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Abstract Magnesium substituted nickel nano-ferrite
Mg _xNixyFe;04 (x = 0.0, 0.1, 0.3, 0.5, 0.7, and 1.0) was
synthesized by the citrate-gel auto-combustion method.
Synthesized powders were sintered at 600 °C for 4 hours
and characterized by X-ray, High Transmission Elec-
tron Microscopy, Brunauer-Emmett-Teller, Atomic Force
Microscopy and Energy Dispersive X-ray Spectroscopy
analyses. The impact of replacing Mg ions by Ni on the
structural parameters and magnetic properties of the sys-
tem was investigated utilizing X-ray diffraction and x-T
magnetic measurements at room and low temperatures.
The crystallite sizes were found in the range of 24.6 nm —
27.6 nm. The variation of lattice parameter, the roughness,
surface area and the porosity size upon increasing the Ni
content were determined and then correlated with the cation
distribution and the magnetic behavior. The coercivity (H)
values vary from 56.4 Oe to 130 Oe. These values make the
investigated samples well suited for their use in recording
media. Magnetic parameters such as saturation magnetiza-
tion, and Curie temperature (T.) assured the existence of
a critical concentration at x = 0.3 in which the anomalous
character appeared.
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1 Introduction

Soft ferrites are most versatile in their technological appli-
cations [1-3]. Recently special focus has been placed
on obtaining ferrite as a particulate environment through
unusual methods, especially chemical methods [4]. Chem-
ical methods provide uniform distribution of ions at the
molecular level, high purity of the products and an effi-
ciency of practically 100%.

Magnesium ferrite (MgFe,O4) is an important material
in the category of cubic spinel ferrite. The spinel name is
given due to its structure in which metal ions are distributed
between tetrahedral (A site) and octahedral (B site) sites in
a unit cell formed by oxygen ions [5—7]. The distribution of
metal ions through the A site and B site affects the magnetic
properties of MgFe;O4, which may be controlled by thermal
treatment and crystallite size [8—10].

Magnesium ferrite belongs to the soft magnetic materi-
als group, which is easily magnetized and demagnetized So
it shows a good potential for novel applications as humid-
ity control, drug delivery, data storage and transmission,
spintronics, microwaves and sensors [11-14].

A lot of efforts have been carried out for the synthesis of Mg
Fe;O4 with improved magnetic and physical properties [15].

The electrical, structural and magnetic properties of mag-
nesium can be tailored either by changing the microstructure
or by incorporation of different metal ions [16]. Several
researchers have studied transition metal substituted magne-
sium ferrites to enhance their properties such as Mg-Co/Ca
[17], Mg-Cu [18], and Mg- Zn [19].

In view of the immense importance of magnesium nano-
ferrites, an initial attempt has been made to investigate the
effect of Ni ions substitution on the structural and magnetic
properties of Mg nano-ferrite. Among the different chemical
methods, the citrate method was used to synthesize Mg-Ni
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Fig.1 X-ray diffraction
patterns for
Mg _xNixFer04(0.0 < x <1.0)
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couns/s

nano-ferrite, which yields renewable, high purity, ultrafine
single-phase nano-crystalline ferrites, giving a homoge-
neous mixture of metal ions and a relatively low cost process
as compared with other wet chemical synthesis processes.

2 Experimental Work

Mg _xNiyFe>04 (x = 0.0, 0.1, 0.3, 0.5, 0.7, and 1.0) sam-
ples were synthesized using stoichiometric amounts of high
purity (99.9%, Fisher chemicals) iron, magnesium, nickel
nitrates, and citric acid using deionized water as a sol-
vent. The structure and crystallite sizes were tested by
X-ray diffraction (XRD) patterns using Diano Corporation
target Cu-Kae (A =1.5418 A). The nanoparticles average
sizes were estimated using Scherrer’s relationship [20].

