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Abstract: NiysZngsFe, ,.Cr,04 (0<x<0.5) ferrites were successfully prepared by conventional solid state reaction
method to investigate the effect of chromium substitution on the structural, electrical and magnetic properties. X-ray
powder diffraction results demonstrate that all the prepared samples are well crystallized single-phase spinel structures
without secondary phase. As chromium concentration increases, the lattice parameter and crystallite size gradually
decrease. The magnetic measurement indicates that saturation magnetization is substantially suppressed by Cr’* doping,
changing from 73.5 A-m’/kg at x=0 to 46.3 A-m*/kg at x=0.5. While the room-temperature electrical resistivity is more
than four orders of magnitude enhanced by Cr’* substitution, reaching up to 1.1x10° Q-cm at x=0.5. The dielectric
constant monotonously decreases with rising frequency for these ferrites, showing a normal dielectric dispersion
behavior. The compositional dependence of dielectric constant is inverse with that of electrical resistivity, which
originates from the reduced Fe®/Fe’* electric dipole number by doping, indicating inherent correlation between
polarization and conduction mechanism in ferrite.
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loss in spinel ferrites further widen their application

1 Introduction

Acquiring high performance soft magnetic
materials is of demanding needs for the electrified
world due to their widespread application in power
electronics, electrical machines, microwave devices,
transformer core, multilayer inductor, automatics,
and computer facilities, etc [1—3]. Spinel ferrite is
one of the important soft magnetic materials that
are suitable for magnetic and electronic device
applications, which have attracted substantial
attention for decades [4—8]. In addition to their
excellent magnetic characteristics, high electrical
resistivity, low eddy current and reduced dielectric

to microwave frequencies [9]. The crystal structure
of spinel ferrite is commonly face-centered cubic
structure with space group Fd3m, which is typically
expressed in the molecular formula of AB,O,.
In this structure, A and B represent four-fold
tetrahedral lattice sites (A) and six-fold octahedral
lattice sites (B) in the cubic close-packed
framework composed by oxygen ions [4].
According to the distribution of cations on the
crystallographic site, the spinels can be categorized
as normal, inverse and mixed spinel. Among the
spinel family, the mixed NiZn ferrites have been
intensively scrutinized for their outstanding
and versatile properties, including high electrical
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resistivity, high magnetic susceptibility, low
dielectric loss, high quality factor and high
chemical stability.  Further improving the

application frequency and reducing the energy
dissipation are key issues for high performance
NiZn ferrites. Many efforts have been addressed
towards enhancing the resistivity,
modification of dielectric and magnetic properties
of mixed NiZn ferrites. Substitution is an effective
avenue to modify morphological, electrical and
magnetic properties, which has been widely
adopted by many researchers [9—13]. Chromium
ion belongs to 3d traditional metal group with
similar radius with ferric ions, and can be readily
substituted in the spinel lattice to adjust its physical
properties. A few groups have investigated the
effect of paramagnetic chromium ions substitution
on the magnetic and electrical properties of NiZn
ferrites. For example, KUMAIR et al [14] reported
that the dielectric constant, dielectric loss and AC
conductivity ~decrease with increasing Cr’"
substitution in ZnFe,O,. BIRAJDAR et al [15]
found that the saturation magnetization for
Nig7Zng3Fe,0, is suppressed by chromium doping.
GABAL et al [16] observed that the Curie
temperature of NiggZng,Fe,0, decreases by Cr
substitution. Above all, NigsZngsFe,O4 exhibits the
largest saturation magnetization in the NiZn ferrite
series [17,18], whereas the effect of Cr’" ion
substitution on its properties has mnot been
systematically reported in the literature. Therefore,
it is highly needed to further investigate the Cr
substituted NiZn ferrite to clarify substitution
mechanism and furnish assorted properties.

