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a  b  s  t  r  a  c  t

Partially Nd/Y substituted [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) spinel ferrite nanoparti-

cles  (NSFs) were prepared by citrate sol-gel auto-combustion technique. UV–vis Percent to

determine optoelectronic properties mixed spinel ferrite materials. Direct energy band gaps

values are within 1.87 and 1.92 eV interval. The magnetization features were investigated

at  room temperature (RT; T = 300 K) versus magnetic field ((M-H)). RT M-H curves showed

superparamagnetic (SPM) behavior in non-substituted sample (x = 0.00), while all the Nd-

Y  substituted NiCuZn ferrite NPs exhibited soft ferrimagnetic (FM) character. It is found

that the magnitude of magnetization drops with a rise in Nd3+ and Y3+ contents. ZFC–FC

magnetization curves revealed the existence of dipolar interactions, which illuminate a

partially blocked state in accordance with M-H loops at 300 K. The electrodynamic data

reflection coefficients for Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs were determined.

The occurrences of the electromagnetic absorption between 49 to 4.15 GHz frequency range

were  observed. A significant linking amongst the ratio (x) and amplitude-frequency charac-
teristics (AFC) was investigated. Additionally, the AFC of the Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4

(x ≤ 0.05) NSFs were strongly influenced with the increase of Nd/Y concentration. It was

demonstrated that low level of the concentration substitution (less than 10 at.%) not crit-

ically effected on resonance characteristics. We  found that an anomalous altering of the
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resonant amplitude (almost 2 times) resulted due the manifestation of indirect exchange

interactions amongst iron (III), yttrium (III) and neodymium (III) electronic shells. Almost a

linear behavior of the main AFC was observed.
©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
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.  Introduction

pinel ferrite nanoparticles (FNPs) are a class of magnetic
aterials within the nanometer region in either direction in

heir structure. They are being used in biomedicine includ-
ng magnetic hyperthermia, biosensors, magnetic resonance
maging (MRI), immunoassays, tissue engineering and drug
elivery; electronics including information storage systems,
echargeable lithium batteries, data storage, and magnetic
ulk cores, environmental applications such as gas sensors
nd catalysts and military uses as microwave absorbers [1–8].
iCuZn ferrites are soft magnetic materials that can act as
igh-frequency components with their characteristics such
s low eddy current losses, high resistivity, high permeabil-
ty along with low-cost of production and especially used to
educe radar signatures and for the elimination of electro-

agnetic interference (EMI) [9]. To achieve these goals, recent
emands require materials that can work in the 1−20 GHz
requency range [10]. For that reason, materials with novel
roperties should be developed.

The properties of FNPs can be tuned by varying the cation
omponents in their structure with other divalent or triva-
ent ions. Therefore, we  can produce microwave absorbing
iCuZn FNPs either by changing the amount of nickel, cop-
er, zinc and/or iron ions in the formula or by substituting
ith different cations. Researchers worldwide have stud-

ed microwave-absorption characteristics of NiCuZn FNPs.
or example, J.C. Aphesteguy et al. [10] applied the citrate-
ssisted auto-combustion method to prepare NiCuZn FNPs
Ni0.35Cu0.15Zn0.5Fe2O4) as well as NiZn FNPs, which were then
oated with epoxy resin for microwave measurements. The
esults indicated that Ni0.35Cu0.15Zn0.5Fe2O4 FNPs displayed

 wide range of microwave absorption between 1 MHz and
.8 GHz. The substitution of copper also elevated the tan �

dielectric losses) at 1.3 GHz to <0.01 compared to only 0.006 in
iZn FNPs [10]. Akhtar and co-workers fabricated a nanocom-
osite of Ni0.6Cu0.2Zn0.2Fe2O4/PVDF and MWCNT by a sol-gel
ombustion technique. The nanocomposites were sintered
t different temperatures (size range 26−34 nm)  and were
valuated for their electromagnetic characteristics [11]. The
ielectric constant (ε′) and imaginary part of the dielectric
onstant (ε′′) both enhanced at lower frequencies while an
pposite behavior was seen at higher frequencies, which is

 typical behavior in ferrite materials. The authors added
hat the polarization can also affect this dielectric constant
hich can be attributed to the space charge polarization
ith respect to the applied magnetic field. Their results

