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agnetic behavior of CoFe2O4

nanoparticles: a detailed study of crystalline and
electronic structures, and magnetic properties

D. H. Manh, *a T. D. Thanh,a T. L. Phanbc and D. S. Yangd

We have used the coprecipitation and mechanical-milling methods to fabricate CoFe2O4 nanoparticles

with an average crystallite size (d) varying from 81 to ∼12 nm when changing the milling time (tm) up to

180 min. X-ray diffraction and Raman-scattering studies have proved the samples crystalizing in the

spinel structure. Both the lattice constant and residual strain tend to increase when tm(d) increases

(decreases). The analysis of magnetization data has revealed a change in the coercivity (Hc) towards the

hard-magnetic properties. Specifically, the maximum Hc is about 2.2 kOe when tm = 10 min

corresponding to d z 29 nm; beyond this tm(d) value, Hc gradually decreases. Meanwhile, the increase

of tm always reduces the saturation magnetization (Ms) from ∼69 emu g−1 for tm = 0 to 35 emu g−1 for

tm = 180 min. The results collected as analyzing X-ray absorption data have indicated a mixed valence

state of Fe2+,3+ and Co2+ ions. We think that the migration and redistribution of these cations between

the tetrahedral and octahedral sites together with lattice distortions and defects induced by the milling

process have impacted the magnetic properties of the CoFe2O4 nanoparticles.
1 Introduction

Spinel-type ferrite oxides are important materials used widely in
many technological applications, including permanent magnets,
high-density data storage, rechargeable lithium-ion batteries,
microwave absorbers, electromagnetic generators, aqueous
supercapacitors, and biomedical labeling.1–5 Their chemical
formula is generalized as AB2O4, where A and B are usually diva-
lent and trivalent cations, respectively. They crystallize in a cubic
lattice, and belong to the Fd�3m space group. Their unit cell
consists of eight formula units, with two types of interstitials: (i)
tetrahedral interstitials are surrounded by four oxygen atoms
(called A sites), and (ii) octahedral ones are surrounded by six
oxygen atoms (B sites). A and B metal cations can reside in eight
tetrahedral sites and 16 octahedral sites, respectively. We would
obtain a normal or inverse spinel type depending on the residence
ratio of A and B in these sites. The structure is called a normal
spinel if the A cations completely occupy the tetrahedral sites and
the B cations completely occupy the octahedral sites. In contrast, if
the tetrahedral sites are occupied half by the A cations, and the
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octahedral sites are occupied by all the B cations and half of the A
cations, the structure is called an inverse spinel.1,3 However, when
modifying synthesis conditions and the crystal size, a random
distribution of A and B at the tetrahedral and octahedral sites
would happen, leading to the so-called mixed spinel type. Its
chemical formula is thus dened as (Ad

2+B1−d
3+)[A1−d

2+B1+d
3+]

O4
2−, where d is the degree of inversion, and the round and square

brackets are indicative of the A (tetrahedral) and B (tetrahedral)
sites, respectively. This formula can be generalized for all spinel
types: a normal spinel with d= 1, an inverse spinel with d= 0, and
a mixed spinel with 0 < d < 1.6 Apart from the changes related to
the particle size and the valence of the cations (because A and B
ions can have different oxidation states), the change in value of
d (the cation distribution) also inuences strongly the optical,
electrical and magnetic properties of spinel ferrites.

So far, many intriguing electrical and magnetic properties in
spinel ferrites have been discovered, such as (A, B)-sublattice-
related exchange interactions, orbital-/charge-ordering, metal-
insulator transition, magnetic frustration, spin-lattice
coupling, and Verwey transition,3,7 which could be controlled
by the substitutions at that A and B sites. These properties
together with technological application potentials have attrac-
ted intensive interest of the solid-state-physics community,
specially nanostructured spinel ferrites that have more unique
characters different from bulk counterparts.1,8–11 It has been
believed that a surface-area-to-volume ratio of nanostructures is
large, and additionally provides the structural degrees of
freedom. Among nanostructured spinel ferrites, cobalt spinel
ferrite (CoFe2O4) has attracted much more research interest
RSC Adv., 2023, 13, 8163–8172 | 8163
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Table 1 Some experimental values obtained as analyzing XRD
patterns and M(H) data of mechanically-milled CoFe2O4 NPs

tm (min) d (nm) 3

B ×

10−6 (Oe2) Ha (kOe) K1 × 10−6 (erg g−1)

