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Abstract

We study the magnetic characteristics of nanofilms composed of CoFe.O4 nanoparticles synthesized
using thermal decomposition (TD) and self-combustion (SC) methods, assembled on glass substrates using the
Langmuir-Blodgett technique. Despite both synthesis methods render crystalline Co ferrite nanoparticles, the
differences in particle size and saturation magnetization are notable; however, both nanofilms reveal a
ferrimagnetic behavior and display a significant surface contribution to the net magnetization at temperatures
below 50 K. This effect is attributed to the nanoparticles' surface spins misaligning with the spins of the ordered
core and freezing into a disordered structure. Effective anisotropy Kest values were determined, obtaining similar
values to the bulk material (Kett ~2x10° J/m®) for the nanofilm made of TD nanoparticles, while the nanofilm
prepared with SC nanoparticles presents an enhanced value (Kew=5x10° J/m®). The temperature-dependent
saturation magnetization curves were fitted with the modified Bloch’s law and an additional term that

corresponds to the frozen spins.

1. Introduction

In the last decades, CoFe.Os4 nanoparticles
(NPs) have received immense interest from scientists
due to their magnetic properties such as high
magnetocrystalline  anisotropy, high  coercivity,
moderate saturation magnetization, high specific
electrical resistance, and magnetoelastic effect [1].
Due to these properties, CoFe;Os NPs with
appropriate surface chemistry can be employed in
numerous biomedical applications as contrast agents
to improve magnetic resonance imaging quality,
magnetic carriers for drug delivery, hyperthermia
therapy or industrial process engineering, being
promising for applications such as sensors, magnetic
storage devices, microwaves, solar cells, and electrical
devices [2,3].

The size distribution of Co ferrite NPs [4],
their morphology [5], the packing density [6], the
intergranular exchange interaction [7], and the
distribution of cations [8] are some of the factors that
are responsible for their magnetic properties. Among
these, grain/particle size and their distributions are

some of the most important factors governing the
magnetic properties of nanomaterials. Therefore, it is
clear that microstructure manipulation of these NPs
allows customizing their physical attributes, which is
possible using different synthesizing methods [1].
Thermal decomposition is a synthetic method
that allows  obtaining  spherical and  highly
monodisperse  NPs  functionalized by organic
molecules and stabilized in an organic solvent. This
method has been widely employed for the synthesis of
CoFe204 NPs, varying the precursors. For example,
Randhawa et al. have reported the thermal
decomposition of cobalt tris(malonato) ferrate(lll)
trihydrate at 380° C [9]. Also, Carp et al. have
reported the synthesis of CoFeOs NPs by the
decomposition of  polynuclear coordination
compounds at 350 °C - 450 °C [10]. On the other
hand, Hashemi et al. have reported the synthesis of
CoFe20Os NPs by the decomposition  of
[Co(en)sFe(ox)s] at 400 °C [11], and Dimpal Tomar et
al. have obtained CoFe2O4 NPs by the decomposition
of Co-Fe glycolates as precursors [5]. Also,



surfactants have often been used to manipulate the size
and morphology of the CoFe;Os NPs. Typical
compounds used in thermal decomposition are Fe and
Co acetylacetonate complexes, and the surfactants are
usually oleylamine and oleic acid [12,13]. By varying
the synthesis conditions (temperature, time and
volume of the solvent) different morphologies are
obtained, such as nanospheres, nanocubes and
nanohexagons. The disadvantage of this technique is
the complex process, expensive starter chemicals, and
low production quantities [14].

The synthesis process of the self-combustion
method has many advantages, such as low cost, short
reaction time, and the production of large amounts of
material [14]. Organic compounds such as urea [14],
glycine [15], citric acid [1], oxalyl dihydrazide [16],
alanine or a mixture of them [17] are commonly used
as fuel substances in the combustion method to
increase the efficiency of the synthesis process. In
synthesizing metal oxide NPs by the self-combustion
method, predetermined stoichiometric ratios of metal
nitrate salts and fuel are combined and then heated to
approximately 400 °C to trigger exothermic reactions
between the metal nitrates and the fuel [14].

