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ABSTRACT (120 words)

The generation of harmonics during application of AC and DC magnetic fields to multi-
core iron oxide particles in low concentration solutions was studied based on
magnetization curve and harmonics response of the nanoparticles in low concentration
solutions. As a first step, the distribution of particle size was analyzed using a Non-
Negative Inversion Method to investigate the relation between particle size and
diamagnetic contribution of liquid carrier. The harmonics of nanoparticle solutions was
evaluated using a highly sensitive AC susceptometer, which was developed during this
research period. Based on harmonics response, distribution of particle size, and the
derived models of AC susceptibility response, the fundamental harmonic generation was
affected by the diamagnetic contribution when the iron concentration was lower than 6
microg/ml..



1. INTRODUCTION

Utilization of magnetic nanoparticles (MNPs), e.g., multi-core iron oxide nanoparticles, in
bio-medical applications such as magnetic immunoassay and in-vivo imaging using
magnetic particle imaging (MPI) technique, is greatly expected since their size is
comparable to biological entities. Furthermore, their detection can be achieved via fast
and non-invasive techniques. Due to these reasons, MNPs are expected to play
important roles in many fields in future, thus, clarification of their properties is crucial for
their targeted applications. In order to tailor MNPs for their specific applications,
clarification on their magnetic characteristics and harmonics generation in diamagnetic
liquid carrier is crucial. In many characterizations of MNPs, the diamagnetic contribution
of liquid carrier is often disregard because it is constant and small. However, the
diamagnetic contribution tends to deform the magnetization curve of low concentration
MNP solutions. This deformation has been shown in references [1]-[3], thus it may affect
the observed harmonics of MNP solutions. The objectives of this research are to
investigate magnetic characteristics of MNPs in low concentration solutions and improve
their harmonics generation. Commercial multi-core iron oxide nanoparticles are
investigated so that comparison can be made with other studies. The AC and DC
magnetizations of the nanoparticles in low concentration solutions is studied with respect
to the magnetic moment distributions and the environmental factors. The harmonics
generation and AC susceptibility models based on consideration to diamagnetic
background, magnetization direction and magnetic anisotropy axis of MNP solutions will
be developed so that MNPs can be optimized for the designed applications.

2. RESEARCH METHODOLOGY

In this study, the methodology was divided into 5 stages.

1. Validation of magnetization curve deformation in MNP solutions: A multicore iron
oxide nanoparticle manufactured by Micromod Partikeltechnologie GmbH (nanomag D-
spio D100) was used to prepare in a set of low concentration solutions and its
magnetization curve was measured by a sensitive high-Tc SQUID magnetometer.

2. Reconstruction of magnetic moment distribution: The distribution of magnetic
moment/particle size was modelled by a summation of superparamagnetic Langevin
equations with different magnetic moment and the distribution was reconstructed by
solving the inverse problem of the Langevin equations of the measured magnetization
curve. A non-regularized non-negative inversion method was successfully developed to
reconstruct the distribution. The distribution obtained from this method was then
compared with the optically measured data from Transmission Electron Microscopy
measurement to find their agreement. These two initial steps were performed to achieve
number 1 objective.

3. Measurement of harmonics response: In this step, the actual performance of
harmonic responses of the MNPs will be measured using a specially developed AC
magnetometer. As a result, a sensitive AC magnetometer was successfully developed,
having capability to measure harmonics from 3 Hz to 30 kHz with an excitation field up to
20 mTpp. The harmonics from the iron oxide nanoparticles were measured down to a
concentration of 30 nanogram/ml.



4. Numerical simulation of harmonic generation: From the obtained distribution of
particle size, time waveforms of AC magnetization upon excitation of DC and AC
magnetic fields were numerically simulated. Then, the harmonics were extracted by
applying Fast Fourier Transform method to the time waveforms with respect to different
AC and DC fields with a consideration on the diamagnetic background. The simulated
harmonics were compared to experimental data to clarify the mechanism of harmonic
generation and effect of the environmental factors. This step was performed to achieve
number 2 objective.

5. Modelling of MNPs in solution and optimization of harmonics: Based on data obtained
from above steps, a magnetization model of colloidal MNPs under consideration of
diamagnetic background and other factor was proposed based on the modification of the
Langevin equation. The model was tested to find agreement between simulated and
measured harmonics with respect to particle size distribution, viscosity and magnetism
of liquid carrier. Based on the proposed model, a recommendation was made to optimize
harmonic generations with respect to the diamagnetic background of the liquid carrier.