howed initial permeability was enhanced and the relative
oss decreased with sintering temperature and addition of
WCNT, which shows the nanocomposite could be used
or high-frequency and electromagnetic applications. Hashim
t al. substituted the trivalent iron ion in NiCuZn to obtain
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Ni0.5Cu0.25Zn0.25Fe2−xInxO4 FNPs (x = 0.0, 0.1, 0.2, 0.3 and 0.4)
by a citrate-gel method (size range 25–34 nm). As the irid-
ium component increased, Curie temperature dropped from
698 K to 653 K. The blocking temperature was found to be
325 K by FC and ZFC magnetization measurements. Above the
blocking temperature, the materials showed superparamag-
netic behavior indicating they could be used for biomedical
applications. Recently, our group synthesized Tb3+ substituted
NiCuZn FNPs by an ultrasonic method. Magnetic measure-
ments revealed the superparamagnetic trait of FNPs at 300 K
and soft ferromagnetic behavior at low temperature (10 K)
[12]. We also applied the sonochemical assisted technique
to prepare Ni0.3Cu0.3Zn0.4TmxFe2−xO4 (0.0 ≤ x ≤ 0.10) FNPs.
The magnetic measurements proved that Tm3+ substituted
NiCuZn FNPs had a similar behavior to those found in Tb3+

substituted counterparts. On the other hand, Hc, Mr, Ms,
and nB values dropped as the amount of Tm3+ substitution
increases. Furthermore, numerous researchers have studied
the effect of Nd3+ or Y3+ ions on the magnetic and microwave
properties of spinel ferrites. Pranav P. Naik and his group pro-
duced manganese zinc ferrite doped with neodymium (Nd3+)
with chemical formula Mn0.6Zn0.4NdxFe2-xO4 (x = 0.04, 0.05,
0.06, 0.07 and 0.08) nanoparticles by combustion method [13].
They found that saturation magnetization can be tuned in
a systematic manner by changing the concentration of Nd3+

ions. Moreover, Kun Qian et al. [14] synthesized variant ratios
of Ni0.5Zn0.5NdxFe2-xO4 through sol-gel route combined with
self-propagating combustion (SPC) technique. The obtained
results revealed that Nd3+ ions could significantly improve
the dielectric properties and microwave absorption capac-
ity at low frequencies. Silvia E. Jacobo et al. [15] studied
the properties of Ni0.5Zn0.5YyFe2-yO4 (0.01 ≤ y ≤ 0.05) prepared
with sol–gel method. They observed that Y substituting Ni-
Zn ferrite plays an important role in the enhancement of
the magnetic properties. These products can be considered
as attenuator materials in the explored microwave range.
Likewise, Chakrabarty et al. [16] investigated the influence of
yttrium substitution on magnetic and electrical properties of
cobalt ferrite. The saturation magnetization and anisotropy
constant reduce as the doping element rises. In addition, the
maximum electrical conductivity was observed in the 15 mol%
doped sample. Accordingly, in this paper we  reported Nd-Y co-
substituted NiCuZn NSFs. The [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4

(x ≤ 0.05) NSFs were prepared via sol-gel auto-combustion
(SGAC) approach and the various structural, microwave
absorption, optical and magnetic properties of the synthesized
nanoparticles were evaluated and discussed deeply.

2.  Experimental
We  applied the citrate sol-gel auto-combustion
technique to produce NSFs with a formula of
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Fig. 1 – XRD powder patterns of
[Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 ≤ x ≤ 0.05) NSFs.

