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Abstract

Mg sZn,Er,Fe, O, (x=0.00, 0.005, 0.01, 0.015, 0.02, and 0.025) nanoparticles made using the citrate gel autocombustion
process were examined for their structure, morphology, and behavior. The single-phase cubic spinel structure was formed
according to the diffraction pattern. Observations revealed that as the Er focus went from to 0.0 to 0.025, the average crys-
tallite size (D) increased from 12.4 to 18.6 nm. The findings of the SEM and EDAX analyses reveal that the particles are
uniform, with just a little amount of agglomeration and no impurity pickup. Nanoparticles from transmission electron micro-
scopes (TEM) were present, the range from 12 to 19 nm. In IR spectroscopy using the Fourier transform (FTIR), nearly all
the spinel ferrites presented generate two absorption bands that have wavelengths of around 400 cm and 600 cm. The BET
surface area of the Er’* ion doping Zn-Mg ferrites rises from 23.860 m%/gm to 29.845 m*/gm. The TG-DTA analysis of
the prepared samples confirms the thermal stability of the samples; the temperature ranges from 100 to 750 °C.The transi-
tion temperature (Seebeck coefficient) of the samples was studied using thermoelectric power (TEP) measurement studies,
and it was found that all the samples showed N-type semiconductor behavior. With an increase in erbium concentration,
DC conductivity decreases. At room temperature, the magnetic characteristics of hysteresis loops, squareness ratio (SQR),
anisotropy constant (K), magnetic moment (), coercivity (Hc), saturation magnetization (Ms), and retentivity (Mr) were
examined. When erbium concentration rises, the magnetic moment (B) increases. The saturation magnetization values were
288.4615 and 244.5266 emu/g, and squareness ratio values from 0.01554 to 0.03303 were observed. These materials are
converted from hard permanent magnet materials to soft magnet materials.

Keywords Nanoparticles - Structural studies - Electrical transport properties - Magnetic properties

1 Introduction

Spinel ferrites have typically been employed in a variability
of magnetic devices, including energy plants, electronic and
electrical devices, and magnetic heads in high-density audio
and video recording mediums. Some specific medical appli-
cations for ferrite nanoparticles include magnetically guided
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medicine delivery, MRI (magnetic resonance imaging), and
medical diagnostics. Electric, magnetic, and catalytic capa-
bilities are only a few of the numerous typical characteris-
tics that ferrites possess. The purification of histidine-tagged
proteins in biological systems is another cancer treatment
important advantage [1, 2]. They have a low DC because of
electrical resistivity and magnetic coercivity; ferrites have
significant importance for applications in magnetic memory,
high-frequency electronics, detection of COVID-19, and
other devices [3-5].

Magnesium cations (mg?") frequently prefer octahedral(B)
sites in the context of magnesium zinc iron oxide inverse
spinel structure [6-8]. However, the ferric ions (Fe**) have
a strong predilection for the tetrahedral (A) sites. The mag-
nesium ferrites (MF) and MFs-based materials, on the other
hand, were especially restricted to prospective microwave
device applications, such as circulating systems, antennas,
electrodes, and magnetic hyperthermia applications [9, 10],
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due to their Curie temperature (Tc), modest electrical con-
ductivity value, saturation magnetization that is high (Ms),
other magnetic fields with little loss features, and biomedical
applications [11-15].

Ferrites might be made using a number of different pro-
cesses, including microwave hydrothermal [16], flash com-
bustion [17], co-precipitation [18], sol-gel, and citrate gel
techniques [19-21]. Comparing all of such synthesis tech-
niques, the citrate gel autocombustion method emerged as
the most appealing due to its use of low operating tempera-
tures, quick reaction times, homogeneous material mixtures,
small (nano)sized particles, etc. [22, 23]. Since rare earth
ions have greater ionic radii than Fe**, they replace Fe** in
ferrite and diminish the solubility of the spinel lattice [24].
It has been observed that rare-earth ions are viable additives
for enhancing the magnetic properties of ferrite.

