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ABSTRACT

We present for the first time an in-depth magnetic characterization of a family of
monodisperse cobalt ferrite nanoparticles (NPs) with average size covering a broad range of
particles sizes (from 4 to 60 nm), synthesized by thermal decomposition of metal-organic
precursors. Metal precursors, surfactants and synthetic parameters were settled in order to
fine tune the particle size, preserving in the meanwhile a narrow particle size distribution.
The morphology of the family of cobalt ferrite NPs shows a size dependent behaviour,
evolving from sphere to octahedrons for size larger than 20 nm and passing through a cubic
habit for intermediate sizes. The evolution of the magnetic properties was studied as a
function of the particle size and shape, particularly focusing on those determining the best
performance as permanent magnet. While saturation and remnant magnetization increase
monotonously with the size reaching a constant value above 20 nm, the coercive field
exhibits a non-monotonic behaviour with two distinct maxima values for low and room
temperature, respectively. In addition, we evaluated the (BH)max product, the figure of merit
of permanent magnets, obtaining the maximum value ever reported in the literature for cobalt
ferrite NPs (i.e., 2.1 MGOe (18 MJm™) for 40 nm NPs). This study allowed us to establish, at
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least on the basis of the (BH)max product, the potentiality of cobalt ferrite nanoparticles in

current permanent magnet technology.
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INTRODUCTION

The risk of supply of some strategic technological raw materials, due to natural exhaustion,
environmental or political restrictions, is pushing researchers from many countries to look for
viable alternatives. A paradigmatic example is represented by permanent magnets. Permanent
magnets are essential components in modern technologies, being employed in a huge number
of large-scale and emerging applications, such as electronic devices, hard disks, automotive,
wind turbines and hybrid — electric vehicles. Since their introduction in the late 60’s, rare-
earth (RE)-based compounds have quickly established as the strongest permanent magnets
and nowadays they account for the largest production volume. '* However, the high
environmental impact of mining, refining and recycling of RE compounds may represent a
serious drawback for the economic sustainability of their massive exploitation. Therefore, the
scientific community is looking for new RE-free materials that, although they are not as
strong permanent magnets as RE-based compounds, could at least replace them in a wide

range of industrial applications, where lower performances are required.

In order to achieve this goal, the reduction of traditional magnetic materials, such as ferrites,
to the nanoscale, has been proposed as a promising approach. The motivation relies on the
prediction that a material is expected to reach its maximum coercive field, Hc, when entering

the single domain size, where domain wall — reversal processes are no longer available. 3



Moreover, at the nanoscale, size-dependent surface anisotropy, morphology controlled shape
anisotropy and strain-induced magnetostriction contributions can add to the intrinsic
anisotropy, improving the magnetic performances of the material. On the other hand,
nanosized magnets suffer from Hc and remnant magnetization losses due to thermal
demagnetization processes, an effect which becomes particularly relevant in the size range
where marked enhancements in magnetic anisotropy are expected. Therefore, the
development of novel permanent magnets based on nanoparticles, NPs, requires a careful
control of the particle size to properly balance the single domain behaviour and thermally

driven demagnetization effects.

One of the most promising materials to be investigated to this purpose is cobalt ferrite
(CoxFe3-x04). Cobalt ferrite is a partially inverted mixed spinel ferrite, which has large cubic
magnetocrystalline anisotropy, responsible for its large Hc, a high stability and easy

manufacturing by cheap techniques. *° All these properties, together with many other
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outstanding characteristics, such as magnetostriction and large magneto-optical

coefficients,” make cobalt ferrite extremely appealing for application in several technological
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fields including magnetic hyperthermia, molecular imaging, electronics,

spintronics, '* supercapacitors '* and catalysis. °

Nowadays, many different chemical approaches have been developed to reproducibly

synthesize highly crystalline, monodisperse cobalt ferrite NPs with controlled size. '®2°

Among the others, the thermal decomposition approach appears as one of the most promising
procedures to obtain highly structural (stoichiometric) and morphologically controlled NPs
with exquisite crystallinity. !**!*2 These achievements boosted a renewed interest towards the

investigation of the physical properties of nanosized cobalt ferrite to conclusively establish

the correlation between magnetic properties and stoichiometry, > particle size, 2%242°

19,27,28

particle shape or structural defects. > Despite of the number of publications which
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each year continuously appear in the literature, to our knowledge, all these studies were
limited to short particle sizes range and finite temperatures, leaving unconstrained the shape

and stoichiometry.

