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Two series of Mn-Zn nanoferrites (namely Mn;_xZnxFe;O4 and Mn; _xZnxFe; yRyOy4) were synthesized using standard
ceramic technique. X-ray diffraction and FT-IR were employed in the chacterization of the nanopowder. The X-ray density for
each sample increased after laser irradiation which was correlated with the decrease in the unit cell volume. The study involved
the thermal and frequency variation of the dielectric constant and AC conductivity of the investigated samples before and after
laser irradiation. The later altered the conductivity by decreasing its value for the rare earth doped samples except for the Sm3+
doped one. The results suggested the exploitation of Mn-Zn doped rare earth nanoferrites in many technological applications

demanding high resistivity.
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1. Introduction

Manganese-zinc (Mn-Zn) ferrites are important
candidates for the applications in high-frequency
range due to their high magnetic permeability, low
magnetic losses and electrical resistivity [1]. These
materials are extensively used in memory elements,
microwave devices, magnetic recording media, ra-
diofrequency coils, transformer cores and rod an-
tennas and many other applications [2, 3]. The con-
centration of ferrous and ferric ions and their dis-
tribution between 4- and 6-fold sub-lattices, play
a serious role in determining the magnetic and
electrical properties [4] of such ferrites specially
in nanoscale. Zn>* dilution in ferrites appears to
change both electric and magnetic properties, and
promotes densification as well as grain growth [5,
6]. Ahmed et al. [7] reported that the dielectric
behavior of Mn-Zn ferrite varied with sintering
temperature. Mostly, in Mn-Zn ferrite, Mn-cations
reside on both A and B sites [8], which makes
it a partially inverse spinel. Rare earth ions could
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help in tuning the physical properties of substituted
Mn-Zn ferrite owing to their larger ionic radius.
When these ions occupy the octahedral B-sites,
they can substitue Fe’* ions at low concentra-
tions [9]. Rezlescu et al. [10] studied the effect
of Fe replacement by R** ions (R = Yb, Er,
Sm, Tb, Gd, Dy, and Ce) on the properties of
Nig.7Zng 3Fe; Oy ferrite. They established that rare
earth ions enter the spinel matrix instead of small
amounts of Fe’* ions and have an impact on both
magnetic and electrical properties of the nanofer-
rite. The influence of the rare earth ions on the
electrical properties of spinel ferrite was inter-
preted [11] depending on their ionic radius. A small
amount of R3T ions integrated in the ferrite fa-
vor the development of the crystalline secondary
phases connected with alterations in the electrical
and magnetic parameters. Several researchers [12—
16] examined the influence of laser irradiation and
doping on the properties of bulk and thin films
of ferrites. Rare earth doping effect [17, 18] on
the Mg-Ti ferrite electrical properties was also
examined and it was reported that the type and
concentration of the 4f element take the most
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important part in controlling the conductivity
as well as the dielectric parameters. Another
study [19] aimed at comparing the effect of gamma,
laser and neutron irradiation on the physicochem-
ical properties of nanometric Mn ferrites. As a re-
sult, a decrease in the particle size and magnetic
susceptibility after laser irradiation was observed,
while the unit cell volume, Curie temperature,
dielctric constant, loss and AC conductivity
increased.

Maheshkumar et al. [20] irradiated a cobalt fer-
rite with Nd-YAG laser. They observed the creation
of defects in the lattice after irradiation which af-
fected cation distribution and structural, and mag-
netic properties. The lattice constant computed
from XRD data for virgin and irradiated samples
revealed increasing trend after irradiation. Ghaz-
anfar et al. [1] showed that the lattice constant
increases proportionally to the Mn content X in
MnyZn;_xFe;04. The experimental density of the
ferrites was increased, whereas the X-ray density
decreased with increasing Mn content. On the other
hand, the porosity revealed a decreasing trend with
the increase in manganese concentration.

In this piece of research work, we have exam-
ined the impact of laser irradiation on the electrical
properties of rare earth doped Mn-Zn nanoferrites
to optimize these properties. The research should
help in using the well-known Mn-Zn ferrite com-
ponents in versatile industrial applications.

