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Abstract

The effect of rare-earth ions on the structural, magnetic and electrical properties of rare-earth-doped manganese—zinc ferrite is reported.
The compounds with the formula Mng sZng sRg gsFe; 9504 where R = Tb, La, Ce and Th, were prepared by the flash combustion technique.
The prepared samples reveal that by introducing a relatively small amount of R(NO3); or R(Cl;) instead of Fe,O3, an important modification
of both structure and physical properties was obtained. Curie temperature, effective magnetic moment, electrical resistivity, density,
thermoelectric and lattice constant were directly affected by these substitutions either by their partial diffusion in the spinel lattice or the
formation of the crystalline secondary phases (orthoferrite and/or garnet) on the grain boundaries which suppress the abnormal grain growth.
Correlation between the ionic radii and the measured physical properties were studied.
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1. Introduction

Mn-Zn ferrites are ceramic ferromagnetic materials
possessing excellent magnetic properties, such as high initial
permeability and low magnetic losses. These physical
properties vary depending on the preparation conditions
such as sintering temperature, sintering time, rate of heating
and cooling, etc. [1,2]. Thus, they are mainly used in
industrial applications, such as the cores for inductors,
transformers, recording heads and switch mode power
supplies [3-6]. It is well known that manganese ferrite is
inverse spinel because 80% of Mn>* ions occupy A sites [7].
However, Mn®" ions occupy the B site (octahedral) which
depend on the presence of Fe’* on this site where the
exchange interaction takes place [8]. The cation distribution
for Mn—Zn ferrite can be represented by (Mn** 5 + Fe**(,)*
[Mn** ,Fe** ,Fe’*, 4]0, where the carriers are created by
the following reaction of electron exchange on octahedral
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site as the electron exchange takes place as Mn’*+
Fe3* < Mn>* + Fe?". The result of this electron exchange
is the extraordinarily small electrical conductivity as
compared with the metals.

Introducing small amount of rare-earth oxides as
impurity gives a disordered structure, causing the transition
temperature to fall abruptly or disappear [9]. As the con-
centration of the ion substitution increases, thermally
activated Fe?* valency states result in an increase in the
electrical conduction by hopping mechanism [10]. Phillips
et al. [11] have proposed that the electrical conductivity of
Li—Zn ferrite has been interpreted as depending on both
nearest-neighbor hopping at high temperatures and on
variable range hopping at low temperatures.

The study of the electrical resistivity produces valuable
information on the behavior of free and localized electric
charge carriers in the studied samples. In Mn—Zn ferrites,
zinc volatilization at high temperatures results in the
formation of Fe®* ions thereby increasing hopping and
reducing the resistivity of the sample [12].
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The rare-earth oxides [13] are good electrical insulators
and have resistivities at room temperature greater than
10°Q cm [14]. In the case of advanced functional materials,
doping with small concentration of different rare-earth (R**)
ions is a well-known straightforward and versatile way to
tune the desirable physical properties of ferrites not only
because of the lanthanide contraction which induced
monotonic change of ionic radii, but also because of the
different stable oxidation states and the periodical variation
in magnetic moments coming from the sequential filling of
electrons in their 4f shells. Talanov [15] and Ciufarov and
Vorobiev [16] reported that the possibility of formation of
compounds with inverse spinel structure takes place when
R** substitutes Fe*™* on the octahedral sites, similar to the
case of Ca®" ions in NiFe,O,4 [17]. Besides, the magnetic
behavior of the ferromagnetic materials is largely governed
by Fe—Fe interaction (the spin coupling of the 3d electrons).
If the R** ions enter the spinel lattice, the R—Fe interactions
also appear (4f—3d coupling), which can lead to small

Mn Nitrate

Zn Nitrate

Ferric Nitrate

RE Nitrate
—3» Crushing
—3p Ferrites.

changes in the magnetization and Curie temperature. The
R-R interactions are very weak since they result from the
indirect 4f-5d-4f mechanism [18].

The aim of the present work is to introduce a new era for
improving the physical properties of rare-earth-doped Mn—
Zn ferrite through the flash method of preparation which
requires small time and low cost to obtain more applicable
samples. This can be done through structural as well as
magnetic and electrical properties investigations.

