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A B S T R A C T

The Fe3+ ions were replace with Tb3+ ions as highly paramagnetic rare earth element within the structure of
Ni0.4Cu0.2Zn0.4Fe2O4 nano-spinel ferrites (NSFs). The structural, magnetic, spectroscopic and optic properties
have been studied in details. All products have been synthesized via ultrasonic approach via Qsonica ultrasonic
homogenizer, frequency: 20 kHz and power: 70W for 60min. No annealing or calcination process was applied
for any product. The microstructural analysis of products has been done via X-ray powder diffractometry (XRD)
which presented the cubic spinel structure with nanosized distribution of all. The cubic morphology of all
products were confirmed by both HR-TEM and FE-SEM. Optical band gap (Eg) values were assessed by applying
%DR (percent diffuse reflectance) analysis and Kubelka-Munk theory. The Tauc schemes showed that Eg values
are in a narrow range (1.87–1.98 eV). The quadrupole splitting, line width, hyperfine magnetic field, isomer shift
values and cation distribution have been determined from 57Fe Mossbauer analysis. The magnetic properties of
various nanoparticles have been obtained from VSM (vibration sample magnetometer) measurements at 10 and
300 K (RT). The magnetic results revealed superparamagnetic and soft ferromagnetic traits at 10 and 300 K,
respectively. Ms (saturation magnetization) and Mr (remanence) initially increase with increasing Tb3+ sub-
stituting level up to x=0.06 then diminish for further x values. Hc (coercivity) shows an opposite variation
tendency of Ms and Mr. The observed magnetic traits are deeply discussed in relation with the structure, mor-
phology, magnetic moments and cation distributions.

1. Introduction

Magnetic nanoparticles (MNPs) have concerned significant interest
in for the last 50 years because of their superparamagnetic character-
istics, high surface-to-volume ratio, etc [1,2]. Among all magnetic na-
nomaterials, spinel ferrites have distinguishable magnetic, electrical
and optic properties [3–5]. Their magnetic and electrical properties
such as high saturation magnetization (Ms) as well as high dielectric
properties, low eddy current loss, initial permeability enable a wide

range of applications for spinel ferrites [6]. A considerable amount of
applications of ferrite nanoparticles exists including biomedical ima-
ging as MRI contrast agents [7,8], drug delivery [9–11], magnetic hy-
perthermia [12,13], catalysis [14], gas sensing [15], electromagnetic
interference (EMI) shielding [16], high-frequency antennas [17], iso-
lators [18], circulators [19], phase shifters [20], multilayer chip in-
ductors (MLCIs) [21], etc. The electrical, optical and magnetic traits of
ferrites could be adjusted by altering the formula by substituting the
ions in the formula with different ions or by the introduction of
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additives to obtain novel materials for those applications [22,23].
Several efforts have been made to examine the substitution of metal
ions in ferrites with numerous metal ions [24,25]. However, the
number of studies conducted to examine the consequence of trivalent
rare earth metal ions (RE3+) on the possessions of spinel ferrites is
limited [26–30]. These studies have shown that doping spinel ferrites
with RE3+, which display paramagnetic behavior in the molecular
environment, results in superior magnetic characteristics and good
surface morphology [31]. The large ionic radius of RE3+ elements as
compared with that of Fe3+ causes a micro-strain, which results in the
distortion of the spinel ferrite’s building [32]. This, consecutively, leads
to an improvement in magnetic characteristics [26,27].