In recent years, the interest in the use of NP
arrays has increased, due to possible practical
applications such as next-generation high-density
perpendicular magnetic recording media [18], sensors,
electronic logic devices [19], or magneto-optical
devices [23], as well as in the investigation of
fundamental magnetic properties. Therefore, the
techniques to integrate NPs, allowing the formation of
dense particle films with minimal defects, represent a
crucial area of fundamental research. Progress in this
field could greatly enhance the development of next-
generation quantum devices [18], since defect-free
films are critical for applications where precision is
key. Among the numerous methods documented for
the two-dimensional assembly of nanoparticles, the
Langmuir—Blodgett (LB) technique stands out as the
most versatile technique to obtain homogenous thin
films of controlled thickness [18,19].

In the present paper, we report the preparation
and characterization of CoFe,O4 NPs obtained by two
different synthesis methods (thermal decomposition
and self-combustion) and the preparation of nanofilms
using the LB strategy with these NPs. Characterizing
magnetic films is important for understanding their
magnetic properties, such as magnetic susceptibility,
coercivity, and saturation magnetization, which are

essential for applications in data storage, sensors and
quantum devices. A complete characterization also
helps to predict how magnetic films will behave under

different conditions (e.g., temperature, external
magnetic fields), which is wvital for reliable
performance in practical applications. Here, the

morphology, crystal structure, and magnetic properties
of the materials were evaluated. The magnetic
nanofilms were characterized by scanning electron
microscopy (SEM), atomic force microscopy (AFM),
and magnetometry, applying the external field both in
plane (IP) and out of the substrate’s plane (OoP). A
magnetic easy plane was found, indicating a planar
effective anisotropy in both nanofilms. We find that
the effective anisotropy constant Kes is enhanced in
the nanofilm prepared with the nanoparticles
synthesized by self-combustion. This is possibly
because they are larger (and surface spins are less
dominant) and because their saturation magnetization
largely exceeds that of the nanoparticles prepared by
thermal decomposition. A detailed understanding of
magnetic films can lead to new discoveries and
innovations in various fields, including electronics,
medicine, renewable energy, and enhancing existing
technologies.

2. Materials and methods
2.1 Synthesis of Co ferrite NPs by self combustion

Cobalt ferrite NPs (CoFe.O4) were synthesized
using the self-combustion method, as previously
described [20]. CoC20a4, Fe(NOs)s, and citric acid were
used as precursors for the preparation, and all
materials were utilized without further purification. In
short, iron nitrate and cobalt oxalate were dissolved in
50 ml of water, maintaining a constant stoichiometric
ratio ([Fe(111)] + [Co(ID] = 1 M). A 3 M citric acid
solution (50 ml) was added to the solution and heated
at 40 °C for 30 min with vigorous stirring. The final
mixture slowly evaporated until a highly viscous gel
was formed. This gel was then heated below 200 °C,
initiating a self-propagating combustion process. The
self-propagating combustion lasts until the gel is
completely carbonized, thus generating a powder.
Finally, the powder samples were calcined at 800 °C
for 2 h.

The obtained powder was modified with
stearic acid (SA) following the procedure described
elsewhere [21]. For this, 0.15 g of NPs were first



dispersed in a mixed solution of 25 ml absolute
ethanol and 0.075 g stearic acid. The resulting solution
was immersed in an ultrasonic bath at 80°C for 1 h.
Then, the resulting mixture was washed 5 times to
remove the free stearic acid and it was finally dried at
60°C for 24 h. The modified CoFe20s NPs so-
obtained were labeled Co-P-SC.

2.2 Synthesis of Co ferrite NPs by thermal
decomposition

Cobalt ferrite nanoparticles were also
synthesized using the thermal decomposition method
(TD) [13, 22] with commercially available reagents
without further purification. The procedure involved
mixing 2 mmol of Fe(acac)s;, 1 mmol of Co(acac)., 10
mmol of hexadecanediol, 6 mmol of oleic acid (OA),
6 mmol of oleylamine, and 20 ml of benzyl ether. The
reaction mixture was magnetically stirred in the
presence of nitrogen gas at room temperature for 60
min, then heated to 100 °C for 30 min to remove the
water. Subsequently, the temperature was increased to
200 °C for 30 minutes to facilitate nucleation, and then
it was raised to 280 °C for 60 min to promote the NPs
growth. Ethanol was added to the mixture under
ambient conditions, resulting in the precipitation of a
black material, which was then collected using a
magnet. Finally, the obtained NPs were dried
overnight in an oven at 60 °C for their preservation
and subsequent use. The NPs synthesized by this
method were coated with oleic acid and they were
labeled Co-P-TD.