In this work, for the first time we present an investigation on the magnetic properties of a
series of cobalt ferrite NPs with size in a broad range (from 4 to 60 nm), narrow size
distributions and controlled shape and stoichiometry. The evolution of the magnetic
properties was studied as a function of the particles size and shape, with particular attention
to those determining the best performance in view of a possible application for the realization
of permanent magnets. In particular, we focused on the analysis of Hc, remnant
magnetization, Mg, and the maximum energy product, (BH)max. The latter represents the
figure of merit of permanent magnets. We found that at low temperature 20 nm nanoparticles
exhibit the best magnetic properties, while at room temperature the highest (BH)max is
observed for nanoparticles with average size of ca. 40 nm. This is also the maximum (BH)max
ever reported for randomly oriented cobalt ferrite NPs (2.1 MGOe (18 MJm™)). Finally, the
feasibility of the application of cobalt ferrites NPs in the realization of permanent magnet is

discussed on the basis of the (BH)max product.

METHODS

Synthesis of cobalt ferrite NPs. The synthesis was carried out using standard airless
procedures and commercially available reagents. Benzyl ether (Bz2O, 99%), oleic acid (OA,
90%), oleylamine (ONH., >70%) iron(IIl) acetylacetonate (Fe(acac)s, 99%), cobalt(II)
acetylacetonate (Co(acac)z, > 99%), cobalt(Il) chloride anhydrous (CoClz, > 99%). All

starting materials were purchased from Sigma-Aldrich and used without further purification.

CoCl, anhydrous was stored inside a glove box.



Cobalt ferrite NPs were synthesized following a slightly modified procedure previously
reported for the synthesis of iron-based cubic spinels, (MFe>O4), through thermal
decomposition of organometallic compounds in high-boiling solvent containing oleic acid
and oleylamine as stabilizing surfactants. The organic coating prevents direct contact between
magnetic NPs and, thus, their aggregation. 2!*! In a typical synthesis 1 mmol of metal
precursors (Fe(acac)s and Co(acac), or CoCly) in a Fe:Co molar ratio of 2:1 were dissolved in
a solution containing 4 mmol of OA, 4 mmol of ONH; and 50 mL of BzO in a 100 mL
three-neck round bottomed flask. Fe:Co precursors ratio has been chosen in order to obtain
Co0.6-0.7F€2.42304 stoichiometry. Initially, the mixture was degassed by bubbling N at 120°C
for 30 min and then it was heated up to the desired decomposition temperature setting heating
rate, nucleation step and digestion time in order to control the final particle size. During the
heating and digestion processes the mixture was exposed to a N> flow. Finally, the flask was
removed from the heating mantle and allowed cooling down under inert atmosphere. All NPs
were washed by several cycles of coagulation with ethanol, centrifugation at 5000 rpm,

disposal of supernatant solution and re-dispersion in hexane.

Structural and Morphological Characterization. Transmission electron microscopy
(TEM) images were obtained using a CM12 PHILIPS microscope with a LaBe filament
operated at 100 kV. Helium Ion Microscopy (HIM) images were obtained using an Orion
Plus Helium Ion Microscope from Carl Zeiss NTS operating at 35 kV. In both cases the NPs
were dispersed in hexane and then placed dropwise onto a holey carbon supported grid. The
particle size of the different samples and the standard deviation were obtained by calculating
the number average by manually measuring the equivalent diameters/edge length of > 200
spherical/polyhedral particles from TEM micrographs. The determination of cobalt and iron
concentrations in the samples was performed using a Rigaku ZSX Primus II X-ray

fluorescence spectrometer (XRF). The Fe/Co ratios, evaluated from the intensity of Co and



