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Influence of nanoparticle size on the nonlinear optical properties of magnetite ferrofluids
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The nonlinear index of refraction (n2) and the two-photon absorption coefficient (β) of water-based ferrofluids
made of magnetite nanocrystals of different sizes and with different coatings have been measured through the
Z-scan technique, with ultrashort (femtoseconds) laser pulses. Their third-order susceptibility is calculated from
the values of n2 and β. The influence of different particles’ coatings and sizes on these nonlinear optical properties
are investigated. The values of n2 and β depend more significantly on the nanoparticles’ size than on the particular
coating. We observe a decrease of β as the nanoparticles’ diameters decrease, although the optical gap is found to
be the same for all samples. The results are interpreted considering modifications in the electronic orbital shape
due to the particles’ nanosize effect.
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I. INTRODUCTION

Colloidal materials made of magnetic nanoparticles
(MNPs) suspended in a liquid carrier are known as ferrofluids
or magnetic fluids. The MNPs are made of a magnetic core
whose surface is electrically charged or coated with polymeric
surfactants to avoid their aggregation. This process leads
to the colloidal stability. The magnetic core can be made
of magnetite (Fe3O4), maghemite (γ -Fe2O3), and ferrites
([M]Fe2O4, where [M] = Ni2+, Cu2+, Co2+, Zn2+, Mn2+),
among other magnetic solids [1–5]. In the case of magnetite,
the crystalline core presents the inverse cubic spinel structure,
with the structural formula (Fe3+)[Fe2+Fe3+]O4. Here the
parentheses indicate the ions in the tetrahedral sites and the
square brackets indicate the ions in the octahedral sites [6,7].
Magnetite is a half metal (spin-polarized mixed-valence metal)
with a poor dc conductivity (about 0.1% of copper at 23 ◦C) [8].

Ferrofluids have been employed in electrical and electronic
devices—including sensor and actuators—, microelectrome-
chanical and nanoelectromechanical systems (MEMS and
NEMS)—including microfluidics and nanofluidics—, bio-
logical and biomedical applications, materials science and
engineering, and optofluidics [9–14]. In particular, optofluidics
is a new area, originating from the convergence of photonics
and microfluidics, which combines the fluidity of a liquid (or
a colloid) with its optical properties, aiming to develop new
devices for new technological applications [15,16]. Magnetic
fluids may be very interesting for optofluidic devices due to
their remarkable refractive and absorptive nonlinear optical
(NLO) properties, tuned by the magnetic field [17–22]. Despite
the importance of magnetic fluids applications in optofluidics,
only few reports concerning their ultrafast NLO properties are
available in the literature [23,24].

Besides the technological appeal, the NLO study of mag-
netic colloidal systems is also interesting from the fundamental
point of view. Since the particles have typical sizes, in
general, between 10−9 and 10−7 m, some of their properties
may change when compared to those from the bulk. These
nanoscale-size effects (in short, nanosize effects) can be
sensitive to little changes in the particles’ average diameters.

The understanding of the origins and mechanisms of the
nanosize effects is a complex challenge of the condensed
matter physics nowadays.

In the case of low-order NLO effects, the physical
parameters involved in the theoretical formalism are the
nonlinear polarizations and susceptibilities [25]. When an
external magnetic field is applied to a ferrofluid, the MNPs’
permanent magnetic moments tend to align along the field
direction; this alignment breaks the material isotropy and
the second-order nonlinear susceptibility (χ (2)) has to be
considered [26]. Without any applied magnetic field, the
magnetic moments are randomly oriented and the ferrofluid
is optically isotropic. In this case, the macroscopic χ (2) was
experimentally and theoretically found to be zero [26], as
expected in isotropic and centrosymmetric materials [27].
Therefore, the first relevant nonlinear contribution that has to
be considered in the calculation of the total index of refraction
(n) and absorption (α) of the material is the third-order
susceptibility (χ (3)). This is the case of the present work, where
the samples are not under an external applied magnetic field.

The parameters that inform about the nonlinear third-order
susceptibility of a material are the nonlinear index of refraction
(n2) and absorption (β). These parameters are also named
optical Kerr and two-photon absorption (TPA) coefficients,
respectively. The total index of refraction and absorption of
the material may be written as

n = n0 + n2I, α = α0 + βI,

where n0 and α0 are the linear index of refraction and
absorption, respectively, and I is the intensity of the light
interacting with the material.

