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Physical, electrical and magnetic properties of nano-sized Co-Cr substituted

magnesium ferrites
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Islamabad 45320, Pakistan

“Wolfson Centre for Magnetics, School of Engineering, Cardiff University, Cardiff CF24 3AA, United
Kingdom

(Received 26 February 2011; accepted 15 October 2011; published online 6 February 2012)

Co-Cr substituted magnesium ferrite nanomaterials (Mg;_,Co,Cr Fe, 0O, with x =0.0—0.5) have
been prepared by the polyethylene glycol assisted micro emulsion method. X-ray diffraction
analysis confirms the single-phase cubic close-packed lattice formation of synthesized materials.
Hysteresis loops are measured up to field of 4 MA/m and high field region of these loops are
modeled using the Law of Approach to saturation to calculate the magnetocrystalline anisotropy
constant. The saturation magnetization of the samples increases initially from 148 kA/m for x = 0.0
to 299 kA/m (x =0.3) and then decreases to 187 kA/m (x =0.5). Curie temperature for this series
is found to be in the range of 618-766 K. Room temperature resistivity increases gradually from
7.5 x 10* Qem (x=0.0) to 3.47 x 10° Qcm (x =0.5). Additionally, dielectric measurements are
carried out at room temperature in a frequency range of 100 Hz to 3 MHz. With improvement
in the values of the above-mentioned properties, the synthesized materials could be suitable for
potential application in some magnetic and microwave devices. © 2012 American Institute of

Physics. [doi:10.1063/1.3676438]

. INTRODUCTION

Magnetic materials, particularly nano sized ferrites
show a significant change in physical, electrical, and mag-
netic properties in contrast to their bulk counterparts due to
their high surface to volume ratio of the grains. Nanocrystal-
line spinel ferrites of general formula, MFe,O4 (M =Mg*",
Zn”, C02+, Cu2+, etc.) are currently used as key materials
for the advancements in information storage systems, ferro-
fluid technology, magnetic refrigeration, detoxification of bi-
ological fluids, magnetic resonance imaging (MRI) contrast
enhancement, and magnetic cell separation.'~

Nanoparticles of magnesium ferrite (MgFe,O,4) are the
potential candidate for various applications due to their high
electrical resistivity, low magnetic and dielectric losses.**
These applications include usage in microwave control com-
ponents and electronic device components such as high fre-
quency (HF) antenna design, transformers, etc.

Properties of ferrite materials are strongly influenced by
the distribution of metallic ions among crystallographic crys-
tal lattice sites that in turn is sensitive to the method used to
prepare that materials.” Study of dc-electrical, dielectric and
magnetic properties of ferrite materials provides valuable in-
formation about the conduction mechanism and magnetic
state of the ions. Doping of MgFe,O, with one or several
metals to alter its properties is considered the best method to
modify the properties of ferrites, as was done recently with
Cr® and Ca.” However, studies on doping with metallic bi-
nary mixture at iron and magnesium sites have been rarely
reported. In addition, a little information is available about
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the nanosized ferrites formed by the polyethylene glycol
(PEG) assisted microemulsion method.

In this study, we prepared nanosized Mg, Coy
Cr,Fe,_ 04 compounds containing different levels of Co-Cr
(x =0.0-0.5), with the assumption that the magnetic, electri-
cal and dielectric properties would be improved by substitu-
tion of Mg®" and Fe’" with Co*" and Cr’" ions. The
presence of Co>" could improve the magnetic properties.
Moreover, substitution of magnesium ferrites with Cr’t at
the B-site should be effective in enhancing the electrical re-
sistivity. In the present work, the aim of Cr’" substitution
combined with Co®" is to maintain the overall electroneu-
trality, to reduce dielectric loss and to improve dc-electrical
resistivity and magnetic properties.

