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Abstract

Ni, Co Fe,0,(x=0,0.2, 04, 0.6, 0.8) ceramics were prepared by chemical co-precipitation method and the
effect of Co ion doping on the microstructure, magnetic and dielectric properties has been investigated. The
results show that the synthesized ceramics display only spinel phase of Ni, .Co Fe,0,, without other apparent
impurities found. The lattice of Ni, .Co, Fe,O, crystal structure was distorted as a result of the incorporation of
Co ion, and the lattice parameters increase with the increase of Co ion content. The grain size decreases slightly
with increasing the content of Co ion, indicating a change of particle size and morphology at higher doping
content. The results of impedance analysis shows that the sample doped with 80 at.% Co possesses the maximal
dielectric constant, while the pure NiFe,O, sample shows the minimal value when the frequency is below
0.1 MHz. The M-H loops of these ceramics exhibit highly magnetic nature and the saturation magnetization.
The remnant magnetization increases linearly with the increase of Co-concentration in nickel ferrite while
the coercive field (H.) shows non-monotonic variation with Co content. The minimal and maximal values of
H. can be obtained when the Co concentrations are 40 and 80 at. %, respectively. The highest value of the
saturation magnetization is 63 emu/g obtained with 80 at.% Co doping while the lowest value is ~31 emu/g for
the pure NiFe,O, ceramics. The abnormal magnetic behaviour is due to the A-B super exchange interaction

when magnetic Co*" ions are added.
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I. Introduction field [11-14]. Another typical ferrite is NiFe,O, due
) ) . to its ferromagnetic properties, low electrical conduc-
Spinel ferrites MFe,0, (M = Mg, Cu, Ni, Co, Mn,  4jyity and thus low eddy current losses and high elec-
Zn, etc.) have attracted extensive attention in the past .0 Lemical stability [15-18]. In addition, CoFe,O, be-

few decades not only due to their interesting proper- 15404 1 the class of hard magnetic materials, which ex-
ties, such as specific magnetization, magneto crystalline  p.p-eo very high value of saturation magnetization and

anisotropy, high.electrica.tliresistivity, high Curie temper- o, ive field, whereas NiFe,0, is soft magnetic ma-
atu.re and cheml.cal .stabl.hty [1-3 ]_’ bu.t also chaqse of terial having low saturation magnetization and coerciv-
their broad applications in catalysis, high density infor- A g a consequence, one can speculate that with the
mation recording, magnetic storage, energy storage, bi-  gyptitution of Co ions in NiFe,0, lattice, the obtained
ological applications and ferroffuid technology as carri- 1,2 onefic compound will have the characteristic of both
ers for magnetically guided drug deliyery and ferrofluid spinels, which encourages their use in many other po-
§eal [4-10]. Among them, C9F62O4 is one of the most  tential applications. They have the advantage of tuning
important ferrites because of 1ts perfect magnetic prop-  anq tajloring their physical properties by changing the
erties, excellent thermal stability and high anisotropy  .pemical composition, grain size, morphology and lat-
tice strain [19-23]. The exploration of various combina-
tions of different magnetic materials may improve their
physical properties and provide a better fundamental un-
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derstanding of the magnetic interactions and achieve
desirable specific applications [24-27]. According to
the exchange-coupling theory, nanocomposite perma-
nent material can have the high remanence of soft phase
and the high coercivity of hard phase at the same time.
Therefore, it is very important and necessary to tailor
the physical properties of ferrite ceramics based on the
application requirements which can be achieved by ad-
justing the concentration of cobalt and nickel magnetic
phases in these materials. Obviously, on account of such
interesting and useful properties, it is of great signifi-
cance to carry out in-depth investigation on the prepara-
tion procedures and characterization analysis. The pur-
pose of this work is to describe the synthesis of the sin-
gle phase Co-doped NiFe,O, ceramics by chemical co-
precipitation method and to characterize high coercive
field/low coercive field magnetic composites by various
analytical techniques in order to investigate the struc-
ture, morphology, dielectric and magnetic properties.