Morphological and microstructural characterization of the
nano-ferrite samples were studied by high resolution trans-
mission electron microscopy (HRTEM). Complimentary
information about the surface microstructure of the inves-
tigated samples was obtained from the three dimensional
atomic force microscopy (AFM) images using a WET-
SPM-9600 scanning probe microscope. The specific surface
area was determined by the Brunauer-Emmett-Teller (BET)
method [21] based on adsorption/desorption isotherms of
nitrogen at 77 K obtained with a NOVA 2200, USA, auto-
mated gas sorption system. The chemical composition of the
investigated samples was measured to confirm the stoichio-
metric ratio of a given system using energy dispersive X-ray
analyses (EDAX). The room temperature magnetic hysteresis
loops of the investigated samples were measured using a vibra-
ting sample magnetometer (VSM) model: Lake Shore 7410.

Table 1 Values of radii of tetrahedral and octahedral sites, experimental and theoretical lattice parameter, X-ray density, and microstrain for

Mg —xNixFe; 04 (0.0< x <1.0)

Ni content (X)  Cation distribution A (A (A ax A an(A) Dy(gm/cm?®) Strain x1073
0.0 (Mg2Jr 0.1 Fe3t g9) [Mg2Jr 00Fe3t 11104 0.498 0.679 8.397 8.381 8.381 4.300
0.1 (Mg2Jr ()'()91:“63+ 0,9])[Ni2+ ()‘]Mg2+ ()‘811:"63Jr 1.09] O4 0.497 0.678 8.391 8.377 8.377 4.300
0.3 (Mg2Jr ()'()71:‘63+ 0,93)[Ni2+ ()‘3Mg2+ ()‘631:"63Jr 1.07] O4 0.496 0.675 8.382 8.369 8.369 4.600
0.5 (Mg2Jr 0.05 Fe3t 0.95) [Ni2Jr ()'SMgZJr ()'451:‘63+ 1.051 04 0.494 0.673 8.373 8.360 8.360 4.800
0.7 (Mg2Jr ()'()31:“63+ 0,97)[Ni2+ ()‘7Mg2+ ()‘271:"63Jr 1.03] O4 0.492 0.671 8.354 8.352 8.352 3.200
1.0 (Fe3t 1) [Ni2t | oFe3t 19104 0.490 0.668  8.341 8.339 8.339 2.900
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3 Results and Discussion

XRD patterns for nano-ferrite samples of the gen-
eral formula Mg;_xNicFe;O4; (x=0.0, 0.1, 0.3, 0.5,
0.7 and 1) are shown in Fig. 1. The XRD patterns
are compared and indexed using ICDD card no. (01-
074-6653).The patterns show well-defined broad Bragg

Fig. 2 a-c: HRTEM
micrograph for Mg _xNixFe,O4
for (a) x=0.0, (b) x=0.3 and (c)
x=0.5

peaks and no impurity phase has been identified in
any of the samples. The fundamental reflections from
the crystal planes (220), (311), (222), (400), (422),
(511) and (440) characterizing the spinel ferrites are
clearly identified. The analysis of XRD patterns indicates
that the investigated samples have formed the homoge-
neous single-phased cubic spinel structure belonging to
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the space group Fd3m. The induced strain is calculated
from the Williamson-Hall method [22] and is tabulated in
Table 1. There is a small shifting of the diffraction peak
towards higher 26 as shown in Fig. 1. This means that the
crystallite sizes are decreased due to the induced strain as
shown in Table 1. The average crystallite size of the samples
(D) is determined from the broadening of the respective high
intensity (311) peak using the Debye Scherrer’s formula
[20]. The calculated data is discussed later.

The variation of the experimental lattice parameter (aexp)
with NiZt jon concentration (x) is tabulated in Table 1.
From the table it is clear that the experimental lattice pa-
rameter decreases with increasing Ni** ions concentra-
tion in the spinel oxides Mg;_xNixFe;O4. This can be
explained on the basis of the relative ionic radii of NiZ T,
Mg?*, and Fe3* ions present in the system. Since Ni**
ions have smaller ionic radii (0.69 A), than Mg>* ions
(0.72 A) in the octahedral sites, a partial replacement
of the Mgt ions by the Ni** ions causes shrinkage of
unit cell dimensions, thereby decreasing the lattice param-
eter. The experimental lattice parameter decreases grad-
ually with increasing x values satisfying Vegard’s law
[23]. The theoretical lattice parameter (ag) can be cal-
culated [24] by using the expected cation distribution of
the system as shown later. The obtained data is given in
the table. The small deviation between the theoretical lat-
tice parameter and the experimental one indicates that the
cation distribution is redistributed due to the preparation
conditions.

