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Sintered Niy4Zn,cFe,O, ferrite with various additives, namely, CoO, Cu,0, SiO,, CaCO;, and MgO was pre-
pared by conventional ceramic processes. The formation of a single-phase cubic spinel structure was confirmed
by powder X-ray diffraction. The microstructure and magnetic properties of the samples were significantly
changed by the type of additive. In the frequency-dependent complex permeability (', #') measurement, it
was found that Cu,O and CoO were more effective than the other additives for modulating the ', 4" spectra.
This was because a larger spectrum shift, either to a lower or higher frequency, could be achieved by the same
doping amount of 1 wt.%. When the doping amount of CoO increased up to 3 wt.%, the y', 4" spectra gradu-
ally shifted to a higher frequency following Snoek’s limitation law. The co-doping of 1.5 wt.% CoO and 0.5
wt.% Cu, O was more effective for radio-frequency identification (RFID) applications than any individual dop-
ing because a relatively large real part of the permeability (&' = 125.3) and small loss factor (1" = 5.8) could be

achieved simultaneously at the frequency of 13.56 MHz.
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1. Introduction

During the past decades, soft magnetic materials have
attracted considerable attention owing to their useful
electromagnetic properties and wide range of applications.
Among the soft magnetic materials, cubic-structured Ni—
Zn spinel ferrites are some of the important material
systems used in various electromagnetic devices, such as
telecommunication systems, microwave devices, and power
transformers, because of their high magnetic permeability
with a small magnetic loss and high electrical resistivity
[1-3]. Their applications in high-frequency devices can be
classified based on the complex relative permeability, 1 =
Mju". The real part of the complex permeability ./
represents the storage capability of magnetic energy, and
the imaginary part 4" stands for the magnetic energy loss.
A high 4 and u4” = 0 are ideal for applications in
magnetic field shielding, wireless charging, inductors, and
transformers. In addition, a high " is required for the
electromagnetic wave absorber employed in the corre-
sponding frequency range.
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Ni—Zn ferrites have been prepared by various techno-
logies, such as typical ceramic processes [4, 5], co-preci-
pitation [6, 7], and sol-gel methods [8, 9]. Their magnetic
properties strongly depend on the fabrication process and
cation composition. It has been reported that cation
substitution in spinel ferrites significantly affects their
microstructure and magnetic properties [10-14]. In our
previous study, the structural and magnetic properties of
Ni,Zn;,Fe,04 (0.2 < x < 0.8) ferrites prepared by a solid-
state reaction process were investigated [15]. Frequency-
dependent complex permeability spectra could be tuned
by the Ni substitution amount, x.

Also, employing sintering additives during the ball
milling of calcined powder is indispensable for obtaining
high density ceramic samples. It is well known that SiO,
suppresses grain growth and CaO (or CaCOs) promotes
densification during sintering process. In case of magnetic
spinel ferrites, these additives are effective not only in
tailoring a dense microstructure but also in modulating
magnetic properties [16]. In the present research, the
effect of various sintering additives on the structural and
magnetic properties of Nig4ZngcFe,04 (NZF) (x =0.4)
ferrites were systematically investigated.

© 2019 Journal of Magnetics
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2. Experimental Procedure

Stoichiometric NZF was prepared by conventional solid-
state reaction processes. The precursor powders of NiO
(99.9 %), ZnO (99.9 %), and Fe,05 (99.9 %) were weigh-
ed in accordance with the cation ratios in the chemical
formulae. The weighed mixtures were ball-milled for 20 h
in deionized (DI) water in a polypropylene jar and using
zirconia balls and then calcined in an alumina crucible at
1250 °C in air for 4 h. Then the calcined powder samples
were ball milled again for 20 h with zirconia balls. After
drying the ball-milled powder, the powder samples were
pressed in a mold to form a toroidal-shaped green com-
pact with inner/outer diameter of 9 mm/14.8 mm. The
palletized samples were sintered in a box furnace at 1250
°C for 2 h. Various additives, as listed in Table 1, were
mixed during the second ball-milling process. The sample
density was calculated based on the weight and geometric
dimensions of the samples. X-ray diffraction (XRD, D8
Advance, Bruker) with a CuK, radiation source (1 =
0.154056 nm) was performed for the crystalline phase
analysis. Sintered samples were ground to a powder form
for the XRD measurement. Microstructural observation of
the fractured surface of the sintered samples was con-
ducted via field-emission scanning electron microscopy
(FE-SEM, JSM-7610F, JEOL). Initial magnetization and
magnetic hysteresis curves (B—H) were measured by
using a soft magnetic measurement system (Remagraph
C-530, Magnet-Physik). The toroidal sintered samples
wound by a typical enameled copper wire were used for
the B-H measurement. Complex permeability spectra (1
MHz-1 GHz) of the samples were obtained by using an
impedance Analyzer (E4991A, Agilent) equipped with a
fixture for magnetic permeability measurement (16454A).
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Table 1 lists the sample IDs for the different samples
doped with the various selected additives.