II. Experimental procedure

Ni, ,Co Fe,0, particles with different compositions
(x =0, 02, 04, 0.6, 0.8) were synthesized by the
chemical co-precipitation method. Aqueous solutions
of FeCl;x6 H,0, Ni(NO,),x6 H,0, Co(NO;),x6 H,O
(all = 99.0%, Sinopharm Group Co. Ltd.) were mixed
in their stoichiometric ratio and continuously stirred
at 80 °C for 1h. In the next step, NaOH solution was
slowly added into the precursor solution mixture with
constant stirring and pH was adjusted to ~12. After con-
tinued stirring for 1 h, the solution was naturally cooled
to room temperature and the obtained product was fil-
tered and washed several times with distilled water un-
til the pH decreased to ~7 to remove the unwanted salt
residues and other impurities. Subsequently, the precip-
itated particles were then dried at 100 °C for 24 h to ob-
tain the dry powder. After that, the powder was ground,
then mixed with polyvinyl alcohol (PVA) and filtered
through sieve. Afterwards, the particles were pressed
into pellet with the diameter of 10 mm and the thick-
ness of 1 mm, and finally sintered at 1000 °C for 8 h to
obtain the required ceramics.
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The crystal structure of the prepared ceramics was
investigated at room temperature by X-ray diffraction
(XRD, D/max 2500, Rigaku, Japan) using Cu-Ka radi-
ation (1 = 1.5406 A) in the 26 range from 20° to 70°.
Scanning electron microscopy (FE-SEM, JSM-7800F,
JEOL, Japan) was used to observe the surface mor-
phology of the ceramics. The dielectric properties of
the samples were characterized by using an impedance
analyser (HP4980A, Agilent, USA). The relative dielec-
tric constant (g,) can be calculated from the capacitance
based on the following equation:

C-d
& =

)

80'S

where C is the measured capacitance, d is the thick-
ness of the samples, & is the vacuum dielectric constant
(8.85%x 10712 F/m) and S is the effective area of the elec-
trode on the samples. Room temperature magnetic hys-
teresis (M-H) loops were determined by using a vibrat-
ing sample magnetometer (VSM, VSM100~500) with
maximum magnetic field of +1.5T.

IT1. Results and discussion

3.1. Microstructure

The X-ray diffraction patterns of the prepared ceram-
ics are shown in Fig. la. It can be found that all the
samples show good crystallinity with different Co con-
tent, indicating a poly-crystalline spinel structure with-
out any discernible secondary phases. Besides, it can be
clearly seen from Fig. 1b that the diffraction peaks shift
to lower angle region with the increase of Co content,
which demonstrates that the interplanar distance and lat-
tice constant increase with Co increasing. The lattice pa-
rameter a for individual compositions can be calculated
from the most intense reflection peak 311 of the cubic
spinel structure by using the formula [28]:

a=dVh2+k2 + 2 2)
where h, k, and [ are the Miller indices. It can be found
that the lattice parameter increases from 8.302A to
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Figure 1. XRD patterns of Ni; . Co Fe,0, ceramics (a) and magnified 26 region with 311 peak (b)
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8.411 A when the Co concentration increases from x =
0 to x = 0.8. This increased lattice parameter with the
increase in Co®* ion concentration is attributed to the re-
placement of Ni>* ions with smaller radius (~0.63 A) by
Co”" ions with larger radius (~0.78 A) in the host lattice
of nickel ferrite [29]. Therefore, we argue that Co** ions
with relative larger ionic radius have substituted Ni>*
ions with smaller ionic radius, and this resulted in the
expansion of the crystal lattice.