Table 1 – Nd-Y content, refined structural parameters for
Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 < x < 0.05) NSFs Fd-3 m
(No. 227).

x a (Å) V (Å)3 DXRD (nm) ±0.06 �2(chi2) RBragg

0.00 8.396(0) 591.86 9.51 1.36 2.73
0.01 8.406(0) 593.97 14.42 1.59 4.16
0.02 8.414(7) 595.82 14.97 1.22 3.16
0.03 8.416(2) 596.14 14.73 1.68 4.27
0.04 8.418(0) 596.52 14.20 1.26 1.83
0.05 8.422(9) 595.43 14.35 1.41 3.63

Table 2 – Cation distribution of
Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 < x < 0.05) NSFs.

x Tetrahedral A-site Octahedral B-site

0.00 Zn0.4Fe0.6 Ni0.4Cu0.2Fe1.4

0.01 Zn0.4Y0.01Fe0.59 Ni0.4Cu0.2Nd0.01Fe1.39

0.02 Zn0.4Y0.02Fe0.58 Ni0.4Cu0.2Nd0.02Fe1.38

0.03 Zn0.4Y0.03Fe0.53 Ni0.4Cu0.2Nd0.03Fe1.37
11280  j m a t e r r e s t e c h n

[Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05). Precursor chemi-
cals are hydrates of Ni(NO3)2, Zn(NO3)2, Cu(NO3)2, Fe(NO3)3,
Nd(NO3)3, Y(NO3)3 and C6H8O7 which were purchased from
Sigma-Aldrich. Stochiometric amounts of metals nitrites
and citric acid were dissolved in 100 mL  of deoinized water
by stirring at 90 ◦C for 40 min. At that point, the pH of the
resultant solution was arranged at 7 using ammonia solution.
The temperature was raised up to 370 ◦C till the solution was
transformed into a gel and then burned to form black powder
of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs.

Rigaku Benchtop Miniflex XRD (with copper K� radiation)
was applied for the structural investigation. Morphological
evaluation of the compositions was recorded by a scanning
electron microscope (SEM; FEI Titan ST) coupled with EDX
system and a transmission electron microscope (TEM; FEI,
Morgagni 268). UV–vis diffuse reflectance spectra were mea-
sured between 200–800 nm.  All VSM measurements were done
over an applied field of H = ± 70 kOe at room temperature
(RT; 300 K). In addition, magnetic measurements in zero-field-
cooling (ZFC) and field-cooling (FC) modes were performed as a
function of temperature ranging from RT down to lower tem-
peratures of about 2 K. These magnetic measurements were
carried out using Physical Property Measurement System cou-
pled with vibrating sample magnetometer head (PPMS-VSM
Dyna Cool 9 from Quantum Design).

Agilent network analyzer has been utilized to measure
the frequency dependences of S-parameters between 2 GHz
and 12 GHz frequencies and the Nicholson–Ross–Weer method
(NRW) was used for the calculations. The following MW reflec-
tion loss data was computed using:

Ṙ =

√
�̇
ε̇

− 1
√

�̇
ε̇

+ 1
or

∣∣Ṙ∣∣ = 10lg

⎛
⎝

√
�̇
ε̇

− 1
√

�̇
ε̇

+ 1

⎞
⎠ in dB (1)

Where
∣∣Ṙ∣∣ (in dB) is the reflection coefficient modulus (the

ratio of the reflected to incident wave  amplitude).

3.  Results  and  discussion

3.1.  Phase  analysis  and  morphology

Fig. 1 displayed the structural properties of
Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs. Miller indices
of entire compositions indicated the single phase of Ni-Cu-Zn
spinel phase according to ICDD card number 10-0325. No
undesired secondary phases were observed. Moreover, the
position of the most intense peak (311) remained the same
with doping by Nd-Y indicated that the crystal was retained
the cubic shape of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05)
NSFs. The structural parameters and the average crystallites
size were gotten through Rietveld refinement with FullProof
software as seen in Table 1. It was found that the cell parame-
ters (a) increases with the increase in the ratio of substitutions
because of the differences in ionic radii of ions [17]. Scherer’s

equation was applied to determine the average crystallites
size (DXRD) of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs.
The values of DXRD are between 9−15 nm.  Cation distributions
of the prepared sample of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x
0.04 Zn0.4Y0.04Fe0.56 Ni0.4Cu0.2Nd0.04Fe1.36

0.05 Zn0.4Y0.05Fe0.55 Ni0.4Cu0.2Nd0.05Fe1.35

≤ 0.05) NSFs series have been estimated by X-ray diffraction
pattern based on Bertuat method [18,19] and parameters
such as RB and �2 were calculated. The distribution of triva-
lent and divalent cations amongst A (tetrahedral) and B
(octahedral) crystallographic sites was obtained from ratios

of the intensity of I220/I440 and I422/I400 planes which are
expected to be sensitive for cation distribution [19]. It has
been observed Table 2 that Fe3+ ions occupied each octahedral
and tetrahedral site. Havier rare-earth Nd3+ cation occupy
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Fig. 2 – SEM images of [Ni0.4Cu0.2Zn

ctahedral B-site due to their larger ionic radii. Y3+ ions
ccommodated into tetrahedral A-site. As expected, divalent
n2+ distributed over tetrahedral A-site. Cu2+ and Ni2+ cations
ccupy octahedral B-site [20].

