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The addition of Cu on the structural, optical, and magnetic
properties of MgFe, O, prepared by a ceramic technique has been
investigated. The Me-O and Me-Me bond lengths increase with
the addition of Cu. IR spectra show bands at 540 and 460 cm™,
which confirm Fe* ions in both tetrahedral and octahedral sites.
Room temperature Mossbauer spectra of MgFe,O4 compounds in
zero applied magnetic field show the general trend of increasing
hyperfine value and A-B exchange interaction caused by Mg>* ion
with Fe** ions. The addition of copper increases the isomer shift
and quadruple splitting of the doublet.
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INTRODUCTION

Polycrystalline ferrites are optimal structural materials in
high and very high frequency circuits, owing to their excel-
lent electrical and magnetic properties. Moreover, they are
more stable than other competing materials, and are able to
fulfill a range of applications in radio frequency circuits, op-
erating devices, transformer cores, high-quality filters, choke
coils, data storage devices, noise filters, recording heads, an-
tennae, read/write heads for high-speed digital tape, and coil
cores.!'-%1 Many physical properties of ferrites depend on their
microstructure, porosity, grain size, state of chemical order, and
the cation distribution,!”~'% and are also strongly connected with
the preparative methods."!! Magnesium ferrite is a soft mag-
netic n-type semiconducting material that finds application in
heterogeneous catalysis, sensors, photoelectrical, and magnetic
technologies.!'> 131 The structural formula of magnesium fer-
rite is usually written as (Mg%fx Felt)[Mg2* Fegfx]04, where
round and square brackets denote cation sites of tetrahedral (A)
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and octahedral [B] coordinations, respectively, and x represents
the degree of inversion, which is defined as the fraction of the
(A) sites occupied by Fe’* cations. Interesting physical and
chemical properties of ferrospinels arise from their ability to
distribute the cations among the tetrahedral (A) and octahedral
[B] sites.[”"'% Ladgaonkar and Vaingankar!® proposed that it
is their structural, electrical, and magnetic properties of spinel
that determine their applications in many fields. Sepelak et al.l'¥]
studied changes in the structure of MgFe,0O,4 caused by high-
energy milling using X-ray diffraction (XRD). Rane et al.l!”]
prepared MgFe,0, from synthetic iron oxide obtained from
chemically beneficiated iron ore rejects. The cation distribution
occurs in such a way that there is not much change in the Fe?*,
in spite of the presence of Si, Al, and Mn as impurities. Magne-
sium ferrite belongs to a partially inverse spinel type, and can be
considered as a collinear ferrimagnet whose degree of inversion
depends on the thermal history of the sample. The kinetics of for-
mation of MgFe, 0,4 was studied by Moustafa and Morsi.['®! The
structural and magnetic properties of MgFe,O4 were determined
from transmission electron microscopy, XRD, Mossbauer spec-
troscopy, and magnetometry by Oliver et al.!!”! Narasimhan and
Swamy!!3! explained interesting variations in cation distribution
in solid solutions of composition MgAl, x\Fe,O4 (x = 0 to 2).
Although extensive studies have been performed on the influ-
ence of other cations on MgFe,O,, very limited information is
available on the addition of Cu in the ferrite compound. This
article reports the results of a study on the structural, optical,
and magnetic properties of MgFe, O, using XRD, IR absorption
spectroscopy, UV-VIS-transmittance spectra, scanning electron
microscopy (SEM), and Mossbauer studies.