Rahaman and colleagues [25] investigated Mg-Zn fer-
rite samples. The surface appearance, crystalline composi-
tions, and microwave properties of the proposed Flexible
composites using Mg-Zn ferrite as their foundation inves-
tigated using field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD), and a dielectric assess-
ment kit (DAK). Amnalrshad et al. [26] studied structural
and photocatalyst studies of co-substituted Mg-Zn spinel
nanocrystalline ferrites. Tholkappiyan et al. [27] observed
that structural, optical, and magnetic properties were syn-
thesized by the combustion method with the use of glycine
as fuel. Ali et al. [28] studied the Yttrium-(Y) substituted
Mg-Zn structural, electrical, dielectric, and magnetic char-
acteristics of ferrites. It is a new compositional investigation
that is now being studied Er Substituted Mg-Zn nanoferrites,
and getting dynamic results requires interpretation.

The electrical, magnetic, structural, thermal, and spec-
troscopic properties of the prepared Er-substituted Mg-Zn
nanoferrites have been investigated, as has electrical con-
ductivity in dc. The above-mentioned qualities of the current
materials are of interest to the writers.

2 Experimental Studies

2.1 Materials

The following raw materials were chosen for the synthesis of
the Er-substituted Mg-Zn ferrite nanoparticles: magnesium
nitrate [Mg (NOj),-6H,0], zinc nitrate [Zn (NO;), 6H,0],
erbium nitrate [Er (NO5);6H,0], ferric nitrate [Fe (NO;),
9H,0], and citric acid [(C¢HgO,) H,O].

2.2 Synthesis Method

The aforementioned ingredients were chosen to manufacture
the erbium substituted magnesium ferrites nanoparticles.
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These were weighed in accordance with the calculated metal
nitrate stoichiometric ratio. Additionally, distilled water was
used to dissolve these chemicals. In order to accomplish the
citrate gel autocombustion technique, citric acid was pre-
sent in the nitrate compounds, then combined based on the
molar ratio. The heated plate is on a magnetic stirrer; the
stirring lasted about an hour. The py; level was maintained
at 7 by gradually introducing the ammonia solution. This led
to the creation of the dry gel. This fragment was subjected
to further autocombustion to produce ferrite powder parti-
cles. Additionally, a powder sample was ground and further
described utilizing a variety of characterization methods.
For structural analysis, the X-ray diffraction, two probes for
scanning and measurement, measurement of the LCR, and
electron transmission microscopy are used, respectively.
Tristar 3000 BET surface analyzer (Micromeritics) and
Thermo gravimetric/Differential Thermal Analyzer instru-
ments to find out the BET and TG/DTA characterizations.
The process flow diagram for creating the current ferrite
materials is displayed in Fig. 1.

3 Results and Analysis

3.1 XRD

X-ray diffraction analysis of Er-substitution Mg-Zn nano
ferrite XRD patterns is shown in Fig. 2. In this study, the
full prof crystallographic tool was used to examine XRD
data with Rietveld refinement. Figure 2b shows the Rietveld
refinement pattern. The conception of a well-defined single-
phase cubic spinel structure was thought to have been sub-
stantiated by the produced samples’ diffraction patterns and
no secondary peak created [29, 30]. The Debye—Scherrer
formulation for calculating crystallite size (d) is as follows:

ki
- PcosO 1)

The “crystallite size” is denoted by the letter “d,”
the “X-ray wavelength” is denoted by the letter “A,” the
“FWHM?” is denoted by the letter “f,” and the “diffraction
angle” is denoted by the letter “6.” By means of the Scher-
rer formula [31], it was discovered that the produced crys-
tallite dimensions of nanoferrites, as determined from the
high intensity peak’s half-maximum at its whole breadth
(311), ranged between 12.4 and 18.6 nm. The produced Er-
substituted Mg-Zn nanocrystalline samples’ XRD investiga-
tion yielded estimates for the lattice constant (a), average
crystallite size (D), X-ray density (dx), and other quantities
shown in Table 1 [32-34]. The expression of the lattice con-
stant is as follows:
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Fig. 1 Synthesis flow chart of
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The “lattice constant” is shown here as “a,” the “basic lat-
tice’s length” is shown as “d,” and the “Miller indices” are
shown as “h,” “k,” and “l.” As the Er-content increased from
0.0 to 0.025, the lattice parameter was seen to drop from 8.46
to 8.38. X-ray density was estimated by the standard formula:

&M
=3 3)

Here, “M” represents the “molecular weight” of the cor-
responding sample. “N,” is “Avogadro’s number,” and “V”’
is “cell volume.” The X-ray density increased along with the
rising dopant concentration. With a rise in Er-content, it was
seen that the X-ray density was increasing from 4.58 to 4.67 g/
cm? [35, 36]. The molecular weight (MW) increased with the
addition of a dopant, from 208 to 210 g/mole [37, 38].

3.2 Analysis with SEM and EDS

Figure 3 displays SEM pictures of Er-substituted Mg-Zn fer-
rites with x=0.0, 0.005, 0.01, and 0.015. They demonstrate the

cles [39]. The form of the components tightly matches those of
a compound. They suggest that the substances included sphere-
shaped particle forms and constrained sizes of the distributions
that were nanoscale in size. The granules are clearly distinct
in both compounds, as can be seen. There are not any intra-
granular perforations on the surfaces of the grains. The grain
shapes will have an impact on the physical aspects. The grains’
irregular shapes and orientations are seen in the pictures.
Energy dispersive Spectroscopy is used for the elemental
analysis, and Fig. 4 displays the EDS patterns of the nanoferrites
under study with x=0.0, 0.005, 0.01, and 0.015. The only ele-
ments present in the EDS patterns, which solely comprise Mg,
Zn, Er, Fe, and O, are Mg, Zn, Er, and Fe [40]. The ferrite sam-
ple that has been created is flawless and free of any impurities.

3.3 FTIR Analysis

Figure 5 depicts the FTIR spectra for the sample
Mg, ¢Zn, ,Er,Fe, O, (x=0.0, 0.005, 0.01, 0.015, 0.02,
0.025) at 04500 cm™! frequency range. It comprises two
bands (v, and v,), with maximal frequencies recorded in the
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Fig.2 a XRD patterns of Er-substituted Mg-Zn nanoferrites. b XRD
Rietveld refinement patterns of Er-substituted Mg-Zn (X=0.025)
nanoferrites

550-500 cm™! tetrahedral group and the 450400 cm™! octa-
hedral group [41]. The effective synthesis of spinel ferrites
was validated by the modes of vibration for metal and oxy-
gen found in the vicinity of 600 to 350 cm™! indicated by
FTIR spectra. Tetrahedron (Fe—O) FeO, stretching vibration
modes correspond to a zone of absorption with a higher
wave number between 500 and 600 cm™! and the reduced
wave number band between 450 and 400 cm™, as indicated

in Table 2 [42]. With increasing concentrations of the Er**
ion in Mg-Zn ferrites, there was a change in the peak posi-
tion that was observed [43].

The span of the Fe**tetrahedral and 0%~ bond has
changed. The frequency of the tetrahedral (v;) band
changed when Er** ions were present. This shift is caused
by the expansion of the A-site, the migration of cations,
and changes in bond duration. It also verifies that Er’*
ions are present at the A-site [44]. The tetrahedral A-vibra-
tional site’s frequency (1) is normally represented by the
broad band, whereas the octahedral B-vibrational site's
frequency (2) is often represented by the narrow band [32].

The FTIR spectrum analysis typically provides infor-
mation on the cation attentiveness differential involving
sites A and B. The Er’* cations will probably replace the
B-Fe’* site’s rather than the A-site cations.

