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E. S. Gonçalvesa, R. D. Fonsecab, c, L. De Bonib, and A. M. Figueiredo Netoa

aInstituto de F́ısica, Universidade de São Paulo, São Paulo, SP, Brazil
bInstituto de F́ısica de São Carlos, Universidade de São Paulo, São Carlos, SP, Brazil

cUniversidad Popular del Cesar, Barrio Sabana, Campus Universitario, Valledupar, Colombia

ABSTRACT

The hyper-Rayleigh scattering technique was used to determine the first order hyperpolarizability β of magnetic
nanoparticles dispersed on colloidal solutions. Pulse trains of mode-locked pulses of 100 ps on an a Q-switcher
envelope of 150 ns emitted by a Nd:YAG laser, centered on 1064 nm, were used since this method allows
measurements as a function of the incident beam intensity without the need of external elements. In order to
determine the procedure to measure second-order optical nonlinearities on magnetic nanoparticles and avoid
cumulative effects during the measurements, that lasts between to consecutive pulse trains, the results were
studied for different values of the Q-switcher repetition rate, from 5 Hz to 800 Hz. Since cumulative effects were
verified for higher values of repetition rates, all measurements were performed at the rate of 30 Hz. Therefore,
the first-order hyperpolarizability β was measured in the presence and absence of external magnetic field of
magnitude H = 800 G. The linear attenuation spectrum was determined and didn’t change with the appliance
of magnetic field since large aggregates of nanoparticles were not formed. Nonlinear scattering measurements
were performed in the case were the laser light polarization was parallel and perpendicular to the external
field lines, employing a half-wave plate to change the light polarization state. In the absence of magnetic field,
βH=0 = 8.5(1) × 10−28 cm5/esu, while in their presence of magnetic field, β‖ = 9.8(2) × 10−28 cm5/esu and

β⊥ = 8.1(1)× 10−28 cm5/esu, showing an anisotropy
β‖ − β⊥
β‖

of about 17%.

1. INTRODUCTION

Magnetic colloids or ferrofluids (FF)1–3 correspond to nanoparticles with typical dimensions of the order of 10 nm
made of magnetic materials, usually magnetite (Fe3O4) but recurrently by other ferrites (MFe2O4, in which M is
a divalent cation as Co, Mn, Zn or Ni for example), dispersed in a liquid medium. Combining the carrier fluidity
and the nanoparticles physical properties, ferrofluids are widely studied and several technological applications1

rely on their characteristics, from biomedical applications4–7 to optical devices.8,9 Optofluidic devices such
as magnetic field detectors and magnetometers10–12 were developed with optical fibers and ferrofluids, as well
as optofluidic switchers,13 ferrofluid-clad silicon micro-ring resonators14 allowing the control of resonances by
magnetic fields, as well as variable optical attenuators.15

The most prominent applications of these materials rely on the possibility of changing suspension’s physical
properties through external magnetic fields. Therefore, the organization dynamics of magnetic nanoparticles was
studied16–18 through light transmission experiments,19 as well as magneto-optical properties of ferrofluids20,21 in
the presence of magnetic field, the anisotropy of light transmission22 and extinction.23–25 Despite the existence
of several studies on the (linear) interaction between light and ferrofluids, with or without the presence of
external magnetic fields, lacks on the literature works on the nonlinear optical26,27 (NLO) properties of magnetite
nanoparticles. Nonlinear refraction and absorption of magnetic nanoparticles were studied as a function of
nanoparticles size,28 on colloidal solutions and thin-films29 and the modification of these properties due to external
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magnetic fields.30 Further studies on this area, in particular second-order nonlinear properties of ferrofluids,
besides supporting the development of new optofluidic devices, can also provide understanding of these materials
on the fundamental point of view.

Therefore, in this work we seek to determine the procedure to measure second-order nonlinear properties
of ferrofluids as well as to provide specific experimental precautions during the measurements that were taken
into account in order to evaluate the dependency of these properties with the application of external magnetic
fields, recently published.31 The measurements and analysis processes were performed using the hyper-Rayleigh
scattering (HRS)32,33 technique in order to determine the first-order hyperpolarizability β of magnetic nanopar-
ticles dispersed in aqueous solution. The solution was subjected to external magnetic field in order to align the
nanoparticles3,34 and probe the hyperpolarizability along two directions, parallel and perpendicular to the field.