In this work, we have comprehensively
investigated the role of chromium substitution on
the structural, morphological, electrical and
magnetic properties of NiysZngysFe,Oy ferrite. It is
found that the electrical resistivity is effectively
enhanced as much as more than four orders of
magnitude by chromium doping. The underlying
mechanism of chromium substitution effect on the
physical properties of NiZn ferrite is substantially
discussed.

electrical

2 Experimental

Nio}le’lo,sFez_xCI'xO4 (XZO, 01, 02, 03, 0.4 and
0.5) polycrystalline samples were synthesized by

traditional ceramics method. High purity raw
materials of NiO (99%), ZnO (99%), Fe,O5 (99%)
and Cr;05; (99%) were weighed according to the
stoichiometric ratio. Firstly, these raw powders
were completely mixed and milled in alcohol by
agate balls for 4 h in a planetary ball mill, and then
dried and calcined at 1100 °C for 3 h. A second
ball-milling was performed following an
intermediate manual grinding in an agate mortar for
these pre-sintered powders. Subsequently, these
powders were pressed into pellets under uniaxial
dry pressing at 15 MPa for 5 min, and then sintered
at 1400 °C for 4 h with a heating rate of 5 °C/min.
The as-prepared pellets were polished into plates
with a thickness of 0.8 mm and coated with silver
electrode on both surfaces.

The phase purity was characterized by X-ray
powder diffraction (BRUKER, D8 Focus) equipped
with Cu K, radiation (1=1.54056 A) at room
temperature. The morphology and element mapping
were carried out by scanning electron microscope
(SEM) and energy dispersive spectrometer (EDS)
(Hitachi, S—3400N II). The dielectric constant and
tangent loss were measured by a precise
impendence analyzer (Agilent 4284A LCR meter)
at room temperature. The current—voltage curves
were measured by two-probe method at room
temperature. The magnetic properties were
measured by vibrating sample magnetometer
(VSM, Lakeshore—7300) at room temperature.

3 Results and discussion

3.1 X-ray diffraction

Figure 1(a) shows the XRD patterns of
NigsZng sFe, .Cr,O4 ceramics collected at room
temperature. All of the Bragg peaks can be well
indexed in a cubic spinel structure with space group
of Fd3m without secondary phase, indicating that
Cr’* ions were incorporated into the spinel lattice.
To clearly demonstrate the effect of Cr’”
substitution on the structure, magnified XRD
patterns of the strongest (311) peak are shown in
Fig. 1(b). Obviously, the peak position gradually
shifts to higher angle with increasing Cr’"
concentration, indicating that the spinel structure
gradually  shrinks  with  substitution. To
quantitatively analyze the structural evolution by
substitution, the lattice parameters are calculated
from the XRD patterns by the following equation:
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Fig. 1 XRD patterns of NijsZngsFe,,Cr,O4 ferrites measured at room temperature (a) and magnified (311) peak of

these XRD patterns (b)
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where (4 k [) are diffraction indices, 6 represents the
diffraction angle of the (% k /) peak, and A is the
wavelength of X-ray.

As shown in Fig. 2, the lattice parameters of
NigsZng sFe,—Cr, Oy ferrites monotonously decrease
from 8.390 A for parent compound to 8.361 A for
x=0.5 with increasing Cr’" concentration. This
behavior has a direct relationship with the size of
the substituted ions. As reported previously, the
jonic radius of Cr’* (0.615 A) is smaller compared
with that of Fe’™ (0.645 A) [19]. According to the
Vegard’s law, when a portion of Fe'" ions are
substituted by Cr’" ions, the size of the unit cell
shrinks, leading to decreased lattice constant.
Similar phenomenon was also observed in other
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Fig. 2 Lattice constant and crystallite size of NiZn

ferrites as function of chromium substitution

concentration

Cr-substituted ferrites [20]. The average crystallite
size is calculated using the Scherrer’s equation:
D=0.891/fcosf, where 4 is the wavelength of X-ray,
p is the full width at the half-maximum in radians,
and @ is the angle of the most intense (311)
diffraction peak. The crystallite size substantially
decreases from 62 to 51 nm with increasing Cr’"
concentration, as shown in Fig. 2.

3.2 SEM
Microstructure and morphology of the ferrites
could provide valuable information  for

understanding the doping effect on the physical and
chemical properties of ferrite. The cross-section
SEM measurements were conducted to investigate
the effect of chromium doping on the particle size
and morphology of NiZn ferrite, as shown in Fig. 3.
All the samples are densely sintered and the Cr’"
doping has an impact on the structural morphology
and particle size of NiZn ferrites. More specifically,
rounded grains with the average size of 3.9 pm are
prevalent for undoped samples. While the average
particle size decreases to 2.9 um at x=0.1. However,
the grains grow rapidly and merge together by
reducing grain boundaries at x=0.2 and 0.3. Further
increasing the doping concentration leads to
discrete grains with rounded shape, as shown at
x=0.4 and 0.5. The average grain size increases
from 2.1 um at x=0.4 to 4.5 pm at x=0.5. In Fig. 4,
the element mapping of sample measured by EDS
at x=0.4 shows that the elements of Ni, Zn, Fe, Cr,
O are all evenly distributed in the sample without
obvious element aggregation.
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Fig. 3 SEM images of NiysZng sFe,_Cr,O4 ferrites: (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3; (e) x=0.4; (f) x=0.5