0 80.9 0.0017 2.52 6.15 0.210
1 80.2 0.0015 2.51 6.13 0.198
2 50.6 0.0027 2.62 6.26 0.200
4 55.7 0.0025 2.47 6.08 0.197
8 40.4 0.0034 2.49 6.12 0.192
10 29.3 0.0047 2.95 6.65 0.200
20 17.9 0.0075 3.69 7.44 0.201
40 12.8 0.0107 3.39 7.13 0.170
60 12.3 0.0111 2.99 6.70 0.139
120 11.6 0.0118 2.90 6.59 0.130
180 12.4 0.0111 2.68 6.34 0.111
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since it has outstanding magnetic, magneto-elastic/optical,
magnetophototronic, and photo-magnetic properties.12–14 Most
markedly, it is classied as a semi-hard material with a large
magneto-crystalline anisotropy and saturation magnetization
that can used to fabricate rare-earth-free permanent
magnets.15–17 Similar to NiFe2O4, CoFe2O4 is well known as an
inverse spinel (notably, ZnFe2O4 is a normal spinel while
(Mg,Zn)Fe2O4 is a mixed spinel),18 in which the Co2+ cations
occupy the B sites while the Fe3+ cations occupy both the A and
B sites, meaning (Fe3+)[Co2+Fe3+]O4.19,20 Having modied fabri-
cation conditions and the crystal size, the proportion of Co2+

and Fe3+ in the A and B sites would be changed, consequently
the degree of inversion d. Together with d, surcial defects and
lattice distortions also strongly inuence the magnetic proper-
ties of CoFe2O4, which are characterized by the magnitudes of
the coercivity (Hc), saturation magnetization (Ms), and rema-
nent magnetization (Mr).

It has been used various techniques to synthesize nano-
structured CoFe2O4 materials, such as magnetron sputtering,21

hydrothermal method,11,22,23 sol–gel method,23 and combustion,
coprecipitation and precipitation methods.24 Depending on
synthesis methods and conditions, the values of Hc, Mr, and Ms

would be different. Among these parameters, Hc is considered
as a key parameter characteristic of the magnetic hardness of
cobalt ferrite, which is ascribed to the occupation of Co2+

because it is ascribed to be a highly anisotropic ion.25,26 In
practice, it can be tuned Hc via fabricating core/shell nano-
materials,27 nanocomposites,17,28 and nanostructures (nano-
particles, nanowires, nanobers, nanoribbons, and thin
lms).21,23,24,29,30 It is clear that an enhancement in Hc can be
realized upon changing the crystal shape and particle size, and/
or creating a high level of residual lattice strain and distortions
inside particles. Because of these features, some research
groups prepared CoFe2O4 by using hydrothermal, coprecipita-
tion and sol–gel methods, and then carried out high-energy ball
milling to produce CoFe2O4 nanoparticles (NPs) with different
sizes and different levels of lattice strain and distortions upon
controlling the milling time (tm), consequently high magnetic
performance.13,16,31–33 In those studies, the researchers
employed X-ray/electron diffraction and/or Mössbauer spec-
troscopy to gure out the relations between the particle size,
microstructures and cation distribution, and the magnetic
properties, without directly using sensitive tools in order to
identify Co and Fe oxidation states. To get more knowledge
about CoFe2O4 NPs prepared by the mechanical ball milling
method, we shall use X-ray diffraction accompanied with Riet-
veld renement, Raman spectroscopy, and X-ray absorption
spectroscopy to analyze the structural characterization, and
electronic structure versus the milling process (tm), and then
evaluate carefully their impacts on the magnetic properties.