3. LITERATURE REVIEW

The magnetism of MNPs is influenced by several factors such as size distribution of
magnetic cores, temperature, morphology (shape anisotropy), intrinsic and extrinsic
surface effects, surface spin disorder and magnetic interactions. Assessing the
information on these parameters is important in order to optimize MNPs for the target
applications where they can be detected through magnetic susceptibility [1], [2], [4]-[6],
relaxation [7]—-[9], and remanence [10], [11] methods. Instrumental techniques such as
DC and AC susceptibilities, magnetorelaxometry, Mdssbauer spectroscopy,
ferromagnetic resonance, neutron diffraction, transmission electron microscopy (TEM),
and photon correlation spectroscopy have been used to assess and characterize the
magnetic properties of MNPs [9], [10], [12], [13]. In the applications where detection is
performed using magnetic susceptibility method, e.g., magnetic immunoassay and
Magnetic Particle Imaging, the dynamic magnetic response of MNPs under excitation of
AC magnetic fields is measured to detect MNPs. Furthermore, the non-linear magnetic
characteristic of MNPs is utilized to obtain high sensitivity detection under strong
excitation magnetic field. The noise resulted from the excitation magnetic field can be
isolated by detecting harmonics, thus promising highly sensitive detection for bio-
medical applications. The harmonics of MNP system have been investigated with
respect to particle types, AC and DC magnetic fields, liquid carrier viscosity, and
Brownian and Neel relaxations [14], where in many cases the weak magnetic
characteristic of liquid carrier is often ignored. The preliminary studies in references [1],
[2], [15] showed that the diamagnetic signal from the liquid carrier deforms the
magnetization curve of low-concentration MNPs solution, where this may affect the static
and dynamic magnetic characteristics of MNPs in solution. This project is expected to
extend these preliminary studies so that it can contribute to enhancement of harmonic
generation.

4. FINDINGS



1. The static magnetization curve in saturation region is deformed at iron concentration
lower than 72 microgram/ml. A diamagnetic characteristic of carrier liquid was observed
in this region for multi core iron oxide nanoparticles having an average particle size of 11
nm.

2. A sensitive AC magnetometer based on induction coils was developed specially for
characterization of magnetic fluid. A resonant coil technique using Litz wire and
capacitor network was developed for the excitation coil with high homogeneity (95%)
and efficiency (5.2 mT/A). A large number of turns of detection coil was design and
fabricated using a 0.25-mm copper wire. A sensitivity of 5*10A-7 Am”*2 was shown at
100 Hz.

3. Simulated and measured harmonics showed that the diamagnetic carrier liquid affects
the first harmonic when the iron concentration is lower than 6 microg/ml. However,
higher harmonic components are transparent to diamagnetic background down to 30
ng/ml for particles having a magnetic moment peak higher than 102-19 Am”2.

4. Selecting magnetic nanoparticles having a magnetic moment peak larger than 10*-19
Am”2 will permit detection of them up to sub nanogram of iron contents.

5. The AC response of MNPs showed two types of relaxation process, namely, Neel and
Brownian relaxations. The use of Brownian relaxation characteristics enabled us to
determine the hydrodynamics size of the MNPs. This permits to a technique for a fast
estimation of MNPs' size.

6. The AC response can be used to extract magnetic parameters such as anisotropy
energy, relaxation process, viscosity of the liquid carrier etc. We successfully showed
that the harmonics can provide a simple and fast method to evaluate the viscosity of the
liquid carrier.

7. Harmonics are affected by the anisotropy energy, relaxation process, magnetic
moments of the MNPs etc., these factors might be studied in the future works.

5. CONCLUSION

The study successfully clarified the magnetization curve deformation of the multi-core
iron oxide nanoparticles in low concentration solutions due to the diamagnetic
contribution of the liquid carrier. An analysis method to estimate the core size of the
nanoparticles was successfully developed and implemented based on DC magnetization
characteristic, which will serve as a robust alternative method for magnetic nanoparticle
standardization in future compared to the mainstream TEM imaging. From the proposed
harmonic generation model and the measurement of harmonics intensity, it was found
that the diamagnetic contribution affected the fundamental harmonic when the
concentration and magnetic moment distribution peak were lower than 6 microgram/ml
and 10719 Am”?2, respectively. The harmonics could be used to determine other
magnetic properties such as magnetic anisotropy, relaxations and hydrodynamic sizes.
The study also successfully developed a sensitive AC magnetometer using inductive
coils, in which established know-hows of its instrumentation technique and could be
implemented for other magnetic property’s investigation in future.
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