2.3 Preparation of nanofilms

The transfer of Co-P-SC and Co-P-TD onto
glass substrates was performed using the Langmuir-
Blodgett method, following a procedure similar to one
previously reported [23]. The pressure-area isotherms
of nanofilms at the air/water interface were monitored
with a Wilhelmy plate on a KSV Mini-trough (36.4
cm x 7.5 cm, KSV model 2000). To transfer Co-P-DT
to the glass, a 1.5 mg/ml solution was prepared using a
mixture of chloroform and methanol as the solvent.
Then, 150 pl of the suspension was spread at the
air/water (Milli-Q, 18.2 MQ, Millipore) interface
using a micro-syringe. Compression of the film was
done at a rate of 10 mm/min after the solvent
evaporated (approximately 20 min). The formed films
were transferred at a pressure of 40 mN/m onto a glass

substrate at a rate of 3 mm/min. The glass substrates
were previously washed several times with acetone,
ethanol, and Milli-Q water, and then treated with
hexane. The so-obtained nanofilm is named Co-F-TD.
The deposition of Co-P-SC on a glass substrate was
carried out using the same procedure and conditions
mentioned above, with the difference that 300 pl of a
solution with a concentration of 5 mg/ml was
employed. This latter nanofilm is named Co-F-SC.

2.4 Experimental Techniques

Both kinds of NPs (Co-P-SC and Co-P-TD)
and nanofilms (Co-F-SC and Co-F-TD) were
characterized by different techniques. The crystal
structure was identified by using X-ray powder
diffraction (XRD) with a PANalitycal X’Pert Pro
diffractometer using Bragg-Brentano geometry,
operated at 40 kV, 40 mA, Cu Ka radiation (A= 1.5418
A) and with a step size of 0.02°, from 10° to 80°. The
morphology of NPs and films was determined using a
Sigma Zeiss Field Emission Scanning Electron
Microscope (FE-SEM), a transmission electron
microscope Zeiss (Leo 906E), and an Atomic Force
Microscope (AFM) Agilent Technologies 5500. AFM
measurements were performed in tapping mode at
atmospheric pressure and room temperature by using a
rotated monolithic silicon probe coated with an
aluminum reflex film (Budget Sensors TAP150-Al-G,
Nominal spring constant 5 N/m, resonance frequency
of 150 kHz, nominal radius < 10 nm). Magnetic
characterization of the NPs and nanofilms was
conducted with a Cryogenic Ltd. vibrating sample
magnetometer (VSM) with maximum fields of £5 T at
different temperatures.

3. Results
3.1 NPs characterization

Figure 1 shows the results of the structural and
magnetic characterization of Co-P-SC and Co-P-TD.
Figure 1(a) displays a SEM image of Co-P-SC, while
Figure 1(b) is the TEM image of Co-P-TD. When
comparing these images, it can be seen that both kinds
of NPs do not exhibit a perfectly spherical
morphology. Mean diameters of (84 + 2) nm for Co-P-
SC and (12 £ 1) nm for Co-P-TD could be determined,
as shown in the superimposed histograms in Figure
1(a) and 1(b). The size distribution of Co-P-TD is



smaller when compared to the corresponding to Co-P-
SC, since the thermal decomposition method allows
obtaining smaller and monodisperse particles [24].
X-ray diffraction patterns of Co-P-SC and Co-
P-TD are presented in Figure 1(c). The peak positions,
corresponding to reflections (22 0),(311),(222), (4
00),(422),(333),(440),(531),(620),(533),(6
2 2), and (4 4 4) match well with the standard
diffraction peaks of the cubic spinel structure (JCPDS-
PDF 22-1086), which is characteristic of cobalt ferrite,
confirming that no other phases are present.
Additionally, the crystallite's average size was
determined using the Scherrer equation, giving (80 +
5) nm and (9 £ 2) nm for Co-P-SC and Co-P-TD,
respectively. The diffraction peaks of Co-P-TD are
broader and of lower intensity compared to those of

Co-P-SC, which is attributed to the smaller crystallite
size of Co-P-TD. This broadening, along with a
reduction in peak intensity, is related to the smaller
crystallites with fewer atomic planes contributing to
the diffraction and a higher surface-to-volume ratio
introducing imperfections [25, 26]. Finally, comparing
the average crystallite diameters with the grain sizes
measured by microscopy allows us to conclude that
both types of nanoparticles are single crystals.
Rietveld refinements of Co-P-SC and Co-P-TD X-ray
diffraction patterns were performed, using the

software XPert HighScore Plus (Malvern Panalytical)
and they are presented in Figure S1(a) and S1(b) of the
Supplementary Information. The lattice parameter a
given by the refinements is a = 8.40508(3) for Co-P-
8.3718(4)

and = for Co-P-SC.
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Figure 1. (a) SEM image and size histogram of Co-P-SC. (b) TEM image and size histogram of Co-P-TD. (c)
XRD patterns and (d) hysteresis loops measured at 300 K of Co-P-SC (blue line) and Co-P-TD (orange line).
The maximum applied field was +5 T but only the 1 T range is displayed, for the sake of clarity.