3. Results and Discussion

Figure 1 (a) shows the XRD patterns of the sintered
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Fig. 1. (Color online) (a) and (b) XRD patterns of
Nig4Zny¢Fe,Oy4 ferrite with various additives.

Table 1. Sintered density (p), average grain size (D,y.), magnetic flux density at H = 30 Oe (By=300¢), coercivity (H), real part of
the permeability (1) at 1 MHz, maximum imaginary part of the permeability (£/"max), and frequency at the maximum 2" (f,max).
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b Additives (gem’)  (um) @ O @iMHy v v
NZF0 No 5.26 1.77 3755 0.33 367.7 166.4 8.05
NZF1 CoO (1 wt.%) 537 1.74 3409 0.84 168.1 93.7 29.5
NZF2 Cu,O (1 wt.%) 5.35 224 3822 0.26 557.0 248.6 4.12
NZF3 Si0, (1 wt.%) 5.33 1.35 3483 1.08 331.6 163.0 11.2
NZF4 CaCO; (1 wt.%) 5.35 2.06 3691 0.56 4414 179.4 6.46
NZF5 MgO (1 wt.%) 5.31 1.52 3222 0.55 403.3 186.5 7.67
NZF6 CoO (1.5 wt.%) 5.32 1.79 3753 1.24 114.1 72.0 49.6
NZF7 CoO (2 wt.%) 5.38 1.68 3628 1.81 91.0 67.0 70.0
NZF8 CoO (3 wt.%) 5.31 1.63 3669 2.59 77.5 52.1 86.1
NZF9 CoO (1.5 wt.%), Cu,0O (0.5 wt.%) 5.44 2.31 3827 1.12 113.1 74.4 56.9
NZF10 CoO (1.5 wt.%), Cu,O (1 wt.%) 5.33 >10 3663 1.35 131.3 78.3 479
NZF11 CoO (3 wt.%), Cu,0O (1 wt.%) 532 >10 3274 2.90 59.5 38.0 106.0




Journal of Magnetics, Vol. 24, No. 3, September 2019

(@) c96(1 SWH%) 7
b ; L [) f\d\ \\’O_ ‘\

wq ) ) G ‘\v,
S A

F}‘ /
{j) CoO(1.5Wt%) 42
/CuZO\('O\Q‘wt%)

4 Th)‘e30(2wt%)3

\

7 2y
>, f\rew d ATy i

j (k) Coo5wt%) )
#Cu,0(1wt%)

-501 -

‘1.) &O(sm%*y" S

o o

\ (&ﬂ <)§ 0 T
4 X w2 @O\
e o

AL
))b“ ‘

(l CoO(3wt%)
' +Cu20€
= 7

Fig. 2. SEM micrographs of Niy4Zng¢Fe,0, ferrite with various additives.

NZF samples doped with the various selected additives:
Co0O, Cu,0, Si0,, CaCOs, and MgO (all 1 wt.%). The
pattern of NZF without any additive (NZFO0) is also pre-
sented as the top line in Fig. 1(a). All the sintered samples
show patterns of a single spinel phase. The patterns of the
NZF samples doped with increasing CoO amounts: 1.5
wt.%, 2 wt.%, and 3 wt.% and those co-doped with CoO
and Cu,O of some different amount are presented in Fig.
1(b). No peaks corresponding to a second phase are
detected for any of the samples, even for the sample high-
ly doped with CoO 3 wt.% + Cu,O 1 wt.%. This suggests
that the cations of the additives diffuse into the mother

phase without undergoing the reaction that forms a second
phase. Alternatively, they diffuse and remain at the grain
boundary region without forming sufficient volume of the
second crystalline phase required to be detectable via
XRD.

