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Abstract

In this study, novel Ni-Cu—Zn ferrites with the chemical formula [Ni, (Zn 4][Cu,,Co Fe, z_ .10, (x=0, 0.05, 0.10, 0.15,
0.20, 0.25) doped with Co** ions were designed and manufactured by standard solid-state reaction method. The magnetic
properties, surface characteristics, and ion occupancy of ferrites were studied by X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), and vibrating sample magnetometer (VSM), and we explained the different mechanisms of the
results and the relationship between magnetic properties and microstructures. For the obtained samples, cobalt ions entered
the lattice, and all samples were characterized as spinel structures. As the doping amount of Co>* ions increases, the lattice
constant and volume of the sample also increases. With an appropriate doping level, Co>* ions-doped Ni—-Cu—Zn ferrites
can maintain higher saturation magnetization, higher magnetic permeability, and lower hysteresis loss. When x<0.1, the
saturation magnetization M, increases significantly as the doping amount of Co?* ions increases, but when x> 0.1, the value
decreases. The experimental results show that the saturation magnetization value is 118.08 emu/g, the magnetic permeability
value is 39.47 H/m, and the hysteresis loss is 1.192 mW/cm? at an optimum doping amount. Therefore, the sample achieves
the best magnetic properties when the doping amount is 0.1.

1 Introduction

Recently, Ni—-Cu—Zn ferrites have the widest range of appli-
cations and excellent performance in the high frequency
range, which are called the most versatile soft magnetic
material [1, 2]. Ni-Cu-Zn ferrites are usually used in
transformers, inductors, amplifier cores, switching power
supplies, etc. Because they have the advantages of high
magnetization, high Curie temperature and large volume,
and relatively simple manufacturing process [3, 4]. In the
application process, large current returns are required to
generate electromagnetic induction, which require high
saturation magnetization, high magnetic permeability, and
low hysteresis loss [5—7]. Therefore, it is valuable to further
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research the properties of Ni-Cu—Zn soft magnetic material
systematically.

In a study, Shirsath et al. [8] synthesized Dy>" ions-doped
Ni—Cu—Zn ferrites by sol-gel method and they disclosed
an enhancement in magnetic properties. The spins of Fe>*
ions at the A and B sites are parallel and opposite. Adding
some appropriate cations to break the balance between them
can obtain better magnetic properties. In another study, Li
et al. [9] reported on Co>" ions-doped Ni-Zn ferrites and
enhanced its magnetic properties. For ferrites, metal ions are
distributed in the “A” and “B” sites, metal ions pass through
the intermediate oxygen ions, the composition of the bond
angle is different, so there are three types of super-exchange,
named A—A, B-B, and A-B [10-12]. According to Neel’s
molecular field model, the A—B type has the strongest super-
exchange effect, the B-B type has the second super-exchange
effect, and the A—A type has the weakest super-exchange
effect [13]. Much related literature proves that Cu?* and
Ni** ions in Nij (Cu, ,Zn, ,Fe, O, ferrite materials tend to
occupy the octahedral position (B-site), Zn** ions have the
characteristics of occupying the A-site, and Fe** ions tend
to occupy A-site and B-site [14—16]. Some suitable cations
are used to substitute Fe3* ions, where the soft magnetic
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properties will be changed. The purpose of this paper is to
study the microstructures and soft magnetic properties of
samples after Co>™ ions replace Fe’* ions.

In this work, novel Co?* ions-doped
Ni—Cu-Zn ferrites with a nominal chemical formula
[Nig ¢Zn 41[Cu, ,Co Fe, ¢ 10, (x=0, 0.05, 0.10, 0.15, 0.20,
0.25) were designed and prepared by a standard solid-phase
method using nanoscale oxide as the raw materials. Inter-
estingly, with an appropriate doping level, Co** ions-doped
Ni—Cu—Zn ferrites can maintain relatively high soft mag-
netic properties, and its saturation magnetization are greatly
improved. The results show that the novel Ni-Cu—Zn ferrites
have better soft magnetic properties and higher saturation
magnetization than pure Ni-Cu—Zn ferrites, and they have
a wider range of application.

