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Abstract

In this study, five Cu-Ni substituted cobalt ferrite nanoparticles, i.e., CoggNij,Fe,04; Cuj,Coq ¢Nig,Fe,0y;
Cuy, 4,Co, 4Ni, ,Fe,0,; Cu, (Co, ,Ni, ,Fe,0, and Cu,¢Ni, ,Fe,0,, have been prepared using an eco-friendly sol-gel auto-
combustion process. The physicochemical characterization results derived from Fourier transform infrared (FTIR) spectros-
copy, x-ray powder diffraction (XRPD), field emission scanning electron microscopy (FESEM), differential thermal analysis
(DTA) and thermogravimetric analysis (TGA) have confirmed that the ferrite synthesized powders are pure and are formed
by homogeneous crystallites varying in size from 19.96 nm to 24.94 nm. In addition, the nanosized ferrite cubic spinel basic
framework has excellent stability versus copper substitution and thermal treatment beyond the combustion temperature and
with no detection of tetragonal-cubic phase transition. Furthermore, the zero-field-cooled (ZFC)—field-cooled (FC) and mag-
netization versus magnetic field strength measurements using magnetization-hysteresis superconducting quantum interface
device (M-H SQUID) magnetometry have proved the presence of superparamagnetic behavior at room temperature. Also,
theoretical calculations of the superparamagnetic parameter have been performed by fitting the Langevin function to the M-H
(300 K) data. The results indicate their significant dependence on both crystallite size and impact of copper composition.
Indeed, during the substitution process, a decrease has been observed in remanence, saturation magnetization, coercivity,
blocking temperature and magnetocrystalline values. The complex impedance spectroscopy (CIS) study has highlighted the
best electrical conductivity value 18.07x 10 S cm™" associated with the lowest E,=0.360 eV of Cu,¢Ni, ,Fe,0, at 373 K.
The excellent magnetic and electrical features of the synthesized nanosized Cu-Ni substituted cobalt ferrites enable them to
be applied in various nanotechnological fields of modern life.
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Introduction

Nowadays, the progress in research on magnetic, electric,
and optical properties of ferrite nanoparticles is exponen-
tially increasing, which is mainly due to their potential as
candidates for application in various fields.!-?

In particular, the magnetic spinel nanoferrite system
MFe,0,(M =Mn, Co, Ni, Cu, Zn) has attracted considera-
ble attention of researchers in the last decade due to its dis-
tinctive physicochemical properties, including magnetic,
optical, electrical and dielectric characteristics. Addi-
tionally, these nanoferrites exhibit excellent thermal and
chemical stability, as well as good catalytic and photocata-
lytic properties with a moderate band gap value. The wide
range of technological and biotechnological applications
include magnetic drug delivery agents, detoxification,
specific cell labeling, sonoimaging and MRI. These nano-
ferrites may also have application in photocatalysis, pho-
toluminescence, biosensors, electrochemical gas sensors,
humidity sensors, corrosion protection, water decontami-
nation, magnetic liquids, permanent magnets, magnetic
refrigeration, microwave technology, ceramic pigments,
antimicrobial agents and hyperthermia in biomedicine.>”’

Indeed, the exceptional physicochemical properties of
these nanoferrites are mainly due to the unique properties
of the cubic spinel basic framework, which consists of two
different geometrical configurations, normal and inverse
spinel, which are derived from two different cationic dis-
tribution methods within tetrahedral (A) and octahedral
(B) sites.? The network cohesion is ensured by the crystal
field stabilization energy of the transition metal cations
within these two sites.

In addition, most recent research has reported that the
synthesis method, particle size, thermal treatment, and
nature of the transition metal dopants are mainly consid-
ered as prominent factors that strongly affect the cationic
distribution between the two sublattices labeled A and B
compared to the normal occupancy within the cubic spi-
nel basic structure. This leads to a considerable change in
physicochemical properties of the nanoferrites.

In particular, many recent investigations have been
focused on the most well-known cubic inverse spinel
cobalt ferrite nanoparticles doped by different transitions
metal dopants and synthesized by different methods,® in
order to better understand their excellent physicochemical
properties and their applications in the modern technology
field.'o'®

Recently, our new previous study has been devoted to the
exploration of CuxCo, xFe,0,(X=0, 0.25, 0.5, 0.75, 1) fer-
rite nanoparticles, which represent the first series 1 (Y= 0),2
derived from the parent system CuyNiyCo, xyFe,O,
(0<X<1-Y;0<Y<0.8). Thus, the excellent magnetic and
electrical properties of the five Cu substituted cobalt ferrite
nanoparticles deduced from this study are encouraging in
order to further investigate on the parent system. For this
reason, the present work has been devoted to the second
series 2 (Y=0.2), which represents a continuation of the
first series 1 (Y=0).