In addition to the crystal structure, Co-doping can
play a role in the modulation of the surface morphology
and the grain size. Figure 2 shows the surface morphol-
ogy of Ni, Co Fe,O, ceramics with different Co con-
tent. It can be found that all the samples show relatively
high density, while the surface of the ceramics consists
of some grains with relatively inhomogeneous distribu-
tion of grain size; the average grain size varies from 2
to 5 um. The relative densities of Ni,  Co Fe,O, ceram-
ics, where x = 0, 0.2, 0.4, 0.6, 0.8, are 94.2, 94.7, 95.1,
95.6 and 95.8% TD, respectively. This result indicates
that the addition of Co ion can improve the sinterabil-

ity. Furthermore, the mean grain size shows slightly de-
creased trend with Co addition. This clearly shows that
the substitution of Ni** with Co®" ion has a direct influ-
ence on the microstructure of the ceramics. It demon-
strates that the addition of Co can effectively inhibit the
grain growth of Ni, Co Fe,O, ceramics. Co?" ions in
the high temperature sintering process can dissolve into
NiFe,0, lattice and replace Ni** ions and thus lead to
lattice distortion. In addition, Co?* ions are easily seg-
regated on the grain boundary, hindering the mobility of
the grain boundary and inhibiting the grain growth.

3.2. Dielectric properties

The changes in the dielectric constant of the Co-
doped NiFe,O, ceramics as a function of frequency are
shown in Fig. 3. One can see that the dielectric con-
stant shows non-monotonic variation with Co content. It
increases firstly, then decreases and finally it increases
again in the low frequency range (f < 10° Hz). The min-
imal dielectric constant is obtained in the pure NiFe,O,
sample while the maximum occurs at x = 0.8. On the

Figure 2. SEM images of Ni, . Co Fe,0, ceramics: a)x =0,b) x =0.2,c) x =0.4,d) x = 0.6 and e) x = 0.8
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Figure 3. Frequency dependence of the dielectric constant of
Ni,_.Co,Fe,O, ceramics

contrary, when the frequency is larger than 10° Hz, the
permittivity shows another variation with Co ion, i.e. it
decreases and then increases with Co concentration and
eventually it decreases again. When the content of Co
ion is 0.2, the corresponding dielectric constant is the
minimal, while the maximal dielectric constant is ob-
served in the sample when x = 0.6. In addition, it is
very obvious that all the dielectric constants of all the
samples decrease quickly in the low frequency range
and this decreased trend becomes slower when the fre-
quency is high. Moreover, it is very clear that the di-
electric constants of the samples Ni, ;Co, ,Fe,O, and
Ni, (Co, 4Fe, 0, in the measured range of 20 Hz—2 MHz
are more stable than that of other doped and undoped
samples.

The frequency dependence of the dielectric constant
can be explained based on the different polarization
mechanisms under different measuring frequency. The
polarization mechanism includes displacement polar-
ization, space charge polarization and turning-direction
polarization. The relaxation time of displacement polar-
ization (~10713s) is so short that it can be considered
to be independent of the test frequency (20 Hz-2 MHz).
Therefore, the displacement polarization contribution to
the dielectric constant is also independent of the test
frequency, and the dielectric constant should show per-
fect frequency stability. In contrast, the relaxation time
of space charge polarization and turning-direction po-
larization is roughly in the range of 1072-107%s, which
is comparable to that of the examined frequency range.
As a consequence, in the low frequency, the polariza-
tion process can be fully established so that large di-
electric constant can be obtained. However, the polar-
ization process cannot be entirely formed in the high
frequency range, thus only smaller dielectric constant
can be observed. In brief, as more and more polariza-
tion processes cannot be established with increase in
the frequency, the dielectric constant decreases mono-
tonically with the frequency increase in the whole fre-
quency range. The better the frequency stability of the
dielectric constant, the lower the relaxation polariza-
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tion (including space charge polarization and turning-
direction polarization) should be. The relaxation po-
larization is often induced by space charge, impurity,
defects such as oxygen vacancy, weekly bound charge
and so forth. The reason that there is a broad pick
in frequency dependence of dielectric constant for the
samples Ni, ;Co, ,Fe,0, and Ni, Co, ,Fe,O, at about
1 kHz is that there are less space charges and oxygen
vacancies in the two samples. Although this standpoint
cannot be directly concluded from the XRD and SEM
images, it might be that Co doping has such influence
on the crystal structure and grain size of NiFe,O, ce-
ramics that moderate addition of Co®" ions may result
in the reduction of defects in the samples to some extent.
In general, defects and impurities are directly related to
the electric properties.