2. Experimental

Samples with the chemical formula
Mn; _xZnyFe>O4 (where 0.1 < x < 0.7) and
Mn,_xZnyFe, yR,O4 (where R = none, Dy>*,
Gd**, Sm>*, Nd** and Ce’"), were synthesized
using double sintering ceramic technique [21].
Analar grade form oxides (BDH) MnO,, ZnO,
F6203, Dy203, Gd203, Sm203, Nd203and C6203
in stoichiometric ratios were mixed together
and grinded for 3 hours using agate mortar
then regrinded in agate ball mill for another 2
hours. The samples were compressed into pellets
using a uniaxial hydraulic press, under a pres-
sure of 1.6 x 108 Pa. Pre-sintering was carried
out at 900 °C for 6 hours and cooling to room

temperature at the same rate as that of heating
(4 °C/min). The samples were regrinded again into
fine powder, and compressed again into pellets.
The final sintering was carried out at 1300 °C
for 10 hours in open air at the same rate in a
Lenton Furnace UAF 16/5 (UK). X-ray diffraction
was carried out using Philips Pu 1390 channel
control with CoK« target to assure the formation
of cubic spinel structure. The prepared samples
were investigated using FT-IR spectrophotome-
ter, model 300E, in the range of 200 cm~! to
1000 cm™~! to study the vibration spectra and to
assure the formation of the samples in a proper
form. For the electrical properties measurements,
the pellets were polished and the two surfaces were
coated with silver paste, then checked for good
conduction. The real part of dielectric constant €’
and the AC conductivity ¢ were measured using
a self-calibrated Hioki LCR Hi tester, type 3531
(Japan) as a function of temperature from 300 K
to 800 K in the frequency range of 100 kHz to
5 MHz. The bridge automatically collected the data
using lab view-based software. The temperature
of the samples was monitored using a K-type
thermocouple connected to a digi-sense ther-
mometer (USA) with junction in contact with the
sample. The accuracy of measuring temperature
measurement was better than 1 °C. Similar mea-
surements were performed after laser irradiation
using Nd-Yag laser of 1064 nm wavelength and
an energy of 250 mJ, with twenty shots and pulse
duration = 10 ns.

3. Results and discussion

3.1.

Fig. 1 shows the XRD patterns of
Mno‘6Zn0,4R0.02Fel,9gO4, where R = none,
Dy3*, Gd**, Sm*", Nd** and Ce 3* before and
after laser irradiation. From X-ray analysis, it is
observed that the samples have the spinel structure
with cubic symmetry as compared with ICDD
Card Number.

X-ray diffraction analysis

Mn;_xZnsFe,O4 samples crystallized in sin-
gle phase spinel structure with cubic symme-
try as compared and indexed with ICDD Card
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No. 74-2402. The values of the lattice con-
stants are reported in Table 1 for Mn;_xZnxFe, 04
(0.1 < x < 0.7) and they decrease with increasing
zinc content X. This is a direct consequence of the
smaller ionic radius of Zn>* (0.60 A) as compared
with that of Mn2* (0.66 A), discussed in the liter-
ature [2, 22]. The X-ray density Dy was calculated
using the relation [23]:

M
D, = N (D
where (Z = 8) is the number of molecules per unit
cell, M is the molecular weight, N is Avogadro
number and a is the lattice parameter. From the data
in Table 1, it is observed that the X-ray density in-
creases with the increase in Zn-content x, due to the
difference in atomic weight between Mn (54.938)

and that of Zn (65.37).

After laser irradiation, the diffractogram indi-
cates stability of spinel cubic structure with appre-
ciable shift of the planes. This is ascribed to laser
interaction with the metal ions at A and B sites. An-
other observation in the figure is found for the plane
(4 4 0) which is broad before, and changes into
sharper after laser irradiation. This was expected
because the heat generated from the bombardment
of laser increases the crystallite size as reported in
Table 2. Laser irradiation enhances the formation
of Fe** according to the pattern: Laser + Fe>* —
Fe3*+ e~. The latter has a small ionic radius on
both tetrahedral and octahedral coordinations and
leads to a decrease in lattice parameter as can be
seen in Table 2. The difference between the values
of the lattice parameter in case of Dy>* and Gd*™ is
more pronounced than that for the other elements.
This may be due to the difference in the diffusion
mechanism and solubility limit of the R3** ion in
the spinel matrix. In more simpler explanation, the
pining diffusion mechanism is expected to increase
the crystal size by increasing the microstrain in the
outward direction. Consequently, this increases rel-
atively the amount of pressure exerted by the sec-
ondary phase on the spinel matrix.

By comparing the intensity coming from the
planes before and after laser irradiation it is ob-
served that the planes identifying the secondary

phase (Fe,O3) increased after laser irradiation for
all samples except for Sm>*. This may be due
to the decomposition that takes place as a re-
sult of heat generation by laser on the material
surface (Fig. 1).