Il. EXPERIMENTAL

The chemicals used in the synthesis of samples were
Mg(NO;),.6H,0 (Merck, 99.9%), Co(CH5COO), (Fluka,
99.0%), Fe(NO3)3.9H,0 (Merck, 99.0%), Cr(NOs); (Reidal,
99.0%), Polyethylene glycol (BDH chemicals) and ammonia
solution (Fluka, 33%). All of these chemicals were of analyt-
ical purity and therefore used as received. Magnesium ferrite
samples doped simultaneously with Co and Cr, (Mg;_,
Co,CrFe, ,0O4 where x =0.0-0.5) were prepared by PEG
assisted microemulsion method with the details of the proce-
dure given below.

Aqueous solutions of magnesium nitrate, cobalt ace-
tate, iron nitrate, and chromium nitrate in a molar ratio 1: 2
of divalent (Mg>"/Co*") to trivalent (Fe**/Cr*") metal cat-
ions, were mixed with aqueous solution of PEG in ratio 0.5
of mixed metal salts/PEG. Ammonium hydroxide solution
was added drop wise with constant stirring to attain pH

© 2012 American Institute of Physics
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9-10 at which precipitation occurred. The solution was then
aged overnight at room temperature. Afterwards, the solu-
tion was filtered to collect precipitates. In order to remove
the excess ammonia, PEG,8 and traces of any un-reacted
species, the collected precipitates were washed repeatedly
with de-ionized water and ethanol until pH came down to
~7. The precipitates were heated at a temperature of 403 K
till dryness, followed by its calcination at 573 K for 2 h.
Finally, the powdered material was annealed at 1123 K for
8 h with a heating rate 5 K/min to obtain the pure spinel
phase.

X-Ray diffraction (XRD) analysis was performed to
identify the phase formation, lattice type and for the mea-
surement of the cell dimensions and crystallite size of the
prepared ferrite materials by PANalytical 3040/60 X' Pert
PRO diffractometer (Cu K, radiation). The patterns were
recorded at 20 in the range of 20°-80° with a scan step of
0.04° and scan speed of 1 step/s. SEM analysis (Hitachi
S-3400 N) was performed to assess the morphological fea-
tures by using the disk shaped pellets of the materials. The
elemental composition was estimated by means of energy
dispersive X-ray fluorescence (ED-XRF) spectrometer
(Horiba, MESA-500).

The Curie temperature, T, was determined from a plot
of normalized moment versus temperature using a vibrating
sample magnetometer (VSM, model 7400 Lake Shore,
USA). The M-H loops were measured using a supercon-
ducting quantum interference device (SQUID) magnetome-
ter under an applied field of =4 MA/m. The first-order
cubic anisotropy constant (K;) of the samples were deter-
mined using the Law of Approach to saturation.” The Law
of Approach is said to be valid in the range
0.97Ms < M < Mg.'? Therefore, the high field region of the
magnetization curve corresponding to this range was used
to determine anisotropy constant, K.

The pellets of 13 mm diameter and 2 mm thickness
were used to measure the dc-electrical resistivity by using
the laboratory built two-point probe setup in a temperature
range of 298-673 K. Detailed investigation of the effects of
composition variation and frequency dependence of the
dielectric constant (&) and dielectric loss tangent (tan o)
were undertaken in the frequency range of 100 Hz—3 MHz
using the LCR meter bridge (Wayne Kerr LCR 4275).

lll. RESULTS AND DISCUSSION
A. Structural and morphological properties

XRD patterns of powdered samples of Mg;_,Co,Cr,
Fe, O4 (x=0.0-0.5) are illustrated in Fig. 1. The diffrac-
tion peaks closely correspond to the standard pattern (Fig. 1,
ICSD Ref. No. 01-073-1720) of a spinel magnesium ferrite
with CCP structure. Lattice constant (a), cell volume (V .;),
crystallite size (D), X-ray density (d,), and porosity (P) cal-
culated from the XRD data, are listed in Table I. The lattice
constant (a) and cell volume (V) are decreased slightly
with the increase in dopant (Co-Cr) contents. This is due to
the slight difference in ionic size of Fe** (0.64 A) and sub-
stituent Cr’* (0.63 A), while, ionic size of Co>* (0.72 A) is
comparable to that of Mg?* (0.72 A) and have no influence
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FIG. 1. XRD patterns of Mg;_,Co,CrFe, O, (x=0.0—0.5).