The main purpose of this study is the synthesis of the five
Cu-Ni substituted cobalt ferrite nanoparticles of series 2,
CuyCoy ¢ xNi,,Fe,0, (X=0, 0.2, 0.4, 0.6, 0.8), by the eco-
friendly sol-gel autocombustion method and then highlight
the influence of copper substitution at a fixed composition
of Ni**(Y=0.2) on the structural, electrical and magnetic
properties by physicochemical characterization techniques
including differential thermal analysis with thermogravi-
metric analysis (DTA-TGA), x-ray powder diffraction
(XRPD), Fourier transform infrared (FTIR) spectroscopy,
complex impedance spectroscopy (CIS), zero-field-cooled
(ZFC)-field-cooled (FC) and magnetometry using a mag-
netization-hysteresis superconducting quantum interfer-
ence device (M-H SQUID). We also aim to determine the
superparamagnetic parameters by fitting Langevin function
theoretical calculations using M-H (300 K) data.

Experimental Techniques
Chemical Synthesis Process

The sol-gel preparation of the five Cu-Ni substituted cobalt
ferrites was performed using a mixture of basic reactants
(Sigma Aldrich), including citric acid, cobalt(II) nitrate hex-
ahydrate, nickel(II) nitrate hexahydrate, copper(Il) nitrate
trihydrate, and iron(IIl) nitrate nonahydrate, with purity
values of 99.5%, 99%, 99%, 99%, 98%, respectively. The
reactants were measured in the stoichiometric proportion
of each corresponding composition with a suitable amount
of distilled water under magnetic stirring. Citric acid was
added to the last reaction mixture in a 1:1 molar ratio to
the metal cations as an eco-friendly metal chelating agent
and autocombustion fuel. Then, the resulting aqueous solu-
tions of each studied composition X were heated at 353 K
under stirring, followed by the adjustment of pH value to
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7 using a suitable volume of concentrated ammonia solu-
tion. This caused the formation of viscous black gel, which
transformed into fractal loose precursor powders after
reaching the corresponding autocombustion temperatures
below 523 K. Then, the precursor powders were ground
slightly and then calcined at 550 K for 2 h leading to the
synthesis of five nanosized Cu-Ni substituted cobalt ferrites,
Coyg sNij ,Fe,04, Cu,,Coy ¢Ni, ,Fe,0,, Cu ,Coy 4Nij ,Fe,0,;
Cu, Co, ,Ni, ,Fe,0,; CuygNi,,Fe,0,, which correspond
to the five X compositions 0; 0.2; 0.4; 0.6; 0.8, and were
labeled S2M1-5.

Physicochemical Characterization Procedures

Thermograms using coupled differential thermal analysis
(DTA) and thermogravimetric analysis (TGA) of the five
dried gel precursors were recorded using a SETARAM
TGA92 thermal analyzer in a temperature range from room
temperature to 1173 K at a heating rate of 10 K min~! under
an argon atmosphere.

A Bruker D8 Advance diffractometer, using 1.54187 A
Cu-Ka radiation, was used to record the five 298 K diffrac-
tograms of the studied ferrites S2M1-5 in the 10-100° 26
diffraction angle range with 0.02° scan step width and 16 s
scanning time per step.

The Fourier transform infrared (FTIR) spectral data
were recorded using a NICOLET IR 200 FTIR spectrom-
eter in the sweeping range 400—4000 cm™'. Complex
impedance spectroscopy (CIS) was used to study the
electrical conductivity properties. The experimental data
acquisition was carried out using a Solartron SI 1260 ana-
lyzer in the frequency range between 10 Hz and 32 MHz,
recording 10 measurements per decade per frequency
interval, under 100 mV imposed voltage. The cylindrical

The zero-field-cooled (ZFC)-field-cooled (FC) and mag-
netization versus applied magnetic field (M-H) were meas-
ured using a Quantum Design MPMS superconducting quan-
tum interface device (SQUID) magnetometer under 500 Oe
imposed magnetic field and in the 10-300 K temperature range.

The surface morphology and elemental composition of
the five explored nanoferrites were analyzed using a Carl-
Zeiss MERLIN field emission scanning electron microscope
(FESEM) coupled with energy dispersive x-ray (EDX) spec-
troscopy with a high resolution of 0.8 nm and 1.4 nm at
15 kV and 1 kV, respectively.

Results and Discussion

DTA-TGA

As shown in Fig. 1 and the upper right inset, the DTA-
TGA thermograms of the five studied nanoferrites S2M1-5
have similar profiles and each one exhibits in the TGA
curve only a single mass loss, around Am =~ —5%, which
was confirmed in the corresponding DTA curve, by the
presence of a narrow exothermic peak which is ascribed
to the autocombustion phenomenon.