EXPERIMENTAL

Magnesium ferrite was prepared by a solid-state reaction
method using analytical grade MgO and Fe, O3 and Cu powder.
10 wt% of Cu was used. The mixture taken in stoichiometric
proportions was thoroughly ground to obtain a fine blend, pre-
sintered at 900°C for 24 h, and slowly cooled to room temper-
ature. The pre-sintered powders were pelletized in a hydraulic
press at 4 T/cm? to obtain 1 and 2.5 cm diameter pellets. Then
the pellets were sintered at 700°C, 1000°C, and 1300°C for 70 h
and furnace-cooled.
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XRD analysis of the ferrite samples were carried out with a
JEOL XRD unit (Model 8030) using CuKe radiation (1 = 1.54
A). FTIR spectra of the samples were recorded in the range
of 400-1000 cm™! in KBr using a Perkin-Elmer IR spectrom-
eter. UV-transmittance curves were also made using (Varian
Carry 500 Scan) UV-VIS-NIR spectrophotometer. Microstruc-
tural features were examined using a HITACHI S-3000H Scan-
ning Electron Microscope. Mdssbauer spectral measurements
were carried out at 298K under an external magnetic field ap-
plied perpendicular to the yray direction using a >’Co/Rh y-ray
source. The velocity scale was calibrated relative to 3’Fe in
Rh.

RESULTS AND DISCUSSIONS

X-Ray Diffraction

Figure 1 shows the XRD patterns of MgFe,O4 with and
without Cu prepared by sintering at 1300°C. The patterns reveal
the formation of a single-phase cubic spinel. From the data, the
lattice parameter (a), X-ray density (Dy), structure factor F(6),
and oxygen ion positional parameter (u) were calculated and are
presented in Table 1. The lattice parameter a is calculated from
the following relation:

a=dyh?+k>+12) (1]

where d is the interplanar distance for the plane hkl. The lat-
tice parameter a increases with the addition of copper ions,
which is attributed to the replacement of smaller Fe** (0.64
A) ions by larger Mg?* ions (0.66 A). A similar behavior was
reported for Ti-substituted Nip3Zng;Fe,04, which is neither

E

(311)
{400)

-_—
o
~r
-3
—

Intensity (arb.units)

1 ] |
20 40 60 80
Bragg angle,26 (deg )

FIG. 1. X-ray diffraction patterns of (a) MgFe;O4 and (b) MgFe,O4 + 10
wt% Cu sintered at 1300°C.
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TABLE 1
Lattice parameter, x-ray density, structure factor, and oxygen
ion positional parameter for MgFe,O4 compounds

Lattice X-ray Oxygen ion
parameter density  Structure  positional
Sample a, (A) (g/cm®)  factor F(9) parameter (u)
MgFe,04 8.352 4.576 1.339 0.431
MgFe,04+10 8.372 4.544 1.411 0.431
wt% Cu

a complete normal nor an inverse spinel.'”! The same trend
was reported for Ca-substituted MgFe,Oy; it is found that a
maximum of 23% of Ca’* can be substituted for Mg?*.[20]
The X-ray density (Dy) was calculated using the following
formula:

_ 8M

by = Na3

(2]

where M is the molecular weight of the spinel, N is the Avo-
gadro number, and a is the lattice parameter. The X-ray density
decreases with the addition of copper content. This can be as-
cribed to the density and atomic weight of magnesium (1.74
g/cm3, 24.31 amu), which are lower than those of iron (7.87
g/cm?, 55.85 amu) and copper (8.93 g/cm?, 63.55 amu). The
structure factor is a function of oxygen ion positional parameter
and distribution parameter (y). The formula for the structure
factor for the planes (hkl) are given by Furuhashi et al.>!! The
formulae for the multiplicity factor and Lorentz polarization fac-
tor are taken from the literature.”?! The oxygen ion positional
parameter is calculated by the following equation/?!:

1 1
u= |:(FA+RO)E+ZC| [3]

From the values it is observed that the lattice parameter and
the structure factor are found to increase with the addition of Cu
in MgFe,0,4, whereas the X-ray density is found to decrease.
The oxygen ion parameter has been found to be equal in both
cases. In both cases, the higher octahedral energy for Mg>*
ions in comparison to that of Fe’* ions coupled with low oxy-
gen parameter (0.381) accounts for the inverse structure. It may
be noted that the oxygen positional parameter is a qualitative
measure of the size of tetrahedral sites.['8! The values of oxy-
gen positional parameter for both compounds (0.431) reflect the
presence of the same quantity of Mg+ ions at the tetrahedral
sites. The values are higher than the reported value (0.381),
indicating that the compounds show some deviation from the
ideal spinel ferrite. It is due to a gradual increase in Mg?* ions
in the tetrahedral sites.!'8 In order to determine cation distri-
bution, X-ray intensities were calculated using the following
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formulal?*!:
Init = | Fyu|*PLp [4]

