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Abstract
The multiferroic MF/CuAl2O4 (MF= CoFe2O4, NiFe2O4, MgFe2O4, and ZnFe2O4) was prepared using two
stages of the sol-gel method. X-ray Diffraction (XRD), the Fourier transforms infrared absorption (FT-IR)
and High-resolution Transmission Electron Microscope (HR-TEM) were used to examine the structure of
all samples. From the XRD patterns, two standards of cubic spinels structure (CuAl2O4 + MF) were
observed. The analysis of FTIR spectra con�rmed the formation of the chemical and molecular structure
changes in the MF/CuAl2O4. HR-TEM images showed a uniform particle distribution with a nanoscale of
all samples. The magnetic properties were studied from the hysteresis loops using a vibrating sample
magnetometer (VSM) and the magnetization M (T) by the Faraday balance method. All samples
exhibited typical ferrimagnetic behavior, except for ZnF/CuAl recorded superparamagnetic. Curie
temperature (TC) for all nanocomposites obtained from M(T) protocols, which is lower than the standard
value of MF nanoferrites. The heating e�ciency of all samples was investigated by measuring the
Speci�c Absorption Rate (SAR) parameter. The SAR of NiF/CuAl showed a maximum value as well as
saturation magnetization (Ms) and lowest coercivity (Hc) value.

1. Introduction
Ferrites materials are the most sensitive to magnetism, which can be controlled from the outside.
Therefore it can be bound by cancer cells inside the body for early diagnosis of cancer. Nanoferrite
materials with helpful magnetic properties can be incorporated into tumor tissues due to their small size.
Then, an oscillating magnetic �eld can be applied so that magnetic nanoparticles interact with this �eld
to generate heat and destroy cancer cells (the so-called hyperthermia). Many studies [1-8] consider, in
detail, different aspects of thermal therapies of cancer diseases. The application of magnetic
nanoferrites in medicine is possible due to their ability to heat up under the in�uence of a variable
magnetic �eld because of the different types of thermal losses (eddy currents, magnetization reversal
losses, and mechanical rotation of nanoparticles).

The combination of two components with different physical properties leads to forming a new material
with improved and useful properties and eliminated the disadvantages of each material compared to its
components [9, 10]. In this work, the multiferroic MF/CuAl synthesizes as a brand-new classi�cation of
nanocomposites. Because it is a combination of two materials, one of them is magnetic (soft or hard),
and the other is nonmagnetic The structure of MF/CuAl nanocomposites may be able to improve the
magnetic properties of MF ferrites. Besides, the distinct values of the magnetic properties of these
MF ferrites allow investigating the main interactions between them. The CoFe2O4 nanoferrites possess
large magnetocrystalline anisotropy and a hard-magnetic behavior originates [11]. On the other hand, the
nanoferrites NiFe2O4 [12], and MgFe2O4 [13] are soft-magnetic behavior having minimum coercivity,
whereas the nano ferrite ZnFe2O4 [13] have superparamagnetic behavior.



Page 3/23

Our goal is to synthesize very distinct samples that have new magnetic properties and the hyperthermia
phenomenon. So the strategy of this work will be to synthesize the multiferroic MF/CuAl2O4 (MF=
CoFe2O4, NiFe2O4, MgFe2O4, and ZnFe2O4) as a brand-new classi�cation of nanocomposites. Then, the
magnetic properties and the hyperthermia of all nanocomposites were studied. This study is important
for various biological and medical applications such as contrast-enhanced magnetic resonance imaging,
hyperthermia of pathological tissues, controlled drug release, and separation of nucleic acids.

2. Experimental Details
2.1 Synthesis of MF/CuAl 

The multiferroic MF/CuAl was prepared by the seed and the growth method, so two steps must be done.
The �rst step was the preparation of the seed (CuAl). The preparation and characterization of the seed
(CuAl) nanoparticles were published in previous work [14]. Then, the second is the growing of MF
nanoferrites on the seed (CuAl). The stoichiometric weights of ferric nitrate Fe(NO3)3·9H2O and nickel
nitrate Ni(NO3)2.6H2O were dispersed in de-ionized water, individually then the solutions were mixed and
then added 1.5 gm of CuAl nanoparticle to the mixture. The mixture was stirred for 120 min at room
temperature at a magnetic stirrer constant speed. The citric acid (C6H8O7.H2O) solution was added to the
mixture solution, keeping constant stirring. Then added dropwise of the ammonia solution to the mixture
solution until the pH reached 7. The mixture solution was heated on a hot plate, forming a green-brown
gel which decomposed by spontaneous self-ignition to foaming, and pu�ng, leaving behind a
voluminous green-brown powder. The �nal powder of NiFe2O4/CuAl2O4 (NiF/CuAl) was left on a hot plate
for two h to dry.  The same steps were followed to prepare the other nanocomposites CoFe2O4/CuAl2O4

