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Ultralow dielectric constant values were measured on Ni–Zn ferrites prepared using
Fe2O3 as a starting material and sintered in a microwave field. Significant differences
in microstructure, magnetic, and dielectric properties were observed between
microwave-sintered Ni–Zn ferrites prepared using Fe3O4 (T34) and those starting with
Fe2O3 (T23) ingredients. Higher magnetization values observed in T23 ferrite are
attributed to large grain size, possibly containing abundant domain walls and the
presence of fewer Fe2+ ions. The ultralow dielectric constant values observed on
T23 ferrites show that this procedure is highly suitable to prepare Ni–Zn ferrites for
high-frequency switching applications.

Nickel–zinc ferrites are very important soft magnetic
materials that have many applications in both low- and
high-frequency devices and play a useful role in many
technological applications because of their high resistiv-
ity, low-dielectric loss, mechanical hardness, high Curie
temperature, and chemical stability.1–3 Microstructure,
magnetic, and dielectric properties of Ni–Zn ferrites de-
pend on the method of preparation, sintering condi-
tions, and the doping concentration. The selection of an
appropriate process is essential in obtaining good-quality
ferrites. Ni–Zn ferrites are usually prepared by the con-
ventional ceramic procedure that involves direct mixing
of the constituent oxides radiant-heated in a conventional
furnace. Prolonged heating at high temperatures is partly
disadvantageous as it involves volatilization of some
constituents and results in a nonstoichiometric product.
The advantages of microwave processing for ceramics
have been described in a series of papers from this and
other laboratories.4–6 While using mixtures of oxides in-
volving 3d ions, differences in absorption among the
constituent phases lead to “anisothermal effect,” which is
possible only in the microwave procedure. Ni–Zn ferrites
prepared by different methods such as combustion, hy-
drothermal, citrate, and sol-gel methods exhibit dissimi-
lar dielectric and magnetic properties. Recently, the
authors have demonstrated that the microwave and con-
ventionally prepared nickel–zinc ferrites exhibit different

dielectric and magnetic properties.7 Also, there is hardly
any report featuring the effect of microwave sintering on
the magnetic and dielectric properties of ferrite material
sintered using Fe2O3 and Fe3O4.

In this paper, a systematic investigation of Ni–Zn fer-
rites prepared using Fe3O4 (T34) and Fe2O3 (T23) as
starting powders and their sintering under the influence
of microwave energy is described. The effects of starting
powder on various properties such as density, microstruc-
ture, and magnetic and dielectric studies are presented.

Ni1−xZnxFe2O4 with 0 � x � 1 was prepared using
high-purity NiO, ZnO, and Fe3O4/Fe2O3 in stoichiomet-
ric proportions. The powders, after thorough mixing and
grinding, were calcined at 1100 °C for 4 h in a conven-
tional furnace. All compositions were sintered at 1275 °C
for 30 min using a multimode microwave furnace
(2.45 GHz) (Amana Radarange, Model RC/20SE,
Amana Refrigeration Inc., Amana, IA) operating at a
maximum input power of 2.0 kW (the output power of
magnetron is roughly 50–60% on the input power). A
detailed description of the setup and related details can be
found elsewhere.6 At least three samples in each compo-
sition were placed at the center of the tube, where the
microwave flux was maximum. Despite the fact that
Ni–Zn ferrites are very good microwave absorbers,
preliminary experiments showed that the thermal run-
away caused stress-induced cracks throughout the sam-
ple. To prevent this problem, the samples were placed
on a thin SiC plate that also acted as a preheater. Mod-
eling results established the fact that the SiC plates, in
addition to the thermal support, also help in focusing the
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electromagnetic field around the sample.7 In our experi-
ments, the emissivity of the single-wavelength infrared
pyrometer was set at e � 0.75, and this value was chosen
by calibrating against the optical pyrometer set at the
other side of the tube.8 All sintered samples were char-
acterized using x-ray diffraction (XRD) (Scintag Inc.,
Cupertino, CA). Sintered densities were measured by the
Archimedes method (Table I) whereas microstructures
were examined using scanning electron microscopy
(SEM) (Hitachi Ltd., Tokyo, Japan). The magnetic meas-
urements were carried out using a vibrating sample mag-
netometer (Lakeshore Cryotronics Inc., SHB Model 109,
SHB Instruments Inc., Northridge, CA) and dielectric
properties were measured by an impedance analyzer
(Model 4194A, Hewlett Packard, Tokyo, Japan) in the
frequency range from 1 kHz to 13 MHz.