There are some interesting findings about the NLO prop-
erties of semiconductor particles (or quantum dots—QDs) in
the nanoscale dimensions. Semiconductor CdSe and CdTe col-
loidal QDs present a two-photon absorption (TPA) coefficient
(and its respective cross section) that decreases as the QD’s size
decreases [28,29]. Some models and mechanisms have been
proposed to explain these experimental results: the energy den-
sity of TPA transitions decreases as the QD’s size decreases,
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and TPA also decreases with the increasing of band gap energy,
which is expected to occur for smaller particles [30]; the
electrons scattering on surface defects become important as
the size decreases, resulting in a decreasing in the TPA [31];
and the consideration of the conduction-valence band mixing
for smaller particles in the eight-band Pidgeon and Brown
effective-mass approximation [32]. The nonlinear refractive
index and TPA coefficient of semiconductor Mn-doped ZnSe
nanocrystals and semiconductor Si QDs decrease with the
decrease in the size of the QDs [33,34]. Semiconductor
PbS QDs, however, present an inverse behavior: their TPA
increases as the QD size decreases. This result may be due
to its unusual band structure [35]. Metallic QDs’ third-order
susceptibility decreases as their size decreases. This result is
mainly due to the saturation of optical transitions between
discrete states of conduction electrons [36]. However, for half
metallic nanoparticles, such as magnetite, this literature is rare.

In this work, we use the Z-scan technique [37,38] to
investigate the refractive and absorptive ultrafast optical non-
linearities of Fe3O4 water-based ferrofluids. The contributions
of the different coatings to the NLO properties of the magnetic
fluid are also investigated. This aspect is important because, on
the one hand, this subject is still not very well known and, on
the other hand, it is necessary to separate an eventual optical
nonlinearity, due to the nanoparticle coating, from that of the
magnetite nanoparticle itself.

II. EXPERIMENT

A. Samples

The materials investigated here are commercial ferrofluids
(from fluidMAG, Chemicell GmbH) made of single domain
magnetite nanoparticles (Fe3O4) dispersed in water. The
nanoparticles are coated with molecules with hydrophilic
regions in contact with water, or have a surface-charge
density to avoid the particles’ aggregation. The sample labels
with their respective coatings are as follows: DXS: dextran
sulfate; DX: dextran; UCA: uncoated anionic charged; lipid:
phosphatidylcholine; CT: citric acid; amine: aminosilane;
chitosan: chitosan; OS: oleic acid. The hydrodynamic diameter
of the particles, informed by the manufacturer, is 50 nm for all
samples. For all the samples, the volume fraction occupied by
the nanoparticles was 2% for the Z-scan, transmission electron
microscopy (TEM) and x-ray diffraction (XRD) experiments
and 0.003% for the UV-vis spectroscopy experiments.

B. Experimental techniques

1. X-ray diffraction (XRD), transmission electron microscopy
(TEM), UV-vis spectroscopy

The XRD experiments were performed on the diffractome-
ter CN4037A1, from Rigaku Corporation, with monochro-
matic beam (wavelength of 1.5418 Å). The operating voltage
and current were 40 kV and 30 mA. The sample was encapsu-
lated in a borosilicate glass capillary (1.5 mm outer diameter,
0.01 mm wall thickness). The distance between the sample
and the image plate used to detect the diffraction pattern was
36 mm. The different parts of the setup are arranged in the
Laue geometry.

The TEM images were obtained with the LEO906E system
(Carl Zeiss Inc.). The operating voltage was 100 kV. For the
TEM experiments, the samples were placed on copper grids
coated with parlodium-carbon.

For the UV-vis experiments, the samples were placed in
10-mm optical path length quartz cuvettes, positioned in a
spectrophotometer with a deuterium tungsten halogen light
source DH-2000-BAL, Mikropack GmbH, and spectrometers
USB4000, Ocean Optics Inc. The light-wavelength range
varied from 270 to 1000 nm. The temperature of the samples
in all the experiments was 22 ◦C.