Fe absorption peaks were found in the 3.3-4.0 range for the whole cobalt ferrite series,
corroborating their similar stoichiometry (it corresponds to an x value of 0.6-0.7 i.e., Coo.-
0.7Fe€2.42304). The structure of the NPs was investigated by X-ray powder diffraction (XRD)
using a Bruker New D8 ADVANCE ECO diffractometer equipped with a Cu Ka radiation.
The measurements were carried out in the range 20-70°, with a step size of 0.03° and a
collection time of 1 s. Quantitative analysis of the XRD data was undertaken with a full
pattern fitting procedure based on the Rietveld method using MAUD program.*? Microstrain

and crystal size were obtained using the isotropic size-strain model. *

Magnetic measurements. The magnetic properties of the NPs were measured on tightly
randomly packed powder samples using a vibrating sample mode (VSM, Quantum Design
PPMS) magnetometer with 90 kOe maximum field. The magnetization versus temperature
measurements were performed in zero-field cooled (ZFC) and field cooled (FC) conditions
with a 50 Oe probe field. The hysteresis loops were measured at increasing temperatures after

FC in 50 kOe from 380 K to 5 K.

RESULTS AND DISCUSSION

A family of cobalt ferrite NPs with average size, day, from 4 to 60 nm and with a narrow size
distribution was synthesized by thermal decomposition of metal-organic precursors in high-
boiling point solvents. XRF analysis confirmed all the NPs have the same non-stoichiometric
composition, Coo.6-0.7F€2.4-2304, which has been demonstrated to correspond to the largest
magnetic anisotropy for Co-doped ferrite NPs and have a magnetization saturation similar to
that of bulk CoFe,Os. >3* In principle, these features should correspond to the best
performance as permanent magnet. Figure la-g shows some representative bright field, low

magnification TEM, images of the cobalt ferrite NPs and the corresponding particle size



histograms. The control of the NPs size was obtained by modifying the synthetic parameters
related to the nucleation and growth processes (Table 1). The smaller NPs, with d,, from 4 to
11 nm, were synthesized by decomposition of Fe(acac); and Co(acac), using oleic acid, (OA)
and oleylamine, (ONH>), as surfactants, with the exception of 4 nm NPs. Indeed, the latter
were synthesized using only ONH; as surfactant, following a slightly modified procedure
already reported for the synthesis of MnO NPs.*! This choice reduces the probability of the
Fe’* — Fe’" oxidation, which, as recently demonstrated by Fantechi et al., > is significantly
large for small non-stoichiometric cobalt ferrite NPs synthesized using OA and ONH:
surfactants, providing, as final product cobalt doped maghemite (y-Fe>O3). The control of duy
in this range was achieved by modifying the digestion time and the decomposition
temperature (see Table 1). Low decomposition temperature (i.e., 210 °C) leads to small NPs
with an average diameter of 4(1) nm. It should be noted that at this decomposition
temperature the digestion time must be larger than 300 min in order to obtain crystalline NPs.
Increasing the decomposition temperature to 270 °C, adding a 2 hours nucleation step at 210
°C, and shortening the digestion time from 300 min to 30 min or 60 min, NPs with average
diameter of 7(1) and 11(1) nm, respectively, were obtained. TEM images show that small
NPs exhibit a spherical shape. All the size histograms obtained from TEM micrographs by
evaluating the particle diameter, d, can be well fitted by a Gaussian distribution, showing

unique size population with a narrow distribution of diameter (deviation < 20%)).