Ni–Zn ferrite is a mixed normal-inverse spinel type
with a general formula Fe1−xZnx(Ni1−xFe1+x)O4. The sub-
stitution of Ni2+ by diamagnetic Zn2+ ions produces a
mixed effect on the magnetic properties. In NiFe2O4, the
divalent metal ions occupying the octahedral sites (B)
and the trivalent Fe ions are distributed among tetrahe-
dral (A) and the octahedral sites (B). On the other hand,
ZnFe2O4 has a spinel structure with Zn2+ ions occupying
A sites and Fe3+ occupying B sites. Because Zn2+ (d10)
has a site preference for A sites, with more and more
Zn2+ replacing Ni2+, the spin–spin interaction between
nonmagnetic Zn2+ and Fe3+ ions becomes increasingly
uncoupled. This uncoupling effect with composition is
reflected in the magnetization graph. The M–H curves
measured for T34 and T23 ferrites are shown in Fig. 1.
The magnetic moment (�B) per atom in Bohr magneton
for each composition is calculated using the experimental
values of saturation magnetization (Ms) and the equation,

�B =
M � Ms

N � �
, (1)

where M is the molecular weight of the specimen, N is
Avagadro’s number, and � is the conversion factor to
express the magnetic moment per atom in Bohr mag-
netons (its value is 9.27 × 10−21 erg/gauss). In Fig. 2, we
see an increase in Bohr magneton value up to x � 0.4 in
the case of type-34 and up to x � 0.6 in the case of

type-23 ferrites. Further increasing Zn substitution will
make the material increasingly diamagnetic, which leads
to a decrease in Bohr magneton values.

It is reported that in the conventional Ni–Zn ferrites
processing procedure, Fe2+ ions are believed to be intro-
duced due to the following reasons: (i) volatilization of
zinc atoms and (ii) oxidation/reduction (heating/cooling
cycles). In the case of the microwave procedure, how-
ever, an electromagnetic field effect exists in addition to
the usual heat transfer effects. The microwave magnetic
field effect on sublattice disordering has been well es-
tablished in our other publications.9 Despite the fact
that the sublattice disordering effect has been well estab-
lished in a single-mode microwave field, any such strong

FIG. 1. Room temperature M–H graphs of Ni–Zn ferrites sintered at
1275 °C for 30 min: (a) prepared using Fe2O3 powder; (b) prepared
using Fe3O4 powder.

TABLE I. Densities of type-23 and type-34 ferrites sintered at 1275 °C
for 30 min in a microwave field.

Sample Composition
Type-23 density

(kg/m3)
Type-34 density

(kg/m3)

NZF-1 NiFe2O4 5.09 5.09
NZF-2 Ni0.8Zn0.2Fe2O4 5.07 4.96
NZF-3 Ni0.6Zn0.4Fe2O4 5.04 4.99
NZF-4 Ni0.4Zn0.2Fe2O4 5.01 5.04
NZF-5 Ni0.2Zn0.8Fe2O4 4.97 5.05
NZF-6 ZnFe2O4 4.96 4.87
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effects in a multimode cavity is unclear.10 The results
reported in this paper clearly indicate that at least the
charged cations interact to a limited extent to create a
finite, nonzero disorder locally, which can significantly
alter the magnetic properties. Because the sintering tem-
peratures and heating and cooling cycles were identical
for T34 and T23 ferrites, the significant differences in
Bohr magneton values could have arisen from the local
sublattice nonstoichiometries. At this point, the exact na-
ture of such interactions are only hypothetical and are
being studied.8

Microstructural comparisons between T34 and T23
materials are depicted in Fig. 3. The SEM micrograph of
T34 material reveals circular pores narrowly distribut-
ed, spread throughout the entire microstructure whereas
irregular-shaped circular pores are more common in the
case of T23 microstructure.