3.3. Magnetic properties

Figure 4 shows room temperature magnetic hys-
teresis loops obtained from VSM measurement of
the Ni, Co,Fe,O, ceramics. It can be seen that all
Ni,  Co,Fe,0, ceramics exhibit hard ferromagnetic be-
haviour. Furthermore, the hysteresis loops of the sam-
ples present smooth hysteresis, indicating single phase
like magnetic material behaviour. This behaviour re-
veals that the Co’" is tailored to NiFe,O, lattices per-
fectly. The saturation magnetization (M), coercive field
(H.) and remnant magnetization (M,) are listed in Ta-
ble 1. It is found that the values of M and M, increase
monotonically with increasing Co content. These in-
creases can be explained in terms of the existence of
both Ni** and Co®* ions, which could cause exchange
interaction between them. Another important reason is
attributed to a larger magnetic moment of Co** (3u3) at
the octahedral sites as compared to the Ni>* (2up).

In an ideal spinel lattice, on one hand, the magneti-
zation is generally given by the different moments of
the tetrahedral A sites and the octahedral B sites. If the
magnetic moments of the Fe** ions at the A and B sites
are entirely equal and opposite, they can compensate
each other. On the other hand, the magnetization nat-
urally depends on the distribution of magnetic and non-

1 T L] l
60 2
40 7
—, 201 -
o
g 0 /! Y
'9' 204 —— Ni0_2C00_3F9204 ]
= —o— Nig 4Cog gFe204
-404 i
- Ni0.3C00.2F6204
-601 —— NiFe,04 i
-10000 -5000 0 5000 10000
H [Oe]

Figure 4. Hysteresis loops of Ni, .Co Fe,0, ceramics
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Table 1. The saturation magnetization, remnant magnetization and coercive field of Ni, .Co,Fe,O, ceramics

Ni, CoFe,0, x=0 x=02 x=04 x=06 x=038
M, [emu/g] 31.305 40.177 48.516 54986  63.125
M, [emu/g] 9455 9931 11.0195 23.748 26.942

H, [Oe] 893.87 560.60 391.45 1093.72 1475.56

magnetic ions in the A and B sites of the ferrite lattice.
In spinel NiFe,O, and CoFe,O, lattices all the tetra-
hedral sites (A) and the octahedral sites (B) show an
antiparallel arrangement of magnetic moments. There-
fore, one assumes if Fe>* (with a magnetic moment of
Sup) is evenly distributed between the tetrahedral and
octahedral sites, this will give a net magnetic moment
of 2up per molecule for NiFe,O, and 3up per molecule
for CoFe,O,. Therefore, the saturation magnetization of
Co-doped NiFe,O, ceramics will increase with the Co
concentration because of the larger magnetic moment of
Co ions as compared to that of Ni ions. Furthermore, the
magnetic interaction was tended to be weaker in a dis-
ordered phase. As a consequence, the grain boundary
density decreases with increasing the grain size, which
in turn increases the magnetization.

In addition, the coercive field presents a non-
monotonic dependency relationship with the Co con-
centration. The maximal value of coercive field has
Ni, ,Co, ¢Fe, O, ceramics because of the hard behaviour
of cobalt ferrite. The high value of H,. could be inter-
preted in the light of one ion model [30]. The minimal
coercive field occurs in Ni, ,Co, ,Fe, O, ceramics and
may be explained by the grain size effect (due to the en-
hancement of the effective anisotropy constant, K, sr).
The contribution of the surface anisotropy constant (Ky)
can be described as [31]:

6K

Kerr = Kpux + y

3)
where d is the diameter of grains. Therefore, the sur-
face and its associated anisotropies can play very im-
portant role in case of nanosize grains. The room tem-
perature coercivity values for various Co concentrations
show that the M-H curves of all the samples do not en-
tirely saturate even at the applied field of 10kOe, espe-
cially when the concentration of Co is very high. Hence,
the saturation of magnetization is difficult to obtain due
to the surface canted spins because of the broken ex-
change bonds at the surface of nanograins. We can see
from Fig. 4 that the coercivity of the prepared ceram-
ics decreases firstly and then increases with increasing
Co concentration, while the grain size decreases slightly
with Co concentration. It is obvious that the variation of
coercivity with increasing Co concentration may be at-
tributed to the higher magneto-crystalline anisotropy of
Co** as compared to that of Ni** ions which in turn
can lead to higher coercive field according to the Stoner
Wolfforth model for nanoparticles (H, = 2K/M;). How-
ever, according to our results, although all grain sizes
are in the order of a few um, these grains are large
enough to support the domain walls, and thus the coer-
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civity of these grains could be reduced by magnetization
reversal through the domain wall [32]. The grain sizes
show monotonic variation with the concentration of Co,
while the coercive field does not show monotonic varia-
tion. Therefore, only the grain size effect cannot be used
to explain the variation of coercivity. Furthermore, it is
very strange that the pure NiFe,O, shows hard magnetic
behaviour. The coercivity (~893.87 Oe) of NiFe,O, is
so high that the size effect cannot be solely used to in-
terpret this unusual phenomenon. Many factors, for ex-
ample, magnetic anisotropy (including anisotropy such
as magnetic crystals, induction, shape and stress), impu-
rities, pores, defects etc., have major effect on the coer-
civity. The coercivity determined by boundaries can be

expressed as:
1

Ho~ 32
My D

where 7,, is the domain wall energy, and M, is the satu-
ration magnetization. y,, can be stated as:

k-T. K,
Y ® | ——
a

“4)

(&)
Therefore, H. can be expressed as follows:
(kT Ky
a 1
H.~ ——— (6)

M, D

where k is the Boltzmann constant, K; is the magne-
tocrystalline anisotropy, 7T is the Curie temperature, and
a is the lattice constant. In the case of low Co content,
the grain size plays an important role, thus H. is slightly
decreased [33]. Nevertheless, with the increase of Co
content, such behaviour is also consistent with the effect
of the grain size on the magnetic properties of nanoscale
materials, thus anisotropy constant and the magnetic
magnitude are more and more important. Coercive field
presents the increased trend gradually. The high value
coercivity may be enhanced by the anisotropic constant
with increasing Co content [34]. In other words, the
size effect may be inadequate to account for the hard
magnetic behaviour of the pure NiFe,O,.We speculate
that the shape of grains, defects, impurities and holes
in the sample can also play important roles in the coer-
cive field. Therefore, further work is needed in the next
investigation process.

IV. Conclusions

Ni, ,Co,Fe, O, (x = 0, 0.2, 0.4, 0.6, 0.8) ceramics
were synthesized by chemical co-precipitation method
and sintered at 1000 °C. X-ray powder diffraction con-
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firms the formation of the single-phase crystalline struc-
ture without any trace of impurity. The lattice parame-
ter increases with increased Co content because of the
larger ionic radius of Co** compared with that of Ni*".
The density increases with Co-doping, whereas the av-
erage grain size calculated from SEM varies in the range
of 2-5 um and decreases slightly with Co concentration.

The impedance spectroscopy confirms that the di-
electric constant increases with Co content, while it
presents relatively stable values as a function of fre-
quency in a certain extent of Co doping. In addition, in-
corporation of cobalt in the spinel nickel ferrite structure
can enhance the saturation magnetization and remnant
magnetization because of the stronger magnetism of
CoFe,0, compared to NiFe,O, material. In the case of
40 at.% Co-doping, this larger magnetization and lower
coercivity than the pure nickel ferrite ceramics indi-
cates the size effect and presents the obvious modula-
tion effect of Co-doping on nickel ferrites. At higher
Co-doping, the anisotropy constant and the magnitude
of magnetic moment begin to be the main factors, so
that the coercivity shows a gradual upward trend. The
grains shape, defects, impurities and holes exhibit con-
siderable effect on the unusually large coercive field in
the prepared ceramics. Our results propose a feasible
approach to improve the magnetic properties in nickel
ferrite ceramics.
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