The distribution of divalent and trivalent cations among tetra-
hedral and octahedral sites in both ferrite samples are determined
from the ratio of intensities of X-ray diffraction lines I»y0/1440
and Ly/Tago.*! The intensity of 220 and 422 planes are mostly
sensitive to cations on tetrahedral sites?®2’! and that of 400
planes to the cations in the octahedral sites.!?®! The intensity of
the 511 plane is sensitive to the oxygen ion parameter.”’! The
intensities of the 220 and 422 planes increase with the addition
of Cu. This observation reveals that the occupancy of Mg>*
ions increases in the A-site. The distances between a cation
and its nearest anion!?® 2! and the radius of the tetrahedral and
octahedral intensities of the samples were calculated using the
following equations, and are presented in Table 2.

d; = a)3u — 0.125) [5]
do = a)(Buy — 2u + 0.375) [6]
re=d —r3 [7]
ro=dy—ry [8]

where r; and r, are the radii of the tetrahedral and octahedral
intensities, and d; and d, are the distances between a cation and
its nearest anion.

From the table, it is clear that the occupancy of Mg?*, Fe3*
ions in both the A- and B-sites increases with the addition of
Cu. The bond lengths between the cations (Me-Me), and anions
(Me-O) were calculated using the following relations, and the
values are presented in Table 2.

From the table, it is seen that the Me-O and Me-Me bond
lengths increase with the addition of Cu. The increase in Me-
O and Me-Me bond lengths may be due to the occupancy of
increasing amounts of Mg?* ions in the A-site. The increase
in Me-O and Me-Me distances may enhance the strength of
magnetic interactions on the replacement of magnetic Fe** ions
by non-magnetic Mg+ ions.

FTIR

Figure 2 shows the FTIR spectra of the pure MgFe,O,4 and
Cu-added MgFe,04. All the samples show two prominent ab-
sorption bands v and v, in the range 540 to 460 cm~ L. Band v,

Me-Me

b=,% [13]
c=4J11 [14]
d=4%/3 [15]
e= (33 [16]
f=EV6 [17]

Me-O

p=az—uw 9]
q=a(u—y))3 [10]
r=a(— )11 [11]
s=%u+1)3 [12]
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is caused by stretching of tetrahedral cation and oxygen bond-
ing, while v, is ascribed to vibrations of oxygen in a direction
perpendicular to the axis joining the tetrahedral ion and oxy-
gen. According to Patil et al.*®! band v, originates from intrin-
sic vibrations of the tetrahedral complexes corresponding to the
highest restoring force, while band v, starts from intrinsic bond-
bending vibrations of octahedral complexes. It can be seen from
the spectra that v; > v,. Furthermore, the absorption bands for
the ferrites are found to be in the expected range. The difference
in the band positions is due to difference in the Fe3*— 0%~ dis-
tance in the octahedral and tetrahedral configurations.*!] A third
band (v3) in the spectra is attributed to an Mg2+— 0% complex
at the octahedral site. The frequency of band v4 depends on
the mass of the tetrahedral metal ion complex and hence it is
responsible for lattice vibrations of ions at the tetrahedral site.
Srivastava and Srinivasan!®?! stated that the bond stretching for
tetrahedral sites would lead to a higher force constant than that
for the octahedral site. The shoulders v, and v, at 476 cm™!
and 449 cm™!, respectively, are assigned to Mg?>t— 0%~ bond
in Cu-added MgFe,0,4 synthesised at 1000°C. Splitting of v
and v, into shoulders is not observed for Cu-added MgFe,04
at 700°C, which also confirms the absence of excess Fe** ions.

Transmittance,(*.T) (arb. units)

] 1 1 1 ] ] ] ] | 1 1

1000 900 800 700 600
Wavenumber, (cm™?)

