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Abstract

Magnetic relaxation divided into the Néel and Brownian regimes determines the magnetization dynamics. To
develop the signal intensity and resolution of magnetic particle imaging, understanding the magnetization dy-
namics was required. In this study, the Néel and Brownian relaxations were individually evaluated. The two-step
magnetization response of magnetic nanoparticles dispersed in a fluid as the Brownian regime occurred after the
Néel regime was observed by applying a fast responding pulse field. To clarify the magnetic relaxation in detail, it is
necessary to individually observe the Néel and Brownian relaxations in the superposition system. By fitting the
theoretical calculation to the measured time evolution of the magnetization response, we isolated Néel and Brown-
ian relaxations from the experimentally observed superposition relaxation system. Moreover, the effect of dipole
interactions on Néel and Brownian relaxation were confirmed by measuring the dependence of magnetization

responses on the particle concentration in a magnetic fluid.

| Introduction

To develop the sensitivity and resolution of magnetic par-
ticle imaging (MPI) [1], it is necessary to understand the
magnetization dynamics determined by the magnetic
relaxation. The harmonics of magnetization signal are
detected in MPI, which is associated with the non-linear
response of the magnetization.

The Néel and Brownian relaxations as the relaxations
of the magnetization and the easy axis were occurred
along the effective relaxation time 7, given by 1/7 o=
1/TyN+1/7p, where 7y and T g were the Néel and Brow-
nian relaxation times [2]. This indicates the dominance
of one relaxation with the relaxation time shorter than
other. On the other hand, the limitation of the model us-
ing the effective relaxation time was indicated [3]. We ob-
served the superposition of the Néel and Brownian relax-
ations by applying AC magnetic field and pulse field [4,5].
The superposition of Néel and Brownian relaxations was
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also shown by measurement, calculation, and numerical
simulation in conventional studies [6-8].

In this study, we experimentally observed the indi-
vidual relaxation processes in a superposition system of
Néel and Brownian relaxations, which were not empir-
ically evaluated [9]. This is because the magnetization
rotation derived from Néel relaxation is too fast to allow
sufficient measurement of the magnetic flux alteration
of MNPs, particularly in the case of superparamagnetic
behavior.

Il Material and methods

A water-based Fe;O, nanoparticle, commercially dis-
tributed as M-300 by Sigma Hi-chemical Inc., and coated
with a-olefin sulphonic acid sodium, was measured. The
nanoparticle core and hydrodynamic diameters were de-
termined to be a mean of 11 nm and 44 nm measured
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by transmission electron microscopy and dynamic light
scattering, respectively. The measured samples were pre-
pared by dispersing the particles in diluted water in the
concentrations adjusted to 1.24, 2.47, 4.95, and 9.89 %
v/v.

Figure 1a shows the effective exciting pulse field,
whose maximum intensity and rise time were 0.38 kA/m
and 18 ns, respectively. To detect a magnetization flux,
we used two different types of pick-up coil that had small
and large numbers of turns, with low and high induc-
tance, respectively.

The magnetization response to the pulse field is given
by

Meg(£) =My (1) + Mp(1),

Mg (1) =MR max {l—exp (_TL)} )

r

1)
2)

where Mg(t) is the time depending effective magnetiza-
tion, which is the superposition of the magnetizations
depending on the Néel and Brownian relaxations, My(t)
and Mg(t), whose maximum values, My max and Mg max,
are substituted into the general expression for the mag-
netization My(t) [5]. Tn and 7 are substituted into the
general expression for the relaxation time 7 p, in terms of
the response associated with Néel and Brownian relax-
ations, respectively.

In addition, the magnetization response was calcu-
lated in consideration of the size distribution of MNPs
with respect to core and hydrodynamic diameters, d.
and dy, which are substituted into the general term for
the diameter dp,

Mg(t)= > Fldg )M (1) D Fldr), @)
i=1 i=1

1 (_ dR,i - dR,ave ) (4)

———exp
dR,std V2or 2dl%,s.td

F(dR,i)z

where the n is the number of particles, and i is the index
for each particle. F(dy, i) are the possibility density func-
tions with respect to the Gaussian distribution. dg aye
and dp g are the average value and standard deviation
of dg.

Il Results and discussion

Figure 1b shows the measured magnetization Me, in
a nanoparticle concentration of 1.24 % v/v. The mag-
netization process was first promoted by Néel rotation,
then further enhanced by Brownian rotation. In the time
range shorter than 18 ns, because the magnetization was
enhanced along with increasing field intensity, the mag-
netization process was not fitted by the theoretical model
in Néel regime. Using the fitting curves obtained by eqs.
(1-3), the magnetization responses were divided into the
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Figure 1: (a) Time evolution of the applied pulse field. (b)
Calculated magnetization of the effective response, Mg(¢), in
the Néel regime, My(t), and Brownian regime, Mg(t), and the
experimental magnetization response, My,(£).
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Figure 2: Concentration dependence of the calculated max-
imal values for the effective magnetization, Mg .y, magneti-
zation in the Néel regime, My ., and magnetization in the
Brownian regime, Mg,y

individual responses belonging to Néel and Brownian
regimes. The estimated core and hydrodynamic diame-
ters were 11.9+2 nm and 40+11 nm (mean * SD), which
was in good agreement with the measured diameters.
With respect to M., in the concentration of 2.47, 4.95,
and 9.89 % v/v, My(t) and Mp(t) was also calculated
using eqgs. (1-3).

Figure 2 shows the maximal values in M(t), My(2),
and Mg(t), Mefimax MN,max» and Mg max, depended on
the particle concentration, respectively. With increasing
concentration, Me may and My max Were decreased, and
Mg max Was constant. It is indicated that the magnetiza-
tion in the Néel regime was decreased due to the dipole
interaction because of the short distance among parti-
cles in the high concentration, and the magnetization in
the Brownian regime was not affected by the dipole inter-
action. With respect to the concentration dependence of
dipole interactions observed by measurements, the dipo-
lar field increased with increasing concentration, which
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inhibited the magnetization [10]. On the other hand,
Ovejero et al. suggested that intra-aggregate interactions
such as dipole interactions over short interparticle dis-
tances reduce magnetization whereas inter-aggregate
interactions over long interparticle distances enhance
magnetization [11]. The dipole interaction in the Néel
regime was associated with the short interparticle dis-
tances in aggregation in hydrodynamic condition.

The ratio of Mg ax t0 MN max» MB.max/ MN max 10 1.24,
2.47, 4.95, and 9.89 % v/v estimated from the fitting
curves were 3.7, 4.6, 4.7, and 5.8, respectively. In pre-
vious study, we show that the harmonic signal of MNPs
of large anisotropy in liquid was significantly larger than
those in solid because of the Brownian rotation in liquid
[12]. Thus, the dominance of the Brownian rotation in
the magnetization dynamics, Mp ./ MN max influenced
by the effective anisotropy was associated with the har-
monic intensity.

IV Conclusions

We experimentally observed the superposition of the
Néel and Brownian relaxations by applying a low-
intensity pulse field with a rise time shorter than the
Néel relaxation time. The magnetization responses in
Néel and Brownian regimes were individually isolated
from the superposition system using a theoretical fitting
procedure that considered size distribution. Moreover,
the dominance of the magnetization response depended
on the particle concentration as the effect of the dipole
interaction was evaluated. By clarifying the magnetiza-
tion dynamics associated with the magnetic relaxation,
the harmonic signal in MPI derived from the non-linear
response of MNPs may be improved.
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