3.4 TEM and SAED Analysis

The identical samples’ images (TEM and SAED) are
shown in Fig. 6a, b. The Er element was added to the
magnesium ferrite system, and this caused the formation
of well-agglomerated nanoparticles. It was discovered
that the typical crystallite size ranged from 12 to 19 nm.
This unmistakably demonstrated the wide variations in
grain size and particle size [45]. The nanometric range
of the particle sizes in the data samples is demonstrated
by the TEM micrographs, indicating their nanocrystal-
line structure. A small number of elongated particles can
also be seen in the TEM and SAED (x =0.005 and 0.025)
micrographs, where the majority of the nanoparticles are
shown in spherical forms with minuscule thicknesses. For
lower replacements of Er** ions, the particles appear to be
effectively separated from one another in TEM images, but
when the substitution of Er** ions rose, the particles devel-
oped an agglomerated morphology and started interacting
with one another. This outcome shows that the magnetic
attraction between these originally stacked nanoparticles
is significant. According to TEM micrographs, the usual
particle size ranges from 12 to 19 nm.

Table 1 Structural parameters

of nanocrystalliqe Er-substituted Mg ¢Zn, ,Er Fe, O, MW (gm/mole) Crystallite size (nm) k:;gl(’:ﬁer @ é—/tc'?gfs()iensuy dx
Mg-Zn nanoferrites

0.0 208.207 12.4 8.46 4.58

0.005 208.764 14.1 8.45 4.59

0.01 209.321 15.3 8.42 4.60

0.015 209.878 15.5 8.40 4.62

0.02 210.435 17.6 8.39 4.66

0.025 210.992 18.6 8.38 4.67
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Fig.3 SEM images of Er-
substituted Mg-Zn (x=0.0,
0.005, 0.01, and 0.015)
nanoferrite system
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3.5 Surface Analysis (BET)

The specific surface area, macroscopic appearance, and
type of nanoscale holes are all essential factors in influ-
encing the surface characteristics of nanoscale materials.
The “Brunauer—-Emmett—Teller” approach, abbreviated as
BET, is extremely beneficial for this purpose. Thus, the
BET isotherms for all Mg, sZn, ,Er Fe, O, samples were
found in this work. The surface parameter BET surface
area was calculated using this physisorption. The BET
surface area in Zn-Mg ferrites rises with increasing Er**
ion doping level from 23.860 m* /gm to 29.845 m? /gm.
The found surface area order agrees well with the reported
values in previous BET experiments [46]. Figure 7 depicts
the composition dependent variation of the BET surface
area with increasing Er** doping level. The increasing
trend in BET surface area is consistent with the decrease
in average crystallite size estimated by XRD data, as it is
well known that the smaller the crystallite size, the larger
the surface area.
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3.6 TG-DTA Analysis

Thermogravimetric analysis is a technique that meas-
ures the mass of a material as a function of temperature
or time while subjecting the sample specimen to a con-
trolled temperature program in a controlled environment.
DTA measures the temperature of a sample in comparison
to a reference material and shown in Fig. 8. Thus, thermo-
gravimetric analysis (TG) evaluates weight changes in a
sample, whereas differential thermal analysis (DTA) ana-
lyzes temperature variations between a sample and a ref-
erence as a function of temperature or time. It should be
mentioned that the change from the combustion powder to
the final phase occurs in numerous phases. The evaporation
of water molecules from the surface is responsible for the
first weight loss about 150 °C. At 201 °C, crystallization
and breakdown occur. The first weight loss was 20% up to
a temperature of roughly 604 °C, accompanied by an exo-
thermic response. This weight loss is mostly due to sample
humidity and the presence of water in the erbium nitrate
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Fig.4 EDAX patterns of Er-
substituted Mg-Zn (x=0.0,
0.005, 0.01, and 0.015)
nanoferrites
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and ferric nitrate precursors [29]. Due to the disintegration
of erbium contained in the ferrite sample, a further modest
weight loss of 80% to 20% is seen in the temperature range
100 °C-750 °C. Finally, no disintegration of the remaining
precursors with weight loss was seen above 750 °C, suggest-
ing the development of the Mg, ¢Zn,, ,Er,Fe, O, structure.
XRD and FTIR measurements indicate the production of the
Mg, sZn, ,Er,Fe, O, ferrite at this temperature.