Indeed, the observed exothermic peak at the combustion
temperature (1), is attributed to the autocombustion chemical
reaction between iron, cobalt, nickel and copper nitrates, and
citric acid as organic combustibles, and this leads to the synthe-
sis of the corresponding highly crystalline single phase cubic
spinel ferrite according to the following chemical equation:

where X=0, 0.2, 0.4, 0.6, 0.8.
The chemical equation was written according to the
propellant chemistry principle,'® by considering that the

2[Fe(NO;), - 9H,0(S)| + (0.8 — X)[Co(NO;), - 6H,0(S)] + 0.2[Ni(NO;), - 6H,0(S)]+
X[Cu(NO;), - 3H,0(S)] + 3C4HgO;(S) — CuyNij,Coqg_xFe,0,4(S) + 8N,(G)+

(24 — 3X)H,0(G) + 18CO,(G)

pellet of each studied ferrite was compacted uniaxially
under 120 MPa pressure and then sintered at 1173 K for
24 h. Gold deposition was performed by vacuum evapora-
tion on both sides of each pellet with 13-mm diameter in
order to ensure that the electrode had good ohmic contact.
The recorded Nyquist diagram data was measured in the
temperature range from 293 to 373 K with increments
of 20 K.

@ Springer

combustion reaction products are primarily constituted by
CO,, N, and H,0.

Moreover, beyond the combustion temperature and
until 1173 K, no thermal phenomenon was detected in
the five thermograms. Indeed, the thermal behavior of the
five Cu-Ni substituted cobalt ferrite single phases shows
an excellent stability without any phase transition below
1173 K, which leads to the estimation of the appropriate
calcination temperature range of 550-1173 K.
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Fig.1 DTA-TGA thermograms of nanosized ferrites S2M1-5.
In addition, at constant value of molar number for P
both nickel n(Ni)=0.2 and citric acid n(C4Hg0,) =3, ® @
from 494.96 K to 502.75 K, the observed increase in ﬁ::z / [
the value of T, of the five Cu-Ni substituted cobalt fer- L z  |mecan
rites, S2M1 (T-=494.96 K), S2M2 (T-=496.90 K), "'vr - g '
S2M3 (T.=498.85 K), S2M4 (T.=500.81 K), S2M5 5 g
(T-=502.75 K), increase with copper content, which has a ; (113) o e s ::(5) oo e w0
higher atomic mass than cobalt, and may be assigned to the "5 - _
molecular mass increase from M(S2M1)=234.57 g mol ™! 5 § . g - 8 §
to M(S2M5) =238.26 g mol ™. = I § S 3 ¢
Furthermore, the thermogram profiles of the five syn- I " e
. ) . . S52M4(X=0.6)] N N
thesized nanoferrites are similar to those reported in [S2013(X=0.4
similar work devoted to M, sCo, sFe,0, (M =Ni, Cu, Zn), SIM2X=02 " "
elaborated by the same synthesis process used herein, and S2M1(XZ0) L SNS WNS S W—
. . -7 7 +TrrTrrrrrrrorr
their combustion temperatures have been observed around 20 25 30 35 40 45 50 55 60 65 70

473 K2
X-ray Powder Diffraction Analysis

In order to avoid the formation of grain growth and agglom-
eration, the five samples were calcined at 550 K for 2 h.
The five profiles of the recorded x-ray powder diffracto-
grams of the studied ferrites shown in Fig. 2 are similar and
show clearly the presence of only sharp peaks of single-
phase crystalline nature confirming the spinel basic structure
of the corresponding five Cu-Ni substituted nanosized cobalt

20 (°)

Fig.2 XRP diffractograms of nanosized ferrites S2MI1-5, (a)
Zoomed-in Bragg reflection (1 1 3) of the nanosized ferrites S2M1-5
and (b) Graphic representation of the a lattice parameter versus the
Cu content of nanosized ferrites S2M1-5.

ferrites S2M1-5. Moreover, the measured diffraction peaks
of the as-synthesized ferrites have been perfectly indexed in
the cubic system with Fd3m space group in accordance with
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Table | Refined lattice parameters and crystallite size calculations of
the nanosized ferrites S2M1-5

Nanoferrite a(A) Space group Dygpp (Nm)
S2M1 (X=0) 8.380(1) Fd3m 18.77
S2M2 (X=0.2) 8.383(4) Fd3m 19.97
S2M3 (X=0.4) 8.385(2) Fd3m 20.51
S2M4 (X=0.6) 8.387(5) Fd3m 21.60
S2M5 (X=0.8) 8.391(3) Fd3m 23.39

data derived from JCPDS card file no. 79-1744 of spinel
CoFe,0,.

As a result, the collected data results derived from the
x-ray diffraction analysis indicate the high purity of the
five studied powder compositions and perfectly proved the
remarkable stability of the cubic spinel crystalline structure
during the replacement of Co by Cu cations within the par-
ent CoFe,0, basic framework, meanwhile, copper content
X increases from 0 to 0.5 and Ni composition Y remains
constant equal to 0.2.

Furthermore, the lattice parameter values have been
refined by linear regression using the least square fit
method performed by CELREFF software,?' which uses
hkl with their corresponding 26(°) values by importing
the raw format acquisition data. The five refined lattice
parameters are depicted in Table I. In addition, the five dif-
fractograms of various compositions show that the XRPD
peaks seem to be slightly displaced toward lower values
of 20 diffraction angles in comparison with those of cobalt
ferrite diffractogram when copper composition X increases
from O to 0.8 at constant nickel content Y=0.2. Indeed, in
the case of Bragg reflection (1 1 3), Fig. 2a shows a slight
shift of 26 value from 35.52° [X=0] to 35.47° [ X=0.8],
which is due to the low growth in the lattice constant from
a[X=0]=8.380(1) A to a[X=0.81=8.391(3) A, Table L.
This result can be explained on the basis of the small dif-
ference between cationic radius values of Cu®* and Co*™:
r(Cu*")=0.73 A and r(Co**)=0.72 A, respectively.

