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Abstract
Magnetic relaxations determine the magnetization properties of magnetic nanoparticles for biomedical applications
such as the tracer of magnetic particle imaging. In this study, the magnetization dynamics influenced by the
dynamics of the particle body as the easy axes of magnetic nanoparticles of different structures were evaluated
measuring the magnetization curves, intensity of harmonic components in magnetization, and oscillation and
orientation of the easy axis. To observe the effects of the Brownian relaxation associated with particle rotation, we
prepared magnetic nanoparticles fixed with epoxy resin to inhibit the particle rotation and dispersed them in water
where the particle rotation occurred. It is indicated that the Brownian relaxation observed as the particle oscillation
and orientation significantly affected the magnetization dynamics of magnetic nanoparticles in the ferromagnetic
regime.

I. Introduction

Magnetic relaxation is the most characteristic phe-
nomenon of magnetic nanoparticles (MNPs), which are
used in biomedical applications such as tracers of mag-
netic particle imaging (MPI) [1]. Magnetic relaxations
are conventionally divided into the Néel relaxation, de-
rived from the rotation of magnetic moments, and the
Brownian relaxation, associated with the physical rota-
tion of MNPs under an applied magnetic field. The har-
monic signal derived from the nonlinear magnetization
response is characterized by MPI. Based on the fact that
the Brownian relaxation time depended on viscosity, the
viscosity mapping technique was developed as an ap-
plication of color MPI [2]. Intracranial cerebral hemor-
rhage was monitored by distinguishing the MPI signals
of liquid blood from coagulated blood where MNPs were
injected [3].

Models of magnetic relaxation, as typified by the egg
model by Shliomis and Stepanov, were theoretically con-
structed [4]. The time-dependent dynamics of the mag-
netic moment and particle body are respectively deter-
mined by the Néel and Brownian relaxation times τN

and τB given by

τN =τ0exp
�

K VM

kBT

�

, (1)

τB =
3ηVH

kBT
, (2)

where τ0, K u , V M , kB , T, η, and V H denote the attempt
time, anisotropy constant, core volume of the MNPs,
Boltzmann constant, temperature, viscosity of the sol-
vent, and hydrodynamic volume of the MNPs, respec-
tively. Generally, Néel and Brownian relaxations occur
in parallel, as illustrated by the effective relaxation time
τe f f = τNτB/(τN+τB ) [5]. We observed that Brownian
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relaxation occurred after Néel relaxation by applying a
pulsed magnetic field [6]. We also observed the contribu-
tion of the Brownian relaxation under an alternating cur-
rent (AC) magnetic field [7]. Based on these theoretical
considerations, the dependence of the Néel [8] and Brow-
nian [9] relaxation times on the applied field strength
were clarified. Both the Néel and Brownian relaxation
times decreased as the applied field strength increased.
Furthermore, the increase in the effective anisotropy con-
stant improved the magnetic torque, which induced the
rotation of the easy axis [10]. In addition, measurements
[6] and numerical simulations [11] showed that the Néel
relaxation time was affected by the dipole interaction.

In this study, the magnetization dynamics repre-
sented by the complex relaxation model as the super-
imposition of the Néel and Brownian relaxations with
respect to MNPs dispersed in a liquid were empirically
investigated. The influence of the Brownian relaxation
on the Nèel relaxation was discussed based on the rota-
tion of the magnetic moments and particle bodies. The
frequency dependence of the harmonic components of
magnetization under an AC magnetic field was measured
over a frequency range of 200 Hz–200 kHz. The oscilla-
tion and orientation of the particle bodies under an AC
magnetic field were also measured by observing the per-
meation of light entering the magnetic fluid [12]. Investi-
gation of the magnetization dynamics of MNPs dispersed
in solids and liquids is important for characterizing the
imaging of solid objects, such as tumors and organs, and
liquids such as blood [13].

II. Material and methods

II.I. Sample preparation

Iron oxide nanoparticles of different particle structures,
such as the multicore in Synomag®-D and cubic shape in
BNF-starch purchased from Micromod Partikeltechnolo-
gie GmbH (Rostock, Germany), were measured. These
nanoparticles were fixed with epoxy resin and dispersed
in diluted water as solid and liquid samples, respectively.

II.II. Measurement method

Magnetization curves were obtained using a vibrating
sample magnetometer (VSM) under direct-current (DC)
magnetic fields of 0–1200 kA/m. The magnetization re-
sponses under an AC magnetic field were measured at an
amplitude of 8 kA/m and a frequency of 200 Hz–200 kHz.
The AC magnetic field was applied using an air-cooled ex-
citation coil with 120 turns. The magnetization flux was
measured using a detection coil of 100 turns at 200 Hz–10
kHz and 1 turn at 10 kHz–200 kHz. The harmonic com-
ponents of the magnetization were evaluated by Fourier
transformation of the measured magnetization signals

Figure 1: Magnetization curves under DC magnetic field of
0-1200 kA/m in (a) Synomag®-D, and (b) BNF-starch. The mag-
nified graphs around the origin in (a) and (b) were shown in (c)
and (d), respectively.

under an AC magnetic field. To measure the DC magne-
tization curves and harmonic components, the concen-
tration of MNPs was adjusted to 2.8 mg-Fe/mL.

The dynamics of particle bodies as the easy axis de-
rived from magnetization dynamics under an AC mag-
netic field with an amplitude of 8 kA/m and a frequency
of 10 Hz–100 kHz was observed by measuring the degree
of optical transmission [12]. A Helmholtz-type excitation
coil with 152 turns was used to apply an AC magnetic
field. To measure the dynamics of the easy axis, the con-
centration of MNPs was adjusted to 0.2 mg-Fe/mL.

III. Results and discussion

III.I. DC magnetization curves
Figure 1 shows the DC magnetization curves in solid and
liquid. The magnetization was normalized by the satu-
ration magnetization M s (M/Ms ). Under experimental
conditions at room temperature, Synomag®-D showed
a superparamagnetic regime because of its marginal co-
ercivity, whereas BNF-starch showed a ferromagnetic
regime, as a coercivity of 6.92 kA/m was clearly observed
in the solid. On the other hand, with respect to both
Synomag®-D and BNF-starch, the coercivities in the liq-
uid samples were also marginal because of the superpara-
magnetic behavior caused by the rotation of the easy axis
of the MNPs.

When uniaxial anisotropy was represented by an MNP,
the particle body corresponded to the easy axis. Because
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Figure 2: Frequency dependence of the fundamental and third
harmonic intensity of magnetization under AC magnetic fields
of 8 kA/m.

the rotation of the particle body decreased the anisotropy
energy, superparamagnetic behavior was observed in the
fluid [14]. With respect to Synomag®-D, the magnetiza-
tion in the solid was smaller than that in the liquid under
the small magnetic field strength, which illustrates that
the magnetization bound to the easy axis by the small
anisotropy described as the marginal coercivity [15]. It is
indicated that the effective anisotropy in the clustered
spherical particles was significantly smaller compared
to that in the cubic particles. On the other hand, it was
found that the effective anisotropy constant in the cubic
particles was smaller than that in the spherical particles
[16],

III.II. Harmonic intensity and easy axis
dynamics

Figure 2 shows the frequency dependence of the funda-
mental and third-harmonic components of the magne-