2. Experimental

The investigated samples have the formula
MnOASZnoASROAOSFCI9504 where RZTb, La, Ce and Th.
The starting materials used TbCl;, La(NOj3)3;, Ce(SO4)s,
Th(NOj3)4 and Fe(NOs3); were of high purity (BDH) and
urea. Flash combustion technique [19-21] was used where
the chemicals were weighted according to the required
stoichiometric proportion and mixed together for few
minutes. Urea was added to the mixture and again well
grounded. The mixture was transferred to Pt crucible and
introduced into an electric furnace kept at presintering
at 500 °C for 15 min. At this temperature, the mixture reacts
giving out gases and the combustion was complete in
3-5 min. A foamy and highly porous precursor mass was

obtained. It was collected and then powdered for further
processing. The ferrite precursor powder was calcined at
900 °C for 2 h and made into pellets using uniaxial press of
pressure 1.9 x 10 N/m?. The compacted samples were
sintered at a final temperature of 1340 °C for 3 h at a rate of
3 °C/min. The calcined ferrite powders were checked using
XRD analysis model (Proker D8) with Cu Ka radiation and
wavelength (A =1.5418 A). The real part of dielectric
constant (¢') and a.c. electrical resistivity were measured
using bridge model (4275A Multi-Frequency LCR Meter,
Hewlett Packard, USA) using the two-probe method [22] at
different temperatures (300-800 K) as a function of the
applied frequency ranged as (40 kHz—2 MHz). The d.c.
magnetic susceptibility of the sample was measured using
Faraday’s method in which the sample was inserted in the
point of maximum gradient. The measurements were
performed over a temperature range where a paramagnetic
behavior was observed in all the samples. The preparation
steps by the flash method are shown in the flow chart.

+ Urea — ¥ Mixing —¥Decomposition (500°C) —® Porous ferrite precursor

—3p» Calcinations —pp» Dry milling —» Compaction —@» Sintering (1340°C)

The temperature of the samples was measured using
T-type thermocouple with an accuracy better than +1 °C.

The thermoelectric power was also measured in order to
know the type of charge carriers participating in conduction
process.

3. Results and discussion
3.1. X-ray analysis

X-ray diffractograms (Fig. 1) show that the investigated
samples have the single phase cubic spinel structure.
Except for Mn—Zn ferrite (without substitution), another
small peaks indicating the presence of secondary phase,
which are identified by JCPDS card as orthoferrite
(RFeO3), is found. All the peaks in the pattern match
well with the characteristic reflections of Mn—Zn ferrite
reported earlier [23,24]. This means that the formation of
secondary phases in the ferrite during sintering process is
governed by the type and the amount of R* used.
Therefore, the small amounts of R>3* ions in Mn—Zn ferrite
can be affect not only the phase composition but also the
size of the spinel matrix.

The lattice constant (a) and X-ray density (Dy) were
computed, reported in Table 1 and shows in Fig. 2a and b.
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Fig. 1. X-ray diffraction patterns of Mng sZng sRg 0sFe; 9504 where R = Tb, Ce, La, Th.

The samples are listed in order of increasing the ionic radius
of R** ions. It is observed that, the values of (a) changes
depending on R** radius. Fig. 2c shows the relation between
the value of the full width at half maximum (FWHM) of
(3 1 1) diffraction peak versus ionic radius of R** ions. The
figure confirmed that doping with R*>* ions could restrain
grain crystallization during sintering process.

3.2. Magnetic properties

It is known that [25] the magnetic behavior of Mn-Zn
ferrite is governed by the iron—iron interaction (the spin
coupling of the 3d electrons). Generally, an evaluation of this
interaction can be obtained by analyzing the Curie
temperature or the magnetization. The effect of partial
substitution of iron by rare-earth ions on the molar magnetic
susceptibility xy; versus absolute temperature ranging from
300 to 800 K as a function of magnetic field intensity
(720, 1020 and 1470 Oe) is shown in Fig. 3a—e. From the

figure it is clear that the ferrimagnetic behavior can be
observed for all samples and almost independent of the type
of R ion. The values of y,; are smaller than those of pure
Mn—Zn ferrite. This can be explained due to some proposed,
such as the R** ions enter only partially into the spinel lattice
and the rest form with Fe>* jons secondary phases besides,
the R* ions on B sites behave paramagnetically; the
magnetic ions distribution differs from that of Mn—Zn ferrite
without R** ions.

Fig. 4a indicates the dependence of the Curie temperature
Tc on the ionic radius of the rare-earth elements. The result
shows that, the R3* substitution increases the Curie
temperature of Mn—Zn ferrite. This behavior is due to the
replacement of R on the expense of Fe ions, as the result of
the modification of the A—B exchange interaction strength.
Besides, the increase of 7 for R-substituted specimens
indicates that in these materials the negative Fe-Fe
interaction is the strongest one and R-Fe interaction
(4f=3d coupling) has a minor influence at high temperatures

Table 1

Chemical composition, lattice constant (a), X-ray density (Dy) and FWHM value of (3 1 1) diffraction peak of Mng 5Zng sRg 0sFe;.05s04

Sample Chemical composition Secondary phases a (A) D, (g/cm’®) FWHM
None Mny 5Zng sF>0y4 - 8.5031 5.06 5.95

Tb Mny 5Zng 5Tbg osFe; 0504 TbFeOj; (orthoferrite) 8.4511 5.27 5.9

Ce hhm5Zn04kaFm94L, C€02 8.4464 5.25 6.15
La Mng sZng sLag gsFeq 9504 LaFeOs; (orthoferrite) 8.388 5.28 6.05
Th Mny 5Zng 5Thg gsFe; 9504 ThO, 8.4497 5.35 6.15
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Fig. 2. (a—c) The change of full width at half maximum (FWHM), lattice constant (a) and X-ray density (D) as a function of ionic radius of R>* ion used.