on the lattice parameters. Crystallite size (D), calculated by
the well-known Scherrer formula,'! is found to be in the
range 23-47 nm (Table I), with the significant decrease of
~24 nm in response to the increase in Co-Cr substitution
level from x =0.0 to 0.4. The value of X-ray density (d,) is
calculated using the following formula:

8M
d, il

= ; (D
NaVeen

where My, is the molar mass of the sample, N, is the Avoga-
dro’s number, and V. is the unit cell volume. The value of
d, increases from 4.50 to 4.87 g/cm® with the increase in

TABLE 1. Crystallite size (D), lattice constant (a), cell volume (V .;),
X-ray density (d,), bulk density (d;), and porosity (P) of Mg;_,Co,Cr,.
FCZ,XO4 (X = 00705)

Parameters x=0.0 x=0.1 x=02 x=03 x=04 x=05

D(nm) 47 40 30 35 23 28
a(A) 8384 8380 8380 8379 8378 8379
Ven (A% 5893 5885 5885 5883 5881 5883

d, (g/em?) 4.50 4.59 4.66 4.73 4.80 4.87
d, (g/em?®) 3.93 4.04 4.11 4.17 4.24 431
P (%) 12.7 12.0 11.8 11.8 11.7 11.5
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Co-Cr contents due to larger molar mass of the doped metal
cations as shown in Table I. Bulk density (d},) of the samples
is calculated from the following relation:

m
nwr2h’

dp 2
where m, 1, and h are mass, radius, and thickness of the pellet
of sample, respectively. Data of the Table I show that for the
synthesized samples in present studies, the magnitude of the
bulk density, d;, is smaller than that of the d, (d), is ~88%
of d,) as anticipated due to some unavoidable pores created
during sintering. Porosity of the samples is estimated to be in
the range of 11.5%—-12.7%.

The surface and grain morphology of spinel magnesium
ferrite and its derivatives is studied by scanning electron mi-
croscopy (SEM). The micrographs (Figs. 2(a)-2(b)) of two
representative samples of Mg;_,Co,Cr,Fe, ,O, containing
the dopant contents of x = 0.0 and 0.4, depict that the surface
is less smooth and is a mixture of individual particles. The
shaded areas in the micrographs are due to voids. The white
spots show that the material is not homogeneous but as the
substitution level is increased, the average size of crystallites
decreases, and the material becomes homogeneous. Some of
the particles shown in SEM micrographs represent the aggre-
gates formed as a result of the agglomeration of the individ-
ual crystallites that are expected to occur at high temperature
of annealing.

Elemental compositions of some representative samples
of the synthesized materials are determined by ED-XRF.
The observed values of the molar ratios of different compo-
nents present in the samples are in close agreement with the
nominal compositions as shown in Table II. It was not possi-
ble to identify the amount of oxygen with the current method
and, therefore, it was assumed to be the same as that of the
chemical formula.

B. Magnetic properties

The Curie temperature (T¢) is determined out of the
magnetization temperature curve measured at low magnetic
field (~400 kA/m). Figure 3 shows variation of the normal-
ized moment of Mg, ,Co.Cr,Fe, O, with temperature
slowly decreasing. The value of T represents the character-
istic magnetic interactions and overall strength of the
exchange interactions between the spins of the cations (A-B
exchange interactions) present at the two sites (A- and B-
sites). The Curie temperature (T¢) reached to a maximum

J. Appl. Phys. 111, 033906 (2012)

TABLE II. The observed and theoretical elemental composition values
(molL™") of some representative  samples of Mg;_,Co,CriFe, Oy
(x=0.0,0.2, and 0.4).