2 Experimental procedures
2.1 Synthesis

All kinds of Co-doped Ni—Cu-Zn ferrites used in this study
were prepared by standard solid-phase method, their chemi-
cal formula were [Ni, ¢Zn,4][Cuy,Co,Fe, 5,10, (x=0,
0.05, 0.10, 0.15, 0.20, 0.25). The raw materials for prepara-
tion are nickel oxide (NiO, 99% purity), zinc oxide (ZnO,
99% purity), copper oxide (CuO, 99% purity), cobalt oxide
(C0,05, 99% purity), and ferric oxide (Fe,05, 98.5% purity).
All raw materials were purchased from Aladdin and Mack-
lin. First, in order to make samples, the weighed oxide is
poured into the ball mill jar, and 500 g steel ball is added
with 50 ml water. The material, water, and steel ball ratio
were 1:1:10. The oxide materials were further ground at a
rate of 300 rpm/min for 3 h, then the mixture was placed in

a dry box and baked at 423 K for 12 h. And the dried powder
was sintered at a high temperature of 1223 K for 3 h. Second,
in order to make the magnetic ring, part of the powder was
subjected to secondary ball milling at 300 rpm/min for 2 h,
then dried in a drying oven at 393 K for 12 h, and the baked
material was added to a 5 wt% polyvinyl alcohol binder for
compression and the magnetic ring was sintered at 1223 K
for 3 h.

2.2 Characterization

The phase of prepared samples was characterized by
X-ray powder diffraction (XRD) with Cu Ko (PHILIPS,
da =1.5406 A, ,,=1.5443 A, K,;: K,,=2:1) radiation. The
high resolution scanning electron microscope (SEM, Hitachi
S-4800) was used to characterize the average grain size and
morphology for studying the microstructure. The presence
of Co** ions were detected by energy-dispersive X-Ray
spectroscopy (EDX) scanning, confirming that Co®* ions
were doped into the Ni-Cu—Zn ferrites. The M(H) curve was
plotted using a quantum design superconducting quantum
interferometer vibrating sample magnetometer (SQUID-
VSM). The magnetic permeability and hysteresis loss were
characterized by a B-H AC magnetic characteristic analyzer
(Riken Denshi ACBH100K).

3 Results and discussion
3.1 Analysis of microstructures and composition
Figure 1 shows the X-ray diffraction pattern of the [Nij cZn, 4]

[Cugy,Co,Fe, 5 .10, (x=0, 0.05, 0.10, 0.15, 0.20, 0.25) sys-
tem. All reflection peaks of sample powders are compared to

Fig. 1 XRD patterns of

[Nig 6Zng4][Cuy ,Co,Fe; 5,10,
(x=0, 0.05, 0.10, 0.15, 0.20,
0.25) samples
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the Ni—Zn ferrites phase of a standard PDF card (52-0277).
By matching, the main peaks of all samples corresponded
to the (111), (220), (311), (222), (400), (422), (511), (440),
(623), (533), (622), (444), (642), and (731) crystal plane faces,
the main peaks of all prepared samples are at 26=18.349°,
30.136°, 35.480°, 37.184°,43.231°, 53.310°, 57.16°, 62.821°,
71.13°, 74.11°, 75.98°, 79.53°, 86.98° ,and 89.92° [1]. By
observing the diffraction peaks of Fig. 1, it can be found that
the crystal lattice has a slight expansion upon cobalt ion sub-
stitution. Through the Eq. (1):

[Fe**| + Fe** — [Co®*| + Fe** (1)
and one Fe" is replaced by one Co**. The sum of Co>*
(0.0745 nm) and Fe3* (0.0645 nm) radius is bigger than
two Fet (0.0645 nm) radius, relatively large cation substi-
tution leads to lattice expansion [2]. Due to the difference
in the ionic radius of the doping, it shows a significant left-
ward shift from the enlarged portion (within 260=35°-36°)
of Fig. 1 at 311 peak. Through the calculation of Bragg’s

where d is the lattice spacing, 4 is the wavelength, 0 is the
diffraction angle. Co** ions occupies the A-site of the crystal
structure, replacing some of the iron ions, the crystal size
becomes larger, so the peak shifts to the left. The prepared
samples are all crystallized in the cubic phase of the Fd-3m
space group, and the Ni—-Cu—Zn ferrites sample have a cubic
spinel structure [3—13].