500 400

FIG. 2. IR spectra of (a) MgFe;O4 + 10 wt% Cu sintered at 700°C, (b)
MgFe,04 sintered at 1000°C, and (c) MgFe;O04 4+ 10 wt% Cu sintered at
1000°C.
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TABLE 2
Interatomic distances, radii of the tetrahedral and octahedral intensities, and bond lengths between cation-anion (Me-O) and
cation-cation (Me-Me)

Compound dAd) db@A) rd) KA pA qA) rd) sA bA) c@A dA) el fA)
MgFe, 04 4.4266 2.2145 3.1066 0.8945 058 443 848 1.73 295 346 362 542 5.11
MgFe, 04 + 10 wt% Cu  4.4372 2.2198 3.1172 0.8998 0.58 4.44 850 1.73 296 347 3.63 544 5.13

Similar results have also been reported by Shaikh et al.33in the
case of Li-Zn-Zr system.

The molecular weights of tetrahedral site (m,) and octahedral
site (m,) were calculated using cation distribution:

(Mgéjm F 6326) [Mg(z).;ﬁ F e?tm] O4

Cation distribution in the MgFe,0, from X-ray intensity
calculations is required for the estimation of the force con-
stants.?* 3] The force constants of tetrahedral site (k;) and oc-
tahedral site (k,) were calculated from IR absorption data using
the following relations.

v
=

K, = 0.044150} M, [V [18]

_0.942128M,v3

0o =

[19]

(M, + 32)
_ 642Mu _ 2K,
HereV—T‘andU— m

where M| and M, are the molecular weights of the cations on
A- and B-sites, respectively. Table 3 summarizes the values of
v1, Ua, K¢, and k,, for the samples of MgFe,O4 with and without
addition of Cu. From the table it is observed that the force
constants k; and k, increase with the addition of Cu as well as
with sintering temperature.

TABLE 3
Vibrational frequencies and force constants for MgFe, Oy
compounds
Sample with
sintering vy, Vs
temperature (nm) (nm) k,dyn/cm?) Kk, (dyn/cm?)
MgFe,;04 + 10 537 463 2.1822 x 10° 1.4487 x 10°
wt% Cu at 700°C
MgFe;O4+10 wt% 537 464  2.23 x 10°  1.4506 x 10°
Cu at 1000°C
MgFe,0, at 539 464 2.1859 x 10° 1.4521 x 10°
1000°C

UV Transmittance

The UV-transmittance spectra of the samples were recorded
in the wavelength range 200 < A < 1000 nm, and are presented in
Figure 3. The values of absorbance, band edge, and fundamental
absorbance edge derived from the figure are presented in Table
4. The fundamental absorption edge (FAE) decreases with the
addition of Cu and increases with sintering temperature. This
shift in the band edge energy is ascribed to the distortion of the
band by lattice interaction.!*®! From the linear part of the curve,
the extrapolated optical band gap, E,, for o = 0 for each curve
was calculated using the following equation:

1.24
E, = —

. (20]

Transmittance (*%T) (arb.units)

1 1 1
200 400 600 800 1000
Wavelength (nm)
FIG. 3. UV-transmittance spectra of MgFe,O4 sintered at (a) 700°C; and (b)

1000°C MgFe,04 + 10 wt% Cu sintered at (c) 700°C, (d) 1000°C, and (e)
1300°C.
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TABLE 4
Absorbance, band edge, and fundamental absorption edge of
MgFe, 04 compounds

Sample with sintering Band edge FAE

SI.No. temperature Absorpance (eV) (nm)
1 MgFe,04 at 700°C 1.2303 2.40 516
MgFe,04 at 1000°C 1.2589 2.56 484
3 MgFe, 04+ 10 wt% 1.1220 2.46 503
Cu at 700°C
4 MgFe,04+10 wt% Cu  1.1482 2.67 465
at 1000°C
5 MgFe,04 + 10 wt% 1.1220 2.74 452

Cu at 1300°C

It is found that the band edge (eV) increases with addition
of Cu and also with the increase in sintering temperature. As a
result, the band edges shifted from 2.40 to 2.74. For wavelengths
above 800 nm, the transmittance of the sample is found to be
constant. The percentage transmittance is found to be influenced
by the addition of Cu and also by the sintering temperature. It

1 00um

0 OkY us00
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is seen that the FAE decreases with the addition of Cu and also
by the sintering temperature, except at 484 nm.