(CoF/CuAl), MgFe2O4/CuAl2O4 (MgF/CuAl), and ZnFe2O4/CuAl2O4 (ZnF/CuAl). The weight ratios of
NiFe2O4, CoFe2O4, MgFe2O4, and ZnFe2O4 to CuAl2O4 » 2.5:1 respectively. The �nal powders for all
nanocomposites MF/CuAl were ground manually using agate mortar.

2.2 Characterization

In this work, all experiments were performed on all samples as-prepared. Using a Philips X’pert
diffractometer with CuKa radiation and wavelength l = 0.154 nm for XRD measurements. The XRD
spectra were analyzed using Rietveld’s re�nement method employing the MAUD program [15]. The
goodness of the re�nement of the structure is reached if the S parameter » 1.0.

The FTIR spectrum was recorded in the wavenumber range of 4000–400 cm−1, using an FTIR
spectrometer (Perkin Elmer, Spectrum 100, USA).

A Faraday balance is a device for measuring magnetic susceptibility. In this technique, the sample is
suspended between electromagnet cores where a magnetic �eld is applied. Then, the sample is heated
gradually using a non-inductive furnace. After measuring the pull of the balance (Δm), many parameters
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can be calculated such as the molar magnetic susceptibility (χm), and the molar magnetization (Mm) can
be calculated using the following relations respectively:

cm = [(Δm × g× MW)] ̸ [m × H × (dH/dZ)]                           (1)

Mm = χm × H                                                                          (2)

where: g is the gravity = 980.6 cm/s2, Mw is the molecular weight of the sample, m is the mass of the
sample, H is the magnetizing �eld applied (1300 Gs), dH/dZ is the magnetic �eld gradient in the z-
direction. The magnetic ordering temperature was determined from room temperature to 750 K, using
Faraday's method under a magnetic �eld of 130 mT.

The magnetic behavior of the prepared samples was investigated at room temperature using Vibrating
Sample Magnetometer (VSM) (type: LakeShore 7410). To evaluate the heat e�cacy of the sample with
the alternating magnetic �eld, a suspended solution of MF samples was prepared according to Ref. [10].
The suspension was contained in a Pyrex tube placed in the center of the copper induction coil (type DW-
UHF-10 kW) with external �eld H =9.27 kAm−1 and frequency = 198 kHz. The temperature values versus
the time were registered using a red alcohol thermometer and stopwatch with polymer isolation to avoid
any interfering effect of the eternal temperature.

3. Results And Discussions
3.1 Structural properties

Fig. 1 shows the XRD spectra of the CuAl and MF/CuAl samples. The XRD con�rms a pure double spinel
cubic structure for CuAl with MF without any undesired impurity peaks. It indicates that the seed/growth
method success of preparation CuAl/MF structure. From the pattern of XRD, one can see that it is holding
two spinel phases as follows: Double peaks side by side at particular positions as depicted in Fig. 1.
Where the peaks located at the lower angles correspond to MF, but those at the higher correspond to CuAl,
so the lattice constant of MF is higher than the CuAl as mentioned in Table 1. Moreover, a broadening of
the peaks of all samples indicating that all samples have a small particle size. The structural parameters
(lattice parameter a (Å), and crystallite size (D)) of MF and CuAl were compared with the Crystallography
Open Database (COD) and tabulated in Table 1. In particularly, by considering the ionic radii of the metal
ions Zn2+ (0.60 Å), Co2+ (0.58 Å), Mg2+ (0.57 Å) and Ni2+ (0.55 Å) [16], the lattice parameters of MF
increased with the ionic radii as 8.443 Å for ZnF,  8.385 Å for CoF, 8.376 Å for MgF and 8.373 Å for NiF.
From Table 2 notice that the lattice parameter of CuAl (8.074-8.089 Å) is varied according to MF, but it
matches with the previous work [13]. Besides the lattice parameter of CoF, MgF, and ZnF is slightly
decreased compared to the literature [17-20], but the NiF is increasing comparable to Ref. [19]. In other
words, the lattice of ZnF, MgF, and CoF is compressed after mixing, but the NiF is expanded. It is indicated
that there is an interaction force between the MF and CuAl affecting the crystal structure and the other
properties of all nanocomposites under investigation. This behavior can be explained by the redistribution
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of the ions within the interstitial sites (A, and B-sites) according to the force between MF and CuAl, which
caused changes in their properties [21]. The change in the lattice parameter of MF nanocomposites may
be attributed to the degree of inversion [22]. 