SEM micrographs of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤
.05) NSFs were presented in Fig. 2. The grains of syn-
hesized samples have been agglomerated and possess a
pherical structure with average grains size around 20 nm
hich nearly to the XRD results. The quantitative inves-

igation of [Ni Cu Zn ](Nd Y Fe )O (0.01 ≤ 0.05) NSFs
0.4 0.2 0.4 x x 2-2x 4

ere displayed in Fig. 3. EDX analysis are well consents
ith the chemical formula of the products. TEM images of

Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x = 0.02 and 0.05 ) NSFs are
dxYxFe2-2x)O4 (0.0 ≤ x ≤ 0.05) NSFs.

shown in Fig. 4. The particles exhibited cubic shape and
aggregation attributable to their magnetic characteristics. The
histograms of particles size distributions showed that the
average diameter of the particles is between 10 and 20 nm,
which agreed with XRD results (see Table 1). SAED pattern
rings shown in Fig. 4 are labeled as (220), (311), (400), (511) and
(440) (in line with XRD patterns).

3.2.  Optical  properties
Optical properties of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05)
NSFs were studied applying Percent Diffuse Reflectance (DR
%) measurements via UV–vis spectrophotometer. Fig. 5 indi-
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Fig. 3 – EDX spectra and elemental mapping of various prepared [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x = 0.00-0.05) NSFs.
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Fig. 4 – TEM images, SAED patterns, and particles size histograms of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 NSFs where x = 0.02
(a1–a3), and x = 0.05 (b1–b3).

Fig. 5 – DR % vs � spectra of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4

(0.0 ≤ x ≤ 0.05) NSFs.
cates the recorded graphs with a sweep interval between
200 nm and 800 nm wavelength of electromagnetic spec-
trum. Energy of incident radiation corresponds to a range
of 1.55 eV–6.2 eV for descending wavelength from 800 nm to
200 nm.  DR % of all NiCuZn ferrite NSFs have magnitudes
between 28.3–31.5% in range from 200 nm to 550 nm.  Non-
substituted Ni0.4Cu0.2Zn0.4Fe2O4 mixed ferrite has an average
reflectance of 30% in the same sweep range. Then DR % values
belonging to all NPs increase almost directly (except a small
plateau around 740 nm)  and form a maximal band between
66–71% corresponding to wavelength of 800 nm in the rest
sweep region. Scientific correlation to use DR % data to specify
optical band gap (Eg) is based on Kubelka–Munk (KM) theory.
KM function is directly proportional with absorption coeffi-
cient, ˛
KM = (1 − R∞)2

2R∞
=  ̨ (2)
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Fig. 6 – Tauc plots and extrapolated direct Eg data of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 ≤ x ≤ 0.05) NSFs.
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Fig. 7 – (M-H) curves of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4
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Table 3 – RT magnetic parameters deduced from (M-H)
measurements for Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4
(0.0 < x < 0.05) NSFs.

x Ms (emu/g) Mr (emu/g) Hc (Oe) nB (�B)

0.00 56.0 0.0 0.0 2.37
0.01 54.3 8.6 100.3 2.31
0.02 52.7 9.3 82.3 2.25
0.03 50.8 6.2 90.8 2.18
0.04 47.4 7.7 117.3 2.05
0.05 45.4 6.0 114.4 1.97

Fig. 8 – Variations in Ms and nB values at RT with respect to
Nd3+ and Y3+ contents for [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4
0.0 ≤ x ≤ 0.05) NSFs performed at room temperature.

ere, R∞ is absolute remittance. Eg data are evaluated with
auc and Davis–Mott model [21–24]:

˛h�)2 = A(h� − Eg) (3)

ere h is Planck‘s constant, � is frequency of incident radia-
ion and A is a constant of proportionality. Direct Eg values
elonging to all [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs
ere obtained by extrapolating straight part of the Tauc plots.
he graphs of (˛hv)2 versus photon energy hv to (˛hv)2 = 0 are
iven in Fig. 6. Mixed but non-substituted Ni0.4Cu0.2Zn0.4Fe2O4

SFs has a band gap of 1.87 eV. Nd3+ and Y3+ ions substi-
utions where x = 0.01−0.05 caused slight increments. The
irect Eg magnitudes were found between 1.88 and 1.92 eV. We
ould not reach any reported optical Eg data to compare our
xtrapolated results on Nd3+ and Y3+ ions substituted NiCuZn
ixed ferrites in the literature. However, the Eg values of
i0.3Cu0.3Zn0.4TmxFe2−xO4 (0.0 ≤ x ≤ 0.10) FNPs manufactured
y ultrasound irradiation technique was reported between
.78 and 1.94 eV [25,26].

.3.  Magnetic  properties
.3.1.  Magnetization  vs.  magnetic  field  ((M-H)))
ig. 7 illustrates RT magnetization (M)  against magnetic field
H) for various prepared [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤
.05) NSFs. It is apparent that the non-substituted sam-
(0.0 ≤ x ≤ 0.05) NSFs.

ple (x = 0.00) displayed superparamagnetic (SPM) character
at RT with saturation magnetization Ms = 56.0 emu/g and
no remanence (Mr) and coercivity (Hc). However, all substi-
tuted NPs soft ferrimagnetic (FM) behavior. Substituted NPs
(x = 0.01–0.05) showed Ms values from 54.3 emu/g to 45.4 emu/g
range, Mr values varying between 6.0 and 9.3 emu/g, and Hc

magnitudes of 82.3–117.3 Oe. In high fields, we  can apply the
law of approach to saturation by linear fits of M vs. 1/H2 plots
to obtain Ms values [27,28]. RT magnetic parameters are pre-
sented in Table 3 and Fig. 8.

The evolutions in Ms values and the experimental mag-
netic moments ( nB ) are showed in Fig. 8. The nB values were
computed as follow [29,30]:

nB = Moleculor weight × Ms

5585
(4)

Non-substituted NiCuZn ferrite NSFs displayed Ms mag-
nitude of about 56.0 emu/g at RT. These NPs prepared via
ultrasonication route displayed larger Ms value than in those
produced via SGAC [31,32] and in thin films of NiCuZn fer-
rites [33]. Ms do not show an increase trend with Nd3+ and Y3+

substitutions. It is perceived that Ms value diminished with
increasing Nd3+ and Y3+ contents. The variation in crystallites
size can affect in proportional way the magnetization ampli-
tude [34,35]. In the present case, it is found that the DXRD

3+ 3+
values decreased with rising Nd and Y contents, which
is in line with Ms variations. Besides, the substitution of Fe3+

ions (0.64 Å) by larger ions Nd3+ (∼0.98 Å) and Y3+ (∼1.04 Å) pro-
duces structural disorder and strains within the ferrite system
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that affect greatly the electronic and magnetic properties [36].
Moreover, the decline in Ms could be accredited to the differ-
ence in magnetic moments of Fe3+, Nd3+ and Y3+ ions [30].
Fe3+, Nd3+ and Y3+ ions displayed magnetic moments of 5.0,
3.5, and 0.0 �B, respectively. So, it is assumed theoretically to
view a reduction in magnetization value as a result of intro-
ducing lower magnetic moments of Nd3+ and Y3+ ions instead
of some Fe3+ ions. In addition, the deduced values of nB pre-
sented analogous trend of Ms variation regarding Nd3+ and Y3+

contents. RT Ms and nB values are highest in non-substituted
ferrite NPs and then reduced with increasing Nd3+ and Y3+
contents. The diminution in nB is mainly resulted from the
weakening in A–B super-exchange interactions [37].