Observed values (mol L™ 1)

Theoretical values Mg Co Cr Fe

MgFe,04 0.97 e e 2.02
Mg sCo»CrgrFe; §04 0.76 0.2 0.19 1.83
Mg 6C00.4Cro 4Fe; 604 0.58 0.38 0.38 1.61

value of 766 K for x =0.2 from 681 K for x =0.0, and then
decreased for x > 0.3 (Table III). This could occur due to
some modification in A-B super-exchange interaction on the
behalf of substitution with Co-Cr. Videlicet, the increase in
the T value up to the maximum value is due to replacement
of non-magnetic Mg®" ion (0 uB) by a magnetic Co>" ion
(3 uB), that would strengthen the A-B super-exchange inter-
action, since Co®" ions are well known to produce large
induced anisotropy owing to their relatively high orbital con-
tribution to the magnetic moment.'*> The decrease in the T¢
value above the specific level with x > 0.2, might be due to
higher content of less magnetic Cr’" (3 p) ions replacing
more magnetic Fe> " (5 up) ions that in turn could be respon-
sible for the weakening of the A-B super-exchange
interactions.

The high-field region of the hysteresis loops (Fig. 4) are
modeled using the Law of Approach to saturation based on
the assumption that at sufficiently high field only rotational
processes remain, with an additional forced magnetization
term that is linear with applied field. In order to evaluate the
composition dependence of the anisotropy, it is assumed that
all irreversible hysteretic processes are completed when the
major hysteresis loop closed and that further increase of the
magnetic moment is due to rotational processes which are
connected with the magnetic anisotropy. Based on the Law
of Approach (LoA) to saturation, which describes the de-
pendence of magnetization, M on the applied field for
H>H~, magnetization near the saturation magnetization, Mg
can be experimentally obtained'? as

M:Ms(l ———————— > + kH, 3)

where Mg and H are the saturation magnetization and applied
field, respectively, and xkH is the forced magnetization
term.'* The coefficient a ~ 0 in the high field region as it is

FIG. 2. SEM photographs of Mg;_,Co,Cr.Fe, O, where
(a) x=0.0 and (b) x =0.4.
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FIG. 3. (Color online) Thermal variation of normalized moment of
Mg;_Co,CriFe, Oy (x=0.0—0.5).

related to domain wall pinning. For cubic structured ran-
domly oriented polycrystalline material, the coefficient b is
given by Eq. (4);"

2
= 1%% “4)
HoMs

The numerical coefficient 8/105 is for random polycrystal-
line specimens with cubic anisotropy, u, is the permeability
of free space, and K, is the cubic anisotropy constant. The
high-field regime of the major hysteresis curves are fitted
using the standard LoA approach by Egs. (3) and (4).
Detailed examination of the curves revealed that forced mag-
netization (kH) is negligible in this regime, as might be
expected. Therefore, kx =0 and consequently Mg and K; are
the only fitting parameters.

The composition dependence of the calculated anisot-
ropy constant, K; for different Co-Cr contents is shown in
Table III. It is found that anisotropy constant increases sub-
stantially with increasing Co-Cr contents for the specimen
with x <0.3, and decreases for higher Co-Cr contents. The
magnitude of anisotropy constant of Mg;_CoCrFe, O, is
found to be in the range 2.31 x 10°—4.04 x 10° J/m®.

According to the one-ion model, the presence of Co*"
ions on the octahedral sites of the spinel structure enhances
the anisotropy of ferrites.'® The results of our current studies
of the Co-Cr substituted magnesium ferrites suggest that in
co-substituting Co>" and Cr’" for magnesium and iron,
Co®>" and Cr’" both go into the octahedral sites. This

TABLE III. Curie temperature (T¢), saturation magnetization (Ms), anisot-
ropy constant (K;), remanence (M,), coercivity (Hc), room temperature re-
sistivity (pRT), activation energy (E,), dielectric constant (¢), and dielectric
loss tangent (tan 0) at 10 kHz, of Mg, _,Co,CrFe, ,O4 (x=0.0-0.5).