The crystallites size obtained from Rietveld of all nanocomposites MF/CuAl was in the nanoscale (Table
1). Again, the value of the crystallites size of CuAl is dependent on the second phase, which differs from
the previously reported (31 nm) [13]. Furthermore, it is noticed that the phase concentration (%) of all
nanocomposites MF/CuAl was slightly compared to the preparation weight ratios.

3.2 Micro-Structural properties

Fig. 2 shows the TEM images of the MF/CuAl nanocomposites, with an inserted particle size histogram.
The images con�rm the formation of nanostructured composite with more than one grain size, indicating
that there is more than one phase. The grains seem to be loose aggregates which are different slightly
comparable to the particle size obtained by XRD. Although the XRD determines each lattice of MF/CuAl
individually, the TEM recognizes the MF/CuAl as one compound. The average grain size (Z nm) of all
nanocomposites was calculated and tabulated in Table 1. For the ZnF/CuAl nanocomposite, it is
observed long nanotubes with a diameter of 12 nm besides some nanograins shown in Fig. 3. The
obtained nanotube is dependent on the growth mechanism of the ZnFe2O4, as reported in the literature
[23, 24].

3.3 FT-IR analysis

The FT-IR absorption spectroscopy was used to study the distribution of ions at the tetrahedral sites (nT)
and octahedral sites (nO) of spinel structure [25]. The band (nT) and the band (nO) were obtained from the
stretching vibration of the unit cell in the A-site, and the metal-oxygen vibration in the B-site, respectively
[26]. In this work, the only band obtained at absorption range 550 - 520 cm-1 for the tetrahedral (nT),

because the start point of the FT-IR spectroscopy was 400 cm-1, so the octahedral band (nO) was
disappeared. Here, we will try to decon�ict the interference between the peaks of CuAl and MF at (nT).
Besides, the force constants of the ferrite systems will calculate. Fig. 4 shows the measured IR spectra of
the MF/CuAl nanocomposite samples, and the absorption peak wavelengths are listed in Table 3. It is
observed that the nt band of ZnF/CuAl recorded the lowest value in the wavenumber position while small
shifts were observed with MgF/CuAl, CoF/CuAl, and NiF/CuAl towards higher wavenumbers. This
indicates the strengthening of the metal-oxygen bonds at the tetrahedral sites due to the presence of Zn,
the heaviest in mass, and the light shit is due to the presence of Fe ion in the others in the tetrahedral
sites. This behavior agrees with the results of the Cu-Zn mixed ferrites [27].In other words, the changing in
the mass ions on the tetrahedral (A) site causes a shift that increases the (A-O) bond length at the
tetrahedral site of spinel structure (i.e. decrease in nt band).

The changing in the νT position of the MF/CuAl could be interpreted from four parameters: the 1st is the

total mass of cations, the 2nd, and 3rd are the length and strength of the metal-oxygen bond respectively,
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and the 4th is the dimension of the unit cell. These parameters may compete with each other and cause a
change in the ion position. All these parameters impact the position of the IR bands through the relation
[28]: 

                                                  (3)

where k is the force constant and m the atomic mass of the metal. The values of the force constant for
tetrahedral (kT) sites are listed in Table 3.