Scanning Electron Microscopy

Figure 4 shows the SEM microstructures of MgFe,O4 with
and without Cu prepared at various sintering temperatures (700,
1000, and 1300°C). The micrographs show that the morphology
of the compound is highly influenced by the addition of Cu. The
parent compound shows a fine structure with faceted crystallites
leaving behind many residual pores. The presence of voids is
due to the migration of vacancies from the pore or the neck
of the grain boundary. The crystallites are spherical in shape.
(Figure 4). Figure 4 reveals the highly dispersed nature of the
particles, which appear to aggregate. The duplex structure is
formed during the sintering process, with small grain bridges
forming around large crystallites. The smaller grains imply that
a large number of insulating grain boundaries act as barriers
to the flow of electrons. Figure 4 shows the morphology of
the sintered Cu-added MgFe, 0,4 at 1000°C. The microstructure
has a significantly finer grain size, suggesting that the diffusion
was impeded when the two phases were well mixed. Figure 4
shows a dense, and homogenous surface with little pores. The
average grain size and grain growth seem to have increased with
sintering temperature.

FIG. 4. SEM images of (a) MgFe;04; and MgFe;04 + 10 wt% Cu sintered at (b) 700°C, (c) 1000°C, and (d) 1300°C.



' . - .

:l-_ﬁ-: . e W EY g . o) L)
B .
3 (D D : K o .‘ ... . 5
ft L

&

c

o

0

2 s

=

w

g

-100 0 10.0
Velocity (mm/s)

P

c

b=

&

.-

=

o

K]

v

E

v

c

2

- 1 1

1
-10-0 100

0
Velocity (mm/s)

FIG. 5. Room temperature Mossbauer spectra of (a) MgFe;O4 and (b)
MgFe;04 + 10 wt% Cu samples sintered at 1000°C.

Méssbauer Spectrum

Room-temperature Mdssbauer measurements performed on
1000°C sintered MgFe,0,4 with and without copper are shown
in Figure 5. The spectra show two sextets and one doublet ab-
sorption. The sextet indicates a magnetic site, while the doublet
shows a non-magnetic site. The spectral lines also reveal a partial
collapse of the magnetic hyperfine splitting and the appearance
of a central doublet (Figure 5). The doublet can be understood
to arise from °’Fe in ultrafine ferrite particles exhibiting super-
paramagnetic behavior.!*”> 3 The room-temperature Mssbauer
spectrum of MgFe, 04 was taken at zero applied magnetic field,
which indicates that there is a particle overlap of the (A) and
[B] sub-spectra due to the smaller difference between the hyper-
fine fields of the iron atoms in the two sub-lattices. The almost
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complete resolution of the patterns in the case of MgFe,O4
is due to octahedrally and tetrahedrally coordinated Fe** ions.
The hyperfine parameters of MgFe, 0,4 and Cu-added MgFe, 04
sintered at 1000° C are presented in Table 5.