Nickel copper zinc ferrite (NCZF) is an important magnetic material
mostly required in technological applications such as MLCIs with its
superior characteristics: high permeability, large electrical resistivity,
and low sintering temperature [33]. MLCIs are used in numerous
electronic circuits to support in reducing the size of numerous com-
munication and other electronic devices such as video cameras, mobile
phones and notebook computers. Researchers have reported many pa-
pers about the synthesis of nickel copper zinc ferrites. For example,
Reddy et al. [34] synthesized nickel copper zinc ferrites by microwave
sintering technique for MLCI applications. They have found that Ms,
dielectric loss, dielectric constant, and the permeability of the ferrites
decreased as the Zn was replaced by Ni. Another study by Gabal et al.
[35] examined the magnetic, electrical and structural characteristics of
La3+ substituted NCZF fabricated by freshly extracted egg white and
metal nitrates. They concluded that the increase in La3+ substitution
resulted in reducing the particle size and bulk density, and increasing
the lattice constant, size-dependent coercivity, and a decrease in Curie
temperature. Shrotri and co-workers [36] reported the incorporation of
copper to nickel zinc ferrite with a formula Ni0.8−xCuxZn0.2Fe2O4

(x= 0–0.4) prepared by co-precipitation method. The ferrites showed a
single phase between x= 0.0 and 0.2 while above x=0.2, secondary
phases of copper oxide were observed. The composition with x= 0.2,
Ni0.6Cu0.2Zn0.2Fe2O4, displayed the highest density (5.02 g/cm3) with a
large grain size and low number of pores resulting in the highest re-
sistivity (7.3× 107 O.cm) as well as a decline in the demagnetizing
field and an enhanced in the permeability [36]. Hsiang et al. [37] ap-
plied a solid-state method to prepare NCZFs with the formula
Ni0.42Zn0.45Cu0.13+xFe2−xO4 (x≤ 0.1). Again, the samples exhibited a
single phase in XRD patterns up to x=0.07, where the molar ratio of
copper was 0.2, and above this composition a secondary phase oc-
curred. Moreover, the composition x= 0.07 displayed a very good in-
itial permeability (μ 325=׳ ) and excellent DC-superposition properties,
which can improve the productivity of circuit systems. Therefore, it is
feasible to set the molar ratio of copper ion as 0.2 in the composition of
a NCZF sample.

There are many techniques for synthesizing nickel copper zinc fer-
rite nanoparticles such as co-precipitation, citrate assisted auto-com-
bustion, hydrothermal, reverse micelle, microwave synthesis, sol-gel,
and ultrasonication [38,39].

One of the mentioned techniques, ultrasonic is an efficient physical
methods to establish the homogenies dispersed phase, lessen particles
size and deagglomeration of particles for improving the uniformity and
stability. Ultrasonication is streamlined method to get high-purity ma-
terials. Moreover, this technique characterized in that consume-less
products, saving time and improved the reaction rate. The sonochem-
ical reaction was performed by pressure using amplitude shock wave
produced by the cavitation. At the end of the reaction, local ‘hot spots’
with a generation of high local temperature has been created due to
high number of collisions between the reactants [29]. The preparation
of NCZF with sonochemistry has advantages in comparison to other
methods including avoiding the agglomeration of nanoparticles, crystal
size distribution control, decrease of the induction time, growth in the
amount of crystals at equivalent supersaturation, and avoiding excess
amounts of organic solvents to contribute to green chemistry [29].

In this particular study, we described the fabrication of
Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.00–0.10) NSFs fabricated via sono-
chemical approach. The structural and various physical characteristics
of these products were investigated.

2. Experimental

The sonochemical method was employed to fabricate
Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.00–0.10) NSFs. Nickel(II) nitrate
hexahydrate, Zinc nitrate hexahydrate, copper nitrate trihydrate, iron
(III) nitrate nonahydrate and terbium oxide were utilized as the starting
materials. A specific amount of salt nitrite was dissolved in deionized
(DI) water, which formed the first solution. The second solution consists
of Tb4O7 thawed in 12ml of conc. HCl at 180 °C. Then two solutions
containing metal salts were mixed and the pH was adjusted to 11 with
2M of NaOH then the resultant solution was irradiated with ultrasonic
irradiation (UZ SONOPULS HD 2070 Ultrasonic Homogenizer with
20 kHz and 70W) for half an hour. Finally, magnetic product was

Fig. 1. XRD powder patterns of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x=0.00–0.10)
NSFs.

