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Abstract
We report on three different syntheticmethods for producing Co1−xNixFe2O4 nanoparticles (x=0.0,
0.4, and 1.0): combustion (C), hydrothermal (HT), and forced hydrolysis (FH). Theoreticalfittings of
the ferromagnetic resonance (FMR) lines were achieved by considering a proposed four-fold
symmetrymodel for randomly dispersedmagnetic nanoparticles (NPs). The average grain size (D),
between 10 and 80 nm, andmagnetic properties are found to depend strongly on both the
selectedsynthesis route and stoichiometry (x). Interestingly, while theHT- and FH-methods provide
NPswith no systematic dependence of coercive field and remanence, upon x orD, the C-method
showedmonotonic dependence. Themagnetocrystalline anisotropy field (Ha), extracted from
simulating the FMR spectra, systematically reduces with increasing x, regardless the synthetic route
used.Worthmentioning that the largest (smallest) variation inHa is observed for the C-method (HT-
method) equals toΔHa=−3853 Oe (ΔHa=−1676Oe).

1. Introduction

Iron-based cubic ferrites (spinelstructures) are ferromagneticmaterialswith general formula
MFe2O4(M

2+=Fe2+, Ni2+, Co2+,Mn2+, Cu2+, Zn2+, Cd2+, etc). Such stoichiometry results in facecentered
cubic(fcc) spinel structures, with Fe3+ andM2+ occupying respectively octahedral and tetrahedral sites (called
normal spinel structure) or, alternatively, half Fe3+filling tetrahedral sites while the remaining ions (M2+ and
half Fe3+) occupying octahedral sites(called inverse spinel structure) [1]. Very often, cubic ferrites present a
mixed structure between normal spinel and inverse spinel [2].More recently, nanocrystalline cubic ferrites have
been intensively investigated, focusing on both basic and technological aspects given their simple processing,
low cost of production, easy scalability, size and shapemodulation, high chemical stability, improved
biocompatibility andwide range of applications infields as diverse as drug delivery,magnetic resonance imaging
(MRI), magneto hyperthermia, temperature sensor, gas sensor, data storage, catalysis, among others [3–8].
Application to a specific technology depends on themorphological, structural,magnetic and surface
functionalization characteristics. These characteristics are determined by: (i)method of synthesis [9, 10]; (ii)
thermal/timetreatment [11, 12]; (iii) surface functionalization [13]; and (iv) sintering atmosphere [11, 12]. In a
more broad approach theM2+ cationmay be amixture of different ions, including only Fe2+while resulting in
magnetite (Fe2+Fe2

3+O4) [14–22]. The variation in combining differentM2+ ions, changing synthesis routes and
surfacemodulation via different coatings allows great diversification of the characteristics of the obtained
materials and, consequently, leading to appropriate characteristics for different applications. As an example it is
worthmentioning the papers byGholizadeh and Shamgani&Gholizadeh reporting significant change in the
redox and catalytic properties by varying the relative ratio ofmetals ions in lanthanumandmulti-metal
ferrites [8, 22].
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In this study, different synthesis techniques, namely combustion (C), forced hydrolysis (FH) and
hydrothermal (HT) are used to produce nanosized iron-basedmixed cubic ferrites (Co1−xNixFe2O4)with
nominal identical stoichiometry (x=0.0, 0.4, and 1.0). The study covers a gap in the literature in this regard and
aims to investigate the influence of different synthetic routes employed upon the structural andmagnetic
characteristics of theCo, Co/Ni andNi nanosized cubic ferrites particles. Formagnetic and structural analyses,
magnetizationmeasurements, x-ray diffraction (XRD) and ferromagnetic resonance (FMR)were systematically
employed. In particular, through theoretical simulations, the FMR technique allowed us to obtain
componentsand values of the crystalline anisotropy.We emphasize that there are few papers in the literature
applying the FMR technique for these purposes while the analysis herein introduced represents amajor
contribution to thefield.Moreover, the present study emphasizes the key role played by changing the synthesis
techniquewhile preparing nanosized cubic ferrite particles with the same nominal stoichiometry, butwith
diversified physical properties.