High resolution transmission electron microscope
(HRTEM) images and histograms of the Mgj_xNixFe,O4
are shown in Fig. 2a—c. The images show that the parti-
cles have a nearly homogeneous distribution. Micrographs
for x=0.3, 0.5 show highly agglomerated states of nano-
particles due to their mutual magnetic interactions. It is
evident from the HRTEM images that the aggregation of
particles lies in the nanometric region as shown in Table
2. The particles are observed as uniform grains without
any impurity confirming the crystalline structure of Mg-Ni
nano-ferrites which are detected by the XRD studies.

Surface roughness of nano-crystalline ferrites is charac-
terized using the AFM. Representative AFM micrographs

of the investigated samples are presented in Fig. 3a—c and
the estimated particle sizes are tabulated in Table 2. It is
clear from the table that the pure nickel has the highest
particle size. This is because nickel needs a high sintering
temperature T = 800 °C to be prepared compared with other
concentrations. The particle sizes estimated from HRTEM
and AFM are somewhat greater than the crystallite size
estimated from XRD. This is because the X-ray diffrac-
tion pattern gives the data for the crystalline region only
and the contribution from the amorphous grain surface is
not included. By analyzing HRTEM, AFM and XRD data
one can have a nearly complete picture of the particles size,
distribution and morphology.

The surface area, average pore size and pore vol-
ume of the investigated samples were determined and are
reported in Table 2. The pore size distribution confines
the shape selectivity and the effectiveness of the adsor-
bents ion-exchangers. The investigated samples possess
extremely high surface areas and narrow pore size distribu-
tions depending on Ni ion concentration. The inset of Fig.
3a shows the variation of pore size versus pore volume. The
higher peaks indicate the pore sizes that contribute the most
to the overall porosity. AFM micrographs for x = 0.0, 0.3
(in the same figure) show the type of porosity reflected by
the graph. The surface area of the samples decrease from
74.6 m?/g to 21.4 m?/g.

EDAX analysis of the investigated samples confirmed the
stoichiometric ratio of a given system as shown in Fig. 4a—c.

The atomic percentage (at.%) and weight percentage
(Wt.%) of constituent elements (Ni, Mg, Fe and O) are cal-
culated theoretically from the intermediate chemical com-
position Mg;_xNixFeyO4. The obtained data from EDAX
elemental analysis are shown in the inset of Fig. 4a—c. The
elemental analysis as obtained from EDAX is in close agree-
ment with the starting materials used for the synthesis. The
difference between the values of the atomic ratio as deter-
mined by EDAX and the expected value can be attributed to
surface crystalline defects of the nano-particles.

Figure 5a shows hysteresis loops for Mgj_xNixFe,O4
(0.0 < x <1.0). The area within the M-H loop represents a
magnetic energy loss. This area for all the samples is small
which is a specific feature for a soft ferrite. Parameters such

Table 2 Values of crystallite size from X-ray analysis and particle size from HRTEM, AFM microscopy, the BET surface area, pore volume, and

average pore diameter for Mg _xNixFe,O4 ( x =0.0, 0.3, 0.5 and 1.0)

Ni content (x)  Crystallite size  Particle size Particle size

Surface area

Average pore volume (CC/g)  Average pore diameter (nm )

XRD (nm) HRTEM (nm) AFM (nm) (mzlg)
0.0 27.60 37.50 37.50 74.60 0.11 2.24
0.3 26.00 35.00 30.00 21.80 0.06 2.23
0.5 24.60 27.50 32.50 57.50 0.12 0.24
1.0 40.20 - 45.00 21.40 0.06 0.23
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Fig. 3 a-c: Represent 3D atomic force microscopy for Mg _xNix Fe;Oy4 for (a) x=0.0 and x=0.3. (The insets represent the pore size distribution
for the two samples), (b) x=0.5 and (¢) x=1.0
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Fig. 4 a-c: EDAX images for
samples Mg;_xNix Fe,Oy4 for
(a) x=0.0, (b) x=0.3 and (c)
x=0.5. The inset tables give
quantitative estimation of
elements obtained directly from
the spectrum through its weight
and atomic percentages
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as saturation magnetization (Mg), remnant magnetization
(M;) and coercivity (H;) are determined from the hys-
teresis loop for various Ni** ion concentrations and are
tabulated in Table 3. The variation of Mg and M, with Ni
content can be explained on the basis of exchange inter-
actions between ions at tetrahedral (A) and octahedral (B)
sites [25]. Replacement of nonmagnetic Mg>t (OuB) ions