Parameters x=00 x=0.1 x=02 x=03 x=04 x=0.5
Tc (K) 681 727 766 682 660 618
Mg (kA/m)  @300K 148 169 218 299 258 187
K, J/m*10° 231 277 379 404 302 251
M, (kA/m) 26 51 84 85 85 58
He (kA/m) 451 21.88 2733 2107 2086 12.86
PR (Qem)10° 075 148 214 3.02 339 347
E, (eV) 035 041 047 053 057 058
é @ 10 kHz 564 457 303 109 98 96
tand @ 10 kHz 099 066 058 051 051 055

J. Appl. Phys. 111, 033906 (2012)
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FIG. 4. (Color online) M-H loops of Mg, _Co,CrFe, ,O4 (x=0.0—-0.5).

supports the observed increase in anisotropy with increasing
Co®" content to a certain specimen level. Thereafter, the
observed decrease in anisotropy of Mg, CoCriFe, ,O4
with Co-Cr content x > 0.4 can be interpreted in terms of the
effects of Cr’" substitution on site occupancies of the
cations. As replacement of Fe*™ with Cr’" at the octahedral
site for higher specimen level, nullify the Co?" ions contents
and become effective in reducing magneto crystalline
anisotropy.

The value of saturation magnetization, Mg computed by
fitting Eqgs. (3) and (4) to experimental data are found to be
approximately the same as the measured maximum magnet-
ization values at 4 MA/m. Saturation magnetization (My),
remanence (M,), and coercivity (Hc) values are listed in Ta-
ble III. At first, on addition of Co-Cr content, the Mg value
increases from 148 kA/m (x=0.0) to 299 kA/m (x=0.3),
but then it decreases for higher level of substitution. Rema-
nence value (26—85 kA/m) varies with Co-Cr concentration
in a way similar to Mg values. This enhancement of Mg is
about 50% higher as compared to that reported previously by
other researchers.””!” This observed increase in Mg value
can be interpreted in terms of the effects of cation distribu-
tion into A- and B-sites. The net magnetism of the spinel fer-
rite is due to the presence of uncompensated electron spins
of the individual magnetic ions and anti-parallel spin align-
ment in the two (A and B) sublattices of the spinel struc-
ture.'® Magnesium ferrite (MgFe,0,) is a partially inverted
spinel ferrite, i.e., (Mg;_,Fe;)[Mg;Fe,_,;]04 where paren-
thesis and square brackets denote cation sites of tetrahedral
(A-sites) and octahedral (B-sites) coordination, respec-
tively.'” Mg?" is a non-magnetic ion and has no contribution
in the magnetic moment of MgFe,O,4, which is thus entirely
due to the uncompensated spins of the un-evenly distributed
iron ions at two (A and B) sites.

In the present study, simultaneous substitution of Co**
and Cr’ " to replace Mg”" and Fe®" has brought in quite sig-
nificant variation in magnetic properties. In this quaternary
system, Mg and Fe ions are partially distributed over both A-
and B-sites while Cr ions are known for strong preference to
the B-site.?’ Co ions usually prefer B-site but not always as
it depend upon different factors like preparation method,
annealing temperature and doping concentration, etc.
Replacement of non-magnetic Mg”>" ion by magnetic (Co*")
ion would help to enhance the magnetic moment of B-site
leading to an increase in the net magnetic moment. On the
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other hand, substitution of Fe*™ (5 uz) by less magnetic Cr>"
(3 up) would result in dilution of magnetization on the same
site. Hence, this might cause an interesting competition
between two ions at the same site, leading to an increase in
the value of Mg to certain specimen level and starts to
decrease afterwards. However, the overall effect of Co-Cr
substitution is to increase Mg value to acceptable figure for
different magnetic applications.

