to a not so steep drop in magnetic 
susceptibility. At 850 and 1000°C, we observe Hopkinson 
peaks in all curves. At 850°C, they are significantly wider than 
at 1000°C. The steepest is with a lanthanum content of 0.06 at 
850°C, and at 1000°C, it increased the most at a lanthanum 
content of 0.02, and the sample with a lanthanum content of 
0.04 is close behind. From 1100°C, the Hopkinson peaks 
significantly decrease, but they are still observed in all 
samples. The decrease is a consequence of the higher 
magnetization of the samples, which is stable up to 
approximately 150°C for all materials. At 1200°C, almost all 
curves are without a Hopkinson peak, its small signs are 
visible only for samples with the highest two lanthanum 
contents. At 1300°C, the shape of all curves is not too steep, 
from which we can assume that a secondary phase occurs in 
all samples. The Hopkinson peak did not appear in any of 
them. From the comparison of the values of magnetic 
susceptibility at room temperature for all samples, a trend of 
increasing their values with the sintering temperature can be 
observed. This is probably related to the different magnetic 
arrangement due to the presence of lanthanum ions in the 
spinel matrix and to changes in the anisotropy of the 
demagnetizing field associated with the change in crystallites 
size [11]. 

E. Magnetic hysteresis loop measurement 

Fig. 4a shows the hysteresis loops of ferrite Ni0.42Zn0.58LaxFe2-

xO4 sintered at 1200°C. It is clear that with increasing La 
content the coercive field increases and thus the area of the 
hysteresis loop. The material tends to become magnetically 
harder. The substitution effect of lanthanum ions on the 
coercivity and permeability values r@Hc is an interplay of 
several factors, such as the change in crystallite size, changes 
in magnetocrystalline anisotropy, or the presence of an 
orthoferrite phase at grain boundaries, which act as pinning 
centres for domain walls during the magnetization process 
[11]. This is also confirmed by the dependence of the 
differential relative permeability in the coercive field r@Hc, 
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which describes the mobility of the domain walls (Fig. 4b). At 
the point of the coercive field, domain walls moving processes 
are absolutely dominant. Compared to the state without 
substitution (x = 0.00), it decreased from the value of 631.4 to 
the value of 405.0 at maximum substitution (x = 0.10). The 
increase in the coercive field is also associated with the 
increase in the volume loss density during magnetization W 
from the value of 136.9 (x = 0.00) to the value of 289.2 
(x = 0.10). 
 

Fig. 3. Magnetic susceptibility temperature dependences and 
Curie temperatures of Ni0.48Zn0.52LaxFe2-xO4 sintered at 
different temperatures. 

 

 
(a) (b) 

Fig. 4. (a) Hysteresis loops of ferrite Ni0.42Zn0.58LaxFe2-xO4 
sintered at 1200°C. (b) Selected parameters of ferrite 
Ni0.42Zn0.58LaxFe2-xO4 sintered at 1200°C. 

F. Complex permeability spectra 

The dependences of real  and imaginary  parts of 
complex (relative) permeability  =   j of composites 
may be found in the Fig. 5. The composites have been 
fabricated from sintered ferrites Ni0.42Zn0.58LaxFe2-xO4 (x 
varied from 0.00 to 0.10 in steps of 0.02) used as a magnetic 
filler and epoxy resin used as a non-magnetic matrix. The 
particle size distribution (0-250 µm) and content (60 vol%) of 
filler particles in composite samples was constant. The ferrites 
were synthesized by two different methods: ceramic process 

(CP) at 1200C for 6h and glycine nitrate process (GNP) at 
1200C and/or 1300C for 6h, respectively. Selected structural 
and magnetic properties of sintered ferrites used as filler in 
composites can be found in Table II. Table III shows the 
substitution amount x of magnetic filler, preparation 
technology of filler, sintering temperature of filler,  of 
composites at f = 1 MHz, resonance frequency fres of 
composites (at which the imaginary part  has a peak). The 
permeability dependences portrayed in Fig. 5 attained similar 
treatment: below f = 10 MHz the  keeps almost constant, 
then over 10 MHz it starts to fall; simultaneously the  grows 
at first and then declines. This is a relaxation type of 
permeability dispersion often observed in composite structures 
and is brought about the different magnetization mechanisms 
(namely the domain wall shifting and spin turning), [11,18]. 
 