Figures 2(a)-2(f) show the SEM micrographs of the
NZF samples doped with 1 wt.% of the different types of
additives sintered at 1250 °C. A highly dense micro-
structure is commonly revealed for all the samples, but
the grain shapes and sizes slightly differ with the type of
additive. The density and average grain size (D,.) of
these samples are presented in Table 1. The doped samples
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have a slightly higher density than the undoped NZF
sample. The samples doped with CoO (Fig. 2(b)) show a
similar microstructure to that of the undoped sample (Fig.
2(a)) with a similar Dy of ~1.7 um. It is found that the
grain growth in the samples doped either with SiO, (Figs.
2(d)) or MgO (Figs. 2(f)) is prohibited by these additives
and the sample D, is relatively smaller than that of the
undoped NZF. Contrastingly, doping by Cu,O (Fig. 2(c))
or CaCOs (Fig. 2(e)) promotes grain growth, and these
samples have a larger D,,. than the undoped sample. It is
also noted that increasing the CoO doping amount up to 3
wt.% does not have a significant effect on the micro-
structure of the samples. Note that the 1.5-3 wt.% CoO-
doped samples shows a similar microstructure with D,
in the range of 1.6-1.8 um (Figs. 2(g), 2(h), and 2(i)). In
case of 1.5 wt.% CoO and 0.5 wt.% Cu,O co-doping, D,y
increases to 2.31 um (Fig. 2(j)). Abnormally grown very
large grains are found in the samples co-doped with CoO-
Cu,0 (1 wt.%). The D, of these two samples, as shown
in Fig. 2(k) and 2(1), is larger than ~10 pm. Co-doping the
sample with CoO and 1 wt.% of Cu,O causes a very large
grain growth. However, individual doping with 1-3 wt.%
CoO and 1 wt.% Cu,O (Fig. 2(c)), respectively, leads to a
normal grain growth and does not cause a significant
microstructure change. It is very interesting to note that
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there is some mutual interplay between the sintering
additives, Cu,O and CoO, for the enhanced grain growth
of the ceramics.

The B-H hysteresis curves of the NZF samples are
presented in Figs. 3(a)-3(d). Typical Ni—Zn spinel ferrites
are soft magnetic materials having an intrinsic coercivity
(Hc) value less than a few Oersteds. Here, the B—H
measurements were conducted by using the toroidal B-H
measurement technique [17]. The demagnetizing field
effect is completely avoided in the toroidal sample geo-
metry because no magnetic poles are present in the
sample. The measured H. and magnetic flux density at H
= 30 Oe (Bp=300¢) are collected and presented in Table 1.
The undoped NZF0 sample has H- = 0.33 Oe and By-300c
= 3755 G. Among the samples doped with 1 wt.% CoO,
Cu,0, SiO,, CaCO;, and MgO, respectively, only the
Cu,O-doped sample has a smaller Hc of 0.26 Oe than the
NZFO0 sample. This is owing to the larger grain size of
this sample (D, = 2.24 um). Previous studies [18-21]
have reported that the H- decrease with increasing grain
size, where the grain size is on the micrometer scale,
follows the equation:
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Fig. 3. (Color online) (a)-(d) B-H hysteresis curves of Nip4Zng¢Fe,O, ferrite with various additives.
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where C) is a constant, 4 is the exchange stiffness, K| is
the crystalline anisotropy constant, D is the grain size,
and My is the saturation magnetization. The reciprocal
relationship between Hcand D is related to the domain
wall pinning at the grain boundaries. However, the CaCOs-
doped sample has a larger H¢ value (0.56 Oe) than the
NZF0 sample even though it has a larger grain size. This
is possibly attributed to the additional domain wall
pinning by the impurities of Ca-compound that exist at
the grain boundaries because substitution of large Ca ions
in the cation sites of the Ni—Zn ferrite phase cannot be
expected. Among the samples with various additives of 1
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wt.%, the maximum H; of 1.08 Oe is obtained for the
Si0,-doped sample (NZF3) because SiO, suppresses the
grain growth most effectively. As the doping amount of
CoO is increased up to 3 wt.%, H of the samples increases
gradually without a change in the micro- structure. In
this case, the increase in Hc is attributable to intrinsic
effects such as increase in the crystalline anisotropy (Kj)
of the spinel phase. This is an indirect evidence that Co
ions are substituted in the crystal lattice of the spinel
structure. Even the maximum H: value of 2.9 Oe is
obtained in the CoO (3 wt.%) + Cu,O (1 wt.%)-doped
sample (NZF11), which shows an abnormal grain growth
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Fig. 4. (Color online) (a)~(f) Frequency-dependent real (') and imaginary (u") parts of the permeability of Niy4Zng¢Fe,O4 ferrite

with various additives.
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(Daye > 10 pum). The By-3o value also varies with the
additives. However, these values are not very relevant
because magnetic field H=30 Oe is not sufficient for
achieving magnetic saturation. A sample with a higher H¢
exhibits a slower magnetization behavior, and thus, it has
a lower By—3¢ value. Based on our previous research, the
NZF0 sample has a saturation magnetization (Ms) of 62.3
emu/g [15], corresponding to 4m Ms = 4116 G