Larger NPs with edge length from 20 to 60 nm (d.) were synthesized using anhydrous CoCl,
as cobalt precursor. Different particle sizes were obtained controlling the digestion time and
heating rate and keeping the decomposition temperature constant. A fast heating rate (3
°C/min) permitted the synthesis of 20 to 30 nm NPs. On the other hand, a slow heating rate (1
°C/min) favoured the formation of larger NPs in the 40 to 60 nm range. For a given heating

rate the particle size could be further tuned by varying the digestion time from 15 to 60



minutes. Interestingly, TEM images demonstrated that on increasing the NP size the shape
evolves from sphere to octahedron, passing through an intermediate size around 20 nm,
where spheres and cubes coexist. The formation of octahedral NPs at large size was
confirmed by HIM, as shown in Figures 1h-1, where images of 20 and 40 nm NPs are shown.
In Figure 1j the cubic, rhombohedral and hexagonal 2D projections along [100], [110] and
[111] directions of a regular octahedron/truncated octahedron placed over (111) or (100)
faces is shown together with the corresponding TEM images.* The particle size histograms
for non-spherical NPs, also reported in Figure 1, are referred to the average edge length of

cubes or octahedrons (/).

Theoretically, cubic spinel structures should generate a cubic crystal habit, reflecting the
growth along the preferential <100> axes, but our experimental result suggests that with our
synthetic procedure, spherical and octahedral shapes are the most favoured, depending on the
size. For small NPs the dominant role of surface tension drives the nanocrystal growth
towards a spherical shape, which corresponds to the smallest surface area. Conversely, when
the particle size is increased, the change in the shape from spheres to octahedrons is due to
the faster growth rate along the <100> directions with respect to <111>, being {111} lowest
energy facets.’® Interestingly, NP with size close to the threshold between the two
morphologies (20 nm), where surface tension and preferential <100> directions growth are

balanced, exhibit a cubic shape.

Figure 2a depicts the XRD patterns recorded for the family of cobalt ferrite NPs. All
diffraction patterns show the formation of a single crystallographic phase, which can be
indexed as the cubic structure of spinel oxides (JCPDS PDF #221086). The series of
diffractograms reveals the expected gradual narrowing of the peaks associated with the

increase of d.. The crystal size, evaluated from the diffraction patterns are consistent with



those obtained from TEM images, indicating the growth of single crystal NPs and their high
crystallinity. In addition, cell parameter and crystal strain were determined and are reported
in Figure 2b. The cell parameter for the whole series of cobalt ferrite NPs is constant and
close to 0.840 nm. This fact supports the similar stoichiometry of all the synthesized NPs, as
indeed indicated by XRF analysis. However, this value is slightly larger than that reported for
Co-doped maghemite NPs with similar stoichiometry > suggesting the stabilization, even at
small size, of a pure cobalt doped magnetite phase (Fe;Os, Fe?'/Fe*" oxide) where oxidation
of Fe?" ions did not take place. The evaluated microstrain is highest at the smallest crystallite
size and then it decreases on increasing d, vanishing, in the resolution limit of our
experimental device, for size > 20 nm. Interestingly, the structural distortions disappear at the
same size at which the morphology of the NPs changes, suggesting that finite-size and
surface effects can induce surface strain and concomitant structural perturbations leading to
preferential morphological structures.’” These results demonstrate the intimate correlations

between particle morphology, crystal structure and particle size existing at the nanoscale.

In order to evaluate the magnetic performance of the as prepared cobalt ferrite NPs, a deep
analysis of their static magnetic properties was performed by standard magnetometric
technique. At first, the temperature dependence of the magnetization was investigated after
zero field cooling, (ZFC) and field cooling, (FC), procedures (see Fig. S1, Supporting
Information). For all the samples the behaviour characteristic of an ensemble of single
domain NPs is observed. NPs smaller than 20 nm present a clear transition to the
superparamagnetic state on their magnetization vs. temperature curves and they are therefore
unblocked at RT. Conversely, larger NPs are still in the blocked state at RT, as required for
the realization of permanent magnets. Figure 3 reports the blocking temperature (Tg)
estimated as the maximum of the ZFC curves, as a function of d.. For samples comprising

NPs whose thermal de-blocking requires a temperature higher than that experimentally



investigated, Tp was estimated from the hysteresis loops recorded at various temperatures,
using the expression Hc=Hc(0)[1—(T/Tg)]? (see discussion below for data and details). 384
Interestingly, extending this procedure to smaller NPs provides Tg values that well match
those extracted from ZFC magnetization curves, supporting the validity of this approach. As
expected, Tp increases with d, consistently with the classical description for

superparamagnetism. !