The lattice parameter variation with copper content X
is shown in Fig. 2b. In fact, the lattice parameter value
varies linearly with Cu composition increase and thus
indicates that the Cu-Ni substituted cobalt ferrite system
obeys Vegard’s law,?? by the following fitted equation:
a(X) =8.380+ 13.1073X, which is obtained from the linear
fit of the graphical representation of the a lattice parameter
as function of Cu content X. In addition, a similar behavior
of lattice parameter increase with dopant content has been
reported by many investigators in various studies devoted
to several metallic cation substituted cobalt ferrite.?

Additionally, even though the copper composition
is equal to 0.8, the room temperature diffractogram of
Cug ¢Nij ,Fe,0,(X=0.8) indicates that the nanoferrite
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Fig.3 FTIR Zoomed spectra of nanosized ferrites S2M1-5.

crystallizes in the cubic spinel system with the space
group Fd3m and with no detection of tetragonal phase
transition with the space group 14,/amd, which is cited
in the case of CuFe,0,.2* Indeed, this result confirms that
copper cations preferentially occupy the octahedral sites,
within the classic spinel lattice, instead of the tetrahedral
sites during the substitution process.

Moreover, the calculation of crystallite grain size D has
been performed using Scherrer's relation® whose different
variables and constants have been detailed in our recent
research paper.”

_ 091
A(20)coso

The data listed in Table I show that the nanocrystallin-
ity of the five studied ferrites has been highlighted by the
crystallite grain size calculation values which are less than
100 nm and whose values seem to increase with Cu con-
tent X from Dygpp[Coq ¢Ni, (Fe,0,4]=18.77 nm to Dyxgpp
[Cu, gNi, ,Fe,0,]1=23.39 nm. The structural properties
deduced from the XRPD study is in coherence with those
reported in similar investigations.>>!-??

FTIR Vibrational Characterization

Fourier transform infrared spectroscopy study has been
performed for further additional information concerning
the crystalline framework. As shown in Fig. 3, the five
vibrational spectra of the explored nanosized ferrites reveal
the presence of two principal absorption peaks situated at
the wavenumber values 595 cm™! and 412 cm_l, which are
assigned to the tetrahedral and octahedral vibration modes
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Fig.4 FESEM micrographs of nanosized ferrites S2M1-5.

corresponding to the single phase cubic inverse spinel lat-
tice.2>% The obtained values from the experimental spectra
of tetrahedral and octahedral absorption bands are in good
agreement with those reported in similar works.?%’

In addition, on the same point view, it can be concluded
that the results derived from the thermogravimetric, FTIR
and XRPD studies are in good accordance that the five

Cu-Ni-Co nanosized ferrites are pure and their lattice param-
eters correspond to the cubic spinel crystal structure.

FESEM Analysis
The observed morphologies of the five studied nanofer-

rites derived from the FESEM micrographs depicted in
Fig. 4 show a uniform grain size distribution with angular
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Table Il EDX elemental analyses of the nanoferrites S2M1-5

Nanoferrite Atomic percentage (%)

Co Cu Ni Fe (0]

S2M1 Cog gNiy,Fe,0, 1157 - 279 2854 56.87
S2M2 Coy (Cuy,Niy,Fe,0, 8.65 293 292 2847 5693
S2M3 Cog ,Cuy Niy,Fe,0, 578 582 274 2839 5678
S2M4 Cog,CuyNiy,Fe,0, 2.86  8.64 281 2843 5684
S2MS5 Cuy gNij,Fe,0, - 1151 275 2861 56.71
750
700 { Ni .Co__Fe.O @ T=293K
650 _. 0.2 0.8 274 S T=313K
] @ T=333K
600 @ T=353K
550 4 @ T=373K
500
450 -
G 400
S 350 ‘: ) [ [ " ] °
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Fig.5 (a) Impedance diagram of the nanosized ferrite S2M1 in the
temperature range 293-373 K and (b) Arrhenius plot of nanosized
ferrites S2M1-5.

shapes, whose grain sizes vary from Dggggy=20.86 nm to
Drpsev=25.62 nm. As a consequence, these values seem to
be slightly higher than those determined by Langevin func-
tion fitting D; gp and Scherrer's equation Dxgpp. Thus, the
observed grain size difference between Dgggpy and Dy pp can
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be attributed to the presence of dead magnetic layers inside
the structure of the five nanoferrites.”® The EDX analysis
results of elemental composition of the five as-synthesized
ferrite nanoparticles listed in Table II closely match the cor-
responding stoichiometric ratios used for the synthesis.