Table 1
Tb content, refined structural parameters for Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(x= 0.00–0.10) NFSs.

x a (Å) V (Å)3 DXRD(nm) ± 0.08 χ2(chi2) RBragg

0.00 8.370(0) 586.37 12.40 1.36 2.73
0.02 8.371(7) 586.74 16.16 2.17 3.47
0.04 8.375(0) 587.42 18.30 1.93 3.07
0.06 8.383(4) 589.18 19.37 1.99 2.80
0.08 8.384(2) 589.36 19.34 2.86 5.85
0.10 8.389(3) 590.43 18.71 2.59 6.01
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washed with DI water then dried at 75 °C.
Microstructural analysis samples were done by Rigaku Benchtop

Miniflex X-ray diffraction (XRD, CuKα radiation). A scanning electron

microscope (SEM; FEI Titan ST) with an EDX (energy dispersive X-ray)
spectrometer system was utilized for the surface morphology and che-
mical compositions. FEI Morgagni 268A transmission electron micro-
scopy (TEM) was utilized for the morphological investigations. Room
temperature Mossbauer analyses were done MagLab Mossbauer in-
strument. Bruker Fourier-transform infrared (FT-IR) spectrophotometer
was used for the spectral analysis (4000–400 cm−1). The SQUID from
Quantum Design coupled with VSM head (vibrating sample magnet-
ometer) was employed for magnetic investigations.

3. Results and discussion

3.1. Structure

X-ray diffraction patterns of of Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(x= 0.00–0.10) NSFs have been displayed in Fig. 1. The XRD powder
patterns were given in Fig. 1 which has a good agreement with ICDD
card of spinel structure 10-0325. The Rietveld refinement by Match3!
and full proof program was employed to calculate the average crys-
tallite sizes and lattice constants given in Table 1. The observed hkl
values; (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0), match
well with the ICDD card no: 10-0325 of NiFe2O4. It was observed that

Fig. 2. Lattice constant (a) and crystallite size (nm) as function of “x”.

Fig. 3. SEM images of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.02–0.10) NSFs.
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there is minor impurity for x= 0.08 and 0.1 samples as secondary
phase was identified as α-Fe2O3 with ICDD 33-0664. Due to the solu-
bility limit (called as limit of substitution), this impurity phase and
possible lattice distortion maybe produced [40,41]. Actually Fe3+ ions
can NOT be substituted completely larger Tb3+ ions. Hence, the sec-
ondary phases (α-Fe2O3 or TbFeO3) may form at grain boundaries and
due to interactions of ions with each other. The rare earth ions sub-
stitution causes somehow distortions in Oh and Td sites of lattice due to
that the rTb3+ of Tb3+ ions (1.06 Å) are larger than that of rFe3+

(0.67 Å) [42]. Therefore, lattice parameter ‘ao’ of Ni0.4Cu0.2Zn0.4TbxFe2-
xO4 NSFs is increased with increasing the Tb ratio [43,44] to a certain
extent. Hence it is found that the average crystal sizes are increased

with rising the Tb ratio until x= 0.06 then diminished marginally with
further increasing Tb concentration owing to the formation of α-Fe2O3

as secondary phase which may prevent the crystal growth. The esti-
mated DXRD were presented in in Fig. 2.

3.2. Microstructure analysis

Fig. 3 depicted the SEM micrographs of Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(x= 0.00–0.10) NSFs. The ferrite compositions has an aggregation of
small cubic grains. The grains shape gradually converted for taking a
cubic shape to be more uniform with increasing Tb content. EDX
spectra and elemental mapping are endorsed the consistent elements of

Fig. 4. EDX and elemental mapping of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x=0.04 and 0.08) NSFs.
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prepared Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.04 and 0.08) NSFs as shown
in Fig. 4. All the EDX peaks are matched to Cu, Ni, Zn, Fe, Tb, and O
elements. The size and structure of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.04
and 0.06) NSFs were investigated further by TEM as recorded in Fig. 5
which presented the cubic morphology.