2. THEORETICAL BACKGROUND

2.1 Magnetic properties of ferrofluids

Each nanoparticle, due to it’s reduced size, presents only one magnetic domain,34–36 therefore a single magnetic
momentum vector ~µ along the axis of easy magnetization (easy axis), a crystalline direction energetically favorable
for the magnetization. This magnetic state is know as superparamagnetism34,35 since the total magnetization
is the sum the magnetic momentum of all atoms in the nanoparticle. At room temperature, the nanoparticle’s
magnetic momentum can fluctuate between the two equivalent directions along the easy axis, since the thermal
energy is sufficient to overcome the anisotropy energy barrier, EB = KV , in the absence of magnetic field, where
K is the uniaxial magnetic anisotropy constant and V the NP volume.

The colloidal solution, in the absence of external magnetic field, does not present a resultant magnetization
since there is a random orientation of the nanoparticles easy axis, and is optically isotropic. The magnetic
moment of each nanoparticle tends to align to uniform external magnetic fields by two main mechanisms,37,38

the Néel mechanism, in which the magnetic moment is deviated from the easy axis, or the Brownian mechanism,
in which the crystalline structure physically rotates as a whole. The latter is the main mechanism of alignment
when ferrofluids are subjected to external fields38 and it’s characteristic time is of the order of hundreds of
µs.37–39

Besides the alignment of individual magnetic moments parallel to the external field, the dipole-dipole inter-
action between nanoparticles in solution can induce the formation of aggregates40 according to the magnitude
of the applied field. It is known the existence of different regimen of aggregation, with two critical fields, HC1

and HC2.21 If the magnitude of applied magnetic field H is that H < HC1, a preferential direction is induced
and the magnetic moments tends to align to the external field but no spatial structure is present since thermal
energy prevents the aggregation of nanoparticles. For HC1 < H < HC2, NP’s are aggregated in a chain-like
structure, which aspect-ratio increases progressively with the increase of the external field. On the other hand,
if H > HC2 there’s a lateral aggregation of nanochains, forming bundles.16,21 In this case, the light scattering
by the formed structures is significantly higher than the other cases.21 Espinosa and co-workers30 have shown,
for a system composed by magnetite nanoparticles under the effect of an external magnetic field of magnitude
H = 1000 G, that chain-like structures of about one nanoparticle wide and five NP’s long are formed.

2.2 Hyper-Rayleigh scattering

Hyper-Rayleigh scattering (HRS)32,33,41–43 corresponds to the incoherent elastic scattering of frequency-doubled
radiation with respect the pump beam, as observed by Terhune and coworkers in 1965,44 and it is commonly
used to measure the first-order hyperpolarizability of molecules and particles in solution without the need to use
external electric fields in order to create a preferential direction.

As described by Buckingham and coworkers,45,46 an atom or molecule when subjected to a strong electric
field ~E presents an induced dipole momentum ~µ in the (tensorial) form:

µi = αijEj + βijkEjEk + γijklEjEkEl + . . . (1)
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where αij is the linear polarizability and βijk and γijkl are the first- and second-order hyperpolarizabilities,
respectively, with numerical factors already incorporated in the tensors.42 The first-order hyperpolarizability β
is zero for systems that present inversion symmetry since is an even-order nonlinearity.27,46

Nevertheless, on liquids and colloidal solutions, fluctuations of molecular orientation are the main source
of local symmetry breaking,42 enabling the observation of even-order nonlinear processes. Thus, the scattered
intensity I(2ω) in the hyper-Rayleigh experiment corresponds to the contribution of molecules on the solution,
proportionally to the orientational average over the squared hyperpolarizability tensor,47,48 〈β2

HRS〉, in the form:

I(2ω) = GN〈β2
HRS〉I2(ω), (2)

where I(ω) is the fundamental beam intensity, N is the concentration of scattering units and G an experimental
parameter related to geometrical factors as well as instrumental quantities.