Figure 4a displays the hysteresis loops recorded at low temperature (5K), and the main
parameters extracted from the loops, i.e. coercive field, (Hc), saturation magnetization, (Ms)
and reduced remnant magnetization, (R = Mgr/Ms, where Mg is the remnant magnetization),
are shown in Figure 4b-d, as a function of d.,.. All loops exhibit the characteristic features
expected for hard ferro- or ferri-magnetic materials, i.e. non-zero Mr and high Hc. A non-
monotonous dependence of Hc with d,, is observed: initially, Hc increases till it reaches the
maximum value of 16.7 kOe for d,, = 20 nm, followed by a fast abatement for larger d,.. A
similar size dependence of Hc is retained at room temperature (Fig. 4 and Fig. S2) although
some differences are observed: indeed, due to the increased relevance of thermal
demagnetization processes, the irreversibility is observed only for sample with d,, > 20 nm
and the maximum Hc value is decreased to 3 kOe and shifted to larger duv, i.e. 40 nm. The
non-monotonic Hc dependence at low temperature can result from a cross-over in the
magnetization switching mode and/or a demagnetization shape-induced effect. In other
words, initially, Hc increases with the size as expected for single domain NPs, where the
magnetization reverses its orientation through a uniform coherent rotation of all the atomic
spins. 1*#~* However, according to micromagnetic theory, curling rotation becomes
favoured with respect to the coherent reversal mode when the radius, r, of a particle surpasses
a certain limit, called coherent radius, rcon. For small spherical NPs rcon = 3.60551ex, lex being

the exchange length.*>*¢ Using the intrinsic magnetic properties of bulk cobalt ferrite, namely

10



the exchange stiffness constant and spontaneous magnetization, *’ lex = 5.35 nm can be
estimated from which rcon = 17 nm. According to this value, cobalt ferrite NPs with size larger
than ~ 35 nm should show a cross-over on the magnetization reversal process from coherent
to incoherent mode (curling), decreasing Hc as the particle size is further increased. 4748
Interestingly, this value matches the diagonal of 20 nm cubic NPs. On the other hand, a
concomitant effect of the variation of the particle shape can also be envisaged for larger NPs.
Indeed, NPs with small and intermediate size mostly have regular spherical or mixed
spherical/cubic shapes. However, in larger NPs, where the octahedron emerges as the
preferential crystal habit, the demagnetization fields are preferentially generated at the
corners, regions where incoherent rotation modes can be generated more easily as the particle
size is larger, leading to a decrease of Hc. #° It should be noted that a change in the shape may
also affect the total magnetic anisotropy of the NPs through the surface contribution. !>
However, in our case the high magneto-crystalline anisotropy of cobalt ferrite and the large
particle size make this contribution negligible. Finally, we wish to stress that a non-
monotonous behaviour at RT was previously observed in a similar range of particle sizes for
cobalt ferrite NPs synthesized by various techniques and was ascribed to the magnetic single-
to multi-domain transition.?%?4*-35! However, we do believe that this behaviour originates
from the combination of a cross-over on magnetic rotation and/or demagnetization shape-
induced effect, which are responsible for the maximum at low temperature, and thermal
fluctuation of the blocked moment across the anisotropy barrier. The latter, being more
important for lower sizes and at higher temperatures, produces a shift to large particle size of

the Hc maximum.>?