2.Materials andmethods

Three sets of nanoparticulate Co1−xNixFe2O4 samples (x=0.0, 0.4, and 1.0)were herein prepared using (i)
combustion reaction [15], (ii) forced hydrolysis [16]and (iii) hydrothermal [17]methods. All reagents were of
analytical grade andwere usedwithout any further purification(Aldrich, NJ—USA). Reagentsmanipulations
and reactionswere all carried out in air under a fume-hoodwithout inert gas purging. For sample preparation
employing theC-method, cobalt nitrate (Co(NO3)2.6H2O), nickel nitrate (Ni(NO3)2.6H2O), iron nitrate
(Fe(NO3)3.9H2O) and urea (CH4N2O)were used as startingmaterials. Reagents weremixed tomeet the desired
stoichiometry (x=0.0, 0.4, and 1.0)whereas ureawas used as fuel and the synthesis progressedwithout
intermediate decomposition and/or calcination steps.

For sample preparation employing the FH-method, iron nitrate (Fe(NO3)3.9H2O), nickel nitrate
(Ni(NO3)2.6H2O) and cobalt acetate (Co(CH3CO2)2.4H2O)were used as startingmaterials. Reagents were
weighted tomeet the desired stoichiometry (x=0.0, 0.4, and 1.0) and dispersed into 250 ml of 1,2-propanediol
(C3H8O2). The totalmetal concentrationwas 0.3 mol l−1 whereas the hydrolysis ratio and the acetate content
werefixed at 9 and 3, respectively. For all reactions, the startingmixture containing the salts, deionizedwater,
sodium acetate and 1,2-propanediol was heated to 160 °Cwith a heating rate of 10 °Cmin−1. A black colloidal
suspensionwas obtained after refluxing themixture for 5 h.Next, the black suspensionwas kept in air at 100 °C
for extra 12 h. The black precipitate was separated from the suspension by centrifugation andwashed several
timeswithwater and ethanol. The resultant powders were dried in air at 50 °C.

For sample preparation employing theHT-method, 0.1 mol l−1 aqueous solutions of each nitrate (Co,Ni,
and Fe)were prepared andmixed tomeet the desired stoichiometry (x=0.0, 0.4, and 1.0). The pHof each
mixturewas adjusted to 12 by addition (dropwise) of 2 mol l−1 aqueous solution of sodiumhydroxide (NaOH),
undermoderated stirring for 30 min at room temperature. The pH-adjustedmixture was subsequently
transferred to a Teflon lined stainless steel autoclave, whichwas placed inside amuffle furnace with temperature
set at 180 °C, dwelling for 12 h. Afterwards, the autoclave was removed out of the furnace and slowly cooled
down to room temperature. The resulting brownish precipitate was rinsed several timeswith distilledwater
(MILIQwater) and ethanol to remove excess of reagents and impurities. Finally, the brownish precipitate was
dried in an oven at 100 °C for about 3 h.

The FMR spectra of all samples were recorded at room temperature using the EMXplus Bruker
spectrometer (Bruker, Germany) equippedwith anX-band (9.86 GHz) high sensitivity resonator (Bruker ER
4119HS,Germany). The instrumental settings for FMRmeasurements were 0.1 mWmicrowave power, 5 G
amplitudemodulation, 100 kHzmodulation frequency, 14 000 G sweepwidth, 7,000 G central field, and 500 s
sweep time. The FMR spectra analyses were carried out following the originalmodel proposed byTsay et al [23].
According to these authors, the FMR lineshape is defined by a randomdistribution of resonance conditions
associatedwith the randomdirectional distribution of the crystalline axes relative to the appliedmagnetic field.
From the FMR lineshape analysis it is possible to estimate themagnetocrystalline anisotropy field (Ha), the g-
factor (g), and the dispersion parameter (W). It is worth stressing that theW parameter does not correspond to
the spectral peak-to-peakwidth (ΔHpp); it is just a theoretical parameter that quantifies the anisotropy
distribution around specific values of crystalline anisotropy, as explained in detail in the literature [24]. There are
different approaches in the literature explaining the evolution of the FMR linewidth (ΔHpp), as for instance in
terms of the temperature [25].