Fig. 4 Element mapping of Nij sZn, sFe; ¢Cry 404 sample: (a) O; (b) Cr; (c) Fe; (d) Ni; (e) Zn

3.3 Magnetic properties

The  magnetic  hysteresis  loops  of
NigsZng sFe,_Cr,O4 ferrites measured at room
temperature are shown in Fig. 5. All the samples
exhibit typical S-shaped magnetic loops with a tiny
coercive field. It can be clearly noted that the shape
of M—H loops varies with Cr’" substitution, which
is the most obvious in the saturated region. The
saturation magnetization, coercive field and
remanence of NigsZngsFe,—Cr,O4 ferrites are
extracted from M—H loops, which are presented in
Table 1. The saturation magnetization is plotted as a
function of Cr’*-doping level, as shown in the inset
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of Fig. 5. For the undoped compound (x=0), the
saturation magnetization is 73.5 A-m?/kg, which is
akin with the results (70.13—84 A-m’/kg) reported
by our group [21, 22] and other groups [23,24]. It
can be seen that the saturation magnetization is
approximately linearly suppressed by Cr’" doping
and reaches up to 46.3 A-m*/kg at x=0.5. The effect
of Cr’" substitution on the magnetic properties of
NiZn ferrites can be explained by the collinear
ferrimagnetic structure of spinel. As mentioned
earlier, there are two different lattice sites, i.e.
four-fold tetrahedral lattice sites (A) and six-fold
octahedral lattice sites (B), which can be occupied
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trivial variation with chromium substitution and all
exhibit miniscule values, indicating the excellent
soft magnetic characteristic of these ferrites.

Table 1 Saturation magnetization, coercive field and
remanence of Nig sZn, sFe,_Cr,O, ferrites

;l N mf;::ig;?ﬁ)n / Coercive field/ Remanence/
-1 2 1
—40 F 1 00102030405 0 735 1592 0.155
-60 0.1 71.5 87.5 0.19
=80 L1 ! s 1 L 0.2 62.3 143.2 0.115
=800 -400 0 400 800
Hi(kA-m™) 0.3 553 175.1 0.132
. . . . 0.4 51.1 167.1 0.195
Fig. 5 Magnetic hysteresis loops of NijsZn,sFe, .Cr,O4
ferrites measured at room temperature (The inset shows 0.5 46.3 175.1 0.165
the saturation magnetization (M;) of NiZn ferrites as a
function of Cr substitution level) 3.4 Resistivity

by cations in spinel structure. Each ion at the A site
has 12 B-site ions as the nearest neighbors. The
strength of magnetic exchange interactions between
magnetic atoms on A sites and B sites are dominant
over than that of A—A and B—B interactions within
each sublattice. Antiparallel arrangement between
A- and B-site spins is formed due to the large
negative A—B interaction originating from super-
exchange interaction among magnetic ions via
oxygen [5]. Therefore, the net magnetization of
spinel ferrite can be expressed as the subtraction
between the magnetization of B site sublattice (Mp)
and the that of A site sublattice (M,), i.e.
M=Mg—M,. The occupation preference of metal
ions in spinel ferrite has an impact on its magnetic
properties. Zn>" ions have a strong tendency to
occupy the A site [25], while Ni*" and Cr’* ions are
more likely to occupy octahedral B site because of
favorable crystal-field effects [19], whereas Fe'
ions can distribute both on A and B sites. Therefore,
the doped-Cr’" ions would occupy the B site by
replacement of Fe'™ ions. The magnetic moment of
Cr’" (3 Bohr magnetos) is smaller than that of Fe’"
(5 Bohr magnetos). The substitution of high
magnetic moment Fe’* ions by low magnetic
moment Cr’" ions on octahedral site could lead to a
decrease of the magnetic moment of B sublattice.
As a result, the net magnetic moment of NiZn
ferrite (M=Mp—M,) decreases with the addition
chromium concentration. Interestingly, as shown in
Table 1, the coercive field and remanence show