Figure 1 (d) shows the hysteresis loops of Co-
P-SC and Co-P-TD measured at 300 K, after
compacting the NPs in 5 mm diameter and 1 mm thin
disks. A ferrimagnetic behavior is observed in both
samples, with notable values of remanence (Mg) and
coercivity (Hc). The saturation magnetization (Ms)
values obtained for Co-P-SC and Co-P-TD were 84
emu/g and 33 emu/g, respectively. The Ms value for
Co-P-SC falls within the range of bulk CoFezO4
(between 80 emu/g and 85 emu/g) [27, 28]. However,
sample Co-P-TD displays a much lower Ms value
compared to Co-P-SC and bulk CoFe;Os. This
discrepancy can be attributed to the smaller size of the
Co-P-TD particles, resulting in a reduction in
magnetization due to magnetic moment disorder at the
NPs surface [29, 30], as well as the presence of non-
magnetic oleic acid molecules adsorbed on the NPs
surface [31]. Furthermore, the Ms value for Co-P-TD
is comparable to that reported for CoFe;Os NPs of
similar  size, prepared wusing the thermal
decomposition method [13, 32]. It is important to note
that the Ms values were calculated using the law of
approach to saturation [33]. It is clear that although
both synthesis methods produce crystalline CoFe204
NPs, significant differences in particle size and
saturation magnetization are observed.

The Hc values obtained for samples Co-P-SC
and Co-P-TD were 105 mT and 65 mT, respectively.
This disparity arises from the strong dependence of
coercivity on particle size. Typically, as particle size
diminishes towards a critical diameter (Dc), an
increase in coercivity is observed, reaching a peak
before declining towards zero and becoming
superparamagnetic [34]. Moreover, previous studies
indicate a critical size of approximately 70 nm for
CoFe>04 NPs [35]. Consequently, it is expected that
Co-P-SC NPs, with a mean diameter of 84 nm, will
exhibit higher coercivity compared to Co-P-TD
particles, which have a diameter of 12 nm and are
close to the superparamagnetic limit.

On the other hand, Co-P-TD exhibits
coercivity at room temperature (300 K), despite the
expectation of superparamagnetic behavior for such
small nanoparticles (12 nm). This phenomenon can be
explained by several key factors. Firstly, the high
magnetocrystalline anisotropy of cobalt ferrite
significantly increases the energy barrier required to
reverse the magnetization direction, overcoming the
thermal effect that would induce superparamagnetism.
Additionally, surface effects in nanoparticles of this

size play an important role, as surface atoms
experience greater anisotropy than those in the core,
contributing to the retention of coercivity. Finally, the
size of the particles places them in the single-domain
regime, meaning that magnetization reversal involves
overcoming the entire anisotropy energy barrier,
resulting in measurable coercivity [36-38]. This
combination of factors could explain why, despite
their small size, the Co-P-TD nanoparticles retain
coercivity at 300 K.

To further investigate the magnetic behavior
of the nanoparticles, zero-field-cooling (ZFC) and
field-cooling (FC) magnetization measurements were
conducted. Both nanoparticle samples exhibit
thermomagnetic irreversibility below the maximum
measurement temperature of 350 K, as shown in
Figures S2(a) and S2(b) of the Supplementary
Information for Co-P-SC and Co-P-TD, respectively.
The calculated blocking temperatures are 300 K for
Co-P-SC and 270 K for Co-P-TD, which explain the
samples’ ferromagnetic behavior at and below these
temperatures.