3.3. Bonding

FT-IR spectra of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.00–0.10) NSFs
have been displayed in Fig. 6. All compositions presented FT-IR
stretching bands at 581 and 410 cm−1 (due to Me-O stretching) [27]. It
has been noted that the substitution of the Tb3+ ions into the
Ni0.4Cu0.2Zn0.4Fe2O4 NSFs has to some extent shifted peaks in the di-
rection of higher frequency side. This shifting indicates the micro-strain
in the Ni0.4Cu0.2Zn0.4Fe2O4 NSFs lattices caused by the larger size of
substituting Tb3+ ions and the change in the distance of iron oxygen
bond [28].

3.4. Optic analysis

Optoelectronic properties of Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(x= 0.00–0.10) NSFs were examined by DR % (percent diffuse re-
flectance) measurements within 200–800 nm range (Fig. 7). The %DR
spectra for substituted samples exhibit in a narrow band of 18%–23% in
sweep interval of 200 nm-570 nm. In the same region, pristine
Ni0.4Cu0.2Zn0.4Fe2O4 NSFs has reflectance value around 30%. There is
almost a linear increase except around 745 nm at reflectance values at
all spectra until maximum 75% in the rest sweep range between 570
and 800 nm. The interpretation of DR % spectra is based on the Ku-
belka-Munk theory. ∞F R( ) denotes the Kubelka-Munk function:
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= =∞
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In equation, ∞Rabsoluteremittance , absorptivity ε, the analyte con-
centration C, and the scattering coefficient S represent the absorption
coefficient α. Optical band gap (Eg) of the NSFs are estimated using Tauc

Fig. 5. TEM images, histograms and selected area electron diffraction (SAED) patterns of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x=0.04 and 0.06) NSFs.

1400 1200 1000 800 600 400

x=0.10

x=0.08

x=0.06

x=0.04

x=0.02

Tr
an

sm
is

si
on

 %

Wavenumber (cm-1)

x=0.00

Fig. 6. FT-IR spectra of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x=0.00–0.10) NSFs.
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equation that provides the correlation between α and Eg as below
[45–47]:

= −αhυ A hυ E( ) ( )n
g (2)

where A is proportionality constant, h is Planck‘s constant, υ is fre-
quency of photon, and power n characterize type of electronic transi-
tion. n=1/2 value corresponds to an indirect allowed transition. In
Fig. 8, Tauc plots and estimated band gap values of various
Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.00–0.10) NSFs are given. Fig. 7 in-
cludes (αhυ)2 versus energy (hυ) graphs. Second power means (n=2)
transitions are direct and allowed. Average Eg values are estimated from
the intercept of linear portion of plots on energy axis. Mixed but un-
doped sample, Ni0.4Cu0.2Zn0.4Fe2O4 has 1.87 eV band gap. Tb3+ ion
doping process with the ratios of x= 0.00–0.10 do not cause much
deviation from this magnitude. Most remarkable change is observed
from sample Ni0.4Cu0.2Zn0.4Tb0.02Fe1.98O4 NSFs as equal to 1.98 eV

band gap value [48,49]. All other substituted samples have Eg magni-
tudes between 1.87 and 1.98 eV [50]. There are reported Eg data for
pristine, unsubstituted and substituted nanoferrites including Co, Ni,
Mn elements [51–53]. Those literatures reported the Eg values within
the range 1.46–3.86 eV. Among them, reported data by Quinonez et al.
[51] are in good agreement with our Eg results.