3.4 Magnetic properties

The magnetic behavior of the MF/CuAl nanocomposites varies according to the magnetic moments of
Ni2+, Co2+, Mg2+, and Zn2+ ions which have 2.3 mB, 3.9 mB, 0 mB, and 0 mB, respectively. To investigate
the magnetic properties of the MF/CuAl nanocomposites, we measured the temperature dependence of
magnetic susceptibility curves, i.e. c-T, and the applied magnetic �eld dependence of magnetization
curves, i.e., M-H curve. Also, the heating e�ciency (SAR) was determined.

3.4.1 Magnetic susceptibility 

The Curie temperature (TC) is an essential magnetic property and is considered a compositional-
dependent parameter. The measured M-T curve of the MF/CuAl nanocomposites is shown in Fig. 5. The
TC is derived from the peak of dcm(T)/dT and the TC values are tabulated in Table 4. With increasing
temperature, a smoothly drop-in magnetic susceptibility occurred. In other words, the smooth transition
from ferrimagnetic to paramagnetic at the TC can be used as a measure of the degree of compositional
homogeneity in all samples [29]. The TC for NiF/CuAl, CoF/CuAl, and the MgF/CuAl is   561 K, 462 K, and
438K respectively, which is lower than the NiF 0(865 K) [30], CoF (677 K) [22], and MgF (648K) [31]. This
may be due to the in�uence of the grain size and the cation distribution of the A- and B-sites. The
transition temperature can be explained by the �nite scaling theory [30]. When the grain sizes are smaller,
the transition temperature is lower. Furthermore, the mutual effect between MF and CuAl2O4 leads to a
lower magnetic transition temperature. The same behavior was observed in the many compounds of
nanoparticles [32-34]. 

Figure 6 shows the relation between the reciprocal magnetic susceptibility (cM
-1) and the temperature (T)

for NiF/CuAl, CoF/CuAl, and MgF/CuAl samples. The relation obeyed the well-known Curie-Weiss law in
the paramagnetic region. So the experimental effective magnetic moments meff and the Curie Weiss

constant (ϴ) values can be calculated from the plot of cM
-1 versus T using the relation:

meff = 2.82787√C                                             (4)
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where C is the Curie constant equal to the slope of the line in the paramagnetic region and presented in
Table 4. The Curie Weiss constant (ϴ) values are equal to the cross of the slope with the x-axis in Fig. 6
and listed in Table 4. The Curie-Weiss constant (ϴ) was found to possess large +ve values pointing to
perfect ferrimagnetic character. The rise in ϴ values assures the enhanced ferrimagnetic order of the
NiF/CuAl, CoF/CuAl, and MgF/CuAl. This indicates these samples have magnetic ferrimagnetic ordering
in the temperature range 300-600K. Also, the values of the Curie Weiss constant (ϴ) for all samples are
closed to the values of the Curie temperature of the magnetization (TC).

3.4.2 Magnetic hysteresis loops

Fig. 7 shows the hysteresis loops for the MF/CuAl nanocomposites at room temperature. The MF/CuAl
nanocomposites exhibit a ferromagnetic behavior, except the ZnF/CuAl records a superparamagnetic
one. It indicates the order of magnetic structure due to the presence of the ferrite material CoF, NiF, and
MgF. The estimated values of saturation magnetization (Ms), remnant magnetization (Mr), and coercive
�eld (Hc) of the nanocomposites were listed in Table 4. As expected, the values of (Ms) are different
according to the multi-phase nanocomposite. One can notice that the magnetization values of NiF/CuAl
and MgF/CuAl nanocomposites are less than that of CoF/CuAl nanocomposite, where the CoF
nanoferrite is hard-magnetic, i.e., large magnetocrystalline anisotropy, while NiF and MgF are soft type
nanoferrites. The magnetic properties are affected by the degree of magnetic phase dispersion in the
Nanocomposites i.e., the mutual effect between MF and CuAl2O4; this effect appears in the magnetic
properties. As shown in Table 4, the saturation magnetization of the MF/CuAl nanocomposites is lower
than the standard value of MF nanoferrites; CoFe2O4 (Ms ≈ 52-54 emu/g) [8], NiFe2O4 (MS ≈ 50 emu/g)
[12, 35], and MgFe2O4 (Ms ≈ 14.6 emu/g) [12, 36]. This result means that the effect of CuAl2O4 on the
magnetic moment of CoF, NiF, and MgF is negative, i.e., the net magnetic moment of MF/CuAl reduced.
But for ZnF/CuAl the situation is different, the ideal behavior of bulk ZnF ferrite recorded with normal
spinel structure, where all Zn2+ ions occupy A sites and Fe3+ ions occupying B sites, it is
antiferromagnetic. At the nanoscale, the ZnF has a partial inverse spinel structure and ferrimagnetic
behavior (Ms ≈ 5.7 emu/g) [37, 38]. In our work, the ZnF/CuAl nanocomposite is superparamagnetic
behavior as in the inset of Fig. 7, which agrees with the loops of ZnFe2O4 nanoparticles [39].

