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‘I
| A series of rare earth (Ho™) doped magnesium-copper nanoferrites with the general chemical compositions of Mgy sCuysHo.Fe,.Ox |
| (where x =0.000, 0.005, 0.010, 0.015, 0.020, 0.025 and 0.030) was fabricated by citrate sol-gel auto-combustion technique. The fabricated |
materials were investigated through powder XRD, FESEM, EDX, HRTEM, FTIR, UV-Vis, DC resistivity, TEP and VSM for magnetic
| properties. The crystallite size of the samples was determined to be in the range of 33-40 nm with increased Ho* content and the powder- |
| XRD investigations validated the spinel cubic structure of the samples with the space group Fd3m. The analysis demonstrated that the |
| lattice constant was reduced from 8.403 to 8.356 A and according to the FE-SEM micrographs, the morphology of the samples were |
| found to be spherical. The HR-TEM micrographs show that average particle size decreases from 64 to 48 nm. The FTIR examination |
revealed that their v, and v, absorption bands were located between 412-401 cm™ and 562-547 cm™, respectively and the optical band gap
| was found to be 2.77-3.28 eV. In Mg-Cu nanoferrites with Ho doping, there was no obvious increase in the elasticity moduli. It was |
| observed that the thermal energy required to transform the p-type Mg-Cu nanoferrites from semiconducting to n-type semiconducting |
| behaviour increases with increasing Ho doping and composition. The M-H loop saturation magnetization (Mj), coercivity (H.) and |
| retentivity (M,) values were all enhanced when the Ho™ concentration increased and varied anisotropically with Ho doping. The findings |
| of this study suggested that Mg-Cu ferrites doped with Ho** might be beneficial for magnetic resonance imaging in biomedicine. |
| |
L

Keywords: Ho doping, Mg-Cu nanoferrite, Electrical and Magnetic properties.

INTRODUCTION

Currently, a wide range of magnetic materials with enhanced
ferromagnetic materials are produced using various nanocrys-
talline combinations. Owing to their unique structural, optical
and magnetic characteristics, ferrites with spinel structures are
significant in their own right [1-3]. There are several approaches
to fine-tune these characteristics, such as doping an approved
component, depending on the desired application and character-
ization method. The exceptional electrical and magnetic charact-
eristics of cobalt ferrites make them a material of importance.
Spinel ferrites’ tetrahedral (A) and octahedral (B) sites’ cations
and their distribution are essential for these features. Ferrites
exhibit ferrimagnetic properties due to a phenomenon known

as super-exchange, where an interaction occurs between the
oxygen ions and the magnetic moments of materials. These
insulating ferrites have high electric resistance, low dielectric
loss, low eddy current losses and high permeability. Ferrites
exhibit diverse magnetic properties based on their composition
and preparation methods [4-6].

The spinel nanoferrites are produced via a sol-gel process
or precursor autocombustion, coprecipitation, hydrothermal,
microwave combustion and co-precipitation [7-10]. The citrate
precursor method offers several benefits, including uniform
atomic level mixing of the cations, a constrained size distri-
bution, exact stoichiometry control, cost-effectiveness and low-
temperature phase formation [11-13]. Cation distribution has
asignificant role in controlling the magnetization of spinel nano-
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ferrite, which is proportional to the magnetization differential
(Mg-Ma) between the B and A sub-lattices. Single-ion aniso-
tropy of Co*, Fe™* and Fe** depends on the occupancy site
[14-18]. The cation distribution affects magnetic anisotropy,
correlated coercivity and surface canting. Several publications
have characterized Mg-Cu nanoferrites as magnetic materials
with good transitions in their magnetization. This flexibility
results from copper ferrite, depending on the inversion para-
meter, being either an antiferromagnetic or ferromagnetic
material, while copper ferrite is ferrimagnetic [19-22].