To determine the hyperpolarizability the external reference method49 (ERM) is usually used, in which the
scattering amplitude of a standard material (ref ) is measured in addition to the sample without the modification
of the experimental parameter G, changing the concentration of scattering units N for both the sample and the
reference. The quadratic coefficients I(2ω)/I2(ω) is linearly dependent of N and the proportionality constant
is aref = Gβ2

ref and asample = Gβ2
sample for the external reference and the sample, respectively. Since the

hyperpolarizability of the reference βref is known, the sample’s hyperpolarizability is given by:

βsample = βref

√
asample

aref
. (3)

Considering (X, Y, Z) the laboratory coordinate system of reference, the experiment was setup so the incident
beam propagates along the X axis and the scattered signal along the Y direction. For the case where the incident
beam is polarized along the Z direction, considering that the detection is not sensible to the polarization state
of light, the measured hyperpolarizability is given by:48,50

β =
√
〈β2

HRS〉 =
√
〈β2

XZZ〉+ 〈β2
ZZZ〉, (4)

where 〈β2
XZZ〉 and 〈β2

ZZZ〉 corresponds to tensorial macroscopic averages while the the first subscript is related to
the polarization state of the scattered light. Despite the fact that the macroscopic average 〈β2

HRS〉 can be written
as a function of molecular hyperpolarizability tensor components,48,50–52 the determination of the tensorial
components of the nanoparticles are beyond the scope of this work.

3. EXPERIMENTAL

For this work we studied magnetite (Fe3O4) nanoparticles in colloidal suspension that are commercially available
(fluidMAG-OS from ChemicellTM), coated with oleic acid molecules in order to prevent aggregation and dispersed
on double-distilled water, ddH2O. Physical properties of the nanoparticles, as the mean diameter of crystalline
magnetite cores and the size-distribution function, were determined previously,28 by x-rays diffraction (XRD) and
transmission electron microscopy (TEM). From XRD measurements it was determined that DXRD = 16(1) nm,
while from TEM, a large number of nanoparticles was studied and a lognormal distribution fitted to histogram
of diameters, resulting in the median DTEM = 10.7 nm and the standard deviation σTEM = 0.3 nm. Since the
relation53 DXRD ∼ DTEM exp

(
2.5σ2

TEM

)
was verified, the XRD and TEM results are compatible.

To properly understand experimental results they must be normalized by the concentration of the basic units
involved on the interaction with light. In magnetite, the light absorption for the visible and near infra-red range
involves electronic transitions from the iron atoms located in the tetrahedral and octahedral sites28,54,55 of the
spinel crystalline structure. Since the material’s energy-level structure is related to the magnetite unit itself,
Fe3O4, it corresponds to the basic unit of interaction with light in our system29 instead of individual atoms.
The number of nanoparticles in the solution also isn’t the proper normalization unit since systems composed
of particles with different diameters would present different absorption coefficients even if the total amount
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of NPs were the same. Therefore, for magnetite colloids with known volume fraction of solid material φ, the
concentration N of basic units can be calculated as:

N =
ρNA

M
φ, (5)

where ρ is the magnetite mass density (5.18 g/cm3), NA the Avogadro’s number and M the magnetite molar
mass (231.6 g/mol). This method allows the comparison with measurements made on other systems, such as
solutions with nanoparticles of different sizes or shapes.

The measurement of attenuation spectrum was performed on samples with concentration in the range from
4.3 × 1016 to 2.0 × 1017 units of Fe3O4 per cubic centimeter, for wavelengths from 350 nm to 900 nm with a
Shimadzu UV-1800 spectrometer, with the samples filling a 1 mm thick glass cuvette. In order to acquire the
spectrum also in the presence of external magnetic field additional measurements were performed from 350 nm
to 1100 nm using an Ocean Optics USB4000 spectrometer and the light source DH-2000-BAL, Mikropack,
containing deuterium and tungsten halogen lamps. In this case, all samples were conditioned in 10 mm quartz
cuvettes. The magnetic field was applied with permanent circular neodymium magnets of 12 cm of diameter,
positioned so the field’s magnitude was H = 800 G.

Hyper-Rayleigh scattering measurements were performed with diluted samples, with concentration of mag-
netite units, N[Fe3O4], between 1.4×1016 and 5.3×1016 units/cm3, condition found to present intense nonlinear
signal and low light attenuation, using and extension56 of the conventional setup. For this purpose was used
an infra-red beam (1064 nm), emitted by a solid state Nd:YAG (Coherent Inc., Antares 76-S) laser, modulated
both by a mode-locker and a Q-switcher. Mode-locked pulses had the duration of 100 ps (FWHM), separated
by 13 ns and, due to the Q-switch envelope (150 ns FWHM), their intensity was different from each other,
allowing measurements as a function of the incident intensity (satisfying Eq. 2) without requiring additional
optical elements.56