On the other hand, Ms and R show the same trend both at low and RT, increasing with the
average particle size up to 20 nm and then remaining roughly constant at larger size at Ms =

80-90 emu/g, R = 0.75-0.83 and Ms = 80-85 emu/g, R = 0.5 for low and RT, respectively.
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Low temperature data are in good agreement with those theoretically expected for randomly
oriented cobalt ferrite nanograins with cubic magnetic anisotropy >***, while the RT ones,
due to thermal effects, show a more pronounced increase with size for both Ms and R. It
deserves to be pointed out that 4 nm NPs present peculiar magnetic properties with respect to
the rest of the series. At low temperature we observed a 25% reduction of Ms, while R is only
0.6. These results indicate that for d, < 20nm the magnetic disorder induced by large
structural strain deteriorates the magnetic properties. In addition, for very small NPs a

symmetry change of the magnetic anisotropy from cubic to uniaxial may concur to lower R.

53,55,56

In order to further investigate the magnetic properties of the series of samples, the effective
magnetic anisotropy, (Kefr), was estimated from the temperature dependence of Hc. If the
magnetic anisotropy is temperature-independent and the switching is driven by a coherent
rotation, the effective cubic magnetic anisotropy can be expressed as Kerr = Hc(0)Ms/0,64,
3738 where Hc(0) is the anisotropy field. The latter can be experimentally obtained from the
analysis of the temperature dependence of the coercive field, which must follow the
expression Hc=Hc(0)[1—(T/Tg)]?, where B is an exponential factor which is 0.5 or 0.77 for

oriented or randomly oriented assembly of particles respectively.’*40->

In Figure 5 Kefr
estimated from the hysteresis loops recorded at various temperature in the 5-380 K range and
neglecting the contribution from unblocked NPs, is shown. Ker exhibits the same non-
monotonic dependence on particle size observed at low temperature for Hc. We wish to stress
that the whole series of cobalt ferrite NPs presents Kefr values in the same range of
stoichiometric bulk CoFe>O4 (19x10° erg/cm?),%’ the largest one being 11.5x10° erg/cm?® for
20 nm particle size (see table 2). Noteworthy, the estimated Kesr values do not exceed the

bulk value, as often observed for very small NPs, suggesting that the surface contribution

does not significantly modify the effective magnetic anisotropy. In addition, below d., = 20
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nm, Kefr decreases with the particle size, rather than remaining constant. >* It is worthwhile to
stress that, at least for the smallest samples, the Kt values nicely agree with those evaluated

from AC susceptibility measurements (Supporting Information, Fig. SI3)

The temperature evolution of the magnetic properties is better evidenced by plotting Hc and
R as a function of normalized temperature, T/Ts (Figure 6a-b). As expected, both Hc and R
decay with temperature vanishing for T = Tg However, as concern the R decay, different
temperature dependencies are clearly observed: for small NPs, R decays almost linearly
meanwhile, for intermediated size (from 10 to 40 nm), it describes a plateau at low
temperatures which shifts the linear decay to high T/Tg. Then, for larger NPs (60 nm) a linear
decrease similar to that observed for small NPs is restored. On the other hand, Hc always
shows a constant decay as a function of T/Tg, although the curvature is not the same for all
the family members, being convex for smaller and larger NPs and almost linear for
intermediate particle sizes. In addition, the fit of the Hc vs. T/Tg curves using the Stoner-
Wohlfarth model provided B factors (Table 2) much larger than that theoretically predicted
(0.5 or 0.77), indicating a stronger variation of Hc as a function of the temperature. This
discrepancy can be ascribed to the change of the intrinsic magnetic anisotropy upon varying
temperature, which so far has not been taken into account, This variation is expected to vary
with the particle size and shapes. ¢! On the other hand the effect of interparticle interactions
can also contribute to the observed behaviour. *' As a matter fact, both effects are strongly
correlated with the trend of Ker: NPs with higher Kesr present lower thermal fluctuations as
the temperature increases and, thus, different variation of the magnetic anisotropy with the

temperature.