Electrical Characterization by CIS

The impedance diagrams of the five nanosized ferrites
recorded at 293 K, 313 K, 333 K, 353 K and 373 K have
similar profiles. As shown in Fig. 5a, the Nyquist diagram
of S2M1 [X=0] exhibits only one semicircular arc which
confirms that the electrical conduction behavior within
the studied ferrite framework is principally due to the bulk
resistance with a total absence of grain boundary effect.?’
The calculation of direct current conductivity value has been
carried out by the following relation: o,=E/RS, wherein
E is the thickness of pellet and S its corresponding surface.
At fixed temperature, the values of bulk resistance may be
determined by intersection of the corresponding semicircle
with the real axis in the Nyquist diagram.

Figure 5b represents the Arrhenius plots of In(op) as a
function of 10%/7 of the five Cu-Ni-Co nanosized ferrites,
which exhibit a perfect linear fit trend of Arrhenius equation
Orot = 00eXp(— E/KgT), wherein T, K, E, and o are the
absolute temperature, the Boltzmann constant, the electrical
conduction activation energy and the pre-exponential factor,
respectively.

The observed increase in electrical conductivity versus
temperature is a clear indication that the electrical conduc-
tion behavior is a thermally activated process leading to the
calculation of E, for each nanosized ferrite from its plot
slope determined from the electrical data linear fit. The illus-
trated electrical properties in Table III are in good coherence
with those cited in similar study data;>*3* however, at con-
stant copper content X, the DC electric conductivity value
of each studied nanosized ferrite increases as temperature
increases from 293 K to 373 K.

Moreover, the DC conductivity value of Co, gNi, ,Fe,0O,
[X=0] and Cu,¢4Ni, ,Fe,0, [X=0.8] increases by 38 and
21 orders of magnitude, respectively. The S2MS5 nanosized
ferrite exhibits the highest DC electrical conductivity value
opc(373 K)=1.807 X 1073 S cm™! with lower associated
activation energy of 0.360 eV, and this observation can be
explained by the increase of electrical charge carrier drift
mobility, which clearly indicates the presence of semicon-
ductor-like behavior.

In addition, at 293 K and 373 K fixed temperature, the
DC electrical conductivity value increases more than seven
and four orders of magnitude, respectively, as copper com-
position increases. In fact, the observed electrical conduc-
tivity growth with the increase of Cu content X from O to
0.8, at fixed Ni composition Y=0.2, is mainly due to the
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Table lll Electric properties of
the nanosized ferrites S2M1-5

Nanoferrite ODC(293 K)

(Sem™)

OpC313 K
(Sem™)

OpC(333 K)
(Sem™)

ODC(353 K
(Sem™)

OpC(373 K)
(Sem™)

E, (V)

1.151x 107
1.847x107*
3.158x 107
4.812%x107*
8.632x 107

S2M1
S2M2
S2M3
S2M4
S2M5

3.214x 107
5.006% 107
7.013x 107
0.00103
0.00162

7.762%x 107
0.00133
0.00184
0.00267
0.00436

0.00179
0.00263
0.00363
0.00529
0.00794

0.0044

0.00582
0.00867
0.01247
0.01807

0.423
0.403
0.388
0.382
0.360

0.0

-0.5+
-1.0 1
-1.54 °

-2.0 )

Ln[c,.(S.cm™)]
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(b) f(Hz)

Fig.6 (a) Graphic representation of Ln(c,c) versus Ln(f) of nano-
sized ferrite S2M5 and (b) Second-order polynomial fitted curve of
6,c(373 K) versus frequency of nanosized ferrite S2MS5.

electrical property difference between copper and cobalt,
which have elementary electrical conductivity values of
0.294 S cm™', 0.172 S cm™!, respectively, leading to the
conductivity enhancement by increasing the charge carrier
concentration when Cu concentration increases from 0 to
0.8. Consequently, there is a decrease in the E, value from
0.423 eV t0 0.360 eV.

Furthermore, the study of AC conductivity o, evolution
in the frequency domain from 10 Hz to 32 MHz, has been
performed for further investigation on electrical properties
and then leading to the conduction mechanism identification.
Indeed, the study has been focused on Cu, gNi,) ,Fe,0, which
has the highest DC electric conductivity value at 373 K. As
shown in Fig. 6a, which represents the In(o,) curve versus
In(f), the presence of a linear zone in the low frequency
domain immediately accompanied by an exponential growth
of plot with a frequency in the higher frequency range is an
indication that the mechanism of AC electrical conduction
within the ferrite framework depends on both temperature
and frequency, and consequently obeys Jonsher’s universal
power law equation, 6,c = opc+ Pw", where n is the angular
frequency exponent, w is the angular frequency and P is a
temperature-dependent constant.>