2 Experimental details

First, a large amount of CoFe2O4 in powder was synthesized by
a conventional coprecipitation method. Initial chemicals
including CoCl2$6H2O and FeCl2$4H2O (98%) ordered from
Sigma-Aldrich were used as precursors. To produce Co2+ and
8164 | RSC Adv., 2023, 13, 8163–8172
Fe2+ containing solutions, we dissolved 4 mmol CoCl2$6H2O
and 8 mmol FeCl2$4H2O in 70 ml and 30 mL distilled water,
respectively. Aer that, the Fe2+ solution was dropped into the
Co2+ solution. The pH of the mixture was adjusted by control-
ling NH4OH amount. The mixture was rstly stirred at room
temperature for 30 min, and then transferred to Teon-line
autoclaves. The autoclaves were tightly sealed, heated to 180 °
C and kept at this temperature for 24 h. Aer completing
chemical reactions, precipitation was collected upon centri-
fuging at 8000 rpm, and washed several times to remove excess
precursors. The collected powder sample was treated at 200 °C
for 3 h to evaporate water. Aer dried, it was divided into small
parts of ∼0.3 g. These parts were in turn taken to mill in normal
atmosphere for different milling times (tm) ranging from 1 to
180 min (hereaer, the as-prepared sample is labelled as tm =

0), see Table 1 for more details. The milling process was carried
out in air using a SPEX SamplePrep Mixer/Mill, and the set of
stainless-steel grinding media (vial and balls).

Aer milled, the nal products were checked the particle
morphology by a eld emission scanning electron microscope
(SEM, JSM-5410LV) that was linked with X-ray energy dispersive
spectroscopy (EDS). Their crystal structure was characterized by
a Bruker X-ray diffractometer equipped with the copper Ka

radiation. The Rietveld renement method was also used to
analyze X-ray diffraction (XRD) patterns, allowing us to evaluate
the structural parameters, crystallite size, and lattice strain. In
addition to XRD, an XploRA PLUS Raman spectrometer (Horiba)
was used to judge structure phases, in which a laser wavelength
of 785 nm was used as an excitation source. To identify the
oxidation state of the cations in CoFe2O4, we utilized X-ray
absorption spectroscopy (XAS). XAS measurements on the
powder samples were carried out under the transmission
conguration. The magnetic properties were investigated
through magnetic-eld-dependent magnetization, M(H),
measurements, which were performed on a conventional
vibrating sample magnetometer.
3 Results and discussion

We have selected typical samples to check their particle size and
surface morphology by means of an electron microscope.
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 EDS spectra of typical samples with tm = 0, 60, and 180 min.
Inset: a selected area for recording EDS data.
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Fig. 1(a)–(f) show representative micrographs of the samples
with tm = 0, 4, 10, 20, 60, and 180 min, which were recorded
with the same scale bar. One can see that particles in the
samples have irregular shapes and random orientation. While
the particle size of the as-prepared sample (tm= 0) is about 200–
400 nm, see Fig. 1(a), that of the other samples is much smaller.
It is hard to exactly evaluate the size distribution if basing on the
micrographs, particularly for the samples with tm > 10 min, see
Fig. 1(d)–(f). For themilled samples, their NPs aggregate to form
large clusters. This phenomenon is popular for nano-
materials,15,34 and assigned to attractive magnetic and/or elec-
trostatic forces existing among NPs.35,36

Together with the inspection of the particle morphology, the
presence of elements in the samples has also been checked.
Fig. 2 shows typical EDS spectra of the samples with tm = 0, 60
and 180 min, which were recorded within an area of ∼0.02 ×

0.02 mm2, see the inset of Fig. 2. Apart from a weak peak of
carbon (C) at ∼0.25 keV, some strong peaks at energies E = 0.4–
8.1 keV are from Co, Fe and O of cobalt ferrites. For the tm =

0 sample, weight (atomic) percentage values of Co, Fe and O
averaged from different measurement positions are about 20.3
(9.8), 40.4 (20.6), and 39.3 (69.6)%, respectively. For the samples
with tm = 60 and 180 min, the concentration of these elements
changed within few percentages. This could be due to oxygen
absorbency (from air) at the surface, and grinding-media-
related contaminations that happen as decreasing the NP size.

The crystal structure has also been characterized by using an
X-ray diffractometer. Diffraction patterns in the angle range of
2q = 15–80° are shown in Fig. 3. The analysis has revealed that
Fig. 1 Micrographs of typical NP samples with tm = 0 (a), 4 (b), 10 (c),
20 (d), 60 (e) and 180 (f) min, which were recorded as fixing scale bars
of 1 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the XRD pattern of the as-prepared CoFe2O4 sample is fully
indexed to the spinel cubic structure with the Fd�3m symmetry
and lattice constants a= b= cz 8.4 Å, consistent with previous
studies.15,16,22,23,25 Furthermore, the Rietveld renement using
a structural model reported for the cubic-spinel phase37

provided a satisfactory t to the experimental data (see Fig. 3),
conrming a single phase of the tm = 0 sample. As increasing
Fig. 3 Rietveld refinement of XRD patterns of some representative
samples with differentmilling times tm, in which blue vertical bars show
standard diffraction lines of the spinel structure.