The electrical properties of ferrites are very
important for their applications at high frequency.
In order to investigate the role of chromium doping
on electrical properties of NiZn ferrite, the current
density as a function of applied field (/—V) of these
samples were measured by the two-probe method at
room temperature, as presented in Fig. 6(a). The
almost linear dependence of current density on
applied field in the double logarithmic curve
implies the ohmic behavior of these samples. The
electrical resistivity (p) is calculated by

_RS

; @

P

where R is the measured resistance, S is the
cross-sectional area of the samples, and L is the
sample thickness.

As demonstrated in Fig. 6(b), it is observed
that electrical resistivity is substantially enhanced
by doping chromium ions in NiZn ferrite, from
5.3x10° Q-cm at x=0 to 1.1x10° Q-cm at x=0.5,
corresponding to an enhancement of more than four
orders of magnitude. The high electrical resistivity
of Cr''-doped NiZn ferrite is favorable for high
frequency applications. The variation of resistivity
can be understood by the combination effect of Cr’*
substitution and grain size. The electric transport
mechanism in ferrites has been interpreted by the
electron hopping between ions of the same element
with different valence states on octahedral sites [26],
such as the most common case of Fe*'/Fe’
randomly located on octahedral sites. The Cr’" ion
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Fig. 6 J—V curves of NigsZn, sFe,_,Cr,04 measured at room temperature (a) and electrical resistivity of NigsZngsFe,—.-

Cr, 0O, deduced from J—V curves (b)

has a strong preference towards occupying the
octahedral sites. The replacement of Fe’" by Cr’" in
NiZn ferrite reduces the number of Fe*" on
octahedral site. Since the chromium ions do not
contribute to the conduction process due to its
stable valence state [27], the number of electrons
hopping between Fe’" and Fe'* decreases, leading
to an enhanced resistivity. However, abnormal
decrease of electrical resistivity at x=0.2 and 0.3 is
observed. The electrical properties of ferrites are
also strongly dependent on the grain boundaries,
defects, porosity and stoichiometry. It is known that
the inhomogeneous dielectric structure of ferrite
ceramic is composed of conductive grains and
insulating grain boundaries [28,29]. Previous
reports indicated that an increase in density of grain
boundaries in a ferrite system increases the
electrical resistivity of the system [19,27]. From
Fig. 3, it is observed that the grains grow rapidly
and merge together for x=0.2 and 0.3 samples.
Larger grain size indicates less number of insulating
boundaries, which is beneficial to the current flow
across the sample. Moreover, the larger grain size
means larger surface contact area which promotes
the electron flow. Other factors such as porosity and
stoichiometry may also contribute to the electric
properties, since the unusual grain growth reduces
the porosity of the samples. Therefore, the major
reason for the decrease in electrical resistivity for
x=0.2 and 0.3 samples is ascribed to the decline of
grain boundary density due to grain growth. In
contrary, x=0.4 and 0.5 samples show a smaller
grain size with pore structure, which contains
greater number of insulating grain boundaries that

hinder the transport of electrons, leading to the high
resistivity.