For each sample, the hysteresis loops (M versusH)were recorded at room temperature using theModel EV-
9Vibrating SampleMagnetometer (VSM) fromADEMagnetics. Likewise, in order to assess the structural
parameters, XRDdatawere recorded for all synthesized samples, using a Shimadzu diffractometer (model 6000)
equippedwithCuKα radiation (λ=1.5418 Å) and scanning rate set at 21 min at afixed time of 3 s for awide
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range of Bragg angles (  q 10 2 90 ). Database (JCPDS) of single phasedCoFe2O4 andNiFe2O4, andRietveld
refinementmethod, were carried out by using the software packageGeneral Structure Analysis Software-II
(GSAS-II). The crystallite sizes were determined by the Scherrer equation:

l
b q

=
( )

( )D
k

cos
, 1hkl

where k is constant depending on particle shape herein considered for spherical particles (k≈0.9),λ is the
wavelength (1.5418 Å) of electromagnetic radiation, θ is diffraction angle andβ is the corrected (relative to
crystalline Si)width at half height of the diffraction peak (FWHM). The crystallite densities were obtained by the
relation:

r = ( )nA

V N
, 2

C A

where n is the number of atoms associated to each unit cell,A is the atomicweight,VC is the unit cell volume
determined from the Rietveld refinement, andNA is the Avogadro’s number.

3. Results and discussion

XRDpatterns of all synthesized samples (Co1−xNixFe2O4; x=0.0, 0.4, and 1.0), obtained from the three
different synthesizing techniques (C, FH, andHT), are shown infigure 1. The as-synthesized samples exhibit the
XRDpeaks indicative of single-phased spinel crystal structure. Differently from the syntheses performed via the
C-andHT-method, the synthesis performed via the FH-method leads to nanoparticulate Co1−xNixFe2O4

samples with lower degree of crystallinity, as indicated by the broadening of the XRDpeaks shown in figure 1(c).
For comparison, standardXRDpatterns (JCPDS files) of both Fe2O4 andNiFe2O4 phases are included (see
vertical black and red solid lines) in the bottomof the panel, left hand-side column (seefigure 1).

The estimated lattice parameter (a), average grain size (D), unit cell volume (V ) andmass density (ρ) of all
synthesized samples are collectedin table 1, fromwhich differences in average grain size as a function of theCo/
Ni ratio is clearly demonstrated. For theHT-method, the average grain size increasesmonotonically as the nickel
content increases, ranging from16 nmup to 80 nm. Inversely, for the samples obtained usingtheC-method the
average grain size reduces as the nickel content increases, ranging from52 nmdown to 33 nm; in this case for
=x 0.4 and =x 1.0 no significant variationwas observed. No systematic dependence of the average grain

sizewith the nickel content is observed in the samples synthesized via the FH-method.However, the synthesis via
the FH-method provides samples with average grain sizes below 10 nmwhereas bothC-andHT-method
provide samples with average grain sizes above 15 nm. For comparison, the goodness-of-fit (GOF) parameter is
plotted in the last row of table 1.

Room-temperature hysteresis cycles of all prepared samples (Co1−xNixFe2O4; x=0.0, 0.4, and 1.0),
obtained from the three synthesis techniques (C, FH, andHT), are shown infigure 2.Magnified curves, at lower
appliedfields, are shown in the insets of all panels infigure 2. At room temperature, typical ferrimagnetic
behavior is observed for all samplessynthesized via theC- andHT-method, whereas all samples obtained via the
FH-method present the usual superparamagnetic behavior. As shown infigure 2(c), the observedmagnetic
characteristics agreewell with the reduced sizes extracted from theXRDmeasurements, as the
superparamagnetic behavior is observed in samples presenting nanoparticle sizes below 10 nm, indicating that
thermalfluctuation does overcome themagnetocrystalline energy and/ormagnetic particle-particle coupling at
room temperature. In addition to the superparamagnetic behavior, the impact of a remarkable surface-to-
volume ratio in nanoparticles with sizes below 10 nmmay lead to spin-glass-like behavior in the shell layer, in
contrast with amore crystalline andmagnetically-ordered core. These two characteristicsmay help understand
the reduced values of the saturationmagnetization obtained for the samples synthesized via the FH-method
[26]. Herein, the saturationmagnetizations were determined by extrapolatingM versus /H1 to /H1 0, as
described in the literature [27].