Figure 2 represents the Rietveld refined room tempera-
ture powder XRD patterns of [Nij ¢Zn 41[Cu,,Co,Fe, s .10,
(x=0, 0.05, 0.10, 0.15, 0.20, 0.25). In fact, when the value
of ¢? is less than 2 and close to 1, a good refinement can be
obtained. The results obtained are consistent with XRD, all
samples are single phase, without any detectable secondary
phase, and crystallized in a cubic structure with Fd-3m space
group. The XRD data are refined by Rietveld technology, and
we can get the lattice parameters of the samples. Figure 3
shows the lattice parameters (a, b and ¢) and unit cell volume
(V) of all Ni (Cu,, ,Zn, ,Co,Fe, s_ O, samples, which are cal-
culated by the following formulae (3), (4):
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Fig.2 Refined X-ray powder diffraction of [Ni, ¢Zn, 4][Cu,,Co Fe, s_,]O0, (x=0, 0.05, 0.10, 0.15, 0.20, 0.25)
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Table 1 Fundamental structural parameters of the prepared ferrite
samples

Comp. (x) a(A) b(A) c(A) V(A3) Density (gfem?)
0 8.3774 83774 83774 588.01 5.3708
0.05 8.3827 83827 83827 589.05 5.3613
0.10 8.38651 838651 8.38651 589.85 5.3540
0.15 8.38703 838703 8.38703 589.96 5.3530
0.20 8.38692 8.38692 8.38692 589.94 53532
0.25 8.38668 8.38668 8.38668 589.89 5.3537
Vi=ad 4
cell ( )

where d is the lattices pacing, &, k and [ are the Miller indi-
ces, the specific values are shown in Table 1. We can clearly
find that the lattice parameters and unit cell volume show
the same trend, which correlates with the results of XRD
analysis.

Figure 4a—d show typical photomicrograph of [Nij ¢Zn, 4]
[Cuy,Co,Fe, ¢ 10, (x=0, 0.05, 0.10, 0.15, 0.20, 0.25) with
different doping contents under scanning electron micros-
copy (SEM), and photomicrographs of these samples
were taken at 10,000 times magnification. As shown, dop-
ing cobalt into the sample has a certain effect on its size
and structure, which makes the sample agglomerate. The
agglomeration of the powder is evident due to the magnetic
dipole interaction between the powders, causing the pow-
ders to agglomerate with each other. Even if the sample
is agglomerated, but all samples had a uniform grain size
with a particle size ranging from 1.5 to 2.5 pm and were
evenly distributed during the replacement process [1, 14].
This result echoes the above results, and the difference in
ionic radius of different ions will cause a slight increase in
grain size.

@ Springer

In order to confirm that Co** ions are doped into the
Ni—Cu—Zn ferrites, the experimental samples were subjected
to EDX scanning analysis, the spectrum of some samples are
shown in Fig. 5. As can be seen from the figure, the samples
show the peaks of pure elements of Fe, Ni, Zn, Cu, Co,
and O. With the increase of cobalt element, the concentra-
tion of cobalt increases, the atomic ratio and mass ratio of
cobalt also increases, confirming that cobalt is doped into
Ni—Cu—Zn ferrite [1, 11, 14].