3.7 DCElectrical Characteristics
3.7.1 Resistivity

Mg-Zn ferrites were reported to have a DC electrical resis-
tivity that ranged from 105 to 109 cm?® at room tempera-
ture [47]. Figure 9 shows the 1000/T vs. log To(s/mk) DC
resistivity graphs, which demonstrate that ferrite samples
exhibit a reduction in electrical resistivity with rising tem-
perature. The Arrhenius reference was made to compute
the energy of activation for measuring the temperature-
dependent DC resistivity of Mg, ¢Zn, ,Er,Fe, , O, (x=0.0,
0.005, 0.01, 0.015, 0.02, 0.025) nanoferrites. The sam-
ples that had erbium replaced have paramagnetic (Ep)
and ferromagnetic (Er) activation energies. For a constant
concentration of Mg and Zn ions, the activation energy

@ Springer

fluctuates randomly as erbium substitution increases [48].
According to Table 3, the measured Curie temperature was
shown to be dropping from 460 to 450 K together with
rising erbium concentration.

3.7.2 Conductivity

Erbium-doping Mg-Zn ferrites had an electrical conductivity
that varied with temperature, from ambient to considerably
over the Curie temperature. Figure 10 shows 7(c) vs. dc(S/m)
graph is exhibited. The electrical conductivity of Mg-Zn fer-
rites replaced with erbium varied with temperature, ranging
from ambient temperature to properly above the Curie tem-
perature is shown in Fig. 10. Shown is a plot of T(c) versus

Table 2 FTIR vibrational bands of Er-substituted Mg-Zn nanoferrites

Mg, 3Zn,,Er Fe, O, Absorption band frequencies (cm™!)
by U,
0.0 559.5 3825
0.005 5435 3745
0.01 540.3 397.4
0.015 572.7 398.3
0.02 579.1 399.6
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Fig.5 FTIR spectra of Er-substituted Mg-Zn (x =0.0, 0.005, 0.01, 0.015, and 0.02) nanoferrites
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Fig.6 a TEM images of Er-
substituted Mg-Zn nanoferrites.
b SEAD images of Er-substituted
Mg-Zn nanoferrites
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Fig. 7 Variation of BET surface 30
area of Er-substituted Mg-Zn
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a minor difference in electrical conductivity [50]. Electron
hopping between Fe?* and Fe™ is the source of the electrical
conductivity seen in Mg, ¢Zn,, ,Er Fe, O, (x=0.0, 0.005,
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Fig.9 Variation of dc-resistivity with temperature for Er-substituted Mg-Zn nanoferrites
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Table 3 Various DC parameters of Er-substituted Mg-Zn nanoferrites

Mg, 3Zn, ,Er ,Fe, O, Curie Activation energy

temperature
Te (K)
Ep (eV) Egp(eV) AE (eV)

0.0 423 0.029 0.027 0.002
0.005 433 0.030  0.028 0.003
0.01 453 0.032 0.029 0.004
0.015 455 0.034 0.033 0.005
0.02 460 0.039 0.038 0.007
0.025 468 0.041 0.040  0.009

3.8 Magnetic Properties

With the aid of a vibrating sample magnetometer with an
applied field of H (Oe), at room temperature, the generated
samples’ magnetic properties were assessed [51]. Figure 11
shows “hysteresis loops” (M-H) of nanoferrites made of
Mg, sZn, ,Er,Fe, ,O,. M-H loops are often affected by the
chemical make-up, the method of synthesis, the size of the
crystallites, the borders of the grains, the temperature of sinter-
ing, and the distribution of the cations [52]. Table 4 contains
the calculated and tabulated values of the erbium-substituted
Mg-Zn nanoferrites, as well as the coercivity, residual mag-
netization (or), and saturation magnetization (cs), and these