Applications for the thermal heating of an integrated nano-
ferrite used in cancer treatment depend on several variables,
including safe compositions, small molecular weights, small
particle sizes, appropriate saturation magnetization and low
coercivity. To enhance the magnetic and elastic properties of
spinel ferrites, several authors have looked into the substitution
of magnetic Fe** cation with nanomagnetic ones such as Sm**
and Cr™ at various substitution levels [23-27]. In this study, it
has been observed that both the structural and magnetic charac-
teristics exhibit non-monotonic behaviour when the substitution
level increases. Those findings were discussed in the proposed
sample and compared to the experimental findings from power
XRD, FESEM, HRTEM, FTIR, UV-vis and VSM techniques.
In present work, holonium doped magnesium and copper nano-
ferrites were prepared via the citrate sol-gel auto-combustion
method. The impact of Ho* ions on the structural, optical, morp-
hological and magnetic properties of magnesium and copper
nanoferrites Mg, sCugsHo,Fe,..Os (with x = 0.00-0.030) was
also studied.

EXPERIMENTAL

Synthesis procedure: The citrate sol-gel auto-combustion
technique has been used to synthesize Ho-doped Mg-Cu ferrites,
which were prepared from magnesium nitrate hexahydrate
(Mg(NOs),-6H,0), copper nitrate hexahydrate (Cu(NO;),-:6H,0),
ferric nitrate hexahydrate (Fe(NO;);-9H,O) and holonium nitrate
hexahydrate (Ho(NOs);:6H,0). To produce a homogeneous
solution, the raw compounds were separately dissolved in 80
mL of deionized water at a precise stoichiometric ratio. The
subsequent stage involved dissolving the precursors into a
beaker and stirred for 45 min using a magnetic stirrer. The homo-
geneous solution was mixed with citric acid while using the
magnetic stirrer at 70 °C. Added ammonia solution to the above
mixture dropwise to maintain pH 7. The mixture was subsequently
heated on a magnetic stirrer hot plate with continuous stirring
until it reached a dry state, resulting in the formation of a gel.
The resulting materials were calcined in a furnace at 70 °C for
5 h to obtain the spinel phase.

Characterization: The powder XRD analysis of the
samples were conducted on the Rigaku Miniflex-600, Japan
with radiation (A = 1.5406 A). The FESEM (Oxford Instrument
Inca X-act) analysis was employed to determine grain size and
morphology. The HRTEM technique (HRTEM, JEM-F200 Multi-
purpose electron microscope) was used to examine the cross-
sections and particle size of the nanoferrites. The FTIR spectro-
scopy uses confirmed the absorption bands (v, v,). A UV-vis
spectrometer (Perkin) was used to investigate the optical band

gap. The Lake Shore Cryotronics 8600 Series instrument, based
on the Vector Space Model (VSM), was utilized to investigate
the temperature-dependent magnetic properties and M-H hyst-
eresis loops of Ho doped magnesium and copper nanoferrites.
The two-probe method was employed for this purpose, along
with measurements of the DC electrical system. To investigate
the connection between thermoelectric power, temperature and
composition, the differential technique was adopted.

RESULTS AND DISCUSSION

Powder XRD studies: Fig. 1 demonstrates the powder
X-ray diffraction of Ho substituted Mg-Cu nanospinel ferrite
within 10-80° 26 at room temperatures. The XRD technique
was employed to determine the crystal structure and identified
the crystalline phase. The miller peaks with the following
indices viz. (111), (220), (311), (222), (400), (422), (511), (440)
and (533) were identified which are closely matched with the
Mg-Cu ferrite peaks and belong to JCPD card no. #00-001-
1109. It was evident from the P-XRD pattern that Ho* ions
were appropriately doped into the prepared nanoferrite samples
since no additional peaks in the Ho-doped magnesium-copper
nanoferrite samples were obtained. The average crystallite size
of the prepared samples was calculated using the Debye-Scherrer’s
formula from the center peak (311) plane [28,29].

kA
BcosO M

where Dp_xrp stands for crystallite size, constant 0.9 is the
correction factor for sphere-shaped particles, A = 1.5406 A is
the wavelength of the Cu-target and indicates full-width half
maximum (FWHM) and 6 is the Bragg’s angle of the peak
with the highest intensity. Table-1 summarizes the computed
crystallite size values (Dp.xrp). By increasing dopant Ho** content
(x = 0.00-0.030), the average crystallite size of the generated
samples was decreased from 32.03 nm to 20.20 nm. The miller
indices (hkl) and interplanar spacing (d) data were used to derive
the lattice parameter (a) as:
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Fig. 1. X-ray diffraction patterns of MgosCuosHo.Fe,..Os nanoferrite
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TABLE-1
Ho* CONCENTRATION (x), CRYSTALLITE SIZE (nm), LATTICE CONSTANT (a), CELL VOLUME X-RAY DENSITY (dy),
BULK DENSITY (d;), POROSITY (P) PERCENTAGE AND TETRAHEDRAL (A-) SITE HOPPING LENGTH ‘L,’
AND OCTAHEDRAL (B-) SITE HOPPING LENGTH ‘L,,’ FOR Mg, :Cu, sHo,Fe, .0, NANOFERRITES