RSC Adv., 2023, 13, 8163–8172 | 8165



Fig. 5 Variations of (a) the lattice constant, and (b) I(220)/I(222) as
a function of tm. The insets show the variation of these parameters with
respect to the crystallite size d.
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tm, the feature of diffraction patterns remains unchanged,
except the peak broadening due to a decrease in the crystallite
size as discussed below. This proves the stability of the cubic
spinel phase of CoFe2O4 NPs versus the mechanical milling.

Based on 2q-position dependences and the peak broadening
value (b) aer subtracting instrumental broadening contribu-
tions, the crystallite size (d) and lattice strain (micro-
deformation, 3) as a function of tm were estimated upon the
Williamson–Hall (WH) theory generalized by the equation of b
cos q = (kl/d) + 23 sin q, where k = 0.9 is the shape factor.38 The
obtained d and 3 data are listed in Table 1 for reference. We have
found that d and 3 data can be described by tm-dependent
exponential functions of d(tm) = 67.74 × exp(−0.129 × tm) +
12.36 and 3(tm) = −0.011 × exp(0.045 × tm) + 0.012, respec-
tively, see Fig. 4. A rapid decrease (increase) of d(3) takes place
when tm changes from 1 to 40 min. As tm > 40 min, d and 3 are
less changed and approach to the critical values of about 12 nm
and 0.011, respectively. Change tendencies of d and 3 with
respect to tm are also analogous to those recorded for other
CoFe2O4 NPs fabricated bymechanical milling.13,31,33Depending
on the size of initial CoFe2O4 powders, the mass ratio of balls to
powders, and tm value, it could be decreased d to a critical value
of dc z 9 nm.31,33

Another interesting result obtained from the XRD rene-
ment is an anomalous evolution of the lattice parameter (a) as
a function of tm(d) as shown Fig. 5(a) and its inset. In the
interval of tm = 1–10 min (d reduces from ∼80 to ∼29 nm),
a slightly increases with increasing tm. Beyond tm= 10min (dz
29 nm), it sharply increases with further increasing tm (i.e.,
decreasing d). A similar expansion of the lattice parameters
versus decreasing the particle size has also been reported on
CeO2−x and BaTiO3 NPs, which was attributed to a decreased
electrostatic force caused by valence reduction of Ce and an
increased ionicity of Ti, respectively.39 On the other hand, we
have also observed an signicant change in the intensity ratio of
I(220)/I(222) with respect to tm(d), where I(220) and I(222) are the
integrated intensities of (220) and (222) peaks, respectively, see
Fig. 5(b) and its inset. This ratio reects the cation distribution
Fig. 4 Variations of d and 3 data according to exponential functions of
tm.
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at the A and B sites in cobalt ferrite.40 Concretely, it displays
a maximum at tm = 10 min (d z 29 nm), and beyond this tm(d)
value, it gradually decreases. We believe that the cation distri-
bution is a main factor inuencing the lattice properties of the
milled CoFe2O4 NPs.

We have also used Raman scattering (RS) spectroscopy to
consider how characteristic phonon modes of CoFe2O4 NPs
changes with respect to tm. This is known as a sensitive and
non-destructive tool accompanied with XRD to assess the crys-
talline structure. According to the group theory's prediction,
near the center of Brillouin zone (q = 0, the conservation of
momentum vector), cobalt ferrite CoFe2O4 with the Fd�3m spinel
structure (Oh

7 symmetry) has ve Raman active modes, G = A1g
+ Eg + 3T2g, associated with the motion of O and A-/B-site
atoms.41 Energy order of the modes is addressed as follows:
A1g(1) > A1g(2) > T2g(1) > T2g(2) > Eg > T2g(3).42 In the current
work, we have observed all of these modes in RS spectra of
CoFe2O4 NPs, see Fig. 6 that plots RS data of some representa-
tive samples, normalized to the T2g(2)-mode intensity. For the
tm = 0 sample, its spectrum consists of the modes peaked at
about 193, 303, 475, 566, 617 and 686 cm−1 associated to T2g(3),
Eg, T2g(2), T2g(1), A1g(2) and A1g(1) symmetries, respectively, as
labelled in Fig. 6. Basically, 617 cm−1 (A1g(2)) and 686 cm−1