In case of Sm3T ion substitution, the amount
of secondary phase decreases after laser irradia-
tion. This may be due to the partial incorporation of
Sm3* into the cubic spinel matrix. Additionally, the
amount of heat generated from the laser photons
helps Sm** ions to incorporate into the structure
by pinning diffusion which results in a decrease in
the secondary phase intensity. The data in Table 2
show that, after laser irradiation the density of the
samples increases with icnreasing the ionic radius
of the rare earth element with similar trend as that
before laser irradiation. Looking closer to the data,
it is noticed that the X-ray density for each sample
increases after laser irradiation which can be corre-
lated to the decrease in the unit cell volume.

3.2.

The data reported in Table 1 give the four funda-
mental active bands appearing in FT-IR, designated
as V1, Uy, U3 and vy4. The first two bands: vy, v, ap-
pearing at about 550 cm~! and 420 cm™!, respec-
tively, belong to the high frequency bands. These
bands [18, 19] can be assigned to the stretching vi-
brations of the metal ions (Fe’*) on both tetrahe-
dral and octahedral sites. The change in the posi-
tion of these bands is mainly due to the change in
the Fe3*—0%~ distances on both A and B sites due
to the increase in Zn content. This is confirmed by
the decrease in the lattice parameter with increasing
Zn content. The appearance of a shoulder at about
340 cm~! is the evidence of the existence of diva-
lent metal ions on the octahedral sites. The band v4
at about 220 cm ™! is accompanied by a shoulder at
~260 cm™~! which is assigned to the lattice vibra-
tions. The broadening of v, band is mainly due to
the existence of more than one type of metal ions
on the octahedral sites [19].

IR spectral analysis

The transmission bands of FT-IR spectra
of Mng¢Zng 4R pFe1 9804 before and after
laser irradiation are reported in Table 2. From
the table, it is noted that the IR spectrum
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Fig. 1. XRD patterns of Mng¢Zng4Rp.02Fe19304: (a) MnggZngs FerOy4; (b) Mno_GZn0_4Dy0_02Fel.9804,

(¢) MngeZng4Gdp.p2Feq.0804;
Mng 6Zng.4Cep.02Fe1.90804.

of Mng ¢Zng4Rg.02Fe1 9804 exhibits four bands
in the range of 200 cm~' to 1000 cm~!. Such
bands are generally observed for ordered spinel
ferrites [24]. The remarkable change is caused by
rare earth substitution, i.e by comparing the R3*
doped samples with the undoped one.

By introducing R** ions into the spinel matrix,
one could expect that more than one way

(d) MngeZng4Smg p2Feq.9804;

(e) MngZng4Ndpo2Fe1.0804; (f)

R3+
diffu-
This

of diffusion could occur. For the
ions with small radii, a volume

sion mechanism is the most probable.
results from the increase in the lattice
parameter by introducing Dy3* ions. Increas-
ing the ionic radius of the R3* may result in a
pinning diffusion on the grain boundaries leading
to a relatively slight compression of the spinel lat-
tice. For larger rare earth ions, surface diffusion is
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Table 1. Lattice parameter, theoretical density and IR bands positions of (Mn;_xZnxFe;04); where 0.1 < x < 0.7.

Zn content X a[A] [g~c]r)r:‘3] [Cr;l)ll] [crlr)lz_l] [clr)ri:?] [crgil]
0.1 8.500 5.010 554 418 333 250 S, 222
0.2 8.491 5.047 553 402 334 268 S, 222
0.3 8.479 5.092 553 418 343 259 S, 223
0.4 8.491 5.094 553 402 broad 331 262,223
0.5 8.473 5.148 551 403 334 263,222
0.6 8.462 5.192 553 420 340 250 S, 222
0.7 8.456 5.226 552 417 334 259 S, 222

S: shoulder.

Table 2. Lattice parameter, theoretical density and IR band positions of Mng ¢Zng 4R¢.02Fe1.9304 before and after
laser irradiation; where R = None, Dy3*, Gd*>*, Sm3*, Nd** and Ce 3+.