With an increase in Co-Cr level of MgFe,0,, coercivity
increases initially to dopant content, x=0.2 and start to
decrease for higher level of substitution as shown in Table
III. This decreasing trend might be due to the decrease in
magneto crystalline anisotropy.

The Co-Cr doped magnesium ferrite nanomaterials syn-
thesized in the present work are found to have high satura-
tion magnetization (max~299 kA/m) and moderate
coercivity value (4.51-27.33 kA/m) and, therefore, may be
considered attractive materials for certain applications. For
example, despite gradual leaning toward perpendicular re-
cording media where high saturation magnetization and high
coercivity is required, in case of longitudinal recording
media high coercivity is avoided in order to facilitate re-re-
cording.' The Co-Cr doped magnesium ferrite nanomateri-
als could serve this purpose.

C. Electrical properties

Variation in dc-electrical resistivity (p) of the synthesized
samples measured in the temperature range of 298—673 K is
shown in Fig. 5. This figure exhibits a rapid increase in resis-
tivity with temperature increment (metal like behavior), fol-
lowed by a linear decrease above a specific transition
temperature T);s. Such resistivity—temperature behavior has
also been reported for AI-Cr substituted spinel ferrite.”? This
resistivity—temperature behavior may be attributed to several
factors including the occurrence of phase transition, cations
migration, cations re-ordering, presence of impurities, and the
magneto-transport effect. In this case, however, there is no
real possibility of any phase transition at such low tempera-
tures (358-373 K) and the XRD data do not show the pres-
ence of any impurity phase in the samples. The cation
migration is also not so fast at such low temperatures to give
rise to the observed behavior but cannot be excluded. The
other possible and most likely cause of the observed metallic

(<)
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nw

275 325 375 425 475 525 575 625 675
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FIG. 5. (Color online) Plot of dc-electrical resistivity of Mg;_,CoCry
Fe, O4 (x=0.0—0.5) vs temperature. Inset shows Arrhenius type plot of
In p vs 1000/T for representative samples of Co-Cr doped magnesium
ferrite.
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behavior at low temperatures of ~373 K is the absorbed water
as spinel magnesium ferrites are generally hygroscopic in na-
ture.”® Although the experiments were performed in dry
atmosphere, the possibility of moisture present deep within
the pores of the samples pellets cannot be ruled out.

Electrical properties of ferrites generally depend upon the
composition and preparative parameters of the synthesized
materials.>* Electrical conduction in ferrite nanomaterials is
due to electronic hopping between ion pairs of the same type
of element on equivalent sublattice sites but having different
valence state. The number of such ion pairs depends upon the
sintering conditions and extent of reduction of Fe® " to Fe*" at
elevated temperature. Fe*/Fe" ratio on the B-sites controls
the overall resistivity in ferrites materials. Room temperature
resistivity (p*7) of magnesium ferrite samples increases from
a value of 7.50 x 10°-3.47 x 10° Qcm by doping with differ-
ent contents of Co-Cr binary mixture (Table III). A sharp and
significant increase in resistivity for low levels of the dopants
is quite noticeable while the increase is less pronounced for
higher concentration (Fig. 6). Spinel ferrites have been previ-
ously doped with Ca*",*> Zn*",*® Zr-Mn,?” Co-Ni,*® and Zr-
Ni,?? and their room temperature resistivity is found to be in
the range of 10°~10” Q cm which is ~100 times less than that
achieved in this study. So, Co-Cr doped materials can be suit-
able to curb the eddy current losses for microwave applica-
tions. However, direct magnetic loss measurements in a wide
frequency range and their complete analysis,*® are required to
fully address the applicability of Co-Cr doped materials for
microwave applications; we plan to do this study elsewhere.