(A1g(1)) are associated with symmetric stretching of O atoms
versus Co and/or Fe atoms in the tetrahedral (AO4) sites.41,43 It
should be noticed that as studying Fe3O4, at frequencies above
600 cm−1, it is only observed one mode due to A1g.44,45 The A1g-
band splitting into two sub-bands A1g(1) and A1g(2) in CoFe2O4

hints that 686 cm−1 (A1g(1)) and 617 cm−1 (A1g(2)) are related to
FeO4 and CoO4 tetrahedra, respectively.41,46 One can thus rely
upon their intensity ratio (A1g(1)/A1g(2)) to assess the cation
distribution at the A and B sites. Meanwhile, the other modes
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 RS spectra of representative CoFe2O4 NPs with different tm
values excited by a laser wavelength of 785 nm, which were normal-
ized to the intensity of the T2g(2) mode at ∼475 cm−1.

Fig. 7 (a) Fe K-edge XAS data, and (b) their derivative data of typical
CoFe2O4 NPs, tm = 0, 60 and 180 min, compared with those of Fe2O3

and Fe3O4 references. The inset of (a) plots an enlarged view of the re-
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occupying at lower frequencies, Eg and T2g(3), are attributed to
the symmetric and anti-symmetric bending of O atoms in the
Fe-/Co–O bonds at the octahedral (BO6) sites.41,43,46

As considering the RS spectra of CoFe2O4 NPs versus various
the milling process, the vibration mode at ∼566 cm−1 (T2g(1))
becomes invisible as tm = 40 min. Meanwhile, the other modes
still persist, and their peak position tends to shi (about 4–
9 cm−1, depending on mode types) towards lower frequencies
and their spectral linewidth becomes gradually broadened
when tm increases, particularly the samples with tm > 20 min,
see Fig. 6. Basically, the redshi of the modes can be qualita-
tively explained via the expansion of the lattice parameter
a versus increasing tm, as shown above. An increase of a reects
an increase of Fe-/Co–O bond distances, which reduces the
coupling constant k. Approximately, phonon vibration

frequency can be expressed as f ¼ ð1=2pÞ ffiffiffiffiffiffiffiffiffi
k=m

p
, where m is

mass of an atom, and the decreased k causes the redshi of the
modes. Alternatively, when tm increases, high pressure and
local heating during the milling generate lattice disorders/
defects, increasing grain boundaries (due to the reduced d).
Broken long-range order of CoFe2O4 lattice host allows the q s
0 scattering contributions.41 Concurrently, some modes with
weak intensity (such as T2g(1) in our work) would be extin-
guished, while the linewidth and peak position of persisting
modes broadens and shi, respectively.

It is worth noticing that the intensity ratio between two
modes of 617 cm−1 (A1g(2) associated with Co at the tetrahedral
site) and 475 cm−1 (T2g(2), associated with Co at the octahedral
site14) also varies versus tm, similar to the comparison of the
intensity ratio between 617 cm−1 (A1g(2)) and 686 cm−1 (A1g(1))
mentioned above. These features reect the migration of Co
and Fe ions between the tetrahedral (A) and octahedral (B) sites
© 2023 The Author(s). Published by the Royal Society of Chemistry
as varying tm. As studying nanostructured cobalt ferrites, it has
been suggested that Co2+ and Fe3+ can occupy both A and B sites
(i.e., 0 < d < 1). For spinel-structured materials, however, diva-
lent and trivalent elements usually occupy the A and B sites,
respectively.1,3 The valence identication of Co and Fe in our
fabricated cobalt ferrites is thus necessary to clarify the lattice-
constant change as well as magnetic behaviors with respect to
tm.