The decreasing or increasing in magnetization for any material can be attributed to the canting angle
between the moments in the B-site, or and the total magnetic moments in the B-site [18]. So, the two
factors may be to compete with each other and cause variation of Ms for all MF/CuAl nanocomposites.
Also, the variation of Ms with the nanocomposites can be explained in light of the exchange interactions
between the MF and CuAl. In other words, the combination of two different magnetic materials in which
their different magnetic domains yield a new compound; the second domain may lead to a decrease or
increase in the magnetization of the new compound, owing to interferences of the two magnetic domains
[40].
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The following equations for the determination of Bohr Magneton (mB), magnetocrystalline anisotropy
constant (K), and initial permeability (mi) are used [41].

mB = [M × Ms] / [5585 × rXray]                                   (5)

K = [Hc × Ms] / 0.96                                                   (6)

mi = [  × D] / K                                                        (7)

where the M, Ms, Hc, and D are the molecular weight, magnetic saturation, coercivity, and grain size of the
MF/CuAl nanocomposites. Table 4 listed the magnetic parameters such as Ms, Mr, Hc, Bohr Magneton,
initial permeability, magnetic squareness, and anisotropy. The variation of Ms, Mr, Hc is due to the values

of the magnetic moment of Ni2+, Co2+, Mg2+ Zn2+, Cu2+, Fe3+, and Al3+ ions, which are 2.3, 3.85, 0, 0, 1.73,
5, and 0 mB, respectively. Also, the variations in the magnetic moment of Ni2+, Co2+, Mg2+ Zn2+, Cu2+, Fe3+,

and Al3+ ions are responsible for the variations in the magnetocrystalline anisotropy, Bohr Magneton,
magnetic domain, and super exchange interactions. The coercive �eld generally decreases with particle
size decrease because of lower anisotropy barriers [29]. A similar dependence of coercivity on the
variations of the magnetic moment is reported in other works [42, 43].  

3.3.3 Magnetic hyperthermia 

The speci�c power absorption rate (SAR) values of the magnetic suspended solution were calculated
using the Eq. [15]

SAR                                   (8)

where Ci and Mi are the speci�c heat and the mass component, i of the system, respectively, MFe the
mass of the magnetic component and (DT/Dt) the initial heating rate.  The (DT/Dt) was taken from the
initial heating part of the curves in Fig. 8. The heating effect, due to the external magnetic �eld applied to
the investigated samples, was measured with time starting from switching the power on the induction
coil. The obtained values were represented by curves of temperature as a function of time. As seen from
the �gure, the NiF/CuAl has less time to reach the hyperthermia temperature as compared to the other
samples.

Fig. 9 and Table 4 show the SAR values of MF/CuAl samples. The presented graphs revealed that the
highest SAR effect was obtained for the NiF/CuAl sample while CoF/CuAl was the lowest. The MgF/CuAl
and ZnF/CuAl are intermediate. Despite the CoF/CuAl sample is the highest value of magnetization, i.e.,
magnetic moment perturbation in the magnetic �eld, the value of the SAR is lower than that of NiF/CuAl
and MgF/CuAl. These results can be explained according to Neel and Brownian relaxations [44, 45]. It is
known that the magnetic anisotropy constant is directly proportional to magnetic coercivity. Hence, the
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heat generation process which governed by both Neel and Brownian relaxations rather than Ms. Thus, the
SAR always decreases if Hc increase. The heating curves of the MF/CuAl, samples indicate that the NiF
and MgF have a very signi�cant effect on the SAR parameter.