Crystallite Lattice Cell volume  X-ray densit Bulk densit Porosit o o
SRS () sirge (nm) constant (A) A% (g};cm3) ! (g/cm?®) Y (p%) ' L@ Ly ()
0.000 32.03 8.395 589.592 4.948 2.732 48.78 3.630 2.964
0.010 22.55 8.331 591.6462 5.131 3.202 50.12 3.609 2.943
0.015 17.10 8.348 578.2177 5.143 3410 52.11 3.582 2.941
0.020 24.90 8.371 581.7646 5.180 3.521 53.71 3.589 2.959
0.025 23.15 8.386 586.5864 5.221 3.539 54.66 3.599 2.954
0.030 20.20 8.393 589.7454 5.230 3.542 56.06 3.605 2.953

The determined results of lattice constant (a) are recorded
in Table-1 and Fig. 2 demonstrated the compositional variation
of lattice constant (a) for the Ho concentration. The computed
lattice constant values were found to be in the range 0.837
and 0.8393 nm. The variation of lattice constant (a) may be
due to the replacement of Ho* (0.95 A), more substantial ionic
radii ions than Fe** (0.645 A) ions at the octahedral site, result-
ing in a modest modification in the lattice constant [30].
Applying the constant lattice results and the unit cell volume
(eqn. 3) of the Ho-doped Mg-Cu samples was computed [31]:
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Fig. 2. Plotted of Ho concentrations compared to crystalline size, lattice
parameter and cell volume of MgosCuosHoxFe,Os

The resultant unit cell volume exhibits a similar pattern
to that of the lattice constant results, which are precisely propor-
tional to the lattice constant (a). The values of the X-ray density
(dy) were calculated using eqn. 4, which incorporates the coordi-
nation number (Z) of cubic lattices, molecular weight (M) of
the respective compositions, unit cell volume (V) and Avogadro’s
number (N, = 6.0238 x 10%) [32].

_8M

d, Na “4)

Table-1 presents a summary of the X-ray density values
obtained and illustrates the variations in the composition of
these values. Due to the different ionic radii of Ho** (0.91 A)
and the ions of Fe (0.645A), the densities increased. The consi-
derable increase in the value of d, from 4.948 g cm™ to 5.230
g cm™ is due to the relative high atomic weight of Ho (150.36
amu) compared to iron (55.845 amu) [33]. Additionally, it can
be observed that bulk density values are significantly lower
than X-ray density values.

m

dy ot (&)
where r =radius of circular pallet, t = width and m = mass (g).
The bulk density of the synthesized Mg-Cu-Ho ferrite samples
doped with rare earth elements was found to be increased. The
average bulk density was between 2.732 g/cm® and 3.542 g/cm®
with additional dopant content [34]. The porosity (P%) was
also calculated using eqn. 5 [35,36]:

— dB
P (%) ( 0 JXlOO (6)
where d, is the X-ray density and dg is the bulk density of Ho**
doped samples, the measured porosity was increased from
48.78 t0 56.06%. The reduced porosity of the prepared samples
may be due to compressive stress caused by the negative micro-
strain of lattice (Table-1). Moreover, the following relationships
were used to calculate the hopping length (L and Lg) and the
values are shown in Table-1 [37]:

a3

L, =i @)
V2

L, =22 y (8)



1856 Bhanu et al.

Asian J. Chem.