Fig. 5. Complex permeability spectra of composites. 
 

TABLE II. Selected parameters of sintered ferrites 
Ni0.42Zn0.58LaxFe2-xO4 used as a filler in composites and 

prepared by the GNP and/or CP method 

Substitution 
amount x 

Theoretical 
density 
(g.cm-3)

Bulk 
density 
(g.cm-3) 

Saturation 
magnetization 

Ms (kA/m)

Porosity 
(%) 

0.00 5.3278 4.13 297.46 22.48
0.02 5.3623 4.52 273.18 15.71
0.04 5.3963 4.77 278.61 11.61
0.06 5.4348 4.66 268.58 14.26
0.061 5.3163 5.04 247.73 5.20
0.08 5.4689 4.89 274.61 10.57
0.10 5.5059 4.77 265.37 13.4

1Sample prepared by the CP method 
 
TABLE III. Properties of fabricated composites with different 

preparation technology and sintering temperature of filler 

Sample / 
substitution 
amount x 

Method of 
ferrite 
filler 

preparation 

Sintering 
temperature 

of ferrite 
filler (C) 

 at 
f = 1 MHz 

fres 
(MHz) 

K1 / 0.06 CP 1200 10.1 695
K2 / 0.00 GNP 1300 9.5 242
K3 / 0.10 GNP 1300 5.3 202
K4 / 0.00 GNP 1200 3.8 298
K5 / 0.02 GNP 1200 5.4 273
K6 / 0.04 GNP 1200 2.2 597
K7 / 0.06 GNP 1200 2.3 704
K8 / 0.10 GNP 1200 4.6 196
 
In the following, we describes the variation of permeability 

with frequency from the viewpoint of distinct impacts (such as 
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sintering temperature, preparation technology, and substitution 
amount x) on resulted behavior of manufactured composite 
materials. 

Effect of sintering temperature 
For samples K2 and K4 without lanthanum (x = 0.00), the 

 value reduced from 9.5 to 3.8, while the resonant frequency 
increased from 242 to 298 MHz. A similar trend is observed 
for samples K3 and K8, only the changes in permeability and 
resonant frequency are smaller. The influence of temperature 
can be explained as follows. At a higher sintering temperature 
(1300C) the ferrite has a lower concentration of defects in 
crystal lattice, larger grains and less slowed domain walls, and 
therefore lower coercivity and higher permeability. 

Effect of preparation technology 
Sample K1 (produced by CP and with x = 0.06) has five 

times greater permeability and about three times higher 
resonant frequency than sample K7 (produced by GNP and 
with x = 0.06). With CP technology, a higher density and four 
times lower porosity of the final ferrite used as a filler in the 
composite were accomplished, and this had a direct impact on 
the reached permeability and resonant frequency values. 

Effect of La content 
For samples K4, K5, K6, K7 and K8 prepared by GNP 

technology at a temperature of 1200C, a variation of the 
permeability and resonance frequency values is observed 
approximately in accordance with the variation of the ferrite 
density (used as a filler), porosity and calculated saturation 
magnetization (permeability is directly proportional to 
magnetization and inversely proportional to the coercivity or 
effective anisotropic field). On the one hand, a change in the 
amount of lanthanum directly affects mainly AB interaction 
(as a result of which the magnetization and coercivity change: 
the nonmagnetic La3+ ion replaces Fe3+ ion on B site which 
leads to the decrement of magnetization and increment of the 
coercivity) and on the other hand, the effective anisotropic 
field (or demagnetization field) decreases with increasing 
grain size and (primarily intergranular) porosity. 

III. CONCLUSION 

Analysis of the results of individual structural/magnetic 
characterization methods showed the influence of the sintering 
temperature and substitution of iron ions by lanthanum ions in 
the spinel structure on the investigated parameters. Thus, it is 
possible to prepare unique magnetic materials for specific 
applications by appropriately selected heat treatment and/or 
substitution of ions of the basic chemical composition by 
lanthanum ions. 
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