3.2 Analysis of soft magnetic performance

Figures 6 and 7 show hysteresis loops for all fabricated sam-
ples at 5 K and 300 K, specific data are shown in Table 2.
Saturation magnetization (M) is the main technical param-
eter to characterize the magnetism of a ferromagnetic par-
ticle sample. All samples are measured using a vibrating
sample magnetometer (VSM) under the condition of 300 K
and 5 K, and are measured under a strong magnetic field of
30,000 oe. It can be clearly seen from Figs. 6 and 7 that the
300 K trend basically shows the same trend as 5 K. As well
known, the saturation magnetization under low temperature
conditions is higher than that under normal temperature con-
ditions. When the sample is undoped with Co®*, the satu-
ration magnetization is 104.45 emu/g, and when x=0.1,
the saturation magnetization reaches a maximum value of
118.08 emu/g. When the doping amount increases, the satu-
ration magnetization decreases sharply, when x =0.25, the
saturation magnetization is only 83.17 emu/g. Under 300 K
conditions, when the sample is undoped with Co?*, the
saturation magnetization is 70.73 emu/g, and when x=0.1,
the saturation magnetization increases continuously and
reaches a maximum value of 79.12 emu/g. When the dop-
ing amount increases, the saturation magnetization decreases
sharply, when x=0.25, the saturation magnetization is only
55.71 emu/g.
The definition of saturation magnetization is (5):

M, = |Mp - M,| )

where My and M, are the magnetic moments in octahedral
(B) and tetrahedral (A) sites [5]. The O radius in the spinel
ferrite is larger, and an O*~ ion layer is deposited around
the lattice structure, but the metal ions have a small radius
and are filled in the dense O?~ ion layer gap. The unit cell
structure of ferrite consists of a tetrahedral structure and
an octahedral structure. The octahedral structure forms 32
B-sites, and the tetrahedral structure forms 64 A-sites, but
in fact only fills 8 A-sites and 16 B-sites. A large number
of literatures have confirmed that Zn?* occupies the A-site,
Ni?* occupies the B-site, and Fe’* simultaneously occupies
the A-site and B-site [5, 17]. In the spinel ferrite, each ion at
A-site has 12 B-site ions as the nearest ion, the concentration
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Fig.4 SEM micrographs

of sintered [Nij ¢Zn 4]
[Cug,Co,Fe, 5_ 10, ferrite with
ax=0.00, bx=0.05, cx=0.10,
dx=0.15,ex=0.20 and f
x=0.25. The white bar indicates
5 pm
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of the A-site is lower than the B-site. First, the Co>* ions
preferentially occupy the A-site, which replace the Fe**
ions at the A-site, and the magnetic moment of Ni** ion is
equal to 2 ug, Cu®*" ion is 1 ug, Co®* ion is 3 ug, Zn>* ion
is 0 ug and Fe** is 5 up [18-23]. Obviously, the magnetic
moment of Co?" ion is lower than the magnetic moment of
Fe3* ion, the magnetic moment at the A position is reduced,
and the magnetic moment direction is parallel and oppo-
site. According to the principle of super-exchange, the A—B
site’s super-exchange effect is enhanced, but the A—A site’s
super-exchange effect is weakened and the M, is increased
[10, 24]. When the doping amount of cobalt ions is greater
than 0.1, Co®* ions begin to occupy the B-site, replacing
the Fe3* ions at the B-site [18-23]. Since the magnetic
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moments of Co®* ions are much lower than the Fe®* ions,
the magnetic moment at the B-site is greatly reduced, and
the super-exchange effect at the B-B site is also weakened,
which causes a decrease in M [24-26].

Figure 8 shows the relationship between the real perme-
ability of ferrite and frequency. According to Refs. [5, 19],
the real permeability is related to spin rotation and domain
wall motion. The specific calculation formula is as follows

©), (1), (8):

/'4, =14+up,+ Hspin (6)
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Fig.6 Magnetic hysteresis loops of [Nij¢Zn,4][Cuy,CoFe, s 10,
(x=0, 0.05, 0.10, 0.15, 0.20, 0.25) system at 5 K

ZEMYZD ;

Hy = T )
27rMs2

/’lspin = T (8)

where p,, is the domain wall susceptibility, yy;, is the intrin-
sic rotational susceptibility, M, is the saturation magnetiza-
tion, D is the mean size of ferrite grains, y is the domain
wall energy, and K is the magnetocrystalline anisotropy
constant [5, 27]. In this study, since the content of Co?*
ions is relatively low, and the value of y is determined by

@ Springer

Fig.7 Magnetic hysteresis loops of [Nij¢Zn,4][Cuy,Co,Fe, 10,
(x=0, 0.05, 0.10, 0.15, 0.20, 0.25) system at 300 K

Table 2 Saturation magnetization and hysteresis loss of the prepared
ferrite samples