[26-30]. The observed variation in the Curie temperature
may be explained on the basis of the exchange
interactions. As the exchange interactions between the
magnetic ions in A and B sublattices increase with both
the density and the magnetic moment of the magnetic
ions, greater amount of thermal energy is required to off
set the effects of exchange interactions. When Fe** ions
are replaced by magnetic Mn’" ions, the magnetic mo-
ment of A sublattices will be reduced due to the reaction
Fe’* + Mn?* < Fe?* + Mn** as mentioned before and
net magnetic moment increases. Consequently, the Curie
temperature increases.

Fig. 4b shows the effect of different ionic radius (r) on the
exchange interaction (J). It is observed that it reveals an
increase in the value of J with the substitution of R*>* ions. It
is therefore concluded that the substitution of R** jons in
Mn—Zn ferrites support the magnetic properties of these
samples.

Fig. 5a and b illustrated the relation between the values of
magnetic susceptibility and the ionic radius of R** ions as a
function of magnetic field intensity. The magnetic suscept-
ibility decreases with increasing the magnetic field intensity
as mentioned before due to the interaction between A and B
sites. The dependence of the values of effective magnetic
moment (.pr) on magnetic field intensity (H) as a function
of ionic radius is presented graphically in Fig. 5b. From this
figure, it is clear that a decrease in the effective magnetic
moment with increasing (H) is consistent with the
strengthening of A-B interaction due to the replacement
of Mn** on expense of Fe’* on octahedral sites, which
results in an increase of magnetization of B sites and
reduction in magnetization of A sites. This reduces the B-B
interaction and A-B interaction starts to increase. Besides,
the replacement of RE®* ions with smaller ionic radius on
Fe** in octahedral sites affect on the A-B exchange
interaction leading to decrease in . The values of
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Fig. 3. (a—e) Temperature dependence of the molar magnetic susceptibility (xy) at different magnetic field intensity (H).
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effective magnetic moment p.¢, Curie temperature T¢ and 3.3. Electrical properties
the molecular field constant A are listed in Table 2 where A
calculated using the formula 7c = A x C; C is the Curie Fig. 6a—c is a typical curve showing the influence of the
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Table 2

Effective magnetic moment (u.r) in (B M.), Curie temperature (7c),
exchange interaction constant (J) and molecular field constant (A) of
Mnyg 5Zng sRo.0sF€1.0504

Sample  fegr Tc (K) J A

570 Oe 1020 0e 1470 Oe
None 5.45 4.79 4.37 550 189.75  148.25
Tb 4.2 4.12 3.92 530 182.85  253.59
Ce 4.87 4.65 448 510 17595 172.29
La 3.31 3.19 3.28 500 172.50  416.67
Th 5.6 4.92 4.72 475 163.88  213.97

the absolute temperature as a function of the applied
frequency from 40 kHz to 2 MHz. It is evident that by
increasing the temperature, the dielectric constant increases
gradually up to the particular point designated as the

dielectric transition temperature (74). Beyond this tempera-
ture, the values of dielectric constant for all samples were
found to decrease. Similar behavior has been reported earlier
[31,32]. Besides, the transition temperature (7y) is shifted
with increasing frequency. This behavior can be explained
on the basis of the polarization effects. The space—charge
polarization either between the surface of the sample and the
electrodes or in the bulk of the material is governed by the
number of the charge carriers as a result of increasing the
temperature which is related to the hopping conduction
mechanism in all the samples due to the electron exchange
between Fe”* and Fe>* ions on the octahedral sites which is
responsible on the dielectric properties [33]. Moreover, the
exchange jumping of electrons between Fe** and Mn®" with
increasing temperature causes a local displacement of the
charge carriers in the direction of the external applied
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Fig. 7. (a—e) Correlation between the electrical conductivity (In o) and reciprocal absolute temperature (7) for all investigated samples.
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electric field, resulting from dielectric polarization process.
In addition, all the rare-earth ions increase the electrical
resistivity of Mn—Zn ferrite as a result of the formation of an
insulating intergranular secondary phase (RFeO; contains
Fe* ions only). But, at the same time, the crystallization of
the secondary stable phase on the grain boundaries impedes
the oxidation of Fe* ions inside the grains during the slow
cooling of the samples. For this reason, there is a good
correlation between the resistivity of the samples and Fe**
ion concentration. The small value of electrical resistivity
for Ce substitution may be attributed to Ce valence
fluctuations between Ce** and Ce** ions which result from
the strong hybridization between 4f and 3d conduction
electrons [30,34]. Fig. 6d correlates the dependence of
conductivity o (o at room temperature) on the ionic radius.
From the figure it is clear that the value of o decreases with
increasing the ionic radius. As the ionic radius increases, the
mobility and concentration of the charge carriers decreases,
therefore the conductivity decreases.