Morphological studies: The morphology and size of the
samples have been examined using the field emission scan-
ning electron microscope (FESEM).The FESEM and the EDS
images of the synthesized Mg sCusHo.Fe,..O. (x = 0.00-0.030)
nanoferrites are shown in Figs. 3a-f and 4a-f, respectively. The
grain size of the prepared nanoferrites varies between 50 and
63 nm and is in good alignment with the P-XRD crystallite
size. Prepared Cu-Mg-Ho nanoferrites with sharp edges and
spherical morphologies can be observed in the FESEM images
[29]. The energy dispersive (EDS) spectra (Fig. 4a-f) revealed
that in all the prepared nanoferrites (x = 0.00 to 0.030), only
Cu, Mg, Ho, Fe and O are the main components. The quantitative
analysis demonstrates that the chosen precursors were distri-
buted uniformly following the desired composition.

The particle size distribution, agglomeration and lattice
planes of the gprepared nanoferrites were also analyzed in detail
using high-resolution transmission electron microscopy (HR-
TEM). Fig. 5a-c shows the HR-TEM images of representative
Mg-Cu-Ho ferrite with x = 0.00, 0.015 and 0.025, which is
confirmed to be the cubic spinel structural of the desired comp-
osition. The Gauss fitting of the histogram revealed that the
mean particle size of the prepared nanoferrites ranged from
41 to 53 nm is well arranged through the measured FESEM
spectra. Fig. 6 shows the spectra of the selected area electron
diffraction (SAED) of the nanoferrites x = 0.00, 0.015 and
0.025. By comparing the interplanar spacing calculated from
the P-XRD analysis to that observed from the selected area

Date :24 Jul 2022 100 am EHT= 5004V

Signal A= InLens
Timet03847  UOH — Wo= 64mm

Mag = 200.00K X

EHT= 5.00kV

— Wo= 57 mm

Signal A = InLens
Mag= 200.00KX

electron diffraction (SAED) images, it is evident that the diffr-
action rings observed correspond to the (440) plane. The pres-
ence of fringes at 0.245, 0.264, and 0.269 nm show that the
spine nanoferrite formed a spinel cubic structure in the synthetic
samples, as observed by (311) lattice planes.

FTIR studies: Fig. 7 shows the FTIR spectra of the prep-
ared Mg sCugsHo.Fe,..O4 (x = 0.00-0.030) nanoferrites recorded
in the range from 4000-250 cm™. The stretching vibration of
oxygen bonds produces these higher and lower peaks (Table-
2), which show the development of spinel structure at the tetra-
hedral site in the range of 578-574 cm™ may be due to the
tetrahedral cluster stretching mode and the octahedral site in
the range of 422-414 cm™ [38,39]. The lower frequency band
may be attributed to octahedral cluster stretching. The absence
of frequency bands linked to other groups suggests that the
nanoferrite samples were produced, as evidenced by the spectra,
which exhibit its distinctive characteristics. However, the prep-

TABLE-2
ABSORPTION BAND AT A-SITE AND B-SITE FOR
Mg, sCt, sHo,Fe, O, (x = 0.00 to 0.030) NANOFERRITES

Samples (x) High frequency (9,)  Low frequency (d,)
0.000 574.90 414.80
0.010 581.04 412.12
0.015 582.88 414.10
0.020 584.32 416.02
0.025 576.81 419.32
0.030 578.14 422.30
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WD= 6.4mm
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Mag= 20000 KX

100mm
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Fig. 3. FE-SEM images of Mg sCuosHo.Fe,..O, (x = 0.00 to 0.030) nanoferrite
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Fig. 4. EDS images of Mg, sCuysHo.Fe,. O, (x = 0.00 to 0.030) nanoferrite

Fig. 5. HR-TEM images of Mg, sCuysHo.Fe,..O, (x = 0.00 to 0.030) nanoferrite

ared Ho-doped cubic spinel nanoferrite confirmed the success-
ful development of the cubic phase. The observed band at 3420
cm™ is associated to with O-H vibration in the prepared spinel
ferrite materials. In contrast, the absorption band in the 1546
cm™ is closely connected to ambient CO, gas. Additionally,
the absorption band at 2340 cm™ is associated with the C-H
group [40,41].