Concerning the valence identication, we have utilized XAS
and recorded the Fe and Co K-edge spectra of typical samples,
and reference oxides including Fe2O3, Fe3O4 and CoO. Before
measurements, Fe (E0 = 7112 eV) and Co (E0 = 7709 eV) foils
were used to calibrate the Fe and Co K-edge energies, respec-
tively. Fig. 7(a) and (b) show the Fe K-edge XAS and rst-order
derivative spectra of the samples with tm = 0, 60 and 180 min.
In the pre-edge region with E = 7110–7118 eV, as graphed the
inset of Fig. 7(a), a broad hump peaked at ∼7114 eV, corre-
sponding to an inection point in Fig. 7(b), is observed. Basi-
cally, the pre-edge peak is associated to the electric quadrupole–
forbidden transitions from the O 1s level to 3d transition metals
(Fe and Co in the present case). Following the pre-edge region,
there is a rapid increase in the XAS intensity of the absorption K-
edge. From Fig. 7(b), one can see that the absorption edge of the
CoFe2O4 NPs at ∼7122 eV is less independent of tm, and locates
between the absorption edges of Fe3O4 (7121 eV) and Fe2O3

(∼7123 eV). This reects that both Fe2+ and Fe3+ ions coexist in
our CoFe2O4 NPs.
edge region.

RSC Adv., 2023, 13, 8163–8172 | 8167
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For the case of Co, its K-edge XAS and rst-order derivative
spectra of the samples with tm= 0, 10, 60 and 180 min, and CoO
are shown in Fig. 8(a)and (b). Evidently, the absorption edges of
milled CoFe2O4 NPs locating at∼7717 eV are almost unchanged
versus tm, and well match the absorption edge of CoO, see
Fig. 8(b). These results suggest that only Co2+ is present in our
samples. Notably, in the pre-edge region, the Co K-edge XAS
spectrum of the tm = 0 sample has two weak-intensity humps
peaked at ∼7709.3 (named P1) and 7712.8 eV (P2), see the inset
of Fig. 8(a). With increasing tm, P1 still persists while P2
becomes invisible as tm > 60 min. Because these pre-edge
humps are associated with the occupancy of Co2+ in the octa-
hedral and tetrahedral crystal elds,47 the intensity change of P1
and P2 proves the redistribution of Co2+ ions in these elds, and
milling-induced lattice distortions. Normally, the pre-edge peak
due to the octahedral site is broad and more diffused than that
due to the tetrahedral site,37 it is reasonable to assign that P1
and P2 are associated with Co2+ at the A and B sites, respectively.
The intensity decrease of P2 with increasing tm indicates the
migration of Co2+ from the B site to the A site. Additionally, if
comparing the pre-edge peaks in the Fe and Co K-edge XAS
spectra of all the samples, it comes to our attention that the pre-
edge peak at the Fe K-edge is stronger than that at the Co K-
edge. It means that at the A site the fraction of Fe2+,3+ ions is
larger than that of Co2+ ions.48 In other words, the XAS analyses
have demonstrated the mixed valence state of Fe2+,3+ and Co2+

ions in all CoFe2O4 NPs, and they are present in both the A and
B sites, resulting in the mixed spinel type of (Cod

2+Fe1−d
2+,3+)

[Co1−d
2+Fe1+d

2+,3+]O4
2−. We think that the migration and redis-

tribution of these ions at the A and B sites together with milling-
Fig. 8 (a) Co K-edge XAS data, and (b) their derivative data of CoFe2O4

NPs with tm= 0, 10, 60 and 180min compared with those of CoO. The
inset of (a) is an enlarged view of the pre-edge region.
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induced lattice disorders and defects would strongly inuence
the magnetic behaviors of milled CoFe2O4 NPs. As studying
cobalt ferrites, Singh et al.37 found a coexistence of Fe2+,3+ and
Co2+,3+ ions, but Londo et al.49 found Co2+,3+ and Fe3+ ions.
Meanwhile, some works only found Co2+ and Fe3+ ions in cobalt
ferrites.41,43,46 Reviewing the previous works on mechanically-
milled CoFe2O4 NPs,13,16,32,33 one can see that the analyses of
electronic structure based on sensitive tools such as X-ray
photoelectron spectroscopy (XPS) and XAS were less carried
out. Cedeño-Mattei et al.31 studied Mössbauer spectra and
suggested the presence of Co2+ and Fe3+ ions only. Such
contradictory results are generated due to the differences in
sample fabrication methods and processing conditions, which
inuence the magnetic properties of cobalt ferrites.