The grain–grain boundary morphology of a polycrys-
talline ferrite ceramic is analogous to an electrical circuit
(resistor and capacitor connected parallel) connected in
series. Let x be the ratio of the grain boundary to grain
thickness and �1, �2, �1, and �2 denote the resistivities and
the relative dielectric constants of grain boundary and grain,
respectively. If x � 1, �1 � �2, and �1 � �2. Then,
the equations for resitivity and dielectric constant of the
combined system can be written as:11

�p
� = �2 , (2)

�p
0 = x�1 + �2 , (3)

��
� = �2 , (4)

�p
0 = �2 �

x�1
2 + �2

2

�x�1 + �2�2 . (5)

In these equations, �p
� and ��

� correspond to resistiv-
ity and relative dielectric constant at higher frequenc-
ies and �p

0 and �p
0 correspond to the same values at low

frequencies, respectively. From these equations, it is im-
portant to note that at higher frequencies, the bulk resis-
tivity approaches that of grain resistivity and its dielectric
constant value. The frequency effect on dielectric con-
stant values for T34 and T23 ferrites are illustrated in
Fig. 4. For T34 material, the maximum value of dielectric
constant is 2483 for NiFe2O4 at 1 kHz; whereas this value
is just 12 for T23 material. The dielectric constant
value of all other T23 compositions is only of the order
of a few tens. Starting from low frequency, the curve
decreases sharply, and the decreasing trend becomes
increasingly slower at higher frequencies. This decreas-
ing trend at higher frequencies can be explained by the

FIG. 3. SEM micrographs of microwave-sintered Ni–Zn ferrites pre-
pared using (a) Fe3O4 and (b) Fe2O3.

FIG. 2. Variation of Bohr magneton with zinc addition in Ni–Zn ferrites.
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Maxwell–Wagner theory. The relationship between di-
electric constant (��), frequency ( f ), electrical conduc-
tivity (	�AC), and loss factor (tan 
) can be written as

�� =
4�	�AC

�2�f tan 
�
, (6)

where both �� and tan 
 are inversely proportional with
frequency.12,13 The dielectric constant values obtained
in this study with Fe2O3 precursor appear lower than
any other method for all Ni–Zn compositions (which

generally are in the range of 102 to 105).12–14 This value
for pure NiFe2O4, Ni0.2Zn0.8Fe2O4, and pure ZnFe2O4 is
at least ten or more times lower than that of Ni–Zn fer-
rites produced by using Fe3O4 precursor. In other cases,
these values are comparable. Nevertheless, these values
are extremely lower compared to conventionally sintered
nickel–zinc ferrites of all compositions prepared and
measured in our own laboratory.8 Lower dielectric con-
stants can arise from various factors such as (i) low
concentration of Fe2+ ions that enables insufficient po-
larization when field is applied and (ii) lower density and
higher porosity. Only the first point appears to be more
suitable for T23 ferrite compared to T34. This means that
the charged species in T23 and T34 respond quite dif-
ferently under the influence of microwave electromag-
netic field. The maximum value of dielectric loss (not
shown) observed in the case of T34 is 25 and the maxi-
mum tangent loss value in the case of T23 material is
about 40, which are quite comparable to the values re-
ported for conventionally processed Ni–Zn ferrites.12
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FIG. 4. Dielectric constant variation with frequency for microwave-
sintered Ni–Zn ferrites prepared using Fe3O4 (type 34) and Fe2O3

(type 23). The type-23 ferrites show low values of dielectric constant
compared to type-34 ferrites.
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