R AAL Lol Dijgem™) L e femc!] fom] femt]
Nope  before 8487 1130 5.100 550 400 - 3 263 -
after 8.476 159.4 5.119 549 - 392 328 - 223
Dy3+ before 8.497 57.2 5.129 568 451 - 343 262 -
after 8.470 84.1 5.178 568 453 - 337 - -
Gd3+ before 8.489 34.3 5.140 570 454 - 340 262 -
after 8.448 75.9 5.217 569 456 - 337 259 220
Sm3+ before 8.468 60.5 5.177 581 454 - 362 259 -
after 8.470 73.3 5.172 570 454 - 346 264 221
Nd3+ before 8.474 58.3 5.163 567 452 - 340 259 -
after 8.470 60.9 5.168 568 453 - 343 - 221
Ce3t before 8.466 97.1 5.175 567 450 - 350 259 -
after 8.458 78.5 5.190 566 448 - 346 259 220

predominant and a decrease in the lattice parameter
is more pronounced. The stretching vibrations of
Fe?t-0%~ and/or Mn?>*-0?~ in 6-f coordination
alter their positions depending on the type of R3*
ion due to the corresponding change in the octa-
hedral site radius related with the ionic radius of
the R** ion. It is observed that some transmission
bands disappear after irradiation. This could be
explained as follows: Laser irradiation shifts some
ions of small size to interstitial positions in the
crystal lattice. However, the appearance of the four
bands for the laser irradiated sample confirms the
stability of the spinel cubic structure.

3.3. Dielectric constant ¢ and dielectric
loss factor €”

Fig. 2 illustrates the dependence of dielectric
constant €' on Zn content. One can find that €”

decreases with increasing Zn content which is an
acceptable result. The direct reason is that the Zn>*
jon decreases the Mn2" ion content on the A site,
thereby decreasing the polarization as well as €.

Fig. 3a shows the variation of the real
part of dielectric constant €’ with the absolute
temperature as a function of frequency for the sam-
ple Mng¢Zng4Fe,O4. The figure illustrates that
€’ increases with increasing temperature and de-
creases with increasing frequency, which is the
general trend for the ferrite samples [25-28]. After
laser irradiation, the values of the dielectric con-
stant increase as shown in Fig. 3b owing to the
redistribution of metal cations on equivalent crys-
tallographic lattice sites. Moreover, an additional
sharp peak appears at T ~ 485 K.

Table 3 reports the peak values (maximum mea-
sured values) of € and €” before and after laser
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irradiation for different rare earth doped samples.
The reported data indicate that a decrease in €’
takes place after laser irradiation which is due to
the defects generated in the samples. For the val-
ues of €”, it is clear that a large value is obtained
in case of Ce doped sample which is an expected
result due to the existence of cerium in two valence
states, namely Ce3* and Ce** [29, 30]. The elec-
tron affinity and electronegativity for the different
rare earth elements play a weighty and an impor-
tant role in the dielectric behavior of the rare earth
doped samples.

350

280

210 4

140 I

70

0 0.1 0.2 03 04 05 0.6 0.7 0.8
Zn content(x)

Fig. 2. Dependence of dielectric constant €’ on Zn con-
tent at T = 300 K, f = 800 kHz.

Fig. 4 illustrates the dependence of €’ on the
ionic radius of R*>* before and after laser irradia-
tion. One can see the high value of €’ maximum
for the Gd** doped sample, where its ionic ra-
dius is 0.938 A. This was expected, because the Gd
has a half filled (4f7), orbital. The seven electrons
are unpaired, giving larger polarization as well as
larger value of €’. Additionally, the large value of
¢’ for Ce may be due to its existence in different va-
lences (Ce’* <+ Ce*"). This activates the hopping
process as well as the polarization mechanism be-
cause the dielectric constant and conductivity are
of the same origin. It was expected that, the re-
placement of rare earth elements on the expense of
Fe’T on octahedral sites and laser irradiation of the
samples initiate vacancies, which in turn, produce
microstrain inside the sample. This means that
these vacancies trap some of the electrons par-
ticipating in the electrical conductivity. Thereby,
the conductivity is decreased after laser irradiation.
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Fig. 3. Correlation between the real part of dielectric
constant € of Mng ¢Zng4Fe;O4 ferrite sample
and absolute temperature (a) before and (b) after
laser irradiation.

Fig. 5 confirms our expectation about the decrease
in the conductivity as it has the same origin as €.
Laser irradiation delayed the polarization process,
and €’ decreased as in Fig. 4. Similar behavior is
observed for €” after laser irradiation as reported
in Table 3.

3.4. AC conductivity

Table 4 shows the values of room temperature
AC conductivity for the samples containing differ-
ent Zn content at f = 800 kHz. The conductivity
increases with Zn content below x = 0.4 due to the
enhancement of the AA hopping between (Mn3*
< Mn?*t + eT) in addition to the well-know
Verwey mechanism [31]. The increase in Zn
content above x = 0.4 leads to a decrease
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Table 3. Peak (maximum) values of €’ and €” at f = 400 kHz for different rare earth doped samples before and

after laser irradiation.