Data collected in tables 1 and 2 show that the saturationmagnetization (Ms) increases with increasing
average grain size for samples synthesized via bothC- and FH-method, i.e. the larger the grain size the higher the
saturationmagnetization [26]. Slight deviation from this trend, as observed for the samples synthesized via the
C-method (x=0.4 and 1.0), reveals the complexity of themagnetic system in regard to two extra points. First,
the higher saturationmagnetization reported for cobalt-rich ferrite as opposed to lower saturation
magnetization observed in nickel-rich ferrite [26]. Second, the degree ofmagnetic ion (Fe3+, Co2+, andNi2+)
occupancy in the tetrahedral and octahedral sites [28]. In this particular case, as the systems have similar grain
sizes (33 and 35 nm), we conclude that: (1) the degree ofmagnetic ions occupancy surpasses the effects of both
grain size and nickel-content; and/or (2) the shell-to-core ratio is higher for the cobalt-rich sample. Finally, the
samples synthesized via theHT-method show the opposite trend in regard to two aspects, namely size-
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dependence and nickel-content. Likely, themagnetic ion (Fe3+, Co2+, andNi2+) site occupancy is strongly
influencedwhile using theHT-method to synthesizemixed cobalt-nickel cubic ferrites (Co1−xNixFe2O4).
Therefore, except for the synthesis route using theHT-method, our findings regarding bothC- and FH-method
suggest that grain size and cation distribution are themainmechanisms for determining saturation
magnetization inmixed cobalt-nickel cubic ferrites.

Figure 1.X-ray diffraction patterns of Co1−xNixFe2O4powder obtained by (a) combustion (C), (b) hydrothermal (HT), and (c) forced
hydrolysis (FH). In each horizontal panel the curves obtained for x=0.0, 0.4 and 1.0 are positioned in the upper,middle and lower
position, respectively, as indicated by the arrow in the upper left hand-side panel. The respective Rietveld refinements are shown, from
top to bottom, in the right hand-side column.

Table 1.Parameters estimated fromXRDdata recorded from theCo1−xNixFe2O4 samples.

C-method HT-method FH-method

Parameters x=0.0 x=0.4 x=1.0 x=0.0 x=0.4 x=1.0 x=0.0 x=0.4 x=1.0

a (Å) 8.376 8.419 8.335 8.379 8.368 8.346 8.394 8.394 8.401

D(nm) 52 35 33 16 36 80 8.9 9.3 5.5

V(Å3) 587.7 596.7 579.1 588.3 586.0 581.4 591.4 594.4 592.9

ρ (g cm−3) 5.304 5.154 5.344 5.299 5.319 5.323 5.270 5.270 5.220

GOF 1.69 4.38 2.47 0.67 0.77 0.78 1.16 1.26 2.01
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Differently from the saturationmagnetization (Ms), herein found to bemainly dependent on the grain size
and cation distribution, the coercive field (Hc)has proved to be highly sensitive to the stoichiometry. Data
collected in table 2 and in the insets offigures 2(a) and (c) show that cobalt-rich samples synthesized via both
C-and FH-method present higherHc values. Thisfinding can be explained by the obtained crystalline anisotropy
values (KCoFe2O4>KNiFe2O4); the larger the crystalline anisotropy (K ), which is the case of cobalt-rich samples,
the higher thefield (H=Hc) required to revert the previously aligned spins [26, 29]. Oncemore, the samples
synthesized via theHT-method show the opposite trend for x=0.0 and 0.4 (see data in table 2), revealing larger
Hc value (1376 Oe) for lower cobalt content (x=0.4). In this particular case (HT-method), it is interesting to
analyze the combined effect of crystalline anisotropy and grain size for two samples (x=0.0 and 0.4). Here, the
smaller grain size (16 nm), occurring for the cobalt-richest sample (x=0.0), presents lower coercive field
(970 Oe); this effect is well known and can be described through the following expression [26]:

= -( ) ( )/H A D D1 , 3c K P
2 3

where, for a specific spherical nanoparticle,DP is the critical diameter abovewhich themagnetocrystalline
energy (KV ) acquires relevant values relatively to the thermal energy (KT).AK is just a constant while de sub-
index (K ) is used to pointing out the overlapped dependence with themagnetocrystaline anisotropy, i.e.,

µA H .K K Weclaim that the grain size effect overlapswith the anisotropy effect; the smaller grain size (16 nm)
drives the system towards superparamagnetic behavior, thus reducing the coercive field. Even for the fraction of
the x=0.0 sample outside the superparamagnetic regime, the appliedmagnetic field required to overcome the
magnetocrystalline energy barrier is facilitated due tothe proximity of the superparamagnetic regime. This
understanding also agrees well with themodel proposed in the literature [30]. On the other hand, theHT-
sample, with x=1.0 (diameter »D 80 nm), has a very small Hc (≈15 Oe), suggesting the occurrence of
magneticmulti-domains ( > ºD Dc maximumdiameter ofmagneticmonodomain) and, consequently,
leading to the decrease of Hc.This effect is alsowell known and is experimentally found to be given
approximately by [26]:

= + ( )H a
b

D
, 4c

where a and b are constants. The limiting region of action for equations (3) and (4) defines the region of
maximumvalue forHc.

Room-temperature ferromagnetic resonance (FMR) of all prepared samples (Co1−xNixFe2O4; x=0.0, 0.4,
and 1.0), fabricated using the three synthetic routes (C, FH, andHT), are shown infigure 3. Solid lines infigure 3
represent experimental data whereas spectra simulations are represented by dotted lines, being the parameters
extracted from the FMR spectra simulations collected in table 3. All FMR spectra show large peak-to-peakwidth

Figure 2.Hysteresis loops for theCo1−xNixFe2O4 samples synthesized via (a) combustion (C), (b) hydrothermal (HT), and (c) forced
hydrolysis (FH). Nickel-contents x=0.0, 0.4 and 1.0 are represented by black, blue and orange solid lines, respectively. Insets show
magnification of the loops at lowerfields.

Table 2.Parameters estimated from the hysteresis curves.

Ms (emu g−1) Hc (Oe) Mr (emu g−1)

x C HT FH C HT FH C HT FH

0.0 60.93 70.52 32.00 1805.15 970.41 2.18 39.08 17.08 0.02

0.4 40.47 59.28 38.40 934.27 1376.43 1.42 13.21 22.36 0.02

1.0 40.10 48.03 21.78 179.30 15.09 1.72 10.33 9.09 0.01
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(ΔHpp) and high spectrumdispersion parameter (W) [31]. Except for theNiFe2O4 (x=1) sample, obtained by
the FH-method, the large asymmetry observed in all FMR spectra are quite similar and successfully explained
usingthemodel picture of randomly orientation of thecore crystalline structure [32]. The unusual behavior of
theNiFe2O4 sample, synthesized via the FH-method, showing verymuch symmetric FMR spectrum, can be
accounted for by the observed reduced grain size(5.5 nm), with large surface-to-volume ratio, thusminimizing
the impact of the core crystalline component on the spectrum asymmetry. Data collected in table 3 and spectra
shown infigure 3 reveal the trend of increasing FMR spectrum symmetry as the average grain size is reduced.

An inverse behavior is observed for the samples obtained by theHT-method. In this case, the highest FMR
line symmetry occurs for the largest grain size (about 80 nm).We infer that themechanismbehind this behavior
is the onset ofmagneticmultidomain. As the particlesize increases, each domain comes under aleatory influence
of randomly arranged neighboring domains. This randomdipolarmagnetic interaction overlaps the crystalline
anisotropy field, resulting in apparent reduced anisotropy and, consequently, inmore symmetric FMR line
shape. This hypothesis leads to two further conclusions: (a) themodel proposed by Tsayet al [23]may be applied
formagnetic nanoparticles with non-interactingmonodomains; (b) the effect of the onsetmagnetic
multidomain can be signaled by both decreasing of the coercivity and increasing symmetry of the FMR line

Figure 3. FMR spectra (solid lines) and spectra simulation (dashed lines) for the samples obtained using the combustion,
hydrothermal treatment and forced hydrolysismethods (x=0.0, 0.4, and 1.0).