Fig. 9 – ZFC-FC magnetic measurements for [Ni0.4Cu0.2Zn0
 0 2 0;9(5):11278–11290

3.3.2.  Magnetization  against  temperature  (M-T)
With the intention to further evaluate the influence of Nd-Y
substitution on the NiCuZn NSFs, the magnetization was mea-
sured versus temperature from about 320 K down  to around
2 K under ZFC–FC protocols at the field of 100 Oe. Fig. 9 showed
the ZFC-FC magnetization curves for the selected x = 0.00, 0.01,
0.03 and 0.05 NPs. Both ZFC-FC magnetization magnitudes
revealed a reduction with rising the Nd3+ and Y3+ substituting
contents within Fe3+ sites. This is in conformity with (M-H)
results. A change of a maximum in a ZFC plot is described as

the blocking temperature (TB). Above TB, SPM characteristic
is observed, while below TB the SPM-FM transition occurred
[38,39]. Figs. 9(a) and (b) belonging to non-substituted NiCuZn
NSFs showed that the ZFC magnetization curve displays SPM

.4](NdxYxFe2-2x)O4 (x = 0.00, 0.01, 0.03 and 0.05) NSFs.
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Fig. 10 – Frequency dependences of the imaginary parts of
the electrical permittivity (a) and magnetic permeability (b)
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elaxation within the experimental temperature interval. A
road peak around TB = 245 K was observed in this product.
owever, Figs. 9(c–e) for various Nd-Y substituted NiCuZn

errite NPs show that ZFC–FC magnetization plots do not
xhibit SPM relaxation of the NPs throughout the tempera-
ure interval. The peak in ZFC curves of substituted samples
ies down  well overhead RT (TB > 320 K) and no concrete super-
osition amongst FC and ZFC magnetization curves could be
iscerned. This implies a partially blocked state even at 320 K.

ndeed, since FC-ZFC magnetization curves of Nd-Y substi-
uted NiCuZn NSFs do not present any SPM relaxation up to
20 K, one can deduce that the coercive field is not null as the
ubstituted NiCuZn NSFs are yet in a partially blocked state at
20 K. Our results are in line with the FM behavior observed in
T (M-H) hysteresis loops for various Nd-Y substituted NiCuZn
NPs.

A mutual characteristic of the various ZFC curves is the
ide maximum area near TB and the high TB, which might
enote large size distributions and large sizes, respectively.
evertheless, the DXRD values and SEM and TEM images

howed small crystallites/grains/particles sizes, which are
ot sufficiently great to produce these high blocking tem-
eratures. Another feature is that both ZFC-FC curves are
ifurcated nearly to the observed extreme in ZFC curves
t higher temperatures, representing thermal irreversibil-
ty in various products below 320 K. This implies feeble

agnetic interactions between nanoparticles along with nar-
owed size of NPs in the products [40]. Furthermore, the
arge ZFC peak and the observed plateau or slow increase
n FC magnetization curve at lower temperatures area des-
gnate moderate dipolar interactions [41]. Accordingly, the
arious above-declared characteristics of ZFC-FC magnetiza-
ion curves can be resulted from the large inter-nanoparticles
nteractions (dipolar and surface-surface spin exchange and
ome nanoparticle agglomerations). Casula et al. [42] indicated
hat the small coercivities in Nd-Y substituted NiCuZn NSFs
ould be ascribed to NP dipolar interactions, which is also per-

eived in ZFC–FC magnetization curves. Accordingly, a total
eduction of the magnetic characteristics of prepared MNPs is
robably owing to the hindrance of the SPM relaxation by local
rustrations in the mobility of magnetic moments provoked by
he local distributions of fields [43]. The existence of dipolar
nteractions illuminates the partially blocked state detected
n ZFC–FC magnetization curves and (M-H) loops at 300 K, and
xplains as well the overall reduction in magnetization.

.4.  Microwave  measurements

ccording to the Maxwell’s equations there are two main pos-
ible branches of electromagnetic absorption: due to electrical
osses and due to magnetic losses. Electrical losses can be
bserved due to interaction of the electromagnetic radiation
ith charges in material (highly localized and conductive elec-

rons; ions and dipoles). Electrical losses can be observed due
o conductive losses; polarization losses; ionization losses;
osses caused by heterogeneity of the structure. Magnetic

osses can be associated with wave  interactions with spin-
rbital magnetic moments and domain states. There are two
ain types of magnetic losses: resonance of domain bound-

ries and natural ferromagnetic resonance (NFR).
of x = 0.00, 0.01, 0.03 and 0.05.