2. Z-scan

The Z-scan experiment was performed in the open-aperture
(OA) and closed-aperture (CA) geometries [38]. The light
source used in our system is a femtoseconds pulse-train
laser, with frequency of 1 kHz, wavelength of 800 nm, and
pulse width of 196 fs. The pulse train is generated by the
Ti:sapphire laser (Chameleon Ultra II, Coherent Inc.) at
the frequency of 80 MHz and a Pockels cell module (305,
Conoptics Inc.) is used to decrease this frequency to 1 kHz.
With this procedure we avoid the unwanted spurious thermal
effects [24]. A lens with focal distance of 12.5 cm was used to
give, at the focal position, the beam waist (w0) of (25 ± 1) μm
[z0 = (2.45 ± 0.25) mm], and the on-axis peak intensity (I0)
of (12.4 ± 1.7) GW/cm2. At each sample position along the
z axis, the pulse energy transmitted through the sample was
measured by a fast detector (SV2-FC, Thorlabs Inc.). This
energy was used to calculate the normalized transmittance
(�N), with respect to the pulse energy transmitted when the
sample is far from the focus, as a function of z. Samples
were encapsulated between glass plates (dimensions 20 ×
10 × 1 mm3) separated by a spacer with thickness (L) of
100 μm. We checked that this type of cell filled with water,
without the nanoparticles, does not show any NLO response in
our Z-scan setup. More details about the experimental setup
may be found in Refs. [24,39]. The temperature of the samples
in all the experiments was 22 ◦C.

III. RESULTS AND DISCUSSION

The x-ray diffraction patterns obtained for all samples
present different diffraction peaks. One of them is that
corresponding to the magnetite crystallographic planes (311)
[40]. This peak was used to calculate the crystalline size of the
particles by using the Scherrer’s equation [41–43]. The peak
broadening is related to the finite (mean) crystalline size of
the particles. The diameters of the crystalline magnetite cores
obtained with this procedure (DXRD) are presented in Table I.

The diameters obtained by TEM are also shown in Table I.
In this case, the TEM images were analyzed and the diameter
of approximately 900 nanoparticles was measured, for each
sample. A log-normal distribution was fitted to the histogram
of the diameters, where the adjustable parameters were the
median (DTEM) and standard deviation (σTEM). We chose
the histogram bin width value that results in the best log-
normal distribution fitting for each sample, as presented in
Table I. DXRD, DTEM, and σTEM are in agreement with the
relation DXRD ∼ DTEM exp(2.5σ 2

TEM) [44], therefore the XRD
diameters are compatible with the TEM diameters. However,
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TABLE I. Particles’ diameters measured by using XRD and TEM.

Sample label DXRD (nm) DTEM (nm) σTEM (nm) binTEM (nm)

DXS 7.6 ± 0.6 8.2 0.3 1.02
DX 8.3 ± 0.7 9.5 0.3 1.03
UCA 8.6 ± 0.7 8.5 0.4 1.05
Lipid 10.3 ± 0.8 9.6 0.3 1.00
CT 10.9 ± 0.9 11.2 0.3 1.00
Amine 11.6 ± 0.9 10.2 0.4 1.03
Chitosan 15.7 ± 1.3 10.6 0.3 0.95
OS 16.1 ± 1.3 10.7 0.3 1.02

the hydrodynamic diameter of 50 nm, measured through
photon correlation spectroscopy (PCS) by the ferrofluids’
manufacturer, is different from the values obtained by XRD
and TEM. The higher diameter values measured by PCS were
also found in some works [45–48] and can be explained as
follows. First, the hydrodynamic sizes are expected to be
bigger than the bare particle size, because they are defined as
the magnetite core diameter plus the coating shell thickness,
and the hydration shell thickness around the particle [46,49].
Second, big particles and particle aggregates influence very
much the PCS results [45,48]. With these considerations, we
chose the diameter values obtained by XRD, which are related
to the magnetite core, to investigate the relation between the
macroscopic nonlinear optical properties and the microscopic
particles’ properties.

The absorbance spectra of the ferrofluids investigated in
this work are shown in Fig. 1. All the samples are practically
transparent to light at the wavelength of λ = 800 nm, but their
linear absorbance increases significantly in the region around
λ = 400 nm. The absorbance values at the ultraviolet range
differ from sample to sample, showing some influence of the
coating layer. Besides, in the case of our particles’ size, the
absorbance data may have contributions from the absorption
and from the Rayleigh scattering of the light by the particles.
The last one is expected to follow a λ−4 dependence [50,51].
In this work, we used the absorbance word as a synonym of
extinction, i.e., absorption plus scattering.