3.5. Mössbauer study

Mössbauer spectra of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (0.00≤ x≤ 0.1)
NSFs has been depicted in Fig. 9. The spectra were fitted using four
sextets, A for Td sites and B1, B2 and B3 for Oh sites. The fitted para-
meters are presented in Table 2. For x=0.08 and 0.1 substitutions, a
small superparamagnetic doublet also designed additional to magnetic
Zeeman sextets in samples. The Mössbauer parameters indicated this
doublet is due to γ-Fe2O3 phase [54,55]. Generally, B-sites hyperfine

Fig. 8. Tauc plots of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x=0.00–0.10) NSFs. Extrapolating the straight portion of graph to hυ axis at the =αhυ( ) 02 determines the value of
direct band gap.
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magnetic field is greater than that of A-site, which was ascribed to the
resulting dipolar field because of the deviation from cubic symmetry
and covalent nature of Td bonds [56]. As a result of the change in
differing chemical environments and nuclear radius, the chemical
isomer shift is occurring. The isomer shift values are changing between
0.284 and 0.372mm/s which are characteristics of the high Fe3+spins
[57]. When the substitution is increased, the isomer shift of A and B
sites fluctuates more. This shows the s electron density of Fe3+ ions are
affected by substitution. The quadrupole splitting (Q.S) occurs due to
chemical disorder in the material which results in an electric field

gradient [56]. With respect to substitution, the Q.S values of B sites are
negligible. This shows that the cubic symmetry of Oxygen ions around
Fe3+ ions is not affected with substitution ions in the spinel structure.
The relative areas of A and B sites indicate that the Ni ions occupied A
and B sites. The large rare earth elements generally prefer B site, but the
small ones occupy Td [57,58]. T herefore the cation distribution of
Ni0.4Cu0.2Zn0.4TbxFe2-xO4 system was made using the formula
(Zn0.4NiyFeλ)A(Ni0.4-yCu0.2TbxFe2-λ-x)B. The estimated cation distribu-
tion from Mössbauer spectroscopy was given in Table 3. It showed that
Fe3+ cations migrated from A site to B site with substitutions. The
larger ions of Tb3+ (1.06 Å) prefer to Oh site.

3.6. Magnetization

Magnetic traits of Tb substituted NiCuZn ferrites nanoparticles were
evaluated using VSM. The experiments of magnetization against ap-
plied magnetic field (M-H) of Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(0.00≤ x≤ 0.10) were performed at RT and at 10 K over the field
range of +70 kOe to −70 kOe. The results of magnetic hysteresis loops
of all products are presented in Fig. 10. From this figure, the magni-
tudes of Ms, Hc and Mr were deduced and listed in Table 4. It is noticed
that the various Ni0.4Cu0.2Zn0.4TbxFe2-xO4 ferrite nanoparticles show
superparamagnetic (SPM) behavior at RT (Fig. 10(a) and (b)). How-
ever, the magnetization curve at 10 K (Fig. 10(a) and (b)) illustrates

Fig. 9. Room Temperature Mössbauer spectra of Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(x= 0.00–0.10) NSFs.

Table 2
Parameters of Mössbauer Spectra of the Ni0.4Cu0.2Zn0.4TbxFe2-xO4

(x= 0.00–0.10) NSFs (Hhf: hyperfine magnetic field. I.S: isomer shift. Q.S:
quadrupole splitting. RA: Relative area).

x Spectral I.S. (± 0.001) Q.S. (± 0.005) Hhf (± 0.01) Area
Component (mm s−1) (mm s−1) (T) (%)

0 Sx-A: Fe+3 0.277 0.013 45.212 19.489
Sx-B1: Fe+3 0.291 −0.09 42.486 25.434
Sx-B2: Fe+3 0.318 −0.027 37.616 55.077

0.02 Sx-B1: Fe+3 0.372 −0.192 51.733 16.427
Sx-A: Fe+3 0.294 0.007 48.862 24.992
Sx-B2: Fe+3 0.295 −0.021 44.823 28.14
Sx-B3: Fe+3 0.331 −0.04 38.24 30.441