In order to quantify the performance as permanent magnets of the family of cobalt ferrite NPs
we evaluated the maximum energy product, (BH)max, at low and room temperature. (BH)max,

where B and H are the magnetic induction and the applied field, respectively, is the figure of
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merit of permanent magnets and is defined as twice the maximum magnetostatic energy
available from a magnet of optimal shape. ®* Figure 7a depicts the room temperature
hysteresis loops for 40 nm NPs reported as B or 4ntM vs. H, while the (BH)max values
calculated at 5 K and 300K, are shown in Figure 7b. The maximum values we found were 5.4
and 2.1 MGOe (43 and 18 kJ/m?) at low and RT, respectively. Interestingly, (BH)max shows
the same size dependence of Kes, with maxima at 20 nm and 40 nm for low and RT,
respectively, confirming the strong relationship existing between the two parameters. It
deserves to be noted that, to our knowledge, the (BH)max product found at RT largely exceeds
the values previously reported for cobalt ferrite particles (from 0.5 up to 1.1 MGOe) ¥
although larger Hc were obtained. 2°2° This result can be ascribed to the large magnetic
moment of our samples. Indeed, we remind that the (BH)max product increases with Hc only
till the coercivity does not exceed 2nMs. For highly anisotropic material fulfilling the
condition Hc > 2nMs, (BH)max depends only on Ms and R, being the limiting condition
(BH)max < (2nMs)?. **%* In our case, as it is shown in Figure 7a, for 40 nm cobalt ferrite NPs
woHc 1s 3000 G, larger than 2nMs (2500 G). Therefore, we can conclude that for coercivities
as those commonly observed for cobalt ferrite particles with size in the tenth of nm range,
only large Ms, as we obtained in this work, can efficiently increase the (BH)max product. On
the other hand, if we assume a complete orientation of the NPs easy axes (i.e. a square
hysteresis loops) and bulk density, a magnet obtained by compacting our 40 nm cobalt ferrite
NPs, could theoretically reach a (BH)max product of 8 MGOe (60 kJ/m?). This value largely
surpasses the (BH)max of hard magnetic ferrites nowadays commercially available (i.e., 4
MGOe, 30 kJ/m?). ® Therefore, cobalt ferrite NPs, such as those reported in the present work,
can be realistically considered as a promising material to replace RE-based compounds, at
least for all those applications which do not require extraordinarily high magnetic

performances.
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CONCLUSIONS

In conclusion, we studied the magnetic properties of a family of cobalt ferrite NPs with do,
covering a broad range (from 4 to 60 nm), with narrow size distribution and controlled shape
and stoichiometry. We found that, while cobalt ferrite NPs present an almost constant values
of Ms and Mg, Hc and Kesr depict a non-monotonic behaviour with two different maxima at
low and RT. We explain the observed behaviour as originating from a combination of cross-
over on magnetic coherent/non-coherent rotation and/or demagnetization shape induced
effect, which are responsible for the maximum at low temperature, and thermal fluctuations
of the blocked moment across the anisotropy energy barrier. Since the latter are more
important at lower sizes and higher temperatures, the Hc maximum shifts to larger particle

size at RT.

In order to assess the suitability of our cobalt ferrite NPs as permanent magnet, the (BH)max
energy product was evaluated. Interestingly, we found the maximum value ever reported in
the literature for cobalt ferrite NPs at RT (i.e., 2.1 MGOe (18 MIm™) for 40 nm NPs).
Moreover, this investigation allowed us to establish, at least on the basis of (BH)max, the
potentiality of cobalt ferrite NPs for the realization of RE free permanent magnet. Indeed, if
the possibility of orienting the magnetic anisotropy axes of the nanograins is taken into
account, (BH)max as large as 8 MGOe (60 kJ/m3) can be in principle obtained. Furthermore,
by playing with the many parameters that define the physical properties of matter at the
nanoscale, a further improvement of (BH)max can be envisaged. To this aim several strategies
can be considered, such as increasing the particle magnetic moment through the control of the
inversion degree of Co ions in the spinel lattice, or by doping with diamagnetic divalent ions.