Conclusion
According to the XRD combination between MF (=NiFe2O4, CoFe2O4, MgFe2O4, and ZnFe2O4) with
CuAl2O4 was successfully synthesized to form multiferroic nanocomposites, which are considered brand-
new nanocomposites. The lattice parameters of MF/CuAl nanocomposites are different from the
individual MF due to the mutual effect between MF and CuAl. This mutual effect causes to decrease in
the transition magnetic temperature Tc of all MF/CuAl Nanocomposites. Also from the Hyperthermia
study, the NF/CuAl having maximum SAR and minimum time required to reach the desired hyperthermic
temperature as compared to other samples. Thus, it is demonstrated that the combustion synthesized of
NF/CuAl can be explored for potential applications in the �eld of biomedicine, especially in magnetic
particle hyperthermia.
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Tables
Table 1:The XRD parameters of MF/CuAl nanocomposites. 
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Sample S Phase concentration (%) a (Å) r x-ray

g/cm3

D (nm) Z (nm)

 

CoF/CuAl

 

1.06

CuAl2O4 0.209 8.074 9.38 80.4  

25CoFe2O4 0.791 8.385 31

 

NiF/CuAl

 

1.06

CuAl2O4 0.263 8.080 9.40 21.4  

27NiFe2O4 0.737 8.376 28

 

MgF/CuAl

 

1.08

CuAl2O4 0.342 8.074 8.63

 

28.3  

45MgFe2O4 0.658 8.373 11.88

 

ZnF/CuAl

 

1.07

CuAl2O4 0.344 8.089 9.33

 

26.9  

25ZnFe2O4 0.656 8.443 13.62

Table 2: Comparative between our work and other works.

Sample a (Å)

our work

a (Å)

Other works

Ref.

CuAl2O4 8.074 8.076 17

CoFe2O4 8.385 8.396 25

CuAl2O4 8.080 8.076 17

NiFe2O4 8.376 8.337 24

CuAl2O4 8.074 8.076 17

MgFe2O4 8.373 8.376 24

CuAl2O4 8.089 8.076 17

ZnFe2O4 8.443 8.445

8.449

22

23

 

Table (3): IR absorption band (nt) and the force constant (kt)
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Samples nt (cm-1) kt x 105 dynes/cm2

ZnF/CuAl 528 7.63

MgF/CuAl 541 8.01

CoF/CuAl 547 8.18

NiF/CuAl 549 8.24

Table 4:Magnetic parameters of MF/CuAl nanocomposites.

Parameter CoF/CuAl NiF/CuAl MgF/CuAl ZnF/CuAl

TC (K) 462 561 438 -

q (K) 539 566 402 -

CM 133.5 0.333 0.172 -

meff (B.M.) 32.7 1.63 1.17 -

Ms (emu.g-1) 46 30.68 9.36 5.7

Mr (emu.g-1) 21.839 9.0962 1.7978 0.41312

Mr/Ms 0.474761 0.2934258 0.199756 0.0724772

Hc (G) 1349 171 128 64

 K  (J.m-3) 64639.58 5464.875 1248 380

Initial permeab. (m)  0.818384 4.3059649 3.159 2.1375

Bohr magn. (mB)  0.36539 0.2430405 0.074086 0.0462245

D (nm) 27 25 45 25

SAR (W.g-1) 3.97 52.9 14.04 5.6

 

Figures



Page 15/23

Figure 1

XRD diffraction for all MF/CuAl nanocomposite.
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Figure 2

TEM images for all MF/CuAl nanocomposite with inset the histogram of the particle size
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Figure 3

TEM image of a long single nanotube for ZnF/CuAl.
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Figure 4

The IR spectra for the MFe2O4/CuAl2O4 nanocomposite
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Figure 5

Magnetization versus temperature curve for all MF/CuAl nanocomposite. The inset is the temperature
dependence of the �rst derivative of M(T)
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Figure 6

Temperature dependence of the χm-1 for all MF/CuAl nanocomposite
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Figure 7

Hysteresis loops for the MF/CuAl nanocomposite.
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Figure 8

The temperature as a function of time (SAR) for all MF/CuAl2O4 nanocomposites.
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Figure 9

the relation between SAR behavior, coercive �eld (Hc), and the particle size (D) vs. MF/CuAl and CuAl
materials.