0.04 Sx-B1: Fe+3 0.371 −0.172 51.634 13.805
Sx-A: Fe+3 0.292 0 48.798 24.71
Sx-B2: Fe+3 0.288 −0.032 44.866 24.235
Sx-B3: Fe+3 0.311 −0.038 38.657 37.25

0.06 Sx-B1: Fe+3 0.371 −0.184 51.639 16.722
Sx-A: Fe+3 0.294 0.015 49.148 23.847
Sx-B2: Fe+3 0.3 −0.033 46.057 27.039
Sx-B3: Fe+3 0.337 −0.029 38.927 32.391

0.08 Sx-B1: Fe+3 0.372 −0.191 51.674 27.264
Sx-A: Fe+3 0.284 0.004 48.665 19.889
Sx-B2: Fe+3 0.302 −0.033 44.05 20.836
Sx-B3: Fe+3 0.321 −0.019 38.583 31.089
Db: γ-Fe2O3 0.383 0.736 – 0.9218

0.1 Sx-B1: Fe+3 0.372 −0.192 51.682 31.373
Sx-A: Fe+3 0.301 −0.018 48.99 16.921
Sx-B2: Fe+3 0.288 −0.013 45.596 17.274
Sx-B3: Fe+3 0.349 0.012 40.092 33.291
Db: γ-Fe2O3 0.387 0.724 – 1.1416

Table 3
Cation distribution of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.00–0.10) NSFs.

x Tetrahedral (A-site) Octahedral (B-site)

0.00 Zn0.4Ni0.08Fe0.45 Ni0.32Cu0.2Fe1.55
0.02 Zn0.4Ni0.1Fe0.50 Ni0.3Cu0.2Tb0.02Fe1.48
0.04 Zn0.4Ni0.11Fe0.49 Ni0.29Cu0.2Tb0.04Fe1.47
0.06 Zn0.4Ni0.14Fe0.46 Ni0.26Cu0.2Tb0.06Fe1.48
0.08 Zn0.4Ni0.21Fe0.39 Ni0.19Cu0.2Tb0.08Fe1.53
0.10 Zn0.4 Ni0.27Fe0.33 Ni0.13Cu0.2Tb0.1Fe1.57
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typical character of soft ferromagnetic (FM) nanomaterials character-
ized by closed hysteresis loops with Ms, Mr and Hc. It is noticed that Ms

of all produced nanoparticles are greater at low temperature than that
of RT. For pure Ni0.4Cu0.2Zn0.4Fe2O4 (x= 0.00) ferrite, Ms magnitude
increases from 36.9 emu/g at RT to 59.3 emu/g at 10 K. The increase in
Ms at 10 K compared with RT is ascribed to reduction of the thermal
fluctuations and surface spins disorders at the surfaces of nanoparticles
[59–61]. Indeed, the surface spins at high temperatures could be sub-
jected in a short time to many disorder states with similar energies that
lead to weaken their responses to the applied field and consequently
decreases the magnetization in comparison to their bulk counterpart.
Nevertheless, the surface spins can freeze to a certain state below the
freezing/blocking temperature, which rises the projection of the mo-
ments in the direction of H. Moreover, the coercivity values of all the
products increased at 10 K when compared with 300 K. The

enhancement in Hc is ascribed to reduced thermal fluctuations energy
at low temperatures that is less efficient in decreasing the effects of
magneto-crystalline anisotropy energy.