3.2 Pressure-Area Isotherms

Figure 2(a) presents the surface pressure-area
isotherms measured for Co-P-SC (blue line) and Co-
P-TD (orange line), aiming to identify the optimal
conditions for transferring the NPs onto the substrate,
assembling nanofilms. Initially, as the area decreases
the surface pressure in both isotherms remains almost
constant up to approximately 120 cm? for Co-P-TD
and 140 cm? for Co-P-SC, which is characteristic of
the gas phase in Langmuir-Blodgett films.
Subsequently, a rapid increase in surface pressure
occurs, indicating the formation of a solid phase and
suggesting a closer packing of NPs, resulting in the
formation of large organized domains of Co-P-SC and
Co-P-TD. Notably, no collapse of the film is observed
upon compression up to 55 mN/m and 67 mN/m for
Co-P-SC and Co-P-TD, respectively. These isotherms
confirm the successful formation of nanofilms at the
air/water interface for both Co-P-SC and Co-P-TC.

Based on the surface pressure-area isotherms
recorded for Co-P-SC and Co-P-TD, a pressure of 40
mN/m was determined as optimal for assembling the
NPs onto a hydrophobic glass substrate (indicated by
the dashed line in Figure 2(a)). This pressure ensures
that the NPs are densely packed, forming a film.
Additionally, as depicted in Figure 2(b), multiple



layers were transferred following the outlined
procedure, with the maximum transfer ratio ranging
between 1.4 and 0.3 for Co-P-SC and between 1 and
0.2 for Co-P-TD, during both ascending and
descending movements of the substrates. The so-
obtained nanofilms are named Co-F-SC and Co-F-TD
when using Co-P-SC or Co-P-TD nanoparticles,

(a) Co-P-SC
——Co-P-TD

Deposition pressure
e
¥
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respectively. Figure 2(c) schematically illustrates a
nanofilm obtained using the Langmuir-Blodgett
technique, indicating the in-plane (IP) and out-of-
plane  (OoP) directions used for magnetic

characterization.

Figure 2: (a) Surface pressure versus area isotherm of Co-P-SC (blue line) and Co-P-TD (orange line) on a
water subphase. (b) Schematic representation of the process for transferring a monolayer to a solid substrate: (1)
substrate, (2) NP monolayer, (3) NP coated with oleic acid or stearic acid and (4) water subphase. (c)
Illustration of the obtained nanofilm and the in-plane (IP) and out-of-plane (OoP) directions used for magnetic

characterization.

3.3 Nanofilm characterization

The morphological characterization depicted
in Figure 3 confirms the successful transfer of NPs
onto the glass substrates. Analysis by AFM provides
topographical details and cross-sectional profiles of
the nanofilms Co-F-SC (Figure 3 (a), (b)) and Co-F-
TD (Figure 3 (d), (e)). In the AFM images, bright
regions correspond to NP agglomerates observed in
both films. Cross-sectional profiles extracted from
several AFM images reveal film thicknesses of 160
nm and 12 nm for Co-F-SC and Co-F-TD,
respectively, suggesting that nanofilms are formed
with approximately two layers of NPs in the case of
Co-F-SC (with NP mean size of 84 nm) and one layer

of NPs in the case of Co-F-TD (with NP mean size of
12 nm). This in turn shows that Co-F-TD has a
smaller thickness than Co-F-SC as a result of the size
difference between the different NPs used to obtain
the films.

SEM images in Figure 3(c) and 3(f) depict the
nanoparticle-assembled nanofilms at different scales.
Notably, both nanofilms exhibit a high substrate
coverage (>90% area), forming continuous layers
across the substrate surface, as it can also be seen in
Figures S3 and S4 of the Supplementary Information.
Sample Co-F-SC displays less homogeneity compared
to Co-F-TD, possibly because of lower Co-P-SC
coverage with stearic acid, leading to greater NP
agglomeration.
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Figure 3. (a) AFM image, (b) cross-sectional line profile and (c) SEM images at different magnifications of

nanofilm Co-F-CS.
magnifications of nanofilm Co-F-TD.

3.4 Magnetic Properties of the nanofilms

Figure 4 displays the hysteresis loops
measured at room temperature with the applied field in
both in-plane (IP) and out-of-plane (OoP) directions of
the nanofilms, as shown in Figure 2 (c). Despite the
maximum applied field was 5 T in every case, a
smaller field range is displayed in Figure 4, for the
sake of clarity. Diamagnetic contributions from the
glass substrates have been subtracted from these
hysteresis loops. When the magnetic field is applied in
plane, saturation is achieved at lower saturation fields
(Hs) compared to the OoP configuration, and a larger

(d) AFM image, (e) cross-sectional line profile and (f) SEM images at different

squareness (Mr/Ms) is observed IP for both nanofilms.
Additionally, IP coercivity is higher when compared to
the OoP direction. This behavior is consistent with a
magnetic easy plane, which is usually preferred in 2-D
nanostructures with strong shape anisotropy [39, 40].
The difference in Hc between the IP and OoP
hysteresis loops is evident in both samples. However,
this distinction is more pronounced in the Co-F-TD
samples compared to Co-F-SC, which is attributed to
the increasing film thickness diminishing the relevance
of shape anisotropy [41]. The characteristic values of
the hysteresis loops are summarized in Table 1.