The the beam was focalized in the center of a 10 mm cuvette, in which the solution was placed, and the
nonlinear scattered signal was detected by a photo-multiplier tube (PMT), perpendicularly to the incident beam,
as illustrated on Fig. 1. To avoid light from other sources, the sample and the PMT were placed inside a black
box of dimensions 50 cm × 30 cm × 30 cm. At the entrance of the black box a narrow band-pass filter centered
at 1064 nm (F1064) was placed and another band-pass filter, centered at 532 nm, was placed in the front of the
PMT, assuring the detection of the scattered light only. With the purpose of increasing the signal-to-noise ratio,
a spherical mirror was placed at the opposite direction of the PMT. The intensity of the incident beam, acquired
by a fast silicon detector (Ref), and the scattered signal were registered by an oscilloscope and a microcomputer,
that controlled an electric-mechanical shutter in order to block sample illumination for long periods.

For the development of Eq. 2 there is the hypotheses that neither the fundamental beam nor the second
harmonic light is attenuated within the sample. On magnetic colloids, the UV-Vis light attenuation or extinction
is due to two processes occurring simultaneously:29,54,55 the linear absorption, due to electronic transitions
between energy levels, and the Rayleigh scattering, that increases intensity following a IS ∝ λ−4 law.

Thus, in the case where the second-harmonic is attenuated, but not the fundamental beam, the detected
signal S(2ω) must be corrected to obtain the scattered intensity I(2ω) in order to maintain the validity of
Eq. 2. For that, let IT (2ω) be the total intensity of second harmonic generated at the center of the cuvette
and scattered isotropically.57 Therefore, I(2ω) corresponds to the the fraction of IT (2ω) in the solid angle of
detection. The I(2ω) to IT (2ω) ratio taken into account by the G factor and the external reference method.
Since the nonlinear signal is generated on the cuvette’s center, part of the detected radiation, iD(2ω), is collected
directly by the lens and then collimated to the photo-multiplier tube, traveling half of the cuvette length within
the sample. On the other hand, a fraction of the signal (iM (2ω)) is reflected by the spherical mirror through
the sample before being detected, as presented on Fig. 1, thus travel-ling half of the cuvette length before
reflection and the total length after it within the solution. Thereby, the intensity S(2ω) detected by the PMT is

S(2ω) = iD(2ω)× 10−
1
2Ext(2ω) + iM (2ω)× 10−

3
2Ext(2ω), where Ext(2ω) is the optical density at the 2ω frequency

for the total cuvette length. Since the focal distance of the lens and the radius of the spherical mirror are properly

set, iD(2ω) = iM (2ω) = 1
2I(2ω), as shown of figure 1. Thus S(2ω) = 1

2I(2ω)
(

10−
1
2Ext(2ω) + 10−

3
2Ext(2ω)

)
, and
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Figure 1. Diagram of HRS setup, composed by a mode-locked and Q-switched Nd:YAG laser emitting a light beam
centered at λ = 1064 nm, that is focused on the center of a 10 mm cuvette after passing a narrow band-pass filter
centered at 1064 nm (F1064) at the entrance of a black box. The incident intensity was detected by a fast silicon detector
(Ref) and the nonlinear scattering detected at perpendicular direction by a photo-multiplier tube (PMT), after a 532 nm
band-pass filter (F532). A spherical mirror (M) at the opposite direction was used to increase the signal-to-noise ratio.
An electric-mechanical shutter (S), controlled by a computer, was used in order to block sample illumination for long
periods.

the total intensity of the scattered signal, corrected by the losses, is given by:

I(2ω) =
2S(2ω)

10−
1
2Ext(2ω) + 10−

3
2Ext(2ω)

. (6)

The external reference method was used to determine quantitatively the hyperpolarizability of our samples,
as described on equation 3. For that, the reference used was the p-nitroaniline (pNA) dissolved in DMSO
(dimethyl sulfoxide), since it’s first hyperpolarizability is well known in the literature,58 with concentrations
between 1.7× 1019 and 7.2× 1019 molecules/cm3.

Measurements of nonlinear scattering amplitude of nanoparticles were also performed in the presence of
external magnetic field of magnitude H = 800 G, applied with circular neodymium magnets, 4.5 cm far from
the focal region inside the sample. In this case, experiments were performed with the light polarization parallel
to the magnetic field, parallel configuration,

(
H‖
)

and perpendicular to the field, perpendicular case (H⊥).