The pure NiCuZn NSFs displays the highest Ms magnitudes of 36.9
and 59.3 emu/g at 300 K and 10 K, respectively. These values are in
good agreement with those reported in NiCuZn ferrites NPs produced
by means of sol–gel auto-combustion process [62,63] and in NiCuZn
thin films [64]. Compared to pure NiCuZn NSFs, it was observed that Ms

magnitudes initially increase with rising Tb3+ substituting level up to
x=0.06 and, then diminish for further concentration. Theoretically, it
is anticipated that the magnetization of Tb3+ substituted NiCuZn NSFs
increases because of the large magnetic moment of the Tb3+ ions (9.8
μB). Therefore, the initial increase in Ms of substituted NiCuZn with
x≤ 0.06 is considered with the larger magnetic moment of Tb3+ (9.8
μB) ions compared to Fe3+ ions (5 μB) and their preferential distribu-
tions in the octahedral lattice. In the case of x > 0.06, the magneti-
zations at both RT and 10 K do not survey the theoretical increase trend
indicating a lattice distortion [65]. This may be ascribed to the
screening of Tb3+ magnetic contributions by the influence of smaller
crystallites as a result of Tb3+ inclusion [65]. This result further implies
that the impact of size has a significant role in magnetic traits of higher
Tb3+ content (x > 0.06) substituted NiCuZn NSFs. Usually, the re-
duction in magnetization is ascribed to surface effects of magnetic NSFs
owing to smaller crystallites size, which could be explained by as-
suming the occurrence of dead magnetic layers because of the surface
spins disorders [65]. It is anticipated that the number of spins at the
surfaces of different prepared ferrites increases as the crystallites size
become smaller. In this work, the increase and then the decrease in Ms

values is followed by an enlargement and then a reduction of the
crystallites size with increasing Tb3+ concentration [26,66]. Further-
more, consistent with Neel’s sublattice model, spinal ferrites exhibit
three kinds of interactions among tetrahedral and octahedral sites, e.g.
A–A, B–B and A–B [67,68]. A–B sublattice interaction is the strongest
among these three interactions. The total magnetization of doped Ni-
CuZn NSFs is the difference amongst the magnetization of B and A sites.
Because of their larger ionic radii, rare earth ions largely reside in the B
sites [66]. Accordingly, because of the higher substitution of Fe3+ with
Tb3+, Ms could decrease as a result of reduced exchange interactions
among Fe3+-O-Fe3+, which are substituted with the weaker Fe3+-O-
Tb3+ interaction. The experimental magnetic moments nB per unit
formula in units of Bohr magneton were determined via the following
expression [69,70]:

=
×

n
Moleculor weight M

5585B
s

(3)

The deduced nB values were listed in the Table 4. Compared to pure
NiCuZn NSFs, nB values initially increase with increasing Tb3+ sub-
stituting level up to x=0.06 and, then diminish for further con-
centration (x > 0.06). A good agreement between nB and Ms variation
tendency was observed. The increase and then the decrease in nB are
owing to the circumstance that the magnetization of the B sites is
strengthening for x≤ 0.06 and then is weakening for x > 0.06. Hence,
the A–B exchange interaction is strengthening and then weakening with
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Fig. 10. M-H hysteresis loops of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (0.00≤ x≤ 0.10)
NSFs performed at (a) T=300 and (b) T=10 K. The insets showed enlarged
views near the coercivity.

Table 4
Magnetic parameters of Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x=0.00–0.10) NSFs deduced from VSM measurements performed at 300 and 10 K.

x Ms (emu/g) Mr (emu/g) R=Mr/Ms Hc (Oe) n μ( )B B

300 K 10 K 300 K 10 K 300 K 10 K 300 K 10 K 300 K 10 K

0.00 36.9 59.3 0.6 4.1 0.016 0.069 12.7 167.6 1.57 2.53
0.02 40.7 61.1 4.0 10.8 0.098 0.177 50.4 175.9 1.75 2.63
0.04 41.5 65.7 4.6 16.1 0.111 0.245 51.3 188.1 1.80 2.85
0.06 42.1 68.8 5.1 17.7 0.121 0.257 56.7 193.9 1.84 3.01
0.08 31.4 52.2 3.7 9.4 0.118 0.180 48.4 124.4 1.38 2.30
0.10 29.9 48.9 3.5 8.9 0.117 0.182 44.7 73.1 1.33 2.17
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Tb3+ substitution, which would then disrupt the structure of collinear
spins in the NiCuZn NSFs systems at the B sites [65].