Fig. 10 demonstrates frequency dependences of the
microwave parameters: electrical permittivity (Fig.10a) and
magnetic permeability (Fig.10b). It is interesting that for sam-
ple with low level of the chemical substitution (x = 0.01) there
were no any changes in amplitude-frequency characteristics
in comparison with the un-substituted Ni0.4Cu0.2Zn0.4Fe2O4

NSFs. It was observed the maximum in the range 10−11 GHz
on frequency dependences of the permittivity and permeabil-
ity for x = 0.00 and 0.01 samples. It can be explained by the spin
precession absorption of the electromagnetic radiation. Fre-
quency of the spin precession for 3d-electrons of the Fe ions
in ferrites determines the frequency of the absorbed energy
[44,45]. The presence of the peaks on imaginary part of per-
mittivity and permeability confirmed that the nature of the
interaction between electromagnetic radiation and magnetic
complex oxides is in NFR. The feature of the NFR in mag-
netic materials is due to the strong correlations between the
spins of electrons that oscillating with the same frequency like
external electromagnetic radiation. NFR attracts much atten-
tion due to possibility of the frequency-selective absorption (at
resonant frequency the energy losses in the magnetic mate-
rials are maximal). The most interesting that “fingerprint”

of the ferromagnetic resonance associated with non-linear
increasing of the imaginary part of the magnetic permeabil-
ity (presence of the peak on frequency dependence of the
permeability). The data for x = 0.00 and 0.01 samples confirm
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Fig. 11 – Frequency dependences of the RL of

Fig. 12 – Frequency dependences of the main
amplitude-frequency characteristics of
[Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 ≤ x ≤ 0.05) NSFs.

that low level of substitution (less than 10 at.%) does not crit-
ically influence on energy system of system (frequency of
the spin precession). Average values of the permittivity and
permeability gradually reduced in comparison with the un-
substituted Ni0.4Cu0.2Zn0.4Fe2O4 NSFs. This due to decrease
the Fe3+ ions number in spinel ferrite and weakening of the
Fe O Fe exchange interaction by frustration of the magnetic
structure [46].

For all investigated [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤
0.05) NSFs, the most intense absorption of the electromag-
netic radiation was observed at frequencies 2.49–4.15 GHz.
On Fig. 11 presented frequency dependences of the RL
(reflection coefficient) of the [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4

(x ≤ 0.05) NSFs. The global minimum of the RL named as
amplitude of resonance (RAmp) and the frequency which
corresponds to the value RAmp – frequency of resonance
(RFreq). The width of the peak is (width at ½ value of the
RAmp) band of resonance – Rband. The maximal value of
absorption (RAmp = −44.69 dB) was observed at 2.49 GHz (RFreq)
for un-substituted Ni0.4Cu0.2Zn0.4Fe2O4 NSFs. Increase in the
Nd3+/Y3+ concentration from 0.00 to 0.05 led to an enhance-
ment of RFreq to 4.15 GHz and reduction of the RAmp to
−22.68 dB.

At the same time changing of the amplitude-frequency
characteristics with increase of the Nd3+/Y3+ concentra-
tion from x = 0.00 to x = 0.05 accompanied with the increase
of the value Rband from 0.06 GHz to 0.55 GHz respectively.
Fig. 12 demonstrates main amplitude-frequency characteris-
tics: Ramp; RFreq; Rband.