4. RESULTS AND DISCUSSION

To comprehend the HRS results adequately, the light attenuation of wavelength that corresponds to the second
harmonic, 532 nm, must be determined for all samples, and the detected signal corrected according to equation 6.
Thus, as shown in the attenuation spectrum presented on Fig. 2(a) for wavelengths from 350 nm to 900 nm, our
samples exhibits minimal extinction of light around 700 nm and doesn’t change within the experimental errors
for higher wavelengths in the range of concentrations studied. For smaller wavelength the attenuation increases
due to both the linear Rayleigh scattering and to linear absorption. The optical density as a function of the
concentration of magnetite units is shown on Figure 2(b) for the wavelength λ = 532 nm, displaying a linear
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dependency as expected by the Beer-Lambert model, validating the choice of magnetite unit as the basic unit of
interaction with light. Experimental points were fitted with a linear function (solid line) that was, then, used to
calculate the light attenuation by all samples studied by the HRS technique. This method was preferred rather
than direct measurements of lower concentrated samples because the extinction coefficient for those samples is
near the limit of the spectrometer’s resolution, leading to high relative errors that would propagate to HRS
results.
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Figure 2. (a) Light attenuation spectra of ferrofluids in different concentrations of magnetite units. In this case, the error
bars are smaller than the point size presented (±0.001). (b) Linear dependency of the optical density at 532 nm as with
the concentration of magnetite units. Figure adapted from31

In previous works where optical properties of ferrofluids were studied,29,59 the possibility of spurious effects
due to cumulative phenomena was verified. Thus, in order to ensure the nonexistence of physical effects aside
from the nonlinear scattering, HRS measurements were performed for the most concentrated sample as a function
of the Q-switcher repetition rate, between 5 Hz and 800 Hz, without changes on the mode-locker. The amplitude
of the scattered signal should not change with the repetition rate if cumulative effects were not present on the
system. Thus, the scattered signal corrected by the attenuation I(2ω) is shown as a function of the incident
intensity I(ω) for the Q-switcher repetition rate of 5 Hz, 10 Hz, 30 Hz, 50 Hz, 100 Hz, 300 Hz, 500 Hz and 800 Hz
at Fig. 3, where the points corresponds to experimental data and the lines to visual guidance. Results obtained
for rates smaller than and equal to 50 Hz are compatible to each other since the curves overlap, indicating that
cumulative effects are not present during these measurements, since changing the time between two consecutive
pulse trains didn’t modify the results. Results obtained at 100 Hz are systematically smaller than the ones for
smaller repetition rates for I(ω) between 0.10 and 0.20 and increases faster for I(ω) > 0.20, indicating that the
expected quadratic relationship between the scattered signal and the incident beam is not satisfied. This is more
evident for higher rates, where the detected signal decreases as the repetition rate increases, meaning that there
isn’t enough time for the sample to relax between two pulse trains, leading to cumulative effects in our samples
for measurements performed with rates equal to and higher than 100 Hz.

Further studies of the Q-switcher repetition rate can be seen on Fig. 4, where the scattered intensity is
plotted as a function of the incident intensity in log scale for 30 Hz and 300 Hz. In order to verify the validity
of Eq. 2, a power law was fitted to the experimental results in order to determine the best exponent to the
relation I(2ω) ∝ I(ω)n. Measurements performed at 30 Hz present a quadratic relationship, with n = 2.1(1) as
the optimum exponent. On the other hand, for measurements at 300 Hz the power law that best describe the
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data has n = 2.6(1) as the exponent, confirming the previous hypotheses that in this case additional phenomena
are present during the experiments, besides the nonlinear scattering.

After studying the nonlinear signal as a function of Q-switcher repetition rate, the nonlinear scattering
amplitude was studied as a function of the number of magnetite units at the rate of 30 Hz, ensuring the
nonexistence of spurious effects during the measurements. The exponential analysis presented on Fig. 4 was
performed for all concentrations and, for every case, the optimum fitted parameter n was compatible to the
expected value (n = 2). Therefore, the following HRS analysis was performed by fitting a quadratic function to
the data, with the quadratic coefficient as the fitting parameter, rather than the exponential method since the
theoretical framework is well established and all the exponents are compatible to the expected value.