On the other hand, it is noticed from Table 4 that the coercivity of
Ni0.4Cu0.2Zn0.4TbxFe2-xO4 ferrite nanoparticles initially increases and
then decreases with increasing x at both 300 and 10 K. Pure NiCuZn
NSFs exhibit Hc values of 12.7 (at T=300 K) and 167.7 Oe (at
T= 10 K), which increase to the 56.7 (at T= 300 K) and 193.9 Oe (at
T= 10 K) for Ni0.4Cu0.2Zn0.4Tb0.06Fe1.94O4 (i.e. x= 0.06) NSFs and
then decrease to the 44.7 (at T=300 K) and 73.1 Oe (at T=10 K) for
Ni0.4Cu0.2Zn0.4Tb0.1Fe1.9O4 (i.e. x= 0.10) NSFs. It is well-known that
the Hc and Ms are related by the following expression [71]:

=H K
μ M
2

c
s0 (4)

where K is magneto-crystalline anisotropy constant, and μ0 is per-
meability of free space. Since Ms was found to increase and then de-
crease with x, the observed initial increase in coercivity could be a
result of the strengthening of the magneto-crystalline anisotropy with
x≤ 0.06 and then the weakening of the magneto-crystalline anisotropy
with x > 0.06. Moreover, it is known that Hc is proportional to the
grains size. In this study, it is observed that the crystallites size in-
creases for lower Tb3+ amount and then reduces with further rising
Tb3+ content. The coercivity shows comparable variation tendency of
crystallites size. The values of squareness ratio “R” are also calculated
and listed in Table 4. Commonly, the nanoparticles are considered to be
in multi-magnetic domain (MMD) and in single magnetic domain
(SMD) when R≥ 0.5 and R < 0.5, respectively [27,72]. The observed
R values reflect the MMD nature in the different spinel ferrites nano-
particles.

4. Conclusion

Ni0.4Cu0.2Zn0.4TbxFe2-xO4 (x= 0.00–0.10) NSFs were produced by
ultrasonication technique. The formation of compositions is verified
through XRD, FT-IR, SEM and TEM investigations. The lattice constant
‘a’ decreased with increasing Tb. The crystallites size is in range of
12–19 nm. DR % graphs revealed that the assessed direct and allowed
Eg values lie between 1.87 and 1.98 eV bandgap range for all products.
The Tb3+ substitution slightly changes the Eg magnitudes. The mag-
netic properties of various nanoparticles were analyzed at T= 300 K
and 10 K. All prepared nanoparticles exhibit SPM nature at RT and soft
ferromagnetic trait at 10 K. The deduced magnetic parameters of all the
produced nanoparticles are increased with reducing the temperature
from 300 to 10 K, which is due to reduction of the thermal fluctuations
and surface spins disorders at the surfaces of nanoparticles. It is noticed
that the Ms and Mr initially increase with increasing Tb3+ substituting
level up to x=0.06 and, then reduce for further concentration. The
initial enhancement in magnetization of substituted NiCuZn NSFs with
x≤ 0.06 is considered with the larger magnetic moment of Tb3+ (9.8
μB) ions compared to Fe3+ ions (5 μB) and their preferential distribu-
tions in the octahedral lattice, the increase in crystallites size and the
strengthening of A-B exchange interaction. In the case of x > 0.06, the
reduction in magnetizations is accredited to the lattice distortion, the
screening of Tb3+ magnetic contributions by the influence of smaller
crystallites, the reduction in crystallites size and weakening of A-B ex-
change interaction. The obtained squareness ratio R < 0.5 values re-
flect the MMD nature at both RT and 10 K in the different prepared
spinel ferrites nanoparticles.
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