In addition, the second-order polynomial fitted curve of
0c(373 K) as a function of frequency of the Cu, gNi ,Fe,O,
nanoferrite, shown in Fig. 6b, has been used to calcu-
late the fitted values of op(373 K)=0.0182(3) S cm™,
P(373 K)=4.275%10""% S cm™! rad™! and n=2, with an
R-squared value equal to 0.9994, and it can be deduced that
the fitted 300 K DC electrical conductivity value, 0.0182(3)
S cm™!, is almost equal to that determined from the 373 K
recorded Nyquist diagram data of S2MS5 nanoferrite, opc
(373 K)=0.01807 S cm™. As a result, inside the 3-D frame-
work system of the explored Cu-Ni substituted cobalt ferrite
nanoparticles, the charge carrier transport is occurred by
the mutual electron hopping exchange between ferric Fe**
and ferrous Fe’* cations which are distributed in random
equivalent sublattice sites in the imposed electrical field
direction.!36-37

Magnetic Characterization by SQUID Magnetometry

The ZFC-FC magnetization curves with similar profiles,
shown in Fig. 7a, drawn from the recorded data in the tem-
perature range from 10 K to 300 K and under an applied
magnetic field of 500 Oe, have been used to interpret the
magnetic behavior and to determine the blocking tempera-
ture of each magnetic ferrite, 7%, from the first particular
point deduced from the beginning of the corresponding
curve.
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20 configurations. In fact, the presence of Co’" cations in the
18 octahedral sites create a high magnetocrystalline anisotropy
16 and induce a large energy barrier value of magnetocrystal-
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Fig.7 (a) The ZFC-FC magnetization curves of the nanosized ferri-
tes S2M1-5 recorded in the temperature range 10-300 K and under
500 Oe magnetic field and (b) the 10 K hysteresis loops of the nano-
sized ferrites S2ZM1-5.

The deduced blocking temperature T of the five
nanosized ferrites, S2M1-5, are Tz(X=0)=282.21 K;
Te(X=0.2)=277.97 K; Tg(X=0.4)=274.30 K;
Tp(X=0.6)=270.92 K and T(X=0.8)=267.85 K. How-
ever, at constant composition of nickel Y =0.2, the observed
decrease in the T value from 282.21 K to 267.85 K, with
the increase of Cu content X from 0 to 0.8, can be explained
by the fact that at X=0, the starting nanosized ferrite,
Ni, ,Co, sFe,0,, has a cubic inverse spinel basic structure
within which the Fe** transition metal cations are ensnared
in a weak ligand field which is due to the presence of high
spin states generated by the 3d° electronic configurations.

The magnitude contribution of magnetic anisotropy is
mainly established from the strong L-S coupling of Co**
transition metal cations due to their 3d’ electronic

@ Springer

line anisotropy K. In addition, the observed decrease in the
energy barrier value of magnetocrystalline anisotropy K
from 4.87x10° erg cm™ to 2.01 x 103 erg cm™ with the
decrease of Co composition from 0.8 to O is primarily due
to the substitution within the octahedral sites of Co>* cations
which have higher L-S coupling contribution by Cu** cati-
ons with a lower one, leading to the observed decrease in the
Ty value with Cu composition and particle size increase. In
fact, these obtained results are in good agreement with the

following relation: T = ;;—]Z, which shows clearly the rela-

tionship between Ty and K reported hereafter.

Furthermore, the existence of the intersection between
ZFC-FC magnetization curves clearly confirms the room
temperature transition of the five magnetic nanoferrites from
the ferrimagnetic blocked regime to the superparamagnetic
regime, which imposes a dominant magnetic single domain,
in which the thermal energy value K7 becomes larger than
that of the magnetic anisotropy energy barrier thus causing
the deblocking of the switchability of the magnetic moment
towards the magnetic applied field inducing the superpara-
magnetic regime transition according to the Curie—Weiss
law.38:39

Moreover, the five similar ZFC curves display a satura-
tion trend confirmed by the presence of a linear zone extend-
ing from 10 K to 150 K, immediately followed by an expo-
nential increase until reaching the blocking temperature.
On the other hand, the tendency to saturation has also been
observed in the ZF magnetization curve of the five magnetic
ferrites, which indicates the presence of strong dominant
dipolar interactions between the A and B metallic transition
cations inserted in the tetrahedral and octahedral crystallo-
graphic sites, respectively.*’ As a result, this characteristic
superparamagnetic behavior has been reported in similar
recent studies devoted to ferrite nanoparticles.*!

Figure 7b presents the magnetic hysteresis loops recorded
at 10 K and clearly shows that the five ferrimagnetic nano-
sized ferrites are in the blocked magnetic state, and as a
result, they obey Stoner-Wolhfarth’s law,** while the
recorded 300 K M-H curves, shown in Fig. 8a, indicate the
presence of superparamagnetic behavior characterized by a
dominant magnetic single domain, which is confirmed by
the absence of a hysteresis loop in the 300 K M-H curves.
Additionally, the observed reduction in saturation magneti-
zation Mg values at 300 K in comparison with those at 10 K
can be assigned to the magnetic moment distribution under
the imposed field direction which is strongly related to the
common concurrence between the thermal and magnetocrys-
talline anisotropy energies versus temperature.
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In fact, beyond the blocking temperature 7}, the domi-
nant magnetic moment becomes randomly oriented, and
as a result, the magnetocrystalline anisotropy energy value
becomes lower than that of thermal energy, thus inducing
the transition to the superparamagnetic regime.
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Fig.8 (a) The 300 K hysteresis loops of the nanosized ferrites
S2M1-5 and (b) Langevin function fitted superparamagnetic M-H
curves of the nanosized ferrites S2M1-5.