In addition, in order to retain the condition Hc > 2nMs , the magnetic anisotropy must also be
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increased, a task which can be easily realized by modifying the shape and the surface or
inducing stresses. On the other hand the NPs described in this work can be also considered as
an excellent building block to design exchange coupled systems with enhanced energy
product. %®%7All the above considerations suggest that cobalt ferrite NPs may be a viable
alternative to replace RE-based permanent magnet at least in the intermediate region of the
energy product map where the latter are currently employed simply because standard ferrites

do not have large enough (BH)max.
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Tablel. Summary of the synthesis parameters and structural data obtained from TEM, XRD and XRF analysis (in the latter case x
refers to the Co content per formula unit, Co.Fe;.O4). TEM particle size has been assessed by taking into account the diameter for
spherical NPs (d) and the edge length for cubes or octahedrons (1).

Cobalt Decomposition Dlg'estlon Heating TEM size XRF XBD Cell
FeCUISOr Surfactants temperature time rate (*/min) (nm) ) size parameter
P (C) (min) (nm) (nm)
1 | Co(acac), ONH, 210 300 Fast 4(1)¢ 0.7 4 0.839(1)
2 | Co(acac), O?\IA}/I 300 30 3 7(1)¢ 0.7 8.8 0.398(1)
2
OA/ d
3 | Co(acac), ONH, 300 60 3 11(1) 0.7 16 0.840(1)
OA/ |
4 CoCl, ONH, 270 15 3 20(2) 0.6 30 0.842(1)
OA/ 1
5 CoCl, ONH, 270 60 3 30(4) 0.7 35 0.840(1)
OA/ |
6 CoCl, ONH 270 15 1 40(7) 0.6 50 0.841(1)
2
OA/ I
7 CoCl, ONH, 270 60 1 60(4) 0.6 80 0.840(1)

Table 2.Magnetic properties of cobalt ferrite NPs

TEMsize Tpexp.  Tpeale.  Hc(GK)  MsGK)  R(GK)  Hc(0) Keff
(nm) (K) (K) (kOe) (emu/g) (Ms/Mg)  (kOe) (106 erg/cm®)
414 90 110 11.0 59.4 0.51 12.7 33 6.0
7(1)¢ 220 200 13.5 77.4 0.76 14.0 1.9 8.5
11(1)¢ 300 310 14.7 80.0 0.76 15.5 1.8 9.7
202)" -—-- 430 16.7 85.5 0.83 17.4 2.0 11.6
30(4)! - 480 12.1 89.1 0.77 12.5 2.0 8.7
40(7)! - 540 10.0 88.7 0.77 10.2 1.5 7.0
60(4)! -—-- 620 0.8 84.7 0.74 8.3 1.4 5.0
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Figure 1. TEM images and particle size histograms for NPs of (a) 4, (b) 7, (¢) 11, (d) 20, (e)
30, (f) 40 and (g) 60 nm (scale bars correspond to 50 nm); HIM images for (h) 20 and (i) 40
nm NPs, respectively (scale bars correspond to 100 nm); and (j) 2D TEM projections for

octahedral NPs.
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Figure 2. (a) XRD patterns for the series of cobalt ferrite NPs and (b) cell parameter (left

scale) and microstrain (right scale) dependence on particle size.
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Figure 3. Size dependence of the blocking temperatures; Tg were obtained by M vs. T ZFC-
FC measurements (red spheres) or by fitting Hc vs. T curves to the Stoner-Wohlfarth

equation, Hc=Hc(0)[1—(T/Tg)]? (black crosses).
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Figure 4. (a) Low temperature (5 K) hysteresis loops of the family of cobalt ferrite NPs; (b,c

and d) size dependence of Hc, Ms and R measured at 5 K (full black dots) and 300 K (empty

red dots).
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Figure 5. Effective magnetic anisotropy, Kef, of cobalt ferrite NPs with different particle
sizes. The data were obtained from hysteresis loops at variable temperatures neglecting any

temperature-dependent term and assuming only coherent rotation switching mode.
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Figure 7. (a) B and 4nM vs. H loops for 40 nm NPs at RT and (b) (BH)max at 5K (black solid

circles) and RT (red empty circles) as a function of the particle size.
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