Variation in resistivity with dopant concentration is
explained based on occupancy of cations in the sub-lattices
of the spinel structure. The conduction in magnesium ferrite
is due to transfer of electrons between Fe*™ and Fe*" ions.
In Co-Cr doped samples, substitution of Cr’" for Fe"
results in a decrease of Fe>" ions at B-site (which are in fact
responsible for hopping). However, substitution of Co®" at
the B-site might generate holes by the following exchange
reaction, which can also be involved in conduction:

Co*" 4+ Fe’t « Co’T + Fe?t. 3)

The electron hopping however, would mainly contribute in
conduction and the overall effect of doping of binary mixture
of Co-Cr is to increase in resistivity.

In ferrites, the electrons are localized and an overlap
between the wave functions of ions situated on adjacent sites
is small. The electron mobility is temperature dependent and

4 6 8 10 12 14 16
Inf

FIG. 6. (Color online) Dielectric constant (¢) of Mg, (Co,Cr.Fe, ,O4
(x=0.0—-0.5) vs Inf.
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is characterized by activation energy. The activation energy
in the present case is obtained by fitting the dc-resistivity
data to the Arrhenius relation,

o E
p = o exp (m) ©)

where E, is the activation energy and kp is the Boltzmann
constant. The inset of Fig. 5 shows the variation of In p with
10*/T of some of the samples. The values of activation
energy are in accordance with the resistivity data.

D. Dielectric properties

The variation of the real part of the dielectric constant
(é) as a function of applied frequency at room temperature is
shown in Fig. 6. The dielectric constant has been calculated
in a frequency range of 100 Hz-3 MHz from the following
relation:

, Cd

g = A (7N
where C is the capacitance of the pellet in farad, d is the
thickness of the pellet in meter, A is the cross-sectional area
of the flat surface of the pellet, and ¢, is the permittivity con-
stant of free space.

The dielectric constant is normally quite high but
decreases rapidly with an increase in frequency in the low
frequency regime, however a small decrease is observed in
the high frequency region, which is normal behavior of fer-
rite materials. A similar variation of the dielectric constant
with frequency was observed in the cases of ZnFe,O,4 and
MnFe204,31 Zn,Cu,_,Fe>0, and MnxCul,xFeQO4.32

Dielectric behavior of the spinel ferrites can be
explained by considering interfacial polarization due to sur-
face effect. At low frequency, the dipolar and interfacial
polarization both contribute to the value of dielectric con-
stant but at higher frequency, only the electronic polarization
becomes significant. At low frequency, the electron
exchange between Fe’" and Fe*" ions is capable to follow
the alternating field but the frequency of electron exchange
between two ions cannot follow the high alternating field.
This results in a decrease in polarization and the conduction
lag beyond a certain frequency of externally applied field.
Therefore, the value of dielectric constant is lower at high
frequencies than at low frequencies. Furthermore, the dielec-
tric properties of heterogeneous systems like ferrites are de-
pendent on several factors including the method of
preparation, sintering temperature, sintering atmosphere, etc.
Since, ferrite powdered samples are sintered under slightly
reducing conditions, the divalent iron Fe*" is expected to be
formed in the body of the ferrite material leading to high
conductivity grains. When such a material is cooled in an
atmosphere of oxygen, it is possible to form layers of very
low conductivity over its constituent grains. Almost all the
ferrites in the polycrystalline form have such high conductiv-
ity grains separated by low conductivity layers so that they
behave as heterogeneous dielectric materials. Due to the het-

J. Appl. Phys. 111, 033906 (2012)

erogeneous dielectric behavior, dielectric constant as high as
10°-10° is observed in the case of ferrites at low frequencies.