4.  Conclusion

Spinel ferrites with nominal composition
[Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs were formed
by the citrate sol-gel auto-combustion technique. The
microstructure of compositions was approved through
XRD, SEM, TEM and SAED. DRS % analyses proved direct

and allowed electronic energy transitions for all non-ion
and ion- substituted mixed ferrites. Eg values between
1.87 eV–1.92 eV validate the semiconducting nature of mea-
[Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 ≤ x ≤ 0.05) NSFs.

sured samples. Tuning ability of Nd3+ and Y3+ ions with
x = 0.01−0.05 concentrations on band gap magnitudes are
marginal. (M-H) curves at RT showed superparamagnetic
(SPM) behavior in the non-substituted sample (x = 0.00). How-
ever, [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤ 0.05) NSFs exhibited
soft ferrimagnetic (FM) character. It is found that the magni-
tude of magnetization decreases with increasing Nd3+ and Y3+

contents. This reduction is ascribed mainly to diminution in
crystallite/particle size, deterioration of A–B super-exchange
interactions, and variations in magnetic moments, etc. It
is revealed an existence of dipolar interactions for various
prepared samples, which illuminate the partially blocked
state detected in ZFC–FC magnetization curves and M-H
loops at 300 K, and explains as well the overall reduction in
magnetization. The frequency dependences of the main elec-
trodynamic parameters were investigated in the frequency
range 2–12 GHz using co-axial line and calculated by the
Nicholson-Ross-Weer method. The data for samples with
low level of substitution (less than 10 at.%) confirmed that
concentration of the Nd/Y x < 0.01 does not critically influence
on energy system of system (frequency of the spin preces-
sion). For all investigated [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (x ≤

0.05) NSFs, the most intense absorption of the electromag-
netic radiation was observed at frequencies 2.49–4.15 GHz.
The maximal value of absorption (−44.69 dB) was observed
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t 2.49 GHz for un-substituted Ni0.4Cu0.2Zn0.4Fe2O4 NSFs.
ncrease in the Nd3+/Y3+ concentration from 0.00 to 0.05 led to
n enhancement of frequency of resonance to 4.15 GHz and
eduction of the amplitude of resonance to −22.68 dB respec-
ively. At the same time changing of the amplitude-frequency
haracteristics with increase of the Nd3+/Y3+ concentration
rom x = 0.00 to x = 0.05 accompanied with the increase of the
alue Rband from 0.06 GHz to 0.55 GHz respectively. Almost lin-
ar behavior of the main AFC was observed. Results exposed
ossible applications of these types of materials in radio
ommunication devices.
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Corrigendum to “Effect of Nd–Y co-substitution on structural, magnetic, 
optical and microwave properties of NiCuZn nanospinel ferrites” [J Mater 
Res Technol, Volume 9, Issue 5, September–October 2020, Pages 
11278-11290]

M.A. Almessiere a,**, Y. Slimani a,*, A.V. Trukhanov b,c,d, A. Demir Korkmaz e, S. Guner f,  
S. Akhtar a, Sagar E. Shirsath g, A. Baykal h, I. Ercan a

a Department of Biophysics, Institute for Research and Medical Consultations (IRMC), Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam, 31441, 
Saudi Arabia
b SSPA “Scientific and Practical Materials Research Centre of NAS of Belarus”, 19, P. Brovki Str., 220072, Minsk, Belarus
c South Ural State University, 76, Lenina Ave., 454080, Chelyabinsk, Russia
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e Department of Chemistry, Istanbul Medeniyet University, 34700, Uskudar, Istanbul, Turkey
f Institute of Inorganic Chemistry, RWTH Aachen University, D-52074, Aachen, Germany
g School of Materials Science and Engineering, University of New South Wales, Kensington, Sydney, NSW, 2052, Australia
h Department of Nanomedicine Research, Institute for Research and Medical Consultations (IRMC), Imam Abdulrahman Bin Faisal University, P.O. Box 1982, Dammam, 
31441, Saudi Arabia

The authors regret to inform that there is an error in Fig. 2 in the 
original published version of the article (https://doi.org/10.1016/j.jmrt 
.2020.08.027) as some SEM images were unintentionally duplicated 
during the process of copying and pasting from multiple SEM files, the 
arrangement of different images into the PowerPoint, and then the se
lection of images to be presented in the paper. Fortunately, the authors 

confirm that no any of the other results were affected by this uninten
tional error.

The corrected version of Fig. 2 is attached.
The authors would like to apologise for any inconvenience caused by 

this unintentional error.  

DOI of original article: https://doi.org/10.1016/j.jmrt.2020.08.027.
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Fig. 2. SEM images of [Ni0.4Cu0.2Zn0.4](NdxYxFe2-2x)O4 (0.0 ≤ x ≤ 0.05) NSFs.
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