Absorption spectral studies: The optical properties of Ho-
doped Mg-Cu (x = 0.00-0.030) nanoferrites recorded at the
ambient temperature over the wavelength range of 200-650 nm
were examined using a UV-visible spectrometer (Fig. 8). The
Tauc’s relation was used to calculate the optical band gap,
which is influenced by the wavelength-dependent absorption:

(onv)"=A (ho.—E,) (8)
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Fig. 7. FTIR spectra of Mg, sCugsHo.Fe,..O, (x = 0.00 to 0.030) nanoferrite

where a is the absorption coefficient, h is the plank constant
(6.626 x 107 J s), v is the photon energy (in eV), A is the
proportionality constant, which depends on the probability of
the transition and ‘n’ is a constant linked to the permitted direct
or indirect transition probability [42]. According to reported
work, spinel nanoferrites exhibit optical absorption spectra
which are referred by direct electronic transitions. The optical
band gap energy of the prepared materials is shown in Fig. 9.
When external impurities are incorporated, semiconducting
spinel ferrite usually changes the band gap. In this work, Ho™
ions replace the B-site Fe** cations when the Ho™ content is
doped, which may lead to the formation of an impurity band
inside the gap. Thus, the energy band gap (E,) showed an

increasing pattern and was determined to be 1.12-2.24 eV, as
shown in Table-3. The reduction of Fe** to Fe** ions may be
the reason for the energy band gap fluctuation [43].

TABLE-3
BAND GAP ENERGY VALUES (E,) FOR
Mg, :Cu, sHoFe, .0, (x = 0.00 to 0.030) NANOFERRITES

Samples (x) Band gap (eV)
0.000 1.12
0.010 1.83
0.015 2.00
0.020 2.24
0.025 2.22
0.030 2.24
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Fig. 9. Tauc plots to compute indirect energy band gap Mg, sCuysHoFe, O, (x = 0.00 to 0.030) nanoferrite

I-V Measurement: Eqn.

12 is used to evaluate the prop-

erties of a certain material that impede the flow of electrical

resistance [38,39]:

(12)

The shift in DC resistivity in the Ho** doped magnesium-
copper nanoferrites (x = 0.00-0.030) is shown in Fig. 10. It is
observed shows that DC resistivity rises from 5.837 x 10°to
4.105 x 107 as Ho** concentration rises, which is consistent
with the Verway’s hopping mechanism. The electric conduction
in ferrous ions is primarily due to the movement of electrons
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Fig. 10. Temperature-dependent dc resistivity of MgysCuosHo,Fe»..Os (x = 0.00 to 0.030) nanoferrite

that are randomly distributed across the lattice sites, which
are structurally comparable, and they move between ions of
the same element that have different valence positions. Since
the B-B sites are closer together than B-A sites, the possibility
of electron jumping among B-A and B-B sites is much lower.
Absence of Ho* inclusion (x = 0.00), Fe concentration is at
its highest at the B-site and allows iron oxides to generate
electricity. A reduction in the percentage of Cu and Mg ions is
observed at B-site as the amount of Ho™* in the A-site increases.
As a result, some Fe** ions will move from the A site to the B
site to make room for the extra Ho™ ions at the A sites. As a
result, at B-site, there is more electron hopping between Fe**
and Fe**. A decrease in the conduction caused by Fe** ion is
followed by a rise in resistance. Additionally, the microstruc-
tural elements like grain size, pores and grain boundaries have
an impact on DC resistivity. The relationship between resistivity
and the size of grains revealed suggests that resistivity is inver-
sely related to the grain size. Therefore, it is anticipated that
the resistivity of Cu-Mg ferrite will increase as Ho content rises.

Based on the Arrhenius relation, the curve relating log
and 1000/T for samples with x = 0.00 to 0.030 is shown in

Fig. 11. There is a difference in the slope of the graph in a few
nanoferrite samples, which indicates that there are two indepen-
dent conducting processes that have different activation energies.
In the majority of nanoferrites, a straight line with a slope
equivalent to activation energy can be observed throughout a
broad temperature range. It is due to the fact that the Curie
temperature (Tc¢) of the prepared nanoferrites exceeds the
present range of recorded temperatures, the application of the
least square fit approach in this study to create straight lines
did not produce a line that remained straight beyond the Curie
temperature. This slope modification often takes place at
temperatures close to the Curie temperatures of the samples.
From the linear plots (Fig. 11) of resistivity, the activation
energy of each sample within the temperature range of 0.3649-
0.2493 eV can be calculated and the results are shown in Table-
4.