Furthermore, at 300 K, shown in Table IV, the satura-
tion magnetization Mg value 52.24 emu/g of Co, ¢Ni, ,Fe,0,
(X=0) seems to be slightly lower than that of the nanosized
cobalt ferrite CoFe,0,,” 55.97 emu/g and also smaller than
that of the CoFe,0, bulk parent 80.6 emu/g.*’

In fact, the formation of both shell and core inside mag-
netic ferrite nanoparticles generated by the surface spin
canting orientation impact is primarily induced by magnetic
dead layers and spin disordering effects at particle surfaces,
which lead to the observed magnitude decrease of saturation
magnetization of the five magnetic nanoferrites compared to
their CoFe,0, bulk parent.**

However, in 1948, Neel® asserted that within the cubic
spinel framework AB,O,, the magnetic properties are
essentially influenced by the transition metal cation and the
statistical repartition between tetrahedral and octahedral
sublattice sites. They generate strong predominant dipo-
lar interactions between A and B cations created by their
magnetic moment orientations in opposite directions inside
their corresponding sublattices whose net magnetic moment
magnitude value is calculated by the following equation:
My =3 Mp— M,

Moreover, the M-H curves at 10 K and 300 K exhibit a
remarkable decrease in saturation magnetization Mg with
copper composition growth between 0 and 0.8, which is
mostly dependent on magnetic dipole moment intensity of
the transition metal cations inside their corresponding two
A and B crystallographic sites. Indeed, inside the nano-
sized ferrite cubic crystal structure, ferric cations (5 up) are
equally distributed between the tetrahedral and octahedral
sites, whereas cobaltous (3 py) and nickelous (2 pgp) cati-
ons are only located in the B sites. In addition, during the
substitution procedure, Cu** (1 pg) cations preferentially
occupy octahedral (B) sites according to the crystal field
stabilization energy imposition.*® Consequently, the calcu-
lated net magnetic moment value per molecule, M; , of the
five magnetic nanosized ferrites Co, ¢Ni, ,Fe,O, [2.8 pgl;
Cuy,Coy ¢Nig ,Fe,0, [2.4 pgl; Cug 4Coy 4Niy ,Fe,0, [2 pgl;
Cuq (Coy ,Nij ,Fe,0,4 [1.6 pgl; CuggNig,Fe,0, [1.2 pg]
reveals a decrease with Cu®* composition increase from 0
to 0.8, which causes the saturation magnetization magnitude
decrease from 2.8 pg to 1.2 up.

Table IV Magnetic properties

Nanoferrite 10K 300 K

measured at 10 K and 300 K of

the nanosized ferrites S2M1-5 H, (Oe) M, (emu/g) M, (emu/g) H, (Oe) M, (emu/g) M, (emu/g)
S2M1 2036 18.69 55.27 0 0 52.24
S2M2 1662 15.70 47.38 0 0 44.77
S2M3 1373 12.84 39.28 0 0 37.12
S2M4 1107 10.68 31.58 0 0 31.82
S2M5 832 7.83 23.69 0 0 22.37
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TableV Fit parameter . 5 2
Nanoferrite M, M D D D N Kx10 R
values of M,(LFF), D(LFF), WO oy (om D A B G0 (erglem?)
D(LFF), ., K and Np, with B
the corresponding R goodness S2M1 5224 5027 18.77 1615  3.660 5748 9.43 4.87 0.9994
of fit factors of the nanosized s2M2 4477 4309 1997 1681 4587 5745 808 412 0.9994
ferrites S2M1-5
S2M3 37.12 3573 2051 17.08  6.053 5742 6.71 3.39 0.9994
S2M4 31.82 3062 2160 17.84 7592 5738 575 2.88 0.9994
S2M5 2237 2153 2339  19.03 12.833 5736 4.04 2.01 0.9994

According to the nanomagnetism theory,*’ the nano-
magnetic system can be mostly subdivided into four theory
domain states, superparamagnetic domain, single domain,
pseudo-single domain and multidomain, which are abbrevi-
ated as follows: (SPMD), (SD), (PSD), (MD), respectively.
However, the transition from the multidomain to single
domain and next to the superparamagnetic domain occurs
when the magnetic particle reaches the critical size D (LFF)
and the superparamagnetic critical threshold size D(LFF),
respectively, and considerably depends on the magnitude
of magnetocrystalline energy. In addition, when superpara-
magnetic state is established, magnetic nanoparticles consist
of single magnetic domains which are characterized by a
special value close to zero of both coercivity and remanence.