Thus, on Fig. 5(a) is shown typical curves of the nonlinear scattered intensity I(2ω) as a function of the
fundamental beam irradiance I(ω) for some studied concentrations. Each experimental point corresponds to
the average of 5000 data and the error bars are the corresponding standard deviation. The results were fitted
by a quadratic function and the fitting parameter, the quadratic coefficient I(2ω)/I2(ω) is show on Fig. 5(b)
as a function of the concentration of magnetite units for all studied samples. The linear dependency verified
on Fig. 5(b) is expected for systems presenting only nonlinear scattering, supporting the decision of working
with low repetition rates. Therefore, the first hyperpolarizability of our magnetite nanoparticles was obtained
through the external reference method by the analysis process described on Eq. 3. On our case, the reference was
the para-nitroaniline (pNA) molecule dissolved in DMSO, with βpNA = 28.8× 10−30 cm5/esu.58 The first-order
hyperpolarizability of magnetite units calculated as β = 8.5(1) × 10−28 cm5/esu, which has a similar order of
magnitude when compared with the results found for other nanoparticles, such as metallic nanospheres of similar
diameter,60–62 normalized by the number of atoms.

After establishing a reliable way to measure the first-order hyperpolarizability of magnetite nanoparticles
in colloidal solution, the effects of aligning the NP’s through external magnetic field were investigated. The
experiments were performed both in the parallel configuration

(
H‖
)
, in which the light polarization and the field

lines were in the same direction, and in the perpendicular case (H⊥), where the polarization and the field lines
were in orthogonal directions. For that, a half-wave plate was used to change the polarization direction and, in
order to keep the parameter G unchanged, was present during the entire experiment. For each configuration,
measurements were carried out with the sample in the presence and in the absence of magnetic field, alternately,
in order to guarantee that in both cases the sample concentration was the same, avoiding possible error sources
during the determination of the hyperpolarizability.

In the absence of magnetic field the hyperpolarizability of our magnetic nanoparticles was determined by the
external reference method, with pNA molecules as external reference and the incident polarization in the vertical
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Figure 3. Nonlinear scattered signal I(2ω) as a function of the fundamental beam irradiance I(ω) for the most concentrated
sample (N = 5.3 × 1016 units/cm3) measured at different Q-switcher repetition rates.
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the most concentrated sample (N = 5.3 × 1016 units/cm3) measured at the Q-switcher repetition rates of 30 Hz and 300
Hz. For the former, the fitting of a power law resulted on the exponent n = 2.1(1), according to the model, while the
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Figure 5. (a) Typical curves of nonlinear scattered signal I(2ω) as a function of the fundamental beam irradiance I(ω)
and the correspondent quadratic fits. (b) Quadratic coefficient I(2ω)/I2(ω) as a function of the concentration of Fe3O4

units for studied all samples.The figure was adapted from31

state. Since the β value was already determined for nonaligned nanoparticles it was then used as the external
reference for the case that nanoparticles were subjected to the magnetic field, with the incident beam in the
same polarization state.

Measurements of the scattering amplitude performed in the parallel configuration
(
H‖
)

are presented on
Fig. 6(a), where can be verified that the signal is increased when the external magnetic field is applied. In this
case, the hyperpolarizability was calculated as β‖ = 9.8(2)× 10−28 cm5/esu. On the other hand, on figure 6(b)
is shown the results for measurements performed on the perpendicular case (H⊥). For every concentration, in
the presence of magnetic field the scattered signal decreases with respect the case H = 0, systematically, and the
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difference is clearer for higher concentrations. The hyperpolarizability in the perpendicular configuration was
then calculated as β⊥ = 8.1(1)× 10−28 cm5/esu.
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Figure 6. Quadratic coefficient I(2ω)/I2(ω) as a function of the concentration of Fe3O4 units in the absence (squares)
and presence (circle) of the external magnetic field. The light polarization and magnetic field lines are: (a) in the same
direction; (b) in orthogonal directions. Adapted from31

Small changes on the values of quadratic coefficients for the case H = 0 can be verified when comparing results
presented on figures 6(a) and 6(b), due to variations in the experimental factor G mainly due to fluctuations on
laser power and small alignment changes. Nevertheless, these variations are taken into account by the external
reference method, since the quadratic coefficient I(2ω)/I(ω)2 = Gβ2N for each case can be numerically different,
but the hyperpolarizability β for the nanoparticles in the absence of magnetic field is not.