3.5 Dielectric properties

NiZn ferrite is an important kind of dielectric
materials [30]. The variation of dielectric constant
(¢) for Cr-doped NiZn ferrites as a function of
measured frequency in the range from 100 Hz to
1 MHz at room temperature is presented in Fig. 7(a).
For the low doping samples, a colossal dielectric
constant in the order of 10°—10° appears at low
frequencies, which may be attributed to the
interfacial polarization correlated with the
inhomogeneity of the conductivity between grains
and grain boundaries [31]. Similar phenomenon
was observed in Ho- and Sm-doped Ni ferrites [32].
The dielectric constant continuously decreases with
rising measured frequency, showing a normal
dielectric dispersion behavior. It is reported that the
dielectric relaxation and conductivity in ferrites
have similar activation energies, implying an
inherent correlation between these two processes in
ferrites [33]. The dielectric polarization process can
be understood by the electron hopping conduction
between ferrous and ferric ions. Electric dipoles are
induced due to the electron hopping between Fe*"
and Fe’* ions when alternating electric field is
applied, resulting in an electric polarization in the
ferrites. However, the hopping process of charge
carriers gradually gets out of sync with the
frequency of applied alternating electric field,
rendering the reduction of dielectric constant.
According to the Koops theory [28], the dispersion
behavior of dielectric constant was ascribed to the
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relaxation of interfacial polarization at grain
boundaries, in which conductive grains contribute
to the high-frequency response and grain
boundaries dominate the colossal low-frequency
response. The compositional dependence of
dielectric permittivity measured at 10 kHz is
presented in Fig. 7(b). A strong relevance between
dielectric constant and electrical resistivity behavior
of ferrite can be observed by comparison with
Fig. 6(b). It is found that the high electrical
resistivity sample manifests the lower dielectric
constant, further supporting the inherent correlation
between the polarization process and conduction
process in ferrites. The dielectric constant is
suppressed with increasing Cr concentration,
originating from the reduced Fe®’/Fe’™ electric
dipole number by doping. The abnormal increase of
dielectric constant for x=0.3 sample is consistent
with its low resistivity, which strongly correlates
with its large grain size with less insulating grain
boundaries.
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Fig. 7 Frequency dependence of dielectric constant for
NigsZng sFe;-,Cr,Oy4
dependence of dielectric constant for NigsZngsFe, .-
Cr, O, ferrites measured at 10 kHz (b)

ferrites (a) and compositional

The dielectric tangent loss (tand) is an
important parameter reflecting the energy
dissipation during polarization process, as
demonstrated in Fig. 8(a). It is observed that the
tangent loss systematically reduces with increasing
measured frequency. A tangent loss peak is
observed for x=0.3 sample at the frequency about
300 kHz, which can be attributed to the hopping
frequency of electron between Fe*™ and Fe’* equals
to the frequency of the applied field [21]. For x=0.4
and 0.5 samples, the tangent loss value is largely
suppressed compared with those low doping
samples, especially at high frequencies, implying its
potential application in high frequency devices. The
tangent loss as a function of chromium
concentration is presented in Fig. 8(b), which
decreases with increasing chromium doping.
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Fig. 8 Frequency dependence of dielectric tangent loss
for NiysZnysFe, Cr,O, ferrites (a) and compositional
dependence of dielectric tangent loss for NigsZngs-
Fe,.Cr,O, ferrites measured at 10 kHz (b)

4 Conclusions

(1) The polycrystalline NigsZngsFe,—.Cr,Oy4
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(0=x<0.5) ferrites were prepared by solid state
reaction method. Well crystallized single-phase
spinel structure without impurity phase for all the
prepared samples were confirmed by X-ray powder
diffraction technique. The crystal parameter and
crystallite size decrease monotonously with the
addition of chromium content.

(2) SEM results show the compact and dense
microscopic morphology structure of these ferrites.
EDS mapping indicates that all elements are evenly
distributed in the sample without obvious element
aggregation.

(3) Soft ferromagnetic hysteresis loops with
tiny coercive field are observed for all the
compositions at room temperature. Chromium
substitution leads to substantial suppression of the
saturation magnetization.

(4) Normal dielectric dispersion behavior is
observed for all the compositions in which the
permittivity decreases with increasing frequency.
The compositional dependence of electrical
resistivity is enhanced with chromium substitution,
while the dielectric constant shows the opposite
tendency.
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Fr&EV OBEFR, ALEY, BKRZ Y, BRI XA, k!

1. FE R MER2ES TS5, M8 330031;
2. MK Y B E R E A=, Mal 210093

OB R R B 1 R T Nig sZng sFe, Cr,04(0<x<0.5)8 E 4k, JEWFIT Cr B T3 2 Wk EAR G 1
27 S PR RE RIS o B oR X 2T 45 R AR W, T )48 FRORE i 80 A A, 3926 P b R A I 2R Sl A 454
BEE Cr BB 30, B I s o SO RSBl . BN 25 R R, WAL R e R Cr B 745
i RN, MARAB AT 73.5 A-m/kg ID B35 44 L4224 0.5 I (¥ 46.3 A-m’/kg. = IR PR EEE Cr 85T
M AE I E D 4 MEORYL, BB 0.5 BRI IAE] 1.1x10° Qrem. FIFA 22 S AR 1/ LR 06 25 40
RGN, RILH EF A BEBIT . MHEEME Cr BT3B AEN R ES S BHRE Cr BTk
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