To study the magnetic behaviors, we have measured the
eld-dependent magnetization, M(H). The M(H) data of repre-
sentative samples graphed in Fig. 9 reveal all of them exhibiting
the hysteresis character. Hysteresis loops have been recorded in
the eld range jHj = 0–7.5 kOe. Their shape is almost
unchanged versus tm, excepting the characteristic parameters
such asMs,Mr, and Hc. ForMr and Hc, their values were directly
obtained from the intersection points between aM(H) curve and
the vertical (M) and horizontal (H) axes, respectively, as illus-
trated in Fig. 9. Determination of Ms can be based on the law of
approach to saturation (LAS), in which H-dependent M obeys
the following expression:50

M ¼ Ms

 
1� a

0

H
� b

H2

!
þ cH; (1)

where a′ and cH associated with the inhomogeneities and
spontaneous magnetization of domains, respectively, are
ignorable as considering a homogeneous ferromagnet at low
temperatures and high elds. In other words, eqn (1) can be
rewritten as:
Fig. 9 M(H) hysteresis loops of some representative samples of
mechanically-milled CoFe2O4 NPs. Inset:M(H) data of the as-prepared
sample (tm = 0) at fields H > 7.5 kOe fitted to the LAS model.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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M ¼ Ms

�
1� b

H2

�
; (2)

where b is a parameter associated with the magneto-crystalline
anisotropy. Fitting M(H) data at elds H > 7.5 kOe to eqn (2), as
shown representatively in the inset of Fig. 9, we would deter-
mine the values ofMs and b, see Table 1 and Fig. 10(a). As shown
in Fig. 10(a), Ms gradually decreases from 68.8 emu g−1 for the
as-prepared sample (tm = 0) to ∼34.9 emu g−1 for tm = 180 min.
A decreasing tendency of Ms as increasing tm was also observed
by Liu and Pedrosa et al.13,16 as investigating mechanically-
milled CoFe2O4 NPs. This phenomenon is mainly explained
due to lattice disorders/dislocations formed inside NPs,13,32 and
surface defects acting as a magnetic dead layer.33 Their density
increases with increasing tm because of the high-energy milling
and an increased surface-to-volume ratio. Magnetic moments
(or spins) of Fe2+,3+ and Co2+ ions in these regions become
uctuated, causing short-range magnetic order, that reduce the
net magnetic moment or magnetization of milled CoFe2O4 NPs.
Besides these reasons, themigration of Co2+ ions from the B site
to the A site could also reduce Ms, depending on its concen-
tration, as well as Fe2+,3+ concentrations at these sites. Due to
equipment limits, we could not estimate their concentrations at
the A and B sites (i.e., the degree of inversion d) in the samples
as changing tm.

Notably, since the crystallite size d gradually decreases as
increasing tm, tm-dependent interparticle interactions can also
inuence Ms. It can be could be assessed interparticle
Fig. 10 Variations of (a)Ms, (b)Mr/Ms and (c)Hc as a function of tm. The
insets in (a) and (c) plot tm-dependent Mr and b data, respectively.
Dotted lines are to guide the eyes only.

© 2023 The Author(s). Published by the Royal Society of Chemistry
interactions based on the Mr/Ms ratio.51 Mr determined from
Fig. 9 reveals its maximum value being about∼34 emu g−1 as tm
= 4–8 min, and below and above these tm values, Mr decreases,
see in the inset of Fig. 10(a). From theMr data, we calculated tm-
dependent Mr/Ms values. As shown in Fig. 10(b), the variation
tendency of Mr/Ms is similar to that of Mr. As milling with tm =

1–10 min, Mr/Ms > 0.5 reects the exchange coupling between
neighboring grains/NPs.52 Beyond these tm values, the magne-
tostatic interaction between grains plays a dominant role
becauseMr/Ms < 0.5. Surprisingly, the as-prepared sample (tm =

0) also belongs to the magnetostatic interaction (Mr/Ms < 0.5).
This could be due to the magnetostatic interaction additionally
dependent on other factors, such as the surface state, isotropy,
and aggregation of NPs, apart from the grain size, since SEM
images of the samples shown in Fig. 1(a)–(f) have different
features. It is necessary to say that Mr/Ms = 0.5 corresponds to
randomly oriented non-interacting grains (like single
domains).51,53

Such changes in the exchange and magnetostatic interac-
tions versus tm would also inuence Hc. This can be clearly seen
in Fig. 10(c), where variation tendencies of Hc and Mr/Ms are
almost the same. For the tm = 0 sample, Hc is about 1.24 kOe. It
rapidly increases to ∼2.19 kOe as tm = 10 min (d z 29 nm),
corresponding to the dominancy of exchange interactions
between grains/NPs. As milling with tm longer than 10 min, the
transformation of exchange–magnetostatic interactions
reduces gradually Hc to ∼1.07 kOe (for tm = 180 min).