@ Springer

Element

Expected | From EDX | Expected | From EDX

27.30 17.45

47.65 54.85

25.04 27.70

by magnetic Ni>T ion (2uB) enhances the magnetization
of the B site. Hence the overall effect of Ni-substitution
is the gradual rising in Mg and M;. The coercivity Hc
of the investigated samples increases with increasing Ni*
ion concentration. This can be attributed to the gain of
anisotropy due to the migration of Mg+ ions to the tetrahe-
dral site. The Hc values vary from 56.4 Oe to 130 Oe. These
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Fig. 5 a-b: Magnetic hysteresis 50
loops for (a) Mg _xNix Fe,O4 a
(0.0 < x <1.0) at 300 K and (b)
Mgp.7 Nig 3 Fe,O4 at 300 K and % 30
77K 3
g
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values make the investigated samples well suited for their
use in recording media. The values in this range are required
for such media in order to avoid the loss of data bits [26].
The variation in the value of the saturation magnetization
with particle size may result from the cation redistribution.
The magnetic behavior is strongly influenced by surface
roughness (obtained from AFM). The maximum saturation
magnetization is obtained for Mg 3Nig 7Fe>O4 nano-ferrite
with lower surface roughness of 0.73 compared to the other
concentrations. The obtained squareness ratio (M;/Ms) for
Ni doped Mg samples is less than 0.5 as shown in Table 3.

-10000 0 10000 20000

Magnetic field (Oe)

This means that the particles only interact by magnetostatic
interactions. Also the small value of the squareness may be
due to the presence of non-interacting single domain parti-
cles with cubic anisotropy in the investigated samples [27].
The M values are used to estimate magnetic moment per
unit formula (ng) in terms of the Bohr magneton («B) using
the formula [28]

Molecular weight x saturation magnetization
5585

ng =

ey

Table 3 Values of Saturation magnetization, Remnant magnetization, Coercive field, Squarness, Energy loss, experimental and theoretical
Magnetic moment (ng) and Roughness for Mg _xNix Fe;O4 (0.0< x <1.0) at 300 K and x=0.3 at 77K

Ni content (x) M; (emu/gm) M; (emu/gm) H; (Oe) (M;/M;) Energy loss (J/gm) x10~* np (exp) np (theo) Roughness (um)
0.0 15.71 1.67 71.54 0.11 4.27 0.56 1.00 1.17
0.1 17.18 1.47 56.45 0.09 4.68 0.63 1.10 -
0.3 300K 24.95 5.22 101.13  0.21 9.96 0.94 1.30 0.73
77K 27.70 9.90 235.70  0.40 23.70 - - -
0.5 24.07 3.52 95.47 0.15 9.09 0.94 1.50 1.15
0.7 38.52 7.97 118.07 0.21 18.65 1.55 1.70 -
1.0 42.37 7.45 130.25  0.18 18.91 1.78 2.00 0.61
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Fig. 6 Magnetic susceptibility
versus temperature for 1
Mg _xNixFe, 04 (0.0< x <1.0).
The inset shows the 1
derivative of magnetic
susceptibility with temperature

* . (emu /g. mole )
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The calculated ng values are compared with the theoreti-
cal ones, ng = Mg— Mu, where M and Mg are the cation
distribution of sites A and B respectively. The magnetic
moment per unit formula is calculated using both the mag-
netic moment of each cation, (5, 4, 2 and 0 for Fe3T, Fe?t,
Ni?t and Mg”*, respectively), and the estimated cation
distributions (listed in Table 1). The calculated data are tabu-
lated in Table 3. The mismatching between the experimental
and theoretical magnetic moment can be attributed to the
surface and local spin canting effects of the present sam-
ples. The Yafet-Kittel [29] magnetic ordering of the local
moments may further explain the small values of np.