Table 3.Parameters obtained fromde FMR spectra simulations.

W(Oe) Ha(Oe) g-factor ΔHpp(Oe)

x C HT FH C HT FH C HT FH C HT FH

0.0 1600 1300 1200 −4600 −2445 −2165 1.50 3.25 2.65 7660 4075 3610

0.4 1100 800 980 −1968 −1620 −1660 3.35 3.40 2.65 3280 2700 2765

1.0 400 350 180 −747 −769 −252 2.62 2.32 2.19 1245 1282 420

6

Mater. Res. Express 6 (2019) 125068 MSPessoa et al



shape.However, amore systematic studywith systems of the same stoichiometry should be performed to
confirm this hypothesis.

It is worth noticing in table 3 the decrease of the peak-to-peakwidth (ΔHpp)while the nickel-content (x)
increases. This trend is in agreement with smaller absolute value of the crystalline anisotropy for nickel ferrites
(x=1) relative to cobalt ferrites (x=0), represented by the extracted values of themagnetocrystalline
anisotropy field (see data in table 3). Indeed, the highest the value of themagnetocrystalline anisotropy field the
strongest the externalmagnetic field variation capable of sweeping the entire range of anisotropy—from the
{111} direction towards the {100} direction, representing the larger (positive) and the smaller (negative)
crystalline anisotropy, respectively [24].

Table 3 also collects the g-factor (g= n
b

h

Heff
), where h is the Planck’s constant, n is themicrowave frequency, b

is the Bohr’smagneton and Heff is the effectivemagnetic field acting on the sample. Themodel proposed byTsay
et al for FMR spectra simulations includes only themagnetocrystalline anisotropy field [23]. Thismeans that
other contributions to thefield, such as dipolar, demagnetizing (shape anisotropy) and stress are incorporated
into the g-factor, onceg is used as afitting parameter. Thus, the g-factor is the only parameter responsible for
displacing the simulated spectra horizontally, reflecting some unusual g-values.

4. Conclusions

In summary, three sets of Co1−xNixFe2O4 (x=0.0, 0.4, and 1.0)nanoparticles (NPs) are successfully fabricated
using three different synthetic routes, namely combustion (C), hydrothermal (HT), and forced hydrolysis (FH).
X-ray diffraction (XRD) confirmed the face centered cubic (fcc) spinel structure of all synthesized samples and
estimated the average grain size (D). Hysteresis cycles (HC) and ferromagnetic resonance (FMR) are used to
assess the saturationmagnetization (Ms), coercive field (Hc), remanence (Mr), andmagnetocrystalline
anisotropy field (Ha). The results obtained from the FMR are in very good agreement with those obtained from
theXRDdata, indicating cubic structures. From the FMR fittings herein introduced, it is possible to obtain the
crystalline anisotropy fields—in the 〈111〉 direction (negative anisotropy)—and to associate the evolution for
the anisotropywith the synthesis route. By varying the stoichiometry (x) in the range of 0.0�x�1.0 theC- and
HT-method successfully fabricatedCo1−xNixFe2O4NPswith15 nm<D<80 nmwhereas the FH-method
providedCo1−xNixFe2O4NPswith 5 nm<D<10 nm.As a result ofmodulating the average grain size in the
range of 5 nm<D<80 nmwe succeeded inmodulating the saturationmagnetization
(20 emu g−1<Ms<70 emu g−1), coercive field (1 Oe<Hc<1800Oe), remanence (0.01 emu g−1

<Mr<30 emu g−1), andmagnetocrystalline anisotropy field (−4600 Oe<Ha<−250 Oe).Moreover, we
foundMs primarily depending uponDwhereasHcmostly depends upon x.We also suggest a qualitativemodel
that links the increasingFMR spectra symmetry–decreasing anisotropy Ha–with the emergence ofmagnetic
multidomain; establishing a validity limit for obtainingmagnetocrystalline anisotropies through the theoretical
fitting proposed by Tsay et al [23].

Indeed, the structural andmagnetic data herein reported strongly support the use of amulti-synthetic route
platform for fabrication of nanosizedmixed cubic ferrites, aiming tomodulate keymagnetic properties in awide
range of values in order tomeet different requirements of technological applications.
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