These changes of Hc (as well as Mr and Mr/Ms) are in good
agreement with those of the lattice constant a and the ratio
I(220)/I(222) with respect to tm, see Fig. 5(a) and (b) and their inset.
It means that Hc of milled CoFe2O4 NPs is also associated with
the distribution of Co2+ in the A and B site. As comparing with
previous works on mechanically-milled CoFe2O4 NPs, we have
found that the variations of Hc(tm) in the current work are in
good accordance to those reported by Liu and co-workers.13

However, the differences in Hc(tm) values reported in litera-
ture13,32,33 are mainly due to initial powders, which may have
different sizes, particle morphology, and concentrations of Fe
and Co ions at the A and B sites (in which Fe and Co can have
oxidation numbers 2+ and 3+, even 4+). These factors are
sensitive to sample synthesis methods and processing condi-
tions. In fact, Hc is dependent on not only microstructures,
lattice strain/defects,13,32,54 Co2+ distribution and interparticle
interactions,51 but also magnetocrystalline anisotropy charac-
terized by the parameter b. An analogous variation between
b and Hc shown in Fig. 10(c) and the inset of Fig. 10(c) proves
this statement. It has also been suggested b having the corre-
lation with the anisotropy eld (Ha) and anisotropy constant
(K1) as follows:

b ¼ Ha
2

15
¼ 4K1

2

15Ms
2
: (3)

With the obtained b and Ms data, we could calculate Ha and
K1 as using eqn (3). The results shown in Table 1 indicate the
variation tendency of Ha similar to that of Hc and b, meaning
that Ha reaches to the maximum value at tm = 10 min (d z 29
RSC Adv., 2023, 13, 8163–8172 | 8169
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nm). Meanwhile, because K1 is a function of b and Ms, we have
found that a less change of K1 as tm = 0–20 min becomes
gradually decreased as tm > 20 min, which is fairly the same as
the variation tendency ofMs. Evidently, the data of the magnetic
parameters reveal an anomalous variation around the milling
time tm = 10 min (d z 29 nm), where there is the trans-
formation of exchange-to-magnetostatic interactions, and more
Co2+ migrates to the A site. As tm > 10 min, an increase of the
surface-to-volume ratio and surface defects enhances the
magnetic dead layer, and causes short-range magnetic order,
leading to the reduction of the magnetic parameters. With the
above results, it is necessary to systematically study other
nanostructured cobalt ferrites with different sizes using both
XPS and XAS (or Mössbauer) techniques in order to identify the
oxidation state and concentration of Fe and Co occupying the A
and B sites. Based on these data, one can gure out the origin of
the hard-magnetic properties of cobalt ferrites.

4 Conclusion

We based on a coprecipitation method to prepare CoFe2O4 NPs
with d z 81 nm. These powders were then mechanically milled
in air for tm = 1–180 min to decrease d down to∼12 nm. Both X-
ray and RS studies indicated all the fabricated samples having
the cubic-spinel structure. XAS analyses proved the coexistence
of Fe2+,3+ and Co2+ ions in the samples. They occupy both the A
and B sites, resulting in the formation of (Cod

2+Fe1−d
2+,3+)

[Co1−d
2+Fe1+d

2+,3+]O4
2− mixed spinel compounds. The features

of some characteristic XRD peaks and Raman modes, and the
pre-edge XAS spectra revealed the migration and redistribution
of the cations between the A and B sites, which would inuence
the lattice constant a of milled CoFe2O4 NPs. Particularly, as
changing tm from 1 to 10 min, we found Hc of CoFe2O4 NPs
shis towards the hard-magnetic behavior, which is related to
the exchange coupling between neighboring grains, due to Mr/
Ms > 0.5. Meanwhile, the decrease of Hc as tm > 10 min is related
to the magnetostatic interaction between grains, due toMr/Ms <
0.5. ForMs, its gradual decrease with respect to tm is mainly due
to enhancements of surface defects and the thickness of
magnetic-dead layers, which cause short-range magnetic order,
consequently the reduction of Ms.
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