Comp. (x) M, (5K) M, (300 K) P, (100 kHz)
0 104.45 70.73 1.192

0.05 113.40 77.02 1.713

0.10 118.08 79.12 1.44

0.15 92.11 63.12 11.99

0.20 87.80 58.84 18.51

0.25 83.17 55.71 2261
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Fig.8 Frequency dependence of the real permeability of the as-
acquired [Ni¢Zng4][Cuy,Co,Fe, ¢ 10, (x=0.05, 0.10, 0.15, 0.20,
0.25) samples

the type and concentration of the dopant, the value of y can
be regarded as a constant [5, 27]. Observing Eqs. (6), (7),
(8), the value of the real permeability is mainly determined
by the values of M, D and K, in addition, doping Co** jons
can significantly increase the K value of the sample [5]. In
case of ferrites with Co doping <0.1, the values of M, and
D are greatly increased, and the increasing trend is much
larger than the increasing trend of K value, so the real mag-
netic permeability is significantly increased. In case of fer-
rites with Co doping > 0.1, the value of magnetocrystalline
anisotropy constant (K) of Co®" ion is positive, while those
of Ni—-Cu-Zn ferrites are negative, using compensation of
negative and positive value can make K — 0, The value of
D does not change much, but the value of M, is drastically
lowered, so the value of the real magnetic permeability is
lowered [16].

The P, of ferrite materials can be divided into hyster-
esis loss (P}), eddy current loss (P,), and residual loss (P,).
The hysteresis loss of Ni-Cu—Zn ferrite can be regarded
as the algebraic sum of various losses only in the case of
low frequency and weak magnetic field. At the same time,
according to the formula (9) of the hysteresis loss:

pP=—

> HLf ©)

where p, is vacuum permeability, b is Rayleigh constant,
H,, is magnetic field strength, f is the operating frequency.
Figure 9 shows the relationship between hysteresis loss and
frequency at a magnetic flux density of 5 mT. It can be seen
from the figure that while the frequency is increasing, the
overall trend of hysteresis loss is also increasing. When
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Fig.9 Relationship between power loss and frequency at 5 mT

x<0.1, the hysteresis loss at the same frequency decreases
with the increase of cobalt doping amount, and by compar-
ing with the value of undoped sample, the average decrease
is 21.88%. When x> 0.1, the hysteresis loss of the sample
increases sharply with the increase of cobalt doping amount,
and by comparing with the value of undoped sample, the
average increase is 17.74 times. As a typical ferromagnetic
substance, cobalt is used to increase the magnetic proper-
ties of the sample and reduce the hysteresis loss when it is
doped at a low content [26—33]. Since the doping amount
is too high, some impurities enter the inside of the crystal,
which destroy the crystal structure of the material, and the
hysteresis loss of the sample also decreases [34, 35].

4 Conclusion

This paper demonstrates that Co-doped Ni—Cu—Zn ferrites
can change its nanostructure and thus change the magnetic
properties of Ni-Cu-Zn ferrites. XRD, SEM, and EDS
results show that the microstructure of the sample does
change with the incorporation of Co?" ions, and the lattice
constant and average lattice size are increased continuously.
With the magnetic property data obtained by the AC mag-
netic characteristic analyzer and VSM, as the cobalt doping
amount increases, the saturation magnetization and magnetic
permeability first increase and then decrease, and the hyster-
esis loss decreases first and then increases. The experimental
results show that when the doping amount of cobalt is 0.1,
the sample achieves the best magnetic properties. The maxi-
mum value of saturation magnetization at room temperature
is 79.12 emu/g, the maximum value of saturation magnetiza-
tion at low temperature is 118.08 emu/g, the maximum value
of magnetic permeability is 39.47 H/m, and the lowest value
of hysteresis loss is 1.192 kw/cm®. This study shows that the
Co-doped-Ni—Cu—Zn ferrites have changes in their magnetic

@ Springer



9064

Journal of Materials Science: Materials in Electronics (2020) 31:9057-9064

properties, and the obtained samples are with high satura-
tion magnetization, low hysteresis loss, and high magnetic
permeability, which improves the application range of the
sample.
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