FIG. 1. Absorbance spectra of the investigated ferrofluids. The
curve identified by “Scatt.” is an estimative to the Rayleigh scattering
for the UCA sample.

We estimated the Rayleigh scattering contributions (Ascat)
to the absorbance data by fitting Ascat = aλ−4 curves to the
region between λ = 650 and λ = 750 nm, where a is an
adjustable parameter. This wavelength region was chosen be-
cause the absorbance is minimum there and we have assumed
that the absorbance data are due, mainly, to the scattering.
If some absorption is present in the 650–750 nm region, the
scattering contribution would be even lower. Therefore, our
absorbance curve corresponds to the maximum (possible)
Rayleigh scattering values. Then, the achieved a value was
fixed and the curves were extrapolated to the other regions
of the spectrum. We also presented in Fig. 1 the estimated
Rayleigh scattering curve for the UCA sample, using this
procedure. To check the contribution of the different coatings
we measured the linear absorbance spectra of saturated aque-
ous solutions of citric acid, phosphatidylcholine, and dextran;
of chitosan solution in acetic acid; and of pure oleic acid.
We verified that these materials absorb light at wavelengths
shorter than ∼380 nm, and do not absorb at λ � 400 nm.
Magnetite nanoparticles absorb light at λ � 600 nm, as shown
in the spectra of the uncoated sample (UCA) (see Fig. 1).
So, the appropriate experimental conditions to investigate the
TPA in these ferrofluid samples is to use incident light at
λ = 800 nm, and measure the pulse energy transmitted in the
Z-scan experiment.

Figure 2 shows typical experimental data from the CA
Z-scan experiments for the samples coated with citric acid

FIG. 2. Typical Z-scan curves of the normalized transmittance
as a function of the z position of the sample, incident light with
λ = 800 nm. (a) CA configuration, (�) CT sample, (�) chitosan
sample. Solid lines are fits with Eq. (1); (b) OA configuration, (•)
DXS sample, (◦) OS sample. Solid lines are fits with Eq. (2).
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and chitosan (a), and from the OA Z-scan experiments for the
samples coated with dextran and oleic acid (b). To remove the
contribution of the nonlinear absorption from the CA Z-scan
data, we divided, point by point, the measured values by the OA
Z-scan data. Different samples present different amplitudes of
the Z-scan signal, for the same experimental conditions. The
theoretical framework used to obtain the nonlinear refractive
index (n2) and the TPA coefficient (β) is that developed
by Sheik-Bahae et al. [38], summarized by Eqs. (1) and
(2). These equations describe the behavior of the normalized
transmittance as a function of z, in the CA [see Eq. (1)] and
OA [see Eq. (2)] Z-scan geometries:

�CA
N (γ ) = 1 + 8π

λ

n2I0Leγ

(γ 2 + 9)(γ 2 + 1)
, (1)

�OA
N (γ ) =

+∞∑

m=0

[−βI0Le/(1 + γ 2)]m

(m + 1)3/2
, (2)

where γ = z/z0, z0 = πw2
0/λ is the Rayleigh length, and Le =

(1 − e−α0L)/α0.
During the fitting procedure (solid curves in Fig. 2),

the values of I0, L, α0, z0, and w0 are fixed (their values
are presented in the Experimental section, except α0: α0 =
A800ln(10)/L, A800 is the sample absorbance at 800 nm), while
the parameters n2 and β are left adjustable. The series in
Eq. (2) is convergent for our data, and it is not necessary to
sum infinity elements. The final index m value (mf ) was tested
from 1 to 10. For mf � 6, the difference in β values caused
by increasing one mf unity was negligible when compared
to the other parameters errors. We chose, therefore, the value
10 for the final m (i.e., 11 elements summation) to do the
fittings. Moreover, some data fluctuation and asymmetries
in baseline can occur in Z-scan experiments, mainly caused
by laser instabilities, surface imperfections, or wedge in the
sample [38]. In the case of Fig. 2, the baseline asymmetries
are caused by instabilities in the system composed by the
laser and Pockels cell: the pulse energy changes a little from
the beginning (z = −25 mm) to the end (z = 25 mm) of the
experiment. The errors of the n2 and β values caused by these
asymmetries are taken into account when we estimate the error
from the fitting procedure (∼10%).