The general trend of increase in the hyperfine value is pre-
sumably due to the strengthening of A-B exchange interaction
caused by Mg?* ions with Fe’* ions.?°! It also indicates that
the isomer shifts and the magnetic hyperfine field values are
consistent with the high spin Fe** charge state.[*”! The addition
of copper increases the isomer shift values from 0.82 to 1.15,
which indicates that the s-electron charge distribution of the
Fe3* ions changes with the addition of Cu. As indicated, the
samples exhibit typical relaxation spectra at room temperature
and could be analyzed in terms of the superposition of two sex-
tets and one quadrupole. For the exchange-coupled Fe* ions in
the octahedral sites, it appears that upon addition of Cu there is
an overall increase in the hyperfine splitting value from 46.5 to
50.8 in the A-site and 50.1 to 60 in the B-site. This could be due
to the relatively strong ferromagnetic exchange interaction with
increasing number of Mg?* ions.!*! The degree of inversion,
calculated from the sub-spectral area ratio, decreases with the
addition of Cu. The sextet with the largest hyperfine field value
of 50.1 and the largest center shift is assigned to the Fe* ions at
the B-sites and the sextet with the smallest hyperfine field value
of 46.5 and the smallest center shift is assumed to arise from the
Fe’* ions at A-sites.[*!! Apart from the well-defined sextets, the
Maossbauer spectra also consist of a super-paramagnetic doublet
whose intensity increases as the particle size decreases. The
quadruple splitting of this doublet also increases with the addi-
tion of Cu from 0.84 to 1.08. The sextet with the higher isomer
shift (IS ) value of 0.82 and smaller hyperfine splitting (Bpsa)
value of 46.5 represents the A-site. The sextet with the lower
isomer shift (ISg) value of 0.53 and largest hyperfine splitting
(Bysg) value of 50.1 represents the B-site [42]. Thus, each sextet
corresponds to Fe** ions either in A- or B-sites within the fcc
array of oxygen atoms.

The Mossbauer spectra of MgFe, 0,4 and Cu-added MgFe, 04
show a small (relative areas of 5% and 9% at the A-site and B-
site, respectively) doublet as well as two sextets. Two sextets
are observed in the Mdssbauer spectra of the inverse spinels
due to two environments for Fe3* jons (A-site and B-site), both
of which are magnetic due to antiferromagnetic coupling be-
tween the two sites. For magnetically ordered spinel ferrites,
the magnetic hyperfine field due to Fe at A-sites (Bpsa) is

TABLE 5
Hyperfine parameters of MgFe,O4 compounds
Isomer shift  Isomer shift Hyperfine Hyperfine
Sample IS(a) (mm/s) ISy (mm/s) Area (%) Bpra) (T) By (T)  Area (%) QS (mm/s) Area (%)
MgFe; 04 0.82 0.53 51 46.5 50.1 44 0.84 05
MgFe;04 +10wt% Cu 1.15 0.34 46.9 50.8 60 31 1.08 09
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usually smaller (46.5, 50.8) than that of Fe at B-sites (Bysg)
(50.1, 60) [43]. The hyperfine fields By for the A- and B-sites
are determined from the separation between the centroids of
the peaks in each Zeeman pattern. The occupation numbers of
the Fe** ions can be considered proportional to the correspond-
ing areas of their Mossbauer spectra. Consequently, the relative
numbers of Fe** ions in the A- and B-sites are determined from
the ratios of the areas under the two sub-lattices.>"!

CONCLUSIONS

The influence of Cu addition on the structural, optical and
magnetic properties of MgFe,O4 has been investigated by using
XRD, IR absorption spectroscopy, transmittance spectroscopy,
SEM, and Mossbauer spectroscopy. The X-ray analysis con-
firmed the single-phase cubic structure of the samples. The
lattice parameter and structure factor were found to increase
with the addition of Cu whereas the X-ray density was found
to decrease. The oxygen positional parameter has been found to
be equal in both the cases. The Me-O and Me-Me bond lengths
increase with the addition of Cu due to the increased occupancy
of Mg?* ions in the A-site. IR spectral analysis confirms the
presence of Fe’*, Mg”* ions on both tetrahedral and octahedral
sites. The force constants k; and k,, are found to increase with the
addition of Cu and with sintering temperature due to stretching
vibrations of the ions at the tetrahedral and octahedral sites. The
optical band gap has been found to increase with the addition of
Cu and also with an increase in sintering temperature, whereas
the fundamental absorption edge decreases due to the distor-
tion of the band by lattice interaction. The SEM features clearly
show that the morphology of the compound is highly influenced
by the addition of Cu. Mossbauer studies show an increase in
the hyperfine value with the addition of Cu, presumably due to a
strengthening of A-B exchange interaction caused by the Mg+
ions with Fe3* ions. The addition of copper also increases the
isomer shift values and quadruple splitting of the doublet.
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