Sample ¢’ before ¢’ after € before € after
None 3.86 x 102 1 x 104 - -

Dy** 8.31 x 10% 60.45 4.5 x 103 3.33 x 107

Gd3* 8.01 x 107 4.73 x 10? 4.69 x 103 413 x 10°

Sm3+ 3.52 x 10? 1.36 x 10? 2.37 x 103 1.37 x 103

Nd** 1.47 x 10° 6.55 x 10? 7.77 x 10° 5.67 x 10°

Ce’t 4.42 x 10° 6.93 x 10? 17.8 x 10° 6.94 x 103
250 considered as the minimum value while for the Ce
200 b doped sample it reaches 91. This decrease in the
conductivity points to a large increase in the re-
o 3 sistivity and encourages us to recommend the use
" 100 of such rare earth ferrites for achieving better re-
J) 2 sults including higher resistivity and lower losses,
o i for core transformer applications and in different

0

0.9

0.912 0.938 0.958 0.983

Ionic radius of R3*ion [A]

1.01

Fig. 4. Dependence of dielectric constant €’ on ionic ra-
dius of rare earth elements before and after laser
irradiation at T = 313 K, f = 800 kHz.

in the conductivity, i.e. the resistivity increases.
This is a consequence of the decrease in
(Fe>*/Fe’t) ratio on B sites lowering the number
of available hopping electrons, thus reducing the
conductivity.

Fig. 5 illustrates the dependence of AC conduc-
tivity on the ionic radius of the rare earth element
before and after laser irradiation at f = 800 kHz and
T=313K.

The data in the figure show that after laser ir-
radiation the conductivity decreases for the sam-
ples irrespective of their type except for Sm>* sub-
stituted sample. The relative percentage change in
the conductivity as a result of laser irradiation has
been calculated using equation 2 and is shown
in Table 5:

Ao

Obefore

. Oafter — Obefore
Obefore

x 100 2)

The absolute value of the relative percentage
change for the undoped sample is 30, which is

electronic industries at this temperature. Conse-
quently, doping with rare earth elements with very
small concentration (x = 0.02) instead of iron ions
in Mng ¢Zng 4Fe,O4 together with laser irradiation
could serve for lowering the cost and enhancing the
performance of existing Mn-Zn cores by increasing
their resistivities.

@Before laser
B After laser Ce
8.1E-04 4 L L)

Gd

[6=Q'em’!]

4.1E-04 A

Nd

1.0E-05 4

0.9

0.912 0.938 0.958 0.983 1.01

ionic radius of R3*[A]

Fig. 5. Dependence of AC conductivity on the ionic ra-
dius of the rare earth elements before and after
laser irradiation at T = 313 K, f = 800 kHz.

4. Conclusions

(I) Mn;_4ZnyFe,O4 (0.1 < x < 0.7) and
Mn0.6Zn0‘4R0_02Fe1.9gO4; (R = none, Dy3+, Gd3+,
Sm**, Nd** and Ce*") nanoparticles were suc-
cessfully prepared by standard ceramic method.
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Table 4. Dependence of (0) on Zn content at T = 300 K,
f = 800 kHz.

Zncontentx o x 1074[Q l.ecm™1]

0.1 4.0
0.2 6.9
0.3 12.2
0.4 6.5
0.5 10.1
0.6 7.5
0.7 4.3

Table 5. Values of laser induced change in the conduc-
tivity % at f = 800 kHz and T = 313 K for
different rare earth doped samples.

Sample Gbi‘; %
None =30
Dy>* 41
Gd3+ -89
Sm3+ 94
Nd3* -65
Ce’t -91

(2) By increasing Zn content the lattice parameter
and porosity decreased while the X-ray density in-
creased.

(3) The effect of laser irradiation on the nanofer-
rites under investigation is as follows:

— Laser irradiation increases the crystal size of the
samples and decreases the dielectric constant and
dielectric loss factor.

— After laser irradiation the conductivity of the
samples decreases irrespective of the type of rare
earth used except for Sm>*.

— The decrease in the conductivity is connected
with a large improvement in the resistivity and en-
courages us to recommend the use of ferrites af-
ter laser irradiation to achieve higher resistivity and
lower losses for core transformer applicatios and as
advanced functional material.

— Doping with small amount of rare earth el-
ements (1 %) on the expense of iron ions in
Mng ¢Zng 4Fe;O4 together with laser irradiation

could serve to lowering the cost of existing Mn-Zn
cores in addition to their low losses and improved
performance.
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