The dynamics of magnetic nanoparticles in the presence of external magnetic fields is governed by two critical
fields HC1 and HC2, that controls the formation of small chains of nanoparticles or bigger aggregates. Since the
measured attenuation spectrum does not change when the magnetic field is applied, its magnitude is smaller
than the second critical field, H < HC2, otherwise the linear scattering would increase drastically, modifying
the light extinction spectrum. Therefore, for the magnitude of magnetic field applied, it’s effect over the system
consists on the alignment of each NP’s magnetic momentum to the defined preferential direction. For systems
composed by nanoparticles dispersed in liquid solution, it is known that the main mechanism of orientation is the
Brownian rotation, where the crystalline structure of the nanoparticles rotates with respect the external field.
Since the characteristic time of this phenomenon is of the order of hundreds of microseconds,37–39 measurements
of nonlinear optical properties take place after the nanoparticles are already aligned to the field’s direction.
Hence, the Brownian rotation only affects the obtained results by aligning the nanoparticles in the solution and,
since the nanoparticles are mono-crystalline, the alignment of the magnetic momentum induces the alignment
of specific crystallographic planes. Thereby, the differences in the measured hyperpolarizability values are a
consequence of the anisotropy of the hyperpolarizability.

The direction of easy magnetization for magnetite corresponds to the 〈111〉 direction.34,63 Therefore, when
the light polarization and the field are parallel, the measured hyperpolarizability β‖ corresponds to the hyperpo-
larizability along the 〈111〉 crystallographic direction while on the perpendicular case the hyperpolarizability β⊥
corresponds to the average of the other two equivalent directions perpendicular to the axis of easy magnetization,
that is, letting the x-axis of the particle reference frame be parallel to the easy axis direction, β‖ = βxxx, and β⊥
corresponds to a average from βyyy and βzzz. In the absence of magnetic field, however, there is no alignment
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and βH=0 corresponds to the average of all orientations. This can be verified calculating the average hyperpolar-
izability for the two cases in which the external field was applied, 〈βH〉 = 1

3

(
β‖ + 2β⊥

)
= 8.6(1)×10−28 cm5/esu,

which corresponds to the average over the three orthogonal directions and is compatible with the value mea-
sured for the system without magnetic field βH=0 = 8.5(1) × 10−28 cm5/esu. Therefore, the first-order optical

hyperpolarizability of magnetite shows an anisotropy
β‖ − β⊥
β‖

of about 17%.

5. CONCLUSIONS

In order to determine the first order hyperpolarizability of magnetite nanoparticles dispersed on aqueous solution
the hyper-Rayleigh scattering technique was used. The experimental setup was composed by a mode-locked and
Q-switched laser emitting pulse trains of 100 ps on an envelope of 150 ns and, seeking to determine the best
experimental procedure to avoid spurious and cumulative effects during the measurements, the results were
studied for different values of the Q-switcher repetition rate, from 5 Hz to 800 Hz. For rates smaller than
50 Hz the quadratic dependency between the nonlinear scattered signal amplitude and the incident intensity
was verified within the experimental errors meaning that spurious effects were not present in our system, unlike
measurements at higher repetition rates that changed as the rate was increased. Therefore, it was determined that
all measurements would be performed at the rate of 30 Hz. Furthermore, effects of magnetic field were studied
subjecting the samples to a uniform field of magnitude H = 800 G. Measurements were performed in the parallel
configuration, where the incident beam polarization and magnetic field lines were oriented in the same direction,
and in the perpendicular configuration, where the light polarization direction was orthogonal to the field lines.
In the absence of external magnetic field, βH=0 = 8.5(1) × 10−28 cm5/esu, while for the parallel configuration
β‖ = 9.8(2)×10−28 cm5/esu and in the perpendicular, β⊥ = 8.1(1)×10−28 cm5/esu. As the crystalline structure
of the nanoparticles rotates in order to align their magnetic moment to the external magnetic field, the differences
are due to the hyperpolarizability anisotropy. Defining the x-axis of the particle reference frame parallel to the
〈111〉 crystallographic direction, which corresponds to the direction of easy magnetization, β‖ = βxxx, and β⊥
corresponds to a average from βyyy and βzzz. In the absence of external field, the nanoparticles are randomly
oriented and the measured hyperpolarizability corresponds to an average over the three orthogonal directions,
〈βH〉 = 1

3

(
β‖ + 2β⊥

)
= 8.6(1)× 10−28 cm5/esu.
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