Figures 4(a)-4(f) show the frequency-dependent complex
permeability of the NZF samples. Relevant parameters,
such as the real part of the permeability («) at 1 MHz,
maximum imaginary part of the permeability (z".x), and
frequency at the maximum 4" (f;:max), obtained from the
curves are also presented in Table 1. Practically in this
research, the real part of the permeability at 1 MHz can
be defined as static permeability z'. In Figs. 4(a) and
4(b), it is found that doping with SiO, and CoO shifts the
spectra of ' and y" to a higher frequency as the height of
the spectra decreases, whereas doping with the other addi-
tives shifts them in the opposite direction. In case of the
Cu,O-doped NZF sample having a larger D,,. and smaller
Hc than the undoped NZF, both the 4/, 1" spectra shift to
the left side with a higher static permeability (u") and
higher peak in the x” spectra. SiO, doping that causes a
finer grain structure and larger Hc than without doping,
makes the g/, " spectra to shift to the right direction.
Among the various additives (1 wt.%), CoO and Cu,O
are effective in modulating the u, 1" spectra because
CoO shifts the spectra to the right direction, whereas
Cu,0 shifts it to the left direction more largely than the
other additives. The high-frequency complex permeability
(¢, 1) spectra are obtained from the contribution of both
the domain wall vibration and spin motions. Thus, they
are related to both the extrinsic and intrinsic factors of the
materials. The domain wall contribution to the perme-
ability is more dominated by extrinsic factors such as the
grain size (D), whereas the spin contribution portion is
more closely related to intrinsic factors such as the crystal-
line anisotropy (K). The relationship between initial perme-
ability g4 and the above-mentioned material parameters is
given by the equation following [18]:

DM
"JaK,

On increasing the CoO addition up to 3 wt.%, both the
', 1" spectra gradually shift to a higher frequency follow-
ing Snoek’s law, as shown in Figs. 4(c) and 4(d). This
gradual spectrum shift is owing to the increase in the
magnetocrystalline anisotropy caused by the gradual sub-

stitution of Co in the spinel ferrite lattices. Note that the
SEM images of the CoO-doped NZF samples, presented

#i=C @)
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in Figs. 2(g)-2(i), show similar microstructures and D,y.
in the samples.

The co-doping effect of the two effective additives, CoO
and Cu,O, on the permeability spectra was also investi-
gated. When the f,» ., values of the samples in Table 1
are compared with each other, it is understandable that the
Co doping amount is a dominant factor in shifting the #/,
" spectra. Although there is a large difference in the
grain size between the two samples of NZF6 (CoO 1.5
wt.%) and NZF10 (CoO 1.5 wt.% + Cu,O 1 wt.%), the
f max values are very close (49.6 and 47.9 for NZF6 and
NZF10, respectively). This is because the spin contri-
bution to the £/, 1" spectra of NZF is more dominant than
the domain contribution and the intrinsic factor K; can be
tuned by the Co doping amount. Still, the co-doping of
Cu,O with CoO gives a significant effect on tuning the 2/
and y" profile delicately. In Figs. 4(e) and 4(f), the spectra
of the NZF samples co-doped with CoO and Cu,O are
compared to those of 1.5 wt% and 3 wt% CoO
individually doped NZF samples. The combination of
CoO 1.5 wt.% + Cuy0 0.5 wt.% effectively depresses the
magnetic loss related factor of 4" without decreasing /'
near 10 MHz. The NZF sample co-doped with 1.5 wt.%
CoO + 0.5 wt.% Cu,O simultaneously exhibits a smaller
M (5.8) and larger z/ (125.3) than 1.5 wt% CoO
individually doped NZF (¢ = 124.0, /" = 5.9) at the
frequency of 13.56 MHz.

4. Conclusions

Highly dense Nij4Zny¢Fe,O, samples (toroidal-type)
were successfully prepared by conventional ceramic pro-
cesses with various additives, namely, CoO, Cu,0, SiO,,
CaCO;, MgO, and combinations of CoO and Cu,O. The
complex permeability (¢, 1") spectra could be effectively
modulated by the additives of Cu,O and CoO. The CoO
doping shifted the g/, " spectra to a higher frequency
(f), whereas Cu,O shifted the spectra to a lower f. The
sample co-doped with 1.5 wt.% CoO and 0.5 wt.% Cu,O
had a slightly larger 4’ (125.3) with a smaller x" (5.9)
than the 1.5 wt.% CoO individually doped sample (x' =
124.0, p" = 9.0) at the frequency of 13.56 MHz. The
above result is very promising for RFID magnetic field
shielding or low-loss inductor core applications.
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