Thermoelectric power (TEP) analysis: Fig. 12 depicts
the fluctuation of Seebeck coefficient with temperature for the
Mg, sCugsHo,Fe,..O4 nanoferrites (x = 0.00, 0.01, 0.015, 0.02,
0.025 and 0.030). At normal temperature, all ferrites except
with x = 0.025 composition show a positive Seebeck coefficient,

TABLE-4
ACTIVATION ENERGY IN THE FERROMAGNETIC REGION (E;), PARAMAGNETIC REGION (E;), CURIE (T,),
TEMPERATURE (T) AND RESISTIVITY (p) FOR Mg, ;Cu,sHo,Fe, .0, (x = 0.00 to 0.030) NANOFERRITES

Content (x) Activation energies AE (eV) T; (K) Resistivity
E; (eV) E:(eV) resistivity at T K at 673 K
0.000 0.4216 0.0567 0.3649 458 5.837 x 10° 2.225 x 10*
0.010 0.3860 0.0699 0.3161 475 5.452 x 10° 3.137 x 10°
0.015 0.3664 0.0716 0.2948 481 3.166 x 10’ 6.877 x 10*
0.020 0.3568 0.0891 0.2677 486 3.575 x 10’ 6.989 x 10*
0.025 0.3329 0.0778 0.2551 491 3.920 x 10’ 7.890 x 10*
0.030 0.3178 0.0685 0.2493 498 4.105 x 107 8.567 x 10*
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Fig. 12. Difference of Seebeck coefficient with temperature Mg, sCu,sHo.Fe,..O4 (x = 0.00 to 0.030) nanoferrite
indicating that they are all p-type semiconducting materials. Mg-Cu nanoferrites becomes positive between 40 °C and 230

The Seebeck coefficient of pure Mg-Cu nanoferrite shows °C, suggesting p-type semiconducting behaviour, while it
positive values between 55 °C-110 °C, 185 °C-310 °C and 340 becomes negative between 250 °C-400 °C, indicating n-type
°C-410 °C, indicating the p-type behaviour, while it turns behaviour (Fig. 12b-f). The p-type semiconducting behaviour
negative between 90 °C-165 °C and 290 °C-350 °C, indicating of the nanoferrites under study can be explained by the availa-
n-type behaviour (Fig. 12a). The Seebeck value for all Ho-doped bility of the additional vacancies caused by the presence of Mg>*
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ions on the octahedral site instead of Fe** ions in the prepared
Mg, sCuosHo,Fe,.,O4 nanoferrites. Due to the lower charge of
Cu** ions compared to Fe™, the excess vacancies which arise
from this would be oxygen vacancies rather than the cation vaca-
ncies. With increasing Mg** occupancy, these oxygen vacancies
grow, resulting in a positive Seebeck coefficient (Table-5). The
Seebeck coefficient may have decreased due to a decrease in
the oxygen vacancies. The hopping of electrons from Fe** to Fe**
ions is thought to be the cause of the n-type semiconducting
behaviour.

TABLE-5
CURIE (T.), TEMPERATURE (T.) AND SEEBECK COEFFICIENT
FOR Mg, Cu, sHo,Fe, .0, (x = 0.00 to 0.030) NANOFERRITES

Content (x) Seebeck -T¢ Seebeck coefficient
0.000 493 4023
0.010 488 3565
0.015 478 3298
0.020 468 3134
0.025 478 2489
0.030 466 2445

Magnetic analysis: Fig. 13 shows that the M-H loops of
the Ho-doped Mg-Cu ferrites (x = 0.00-0.030) were calculated
by the VSM method at room temperature (300 K). The hyster-
esis loops showing ferromagnetic behaviour indicate the satur-
ation in magnetization at the high value of 20 Oe of the applied
field. The magnetic parameters determined from M-H hyster-
esis loops of the ferrites include saturation magnetization (M),
coercivity (H.), retentivity (M,), magnetic moment (L), square-
ness ratio (SQR), anisotropy constant (K) initial permeability
(). The obtained values are recorded in Table-6. The S-shape
with no opening cycles is shown by the Ho-doped Mg-Cu all
prepared sample M-H loos (i.e. low vales retentivity and small
vales coercivity). At 300 K (room temperature), this behaviour
corresponds to the superparamagnetic behaviour of the prepared
nanoferrites smaller than 45 nm. Nanoparticle spinel ferrites
exhibited primarily superparamagnetic behaviour. The P-XRD
observations above demonstrated a crystallite size of less than
42 nm. The saturation magnetization decreases and the resulting
saturation (M) ranges between 6.85-4.65 emu/g. The decre-
asing M; values depended on several factors like crystalline
size, surface spin effects, cation distribution and the M; values,
which contribute the favourable super-paramagnetic behaviour
[44,45]. The nanoferrite samples with x = 0.00 have the highest
coercivity (Hc) value of 340.12 Oe and also exhibits the lowest
M; value of 30.55 emu/g. Thus, the reported values of Ho™
doped Mg-Cu nanoferrites indicate that the samples have a