The magnetization magnitude mathematical equation, as
a function of absolute temperature T and applied magnetic

field HM = Mg - L<]’:"']; ), has been used to calculate the
"
different superparamagnetic parameters described hereafter;

the mathematic relation for calculating the magnetic anisot-

25K Ty AK

ropy constantis K = —2-L and the D, = 18VAK hathematic
Vv HoM?

expression has been used to determine the sﬁherical nano-
particle critical diameter value D, corresponding to the
MD-SD transition.*® The different variables and constants
corresponding to the three equations aforementioned have
been well defined in our recent work.”

Langevin function fitting (LFF) has been performed by
using the recorded 300 K superparamagnetic M-H data,
show in Fig. 8b, of the five magnetic nanosized ferrites in
order to determine the corresponding superparamagnetic
parameters K, Np, u,, D(LFF), D (LFF) and M(LFF) which
are illustrated in Table V.

Furthermore, the listed theoretical calculation data in
Table V lead to deduce that the fitted values of both M (LFF)
and D(LFF) using Langevin function, are in perfect coher-
ence with M (300 K) and D(XRPD), as calculated from their
corresponding experimental data. The high constant values
of magnetocrystalline anisotropy certainly indicate the exist-
ence of mutual powerful L-S couplings between Cu**(1 up),
Ni%*(2 ug), Co**(3 ug) and Fe**(5 ug) cations within the
cubic inverse spinel framework, which show a considerable
decrease from 4.87 x 10° erg cm™ to 2.88 x 10° erg cm™>
when Cu®* content increases from 0 to 0.8 at Ni** constant

@ Springer

composition equal to 0.2. Indeed, during the substitution
process at Y[Ni2*] content constant equal to 0.2, the increase
in Cu?* composition from 0 to 0.8 leads simultaneously to
the decrease in Co®* composition from 0.8 to 0. In addition,
the presence of magnitude difference in magnetic moment
between Cu?*(1 ug) and Co**(3 ug) cations induces the
observed magnitude decrease in Mg value and thus causes
a significant increase in D(LFF) value from 3.660 pm to
7.592 pm when Cu content varies from O to 0.8. This result
is in good agreement with that published recently.?

Conclusion

In this study, the five nanosized ferrites, Co, ¢Ni, ,Fe,0,;
Cuy,Coy¢Nijy,Fe,04; Cuy 4Co4 4Nijp,Fe,0y;
Cu, ¢Co, ,Ni, ,Fe,0,; Cu,gNij ,Fe,0,, were synthesized by
the autocombustion method. The physicochemical charac-
terization data results collected from the Fourier transform
infrared, x-ray powder diffraction and DTA-TGA thermal
studies have confirmed that the five nanoferrites are pure
phases crystallizing in the cubic inverse spinel system and
with a crystallite size in the range 19.96-24.94 nm. They
remain thermally stable between the combustion temper-
ature and 1173 K, with no detection of tetragonal-cubic
phase transition. From the crystallography point of view,
the cubic inverse spinel basic structure of these Cu-Ni-Co
ferrites remains stable against the substitution process at
Ni** constant content equal to 0.2 when Cu** composition
increases from 0O to 0.8. Moreover, during the Cu-Ni substi-
tution process a decrease has been observed in remanence:
M (S2M1(X=0))=18.68 emu/g — M (S2M5(X=0.8))=7.
83 emu/g, saturation magnetization: M (S2M1(X=0))=55
27 emu/g — M (S2M5(X=0.8))=23.69 emu/g, coercivity:
H.(S2M1(X=0))=20.36 Oe-H (S2M5(X=0.8)) =8.32 Oe,
blocking temperature: T5(S2M1(X=0))=282.21 K- Ty(S
2M5(X=0.8))=267.85 K and magnetocrystalline anisot-
ropy constant: K(S2M1(X=0))=4.87 X 10° erg cm ™ — K(
S2M5(X=0.8))=2.01x 10° erg cm™, against an increase
in crystalline size values: Dxppp(S2M1(X=0))=18.77 nm-
Dxrpp(S2M5(X=0.8)) =23.39 nm, lattice parameter: a(S
2M1(X=0))=8.380(1) A-a(S2M5(X=0.8))=8.391(3) A
and electrical conductivity which reaches the highest value
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18.07x 107 S cm™" associated with the lowest E,=0.360 eV
at 373 K in the case of Cu, gNi, ,Fe,0,.

Furthermore, the SQUID magnetometry measurements
have confirmed the presence of 300 K superparamagnetic
behavior. Also, theoretical calculations of the superparamag-
netic parameters have been performed by using Langevin
function fitting on M-H (300 K) data, and the results indicate
their remarkable dependence on crystallite size and copper
composition impact. The physicochemical characterization
results have highlighted the five nanosized ferrite primary
features, including strong L-S coupling, excellent electrical
conductivity properties, small size exhibiting superparamag-
netic behavior at room temperature (300 K), unique ferri-
magnetic nature with significant magnetocrystalline anisot-
ropy energy, high homogeneous nanocrystallinity, elevated
coercivity value and moderate value of saturation magnetiza-
tion. These properties make them highly advantageous for
various applications in the field of modern nanotechnology.
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