80

Fig. 7a—e correlates the a.c. electrical resistivity (In o)
versus the reciprocal of the absolute temperature 1000/T.
From the obtained data, it is clear that the frequency
dependence behavior in the ferrimagnetic region gives a
metallic like behavior for all samples up to the Curie
temperature 7, while above T it becomes frequency
independent (paramagnetic region). The slopes of these lines
indicate that the exchange interaction between outer and
inner electrons affects directly on the Curie temperature
where the samples are transformed from ferrimagnetic
(ordered state) to paramagnetic (disordered). The values of
the activation energy in the two regions (ferrimagnetic and
paramagnetic) are listed in Table 3.

Fig. 8a shows the relation between the dielectric constant
¢ versus the frequency (Inf) at a selected temperature
450 K. It is clear that the continuous decrease of ¢ with
increasing the frequency is acceptable. This is because the
hopping process cannot match the field vibration which
gives the local displacements of the electrons in the direction
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Fig. 8. (a—c) The change of dielectric constant ¢’ with different frequency (In o). (b) Dependence of ¢’ on ionic radius of rare-earth ions. (c) Correlation between

¢ and transition temperature (Ty) as a function of frequency.
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Table 3
The activation energy in (eV) two regions E; and E, for different rare-earth ions of Mng 5Zng sRg 0sFe;.9504
Sample 40 kHz 100 kHz 200 kHz 1000 kHz 2000 kHz

E, Eyy E, En E, Eyy E, En E, E;
None 0.11 0.29 0.12 0.27 0.11 0.25 0.13 0.27 0.12 0.27
Tb 0.15 0.27 0.15 0.34 0.15 0.28 0.15 0.28 0.14 0.25
Ce 0.15 0.21 0.14 0.24 0.12 0.28 0.11 0.26 0.12 0.23
La 0.12 0.62 0.12 0.61 0.13 0.64 0.12 0.49 0.13 0.46
Th 0.11 0.41 0.11 0.39 0.27 0.39 0.27 0.46 0.17 0.46

of the applied electric field. The dielectric constant
dependence on the ionic radius (7) of R3* ions substituted
is shown in Fig. 8b. It can be seen that ¢ decreases with
increasing r up to r = 1.01A then it decreases, after which
suddenly increases. This can be explained due to the electron
exchange interaction which leads to polarization in ferrites
where some of the rare-earth ions on the octahedral sites

decrease the exchange interaction as Fe?" « Fe3* with the
result of decreasing the polarization as well as the dielectric
constant. Fig. 8c shows the effect of applied frequency on
both dielectric constant ¢ and transition temperature Ty. It
can be seen that there is a pronounced low value of Ty at
about 40 kHz after which a gradual increase at about
10° kHz then nearly steady state for higher frequencies is
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Fig. 9. Variation of Seebeck coefficient (S) with absolute temperature (7) for the rare-earth-substituted samples.
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obtained. This behavior occurs because of the rapid electron
exchange interaction between Fe?* «+» Fe®" with increasing
frequency. While ¢’ is gradually decreased up to 200 kHz,
and then gives nearly steady state for higher frequency.

3.4. Thermoelectric power

The p- or n-type nature of the charge carriers below and
above the transition temperature was determined from the
sign of Seebeck coefficient as in Fig. 9. It is clear that the
variation in the charge carriers between n- or p-type is
independent on R** type or size. The negative and positive
values of thermoelectric power found over the entire
temperature range studied shows that the majority of charge
carriers are holes. On the basis of its positive sign, the above
ferrites have been classified as p-type semiconductors. Thus,
the conduction mechanism for p-type is predominant due to
holes.

4. Conclusions

(1) The influence of the R ions on the electrical properties of
Mn—Zn ferrite is explained as the effect of their ionic
radius.

(2) The substitutions of iron ions by rare earth improved the
magnetic susceptibility of the samples.

(3) From the viewpoint of effectiveness, the R** with a large
radius and with a stable valence of 3+ is found to be the
best substituents for improvements in the magnetic and
electrical properties of the soft Mn—Zn ferrite.

(4) The small amount of R** ions incorporated in the ferrite
favor the formation of the crystalline secondary phases
associated with modifications in the electrical and
magnetic properties.

(5) The relationship between Ino and (1/7) show two
regions of different activation energies. The difference
between the two activation energies in the low (E;) and
high (E») is due to the thermal activation of the carrier
mobility at higher temperatures.
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