Figure 3 presents the values of n2 [see Fig. 3(a)] and β [see
Fig. 3(b)] of all the ferrofluid samples, plotted as a function
of the particle’s diameter DXRD. The experimental errors of n2

and β were, mainly, originated by the measurement of I0 and
the fitting procedure error.

The real and imaginary parts of the third-order optical
susceptibility, Reχ (3) and Imχ (3), can be calculated from the
experimental values of n2 and β, respectively [38]. Figures 4(a)
and 4(b) present the values of Reχ (3) and Imχ (3) for all
the samples, as a function of the particles’ diameter DXRD,
respectively. The values of n2 (and Reχ (3)) are higher for the
smallest and biggest particles. On the other hand, Fig. 3(b)
[and Fig. 4(b)] shows a clear tendency of decreasing the value
of β (and Imχ (3)) as the particles’ diameter decreases.

At this point it is important to check if the particles’
coatings have any contribution to the nonlinear optical re-
sponse of the ferrofluids, in the same experimental condi-
tions of our experiments. We performed Z-scan experiments
with saturated aqueous solutions of citric acid, dextran, and

FIG. 3. Nonlinear refractive index n2 (a) and two-photon absorp-
tion coefficient β (b) of the ferrofluids investigated, as a function of
the particles’ diameter DXRD. Samples: • DXS, � DX, ♦ UCA, �
lipid, � CT, � amine, � chitosan, ◦ OS.

phosphatidylcholine; saturated solutions of chitosan in acetic
acid; and pure oleic acid. These solutions did not present any
detectable nonlinear optical response, within the limits of our
experimental setup. We have evaluated that the n2 (and β)
values of these solutions are, at maximum, 20 (and 10) times
smaller than those obtained for the ferrofluids. Moreover,
as these solutions were saturated, the concentrations of the
coating molecules in all the experiments performed are much
higher than those in actual ferrofluids. As a consequence,
solutions with smaller molecular concentrations would present
even smaller contributions to n2 and β measured. As dextran
sulfate has a structure very similar to dextran, and aminosilane
is constituted mainly by amine, it is reasonable to assume that
these molecules (present in the ferrofluid coating) also did
not present a nonlinear optical response in our experimental
conditions. We conclude, therefore, that the values of the
nonlinear refractive index and the two-photon absorption
coefficient presented in Figs. 3 and 4 are from the magnetite
core of the nanoparticles.

Let us now discuss the process involving the two-photon
absorption inspecting the electronic orbital structure of mag-
netite. The TPA with photons of λ = 800 nm leads to an
electronic transition of 3.10 eV, which can be associated to the
intervalence charge transfer (IVCT) transition from the Fe2+
ions in the octahedral sites of magnetite to the Fe3+ ions in the
tetrahedral sites [7]. This process is schematically illustrated
in Fig. 5.
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FIG. 4. Real Reχ (3) (a), and imaginary Imχ (3) (b) parts of the
third-order optical susceptibility of the ferrofluids investigated, as a
function of the particles’ diameter DXRD. Samples: • DXS, � DX, ♦
UCA, � lipid, � CT, � amine, � chitosan, ◦ OS.

The electronic transitions in the magnetite nanoparticles can
be experimentally evaluated through the determination of their
optical gap. Figure 6 shows the experimental determination
of the optical gap for the UCA sample. For parabolic bands
model, the linear absorption coefficient is related to the optical
gap (Eg) and photon energy (hν) according to the equation
[52–54]

[α0hν]n = C(hν − Eg), (3)

FIG. 5. Schematic diagram of the electronic orbital structure of
Fe ions in magnetite. The 1.94-eV and 3.11-eV electronic transitions
are indicated. Adapted from Fontijn et al. (1997) [7].

FIG. 6. Behavior of (α0hν)1/2 (a) and (α0hν)2 (b) as a function of
the photon energy, for the determination of optical gap from indirect
and direct transitions, respectively. UCA sample.

where C is a constant, n = 2 for direct allowed transitions, and
n = 1/2 for indirect allowed transitions. The linear absorption
coefficients, as a function of the photon energy, were calculated
as α0(hν) = A(hν) ln(10)/L, where A(hν) is the absorbance
measured by using the UV-vis spectrophotometry, and L is
the thickness of the sample cell. According to Eq. (3), the
extrapolation of the linear region of the curve represented
in Fig. 6 to α0hν = 0 allows the determination of Eg. The
optical gap values obtained were (3.0 ± 0.1) eV and (1.9 ±
0.1) eV for the direct [see Fig. 6(b)] and indirect [see Fig. 6(a)]
transitions, respectively. We repeated this measurement and
analysis for all the other coated ferrofluids, and the results and
conclusions are the same: all the ferrofluid samples presented
the same Eg. This assures that we are dealing, essentially, with
a characteristic of the magnetite core of the nanoparticles,
regardless of the coating.