M (emu/g)

+— x=0.030
-60 T T T T
-10 -5 0 5 10
H (kOe)
Fig. 13. Magnetic hysteresis loop of Mgy sCugsHo.Fe,..O4 (x =0.00 to 0.030)

nanoferrite

soft nature. Furthermore, the lowered H. value indicates a redu-
ction in the magneto-crystalline anisotropy. As the Holonium
concentration in the samples increased, it was also observed
that the remanence magnetization reduces from 16.25 to 10.88
emu/g. The Ho doped nanoferrites had the lowest remanent
magnetization value suggesting that the sample exhibits incre-
ased superparamagnetic-like behaviour due to the low doping
content of Ho™ ions. The lower proportion of remanent or
squareness (SQR) ratio indicates the isotropic nature of the
materials. The more significant proportion indicates that mag-
netization directions have been reoriented to the closest axis.
The squareness ratio of the prepared samples in the current
study ranges between 0.53 and 0.57, indicating no significant
change [46].

Furthermore, the initial permeability (K) and anisotropy
constant (1;) of Ho**-doped Mg-Cu nanoferrites were also deter-
mined using eqns. 12 and 13 and the results are listed in Table-6.

_ M xH, 9

0.96 ©)

_MIxD (10)
L, K

Conclusion

The citric sol-gel auto-combustion process has success-
fully produced Ho* substituted Mg,sCuysHo,Fe, O, ferrite
systems (x = 0.000, 0.005, 0.010, 0.015, 0.020, 0.025 and
0.030). The Mg-Cu ferrite matrix is replaced with holonium

TABLE-6
MAGNETIC PARAMETERS VALUES OF Mg, sCu,sHo,Fe, O, (x = 0.00 to 0.030) NANOFERRITES
Saturation . Remnant Anisotro] Initial
Sl magnetization SO magnetization 0 constanrt)y permeability
0.000 30.55 340.12 16.25 0.53 10823.610 29893.679
0.010 28.56 321.11 16.10 0.56 9553.022 18393.439
0.015 26.21 280.55 15.51 0.59 7659.599 11747.086
0.020 24.13 276.87 14.17 0.58 6959.242 14498.196
0.025 20.55 255.60 12.11 0.58 5471.437 9776.3028
0.030 18.88 200.15 10.88 0.57 3936.283 7200.3780
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ions, which results in the development of a single cubic spinel
ferrite structure and an increase in lattice constant. The FESEM,
HRTEM, EDX and SEAD were employed to reveal the cubic
morphology and chemical compositions. The crystallite size
ranged from 17.10-32.03 nm and the lattice constant was 8.408-
8.356. The most intense peak in the XRD spectra was reported
at 26 = 35° which indicate the formation of an FCC spinel
structure. FTIR studies exhibited two substantial peaks in 400
562-400 cm™ region showing the metal-oxygen stretching and
the formation of synthesized ferrite materials. The band gap
energies were varied from 3.010 to 3.297 eV as assigned from
the UV-vis spectral analysis. At ambient temperature, the satur-
ation magnetization, coercively and remanent magnetization
from M-H loops were lowered when Ho* was doped in Mg-Cu
ferrites. The M-H loop analyses showed the super-paramagnetic
behaviour of the prepared nanoferrites. The M-H curve demons-
trates that Ms initially decreases to 16.25 from 10.88 emu/g
with a decrease in doping concentration. This phenomenon is
brought on by an A-B type super-exchange contact in the synthe-
sized nanoferrites. The fluctuations in the coercivity (H.) and
magnetic anisotropy (K,) indicate the thermal stability of all
the samples regarding applications and could be applied to
solenoids and transformers.
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