Table 1. Magnetic parameters corresponding to the nanofilms: saturation magnetization Ms, remanent magnetization Mg,
coercive field Hc, anisotropy field Ha and effective anisotropy constant Kesr.

M Mr (£ 1 emu/g) Hc (1 mT)

S 3

Sample (+ 3 emulg) Ha(T)  Ke (I/IM°)
IP OoP IP OoP

Co-F-SC 84 43 22 123 57 0.22 5x 10°

Co-F-TD 33 17 2 43 7 0.24 2x10°
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Figure 4. Hysteresis loops, measured at room temperature with the magnetic field applied IP and OoP for (a)
Co-F-SC and (b) Co-F-TD. The insets are a zoom-in of the low-field region.

In magnetic films, various factors contribute to
the effective anisotropy constant, A& including shape,
magnetocrystalline and magnetoelastic anisotropies,
as well as magnetostatic interactions, which vary
depending on the specific system [42]. Several
methods are available to estimate Az in a film, one of
which involves calculating the difference in saturation
fields, Hs, between the IP and OoP hysteresis loops.
This difference provides a rough estimate of the
anisotropy field, Ha = Hs%-Hs'® from which the value
of the A& can be obtained using the well-known
ZKeff

[43].

S
systems a more accurate method to determine Ha is
calculating the area in the first quadrant which is
enclosed by the demagnetizing branches of the IP and
OoP hysteresis loops [43]. Using this approach and
the data from Figure 4, Ha values of 0.22 T for Co-F-
SC and 0.24 T for Co-F-TD were obtained. Taking
the Ms values for Co-F-SC and Co-F-TD as (4.44 x
10%) A/m and (1.75 x 10%) A/m, respectively, gives
Keit (Co-F-SC) = (5 x 10°) J/m® and Kett (Co-F-TD) =
(2 x 10°%) J/m®, at room temperature. These values are
higher than Ket = (1.8 x 10°) J/m® obtained by M. H.
Carvalho et al. for CoFe204-SiO2 nanocomposites
[44] and similar to the value for the bulk material Keft

expression Hy = However, for real

= (2 x 10°%) J/m® [45]. It should be noted that the Kes
value is higher for Co-F-SC than for Co-F-TD. As
both nanofilms have a similar Ha, the difference in
Kest emerges from the difference in the Ms values. The
Kett for Co-F-TD is similar to the Kesr for the bulk
material, even when the Ms for these nanoparticles is
low. On the other hand, the Kef for Co-F-SC is more
than twice as that reported for the bulk material, even
when the nanoparticles prepared by self-combustion
have a Ms value similar to the bulk material. In order

to further investigate this result, temperature
dependent  magnetization  measurements  were
performed.

The IP magnetic hysteresis loops of Co-F-SC
and Co-F-TD were measured at various temperatures
ranging from 5 to 300 K. A comparison of the M(H)
curves at 5 K for both nanofilms is depicted in Figure
5(a). Notably, high coercive fields, as well as non-
zero remanent and saturation magnetization, are
observed. The magnetization curves of both nanofilms
at 5 K exhibit the magnetic characteristics of CoFe;O4
nanoparticles below the blocking temperature [44].



100} (a) 110 (b) |
| 100}
=) A
S 3 90
£ =
© £ 60t :
2 ; g sorse
o-F-
= 1= 50 — AT
I Co-F-SC | 40 @
-100 | —Cg-F-TD | ‘
4 ) 0 2 4 100 200 300
oH (T) T (K

Figure 5. (a) Hysteresis loops at 5 K for both nanofilms, measured IP. (b) Saturation magnetization as a function
of temperature for both nanofilms. Black solid lines correspond to fittings with Eq. (1).