For short wavelengths [hν � 3.8 eV, Fig. 6(b)], the data
deviate from the linear curve. This indicates some contribution
from the Rayleigh scattering to the data. However, even when
we subtracted the estimated Rayleigh scattering contribution
(see Fig. 1) from the absorbance data and recalculated the gaps,
their values remain the same, within the error, which indicates
that the Rayleigh scattering did not considerably affect our gap
calculations.

Our values of Eg agree with those from the magnetite
electronic transitions, reported by Fontijn et al. [7] (1.94
and 3.11 eV; see Fig. 5) through magneto-optical polar Kerr
measurements in bulk single-crystalline Fe3O4 and Mg2+- or
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Al2+-substituted Fe3O4. The experimental sensitivity of the
UV-vis spectrophotometry method used in this work, however,
could not evidence (eventual) small differences (smaller than
0.1 eV) in the optical gap of magnetite nanoparticles when
their sizes change from 8 to 16 nm. On the other hand, the
values of β measured with the Z-scan technique indicate
a noticeable effect of the particles’ diameter on the value
of β, and consequently Imχ (3). This same behavior was
observed in semiconductors CdSe, CdTe, Mn-doped ZnSe and
Si nanoparticles [28–34], and metallic Ag nanoparticles [36],
i.e., β (and Imχ (3)) decreases as the particles’ size decreases.
It is worthwhile to stress that, in our case, we considered
that the electronic transitions occurring due to the TPA in
magnetite are IVCT from [Fe2+] to (Fe3+) ions; this is not the
case in semiconductors and metallic materials. Therefore, the
theoretical models developed to explain the nanosize effects
in semiconductors and metallic materials may not be applied
to magnetite half metallic MNPs.

The decrease of β as the particles’ diameter decreases
may be due to an increase of the energy gap t2g → e (see
Fig. 5), or a change in the shape of the orbital itself, or both.
Our measurements of Eg allow an evaluation of an eventual
change in the energy gap. It is smaller than 3.5% between
nanoparticles whose diameters change from 8 to 16 nm. The
change in β for these nanoparticles is about 100%. This fact
tends to support the idea that the nanosize effect is due to
a modification of the shape of the orbitals involved in the
electronic transition. Another aspect that could be considered
here is that the magnetic nanoparticles have a spin-disordered
layer around the spin-ordered core [55,56]. In our experiments
the volume fraction of Fe was kept constant. A decrease of the
particle’s diameter, by a factor of 2, leads to an increase of the
surface to volume ratio also by a factor of 2. If the core and
the surface have different orbital structures, they may absorb

light differently. Therefore, from one sample to another, the
modification in the proportions of surface and core absorbers
change, leading to different values of β as a function of the
particles’ diameter.

IV. CONCLUSION

We measured the nonlinear index of refraction and two-
photon absorption coefficient of ferrofluids with magnetite
nanoparticles as a function of the size and with different
coatings, through the Z-scan technique, with femtoseconds
light pulses (λ = 800 nm). The values of n2 varied from
2.5 × 10−14 to 6.2 × 10−14 cm2/W, and the values of β

varied from 0.41 to 0.76 cm/GW. These values depend
more significantly on the nanoparticles’ size than on the
particular coating employed to keep the colloidal stability.
The two-photon absorption coefficient decreases as the particle
diameter decreases, showing a nanosize effect. The optical gap
for direct transition between the orbitals t2g → e measured
presented a value of Eg = (3.0 ± 0.1) eV, regardless of the
particles’ size. The decrease by a factor of 2 of β as the particle
diameter decreases from 16 to 7.6 nm is interpreted invoking
modifications in the orbital shape, corresponding to a nanosize
effect, or even differences in the light absorption from the Fe
in the surface, due to the spin-disordered layer, and in the core
of the nanoparticles.
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