The room temperature value of dielectric constant for dif-
ferent dopant concentration is observed to decrease from 564
(x=0.0) to 96 (x=0.5) at frequency of 10 kHz and listed in
Table III. These values are 10% to 10° times smaller than those
of bulk magnesium ferrite. Dube™ has also observed a
decrease in dielectric constant for nanoparticles by about
3%—-8% compared to bulk particles (50 pum and above).
El Hiti** has obtained a value of 10* for ¢ at 312 K (at 1 kHz)
for the bulk MgFe,O,. In the present studies, & is found to be
in the order of 10'=10 for the Co-Cr co-doped samples at the
same temperature and 10 kHz, which is two orders of magni-
tude smaller than that of the bulk MgFe,O,. The considerably
high values at low frequency can be attributed to higher ca-
pacitance of the grain boundary. It can be seen from Fig. 6
that the dispersion of ¢ with the frequency is maximum for
undoped Mg-ferrite and magnitude of dispersion decreases as
more Co-Cr is incorporated. The decrease in the value of &
with Co-Cr content is due to reduction in Fe contents to be
polarized (space charge carriers) at the B-site, resulting in a
low space charge polarization governed by space charge car-
riers and resistivity of the materials. Further, since electrical
resistivity and dielectric both are transport properties whose
variations are proportional to the sample composition, possi-
bly the mechanism responsible for these two phenomena may
be the same or similar to each other (see Fig. 7).

Figure 8 shows the variation of dielectric loss
tangent (tano) with frequency, at room temperature for
Mg, Co,CrFe, O, samples. By an increase in frequency,
the value of tan d initially decreases faster than that of & but
the rate of decrease becomes closer to that of £ at high fre-
quency range, which is normal behavior of ferrites. The
value of tan ¢ depend upon a number of factors, such as stoi-
chiometry, Fe?t content, and structural homogeneity, which
in turn depends upon composition and sintering tempera-
ture.>> The observed decrease in tan & with an increase of fre-
quency can be explained on the basis of Koop’s
phenomenological theory.*

In the low frequency region, which corresponds to high
resistivity (due to grain boundaries), more energy is required
for electron exchange between Fe?™ and Fe®" ions and thus
energy loss is high. In the high frequency range, which corre-
sponds to low resistivity (due to the grains), a small energy
is needed for electron transfer between Fe>™ and Fe*" ions
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FIG. 7. (Color online) Variation of room temperature resistivity (p®") and
dielectric constant (¢') with Co-Cr content for Mg; ,Co,Cr,Fe, ,O4
(x=0.0-0.5).
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24
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FIG. 8. (Color online) Dielectric loss tangent (tand) of Mg; ,Co,Cry
Fe, O4 (x=0.0—0.5) vs Inf.

in the grains and accompanied by a small eddy current and
hence a decrease in the energy loss. None of the samples
exhibits the loss peak. The peaking nature occurs when the
jumping frequency of electrons between Fe*™ and Fe®' is
equal to the frequency of the applied ac field. All the samples
show dispersion in tan d in lower frequencies.

Iwauchi®” has clearly established a reciprocal relation-
ship between dielectric losses and dc-electrical resistivity.
Table III shows the compositional dependence of tan ¢ at 10
kHz and found to be much smaller than that of reported for
bulk magnesium ferrite. El Hiti>* has obtained a value of 10"
for tan ¢ at 312 K (at 1 kHz) for the bulk MgFe,O,4 prepared
by ceramic method. In the present study, tan J for all samples
is about 0.5-1.0 at 300 K and 10 kHz. The dielectric loss is
thus found to be two orders of magnitude lower compared to
that of the bulk.**

IV. CONCLUSIONS

An attempt is made to meet the challenges for the
advancements in the new ferrite technology. The PEG
assisted route is a reliable and economic method to synthe-
size spinel single-phase and nano-crystallite magnesium fer-
rite with crystallite size in the range 23-47 nm. Co-
substitution of Co-Cr at magnesium and iron sites in magne-
sium ferrite accompanies complicated effects on magnetic
properties, however, produces quite significant and remark-
able changes in the structural, electrical, and magnetic prop-
erties. The synthesized nanomaterials possess high saturation
magnetization and moderate coercive field and may have a
potential for different magnetic applications. The improve-
ment in room temperature resistivity together with low
dielectric loss indicates that Co-Cr doped Mg-ferrite can be
useful for switching applications.
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