Figure 5b shows the hysteresis loops at 77 K and 300
K for Mgg 7Nig 3Fe;04. The same behavior is obtained for
both temperatures. However the saturation magnetization at
77 K is larger than that at 300 K. This is because at high
temperature thermally induced randomness is high which
decreases the magnetization. On the other hand, the ran-
dom orientation of spins at high temperature causes the
coercivity to be low as shown in Table 3.

The increase in H. is more prominent at lower tem-
perature, 77 K. It is well known that as the measurement
temperature goes beyond the Curie temperature of magnetic
materials, the materials become more and more anisotropic
[30] that causes an enhancement in coercivity of the sub-
jected materials. In the case of the investigated samples, the
value of coercivity at 77 K is found to be twice as large as
H, at 300 K. This increase may be explained on the basis of

500 700 900
Temperature (K)

1100

domain structure, critical diameter, strains and shape anisotropy
of the crystal [31]. As shown from the table at low temper-
ature the squareness ratio is increased but is still lower than
0.5.

Figure 6 correlates the molar magnetic susceptibility with
the absolute temperature at constant magnetic field intensity
(H = 5000 Oe). From the figure it is clear that yn; decreases
steadily with increasing temperature then decreases rapidly
to reach its minimum value at the Curie temperature T.

The material changes its ferromagnetic nature and becomes
paramagnetic at T, and the molar magnetic susceptibility
of paramagnetic materials decreases with increasing tem-
perature. This confirms the absence of any impurity in the
investigated samples leading to the conclusion that a sin-
gle spinel phase is formed as already predicted from the
XRD analysis. The inset of Fig. 6 shows d;—TM from which
one can determine the Curie temperature of the investigated
samples. The change of Curie temperature (T.) with Ni*
content is shown in Table 4. The obtained data obey the
well-known Curie—Weiss law where x varies linearly with
temperature in the paramagnetic region. The values of the
Curie constant (C) and the effective magnetic moment (Uefr)
are calculated from the reciprocal of magnetic susceptibility
with absolute temperature [32]. The Curie-Weiss constant
(@) is calculated from the intercept of the straight line with
the temperature axis. The experimental data is fitted linearly
and the magnetic parameters are calculated and tabulated in
Table 4.

Table 4 The Magnetic

constants: Curie temperature Ni content (x) C (emu. K/gm. mole) Hetr(B. M) 6 (K) Te (K)

(T¢),Curie constant (C), Weiss

constant (9) ,and Effective 0.0 0.15 1.10 620 625

magnetic momment (Uefr) for 0.1 0.21 1.30 640 638

Mg _xNixFez04(0.0 < x 0.3 0.47 1.90 720 725

<1.0) 0.5 0.37 1.70 775 783
0.7 0.86 2.60 815 813
1.0 0.96 2.80 860 870
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As shown from the Table T. and pesr increase linearly
with increasing Ni*t content. This can be explained on
the basis of the number of magnetic ions present in the
two sub-lattices and their mutual interactions. As Mg>*
ions are gradually replaced by Ni** ions, the number of
strong magnetic ions begins to increase at the octahedral
site which increases the strength of B-B exchange interac-
tions. Thus, more thermal energy is required to offset the
spin alignment thereby increasing the Curie temperature in
the investigated system. The increase in T, with increasing
concentration of Ni may be also explained by a modification
of the A-B exchange interaction strength due to the change
of Fe3*distribution between A and B sites.

4 Conclusion

1. X-ray diffraction (XRD) studies confirm the formation
of the cubic spinel structure without any impurity phase.

2. The crystallite sizes of the investigated nano-ferrites are
in the range of 24.6-27.6 nm.

3. EDAX analysis of the investigated samples confirms
the stoichiometric ratio of a given system.

4. The low temperature has a great effect on magnetic
parameters of Mg-Ni samples.

5. The coercivity (H¢) values vary from 56.4 Oe to 130
Oe. These values make the investigated samples well
suited for their use in recording media.

6. The physical properties of Mgy 7Nig3Fe204 demon-
strate suitable crystalline size, high value of magne-
tization, low roughness and low porosity. Thus this
guarantees hope for technological applications at or
below room temperature.
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