The Ms(T) values for both nanofilms were
obtained from the hysteresis loops measured at
different temperatures in the range of 5-300 K, using
the law of approach to saturation [33] and are shown
in Figure 5(b). From this figure, it is evident that a
steep increase in Ms with decreasing temperature
appears below 50 K, in both samples. This behavior is
usually ascribed to a spin-glass-like behavior, and it
can be modeled considering the modified Bloch law
in addition to a surface spins contribution, as follows
[1,50,51]:

M(T) = Mg (0) [1 - (l)a] +A e<_ Tlf> (1)

Tc
where Ms(0) is the saturation magnetization at 0 K, Tc
is the Curie temperature, a is the Bloch’s exponent

(taking a value of 1.5 for bulk materials and between
1.5 and 3.0 for NPs [47-49]), A is the surface spin

contribution and Tf is the surface spins freezing
temperature.

Figure 5(b) shows the good agreement
between the data and the fitting curve using Eq. (1)
and Table 2 lists the parameters obtained from the
fittings. The Bloch exponents for both samples are
a=2 (greater than 1.5), as expected for interacting
NPs. This large deviation from the ideal o value is the
result of several finite size effects, such as an energy
gap in the density of states for the spin waves and a
lack of magnetic coordination at the surface [49]. In
fact, a a=2 is expected for finite-Size ferromagnetic
clusters based on a mean field calculation [51,52].

The freezing temperatures Ts for Co-F-SC and
Co-F-TD are (6+1) K and (10£1) K, respectively.
Thus, the contribution of freezing spins to Ms(T) is
negligible above temperatures ~5Ts, similarly to how
it was described for BiFeOs—CuO nanocomposites
[53].

Table 2. Fitting parameters to Ms(T) data using Eg. (1). Ms(0) is the saturation magnetization at 0 K, Tc is the
Curie temperature, « is the Bloch exponent and Ts is the freezing temperature.

Parameter Co-F-SC Co-F-TD
Ms(0) [emu/g] 100+1 40+1
Tc [K] 750160 770150
a 2.0+0.2 2.0+0.4
A [emu/g] 3043 3212
T¢[K] 61 10+1




Coercivity values Hc at different temperatures
for both nanofilms Co-F-SC and Co-F-TD are plotted
in Figure 6.
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Figure 6. Coercivity as a function of temperature for
Co-F-SC (blue symbols) and Co-F-TD (orange
symbols) nanofilms. Black solid lines correspond to
fittings with Eq. (2).

A systematic increase in coercivity is observed
as the temperature decreases, indicating that the films
become magnetically harder at lower temperatures
[50]. The reason for the increasing coercivity with
decreasing temperature can be understood by
considering the effects of thermal fluctuations of the

blocked moment across the anisotropy barrier [46]. In
fact, the temperature dependence of Hc for all
samples is found to closely follow the expression
given by [1, 50]:

He=H) (1-2) @

where Hc(0) is the coercivity at T = 0 K, Tg is the
blocking temperature, and g is the exponent that
usually takes the value of 0.5 for non-interacting
single domains [50]. The fitting curves are plotted in
Figure 6 as solid black lines, while the corresponding
parameters are presented in Table 3. The exponents S
vary between 0.7 and 0.8 in both samples and are
indistinguishable within the error (see Table 3).
Values of g closer to 1 are in agreement with
predictions for the case of a collection of NPs with
magnetic dipolar interaction [1]. Ts values are similar
for both samples, being somewhat lower for Co-F-
TD, in agreement with results obtained by Tomar et
al. [5] for CoFe;Os NPs synthesized by thermal
decomposition. These authors also found that when
the crystal size of the synthesized NPs decreases, the
blocking temperature Tg is lower. On the other hand,
the Tg value for sample Co-F-SC is similar to that
obtained by Haik Dunn et al. for similar CoFe204 NPs
synthesized by the self-combustion method [20].

Table 3. Fitting parameters to Hc(T) data with Eq. (2). Hc (0) is the coercivity at T = 0 K, Tg is the blocking

temperature, and /3 is the exponent.

Parameter Co-F-SC Co-F-TD
Hc(0) [T] 1.3+0.1 0.9+0.1
Ts [K] 319420 290+20
p 0.7+0.1 0.8+0.2

4. Conclusion

Cobalt ferrite NPs were prepared using the self-
combustion and thermal decomposition methods. Two
nanofilms on glass substrates were successfully
prepared from these NPs using the Langmuir Blodgett
technique. Film thicknesses of 160 nm for Co-F-SC
and 12 nm for Co-F-TD were determined by AFM.
The magnetic properties of the as-prepared films were
investigated by measuring magnetization hysteresis

curves over the 5 K to 300 K temperature range. A
magnetic easy plane was found in both nanofilms, in
agreement with a dominant planar shape anisotropy.
In addition, a K similar to the bulk material was
obtained for sample Co-F-TD while an enhanced

value of more than twice (Ker =5 X10° J/m%) was

found for Co-F-SC, indicating that in this case, an
optimal combination of particle size and the nanofilm
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shape anisotropy contribute to the effective
anisotropy.

The magnetic behavior of both nanofilms is described
considering a model of a core-shell spin structure for
the NPs, in which the core comprises magnetically
ordered spins while the shell behaves as a spin-glass-
like system. Ms(T) shows a sharp increase at
temperatures below 50 K and it is described by the
modified Bloch law with an additional exponential
term accounting for spins freezing. The obtained
freezing temperatures are T¢ (Co-F-SC)=(6+1) K and
Tt (Co-F-TD)=(10+1) K. The coercive field Hc
decreases with temperature in both nanofilms, in
agreement with NP systems with dipolar interaction,
having both samples similar blocking temperatures

around 300 K.
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SUPPLEMENTARY INFORMATION

1. NPs characterization by X-ray diffraction

The crystal structure of the NPs was identified by X-
ray powder diffraction (XRD) with a PANalitycal
X’Pert Pro diffractometer using Bragg-Brentano
geometry, operated at 40 kV, 40 mA, Cu Ka radiation
(A= 1.5418 A) and with a step size of 0.02°, from 10°
to 80°. X-ray diffraction patterns of Co-P-SC and Co-
P-TD are presented in Figure S1(a) and S1(b) as well
as the Rietveld refinements using the software XPert
HighScore Plus (Malvern Panalytical). In both
samples, the peak positions corresponding to
reflections (220),(311),(222),(400),(422), 3
3 3),(4 4 0), (531), (620), (533), (622), and (444)
match with the standard diffraction peaks of the cubic
spinel structure, which is characteristic of cobalt
ferrite (JCPDS-PDF 22-1086) and are shown in
Figure 1c. The lattice parameters a obtained from the
refinements are listed in Table S1. The diffraction
peaks of Co-P-TD are broader and of lower intensity
compared to those of Co-P-SC, which is attributed to
the smaller crystallite size of Co-P-TD. Similar
diffractograms with broad peaks were obtained by A.
Zorai et al. for ultra-small cobalt ferrite synthesized
by gamma irradiation [S1]. Because of the small size
of the nanoparticles prepared by thermal
decomposition, the XRD pattern is difficult to refine
and converge to a closer fit between the measured
data and the model. However, even when the
goodness of fit obtained for Co-P-TD (Figure S1(b))
IS not as good as that for Co-P-SC, the refinement is
good enough to determine that the crystalline phase is
the cubic spinel and that no secondary phases are
present in this sample.

Table S1.  Lattice parameter and crystallite size
obtained from the refinements.

Sample Lattice Scherrer size
parameter a [A] | [nm]

Co-P-TD | 8.40508(3) 9x2)

Co-P-SC | 8.3718(4) (80 £ 5)
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Figure S1. Rietveld refinement analysis of XRD patterns: (a) Co-P-SC and (b) Co-P-TD.

2. ZFC-FC curves

To further investigate the magnetic behavior
of the
magnetization measurements were conducted from 5
K to 350 K, following the zero-field-cooling (ZFC)

and field-cooling (FC) protocol. Both samples exhibit

nanoparticles, temperature dependent

thermomagnetic irreversibility below 350 K, as it can
be seen in Figure S2a and S2b for Co-P-SC and Co-P-
TD, respectively. The blocking temperature (Tg) was
determined by calculating the derivative of the
difference between the ZFC and FC curves, (shown in
the insets of Figure S4), being Te=300K for Co-P-SC
and Tg=270K Co-P-TD.

3. Nanofilm morphology

Figure S3 displays a SEM side view of the Co-
F-SC nanofilm, where it is possible to distinguish a
very good uniformity, indicating that the nanofilm is
quite homogeneous in all its extension.

Due to the small thickness of the nanofilm Co-
F-TD, a similar side image could not be observed by
SEM. However, this nanofilm is very homogeneous,
as it can be seen in the images displayed in Figure S4

taken from above, at different magnifications.
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