Fig. 10 Variation of dc- 3.4

values. The following relationships were used to compute at
standard temperature, the squareness ratio (SQR), anisotropy
constant (K), and magnetic moment (B) [53, 54]:
Squareness ratio (SQR) = Mr 4
Ms

According to estimated squareness ratio values, the ratio
was discovered to change with a rise in erbium concentra-
tion, from 0.01554 to 0.03303. Utilizing the following rela-
tionships, coercivity is determined:

0.98 x K

C ivity (He) =
oercivity (Hc) Ms

®)

K, in this equation, stands for the anisotropy constant. The
fluctuation in crystallite size was seen in the saturation mag-
netization values, which showed that it initially increases and
subsequently declines. The saturation magnetization values
were 288.4615 and 244.5266 emu/g, respectively, at their
highest and lowest points. The coercivity is low and acts as a
generator of a magnetic field when the porosity is large [55].

Soft magnetic substances are widely employed in the
windings of motors and transformers, two equipment regu-
larly flip polarity as a result of tiny M-H curve. Soft mag-
netic substances, as shown below, have little had already
lost and remain a significant portion if they pass to zero
line at the end of their magnetic field. They also show a
high demagnetization slope close to infinity line [56]. Soft

conductivity with tempera-
ture for Er-substituted Mg-Zn
nanoferrites

odc(S/m)
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Table 4 Different parameters of Er substituted Mg-Zn nanoferrites

Mg, 3Zn,,Er ,Fe, O, Saturation Remanent Coercivity He (Oe) SQR (Mr/M) Magnetic Anisotropy K¥103
magnetization Ms magnetization Mr moment (erg/em’®)
(emu/g) (emu/g)

0.0 288.4615 4.485 339.733 0.01554 10.7537 0.99

0.01 287.1440 4.5265 341.292 0.02551 10.7619 3.58

0.015 285.7710 4.7727 342.931 0.02670 10.7989 5.98

0.02 271.8389 7.0867 462.615 0.03345 11.9818 6.37

0.025 244.5266 9.3195 516.041 0.03303 31.9049 17.77

magnetic substances may switch polarity more frequently
and experience extremely small electrical losses because
they apply less pressure. The width of the hysteresis loop
reveals important details about the losses [57, 58]. It is not
methodical behavior in terms of particle size led to the dem-
onstration of the compositional dependence permeability to
magnetic fields [59].

4 Conclusions

The single-phase (spinel structure) Er-substitution nanocrys-
talline Mg-Zn nanoferrite sample Mg ¢Zn, ,Er,Fe, O,
(x=0.0, 0.005, 0.01, 0.015, 0.02, 0.025) was effectively syn-
thesized in this work using the citrate-gel autocombustion
method. Spinel cubic structure in one phase of the materials
XRD and FTIR tests provides evidence for this. When Er’*
is substituted, the crystallite size of calcinated powders rises
and ranges from 96.4 to 144.6 nm. The obtained samples
using the SEM method support the presence of aggregated
nanoparticles with a spherical form. By using EDX assays,
it was proven that ferrite samples included the components
Mg, Zn, Er, Fe, and O. The TEM and SAED were used to
measure the average particle size. The surface parameter
BET surface area was calculated and increases surface area
with increasing of Gd** doping level. From the TG-DTA
analysis weight loss of 80% to 20% is seen in the temperature
range 100 °C-750 °C. As the temperature rises, the nanofer-
rites” DC electrical resistance in the papered, pure samples
decreases. For every sample of ferrite that was made, the
phase variation of 1000/T against the log To (s/mk) graph
reveals the Curie point. The energies of activation in ferro-
magnetic and paramagnetic areas are shown. The electrons
in action hopping the relationship between the ions of Fe**
and Fe?™ how DC conductivity varied having temperature.
The developed materials’ ferromagnetic characteristics
samples have been verified by the magnetization study per-
formed at room temperature. Ferrites of Er-substituted mag-
nesium and zinc are used in electrical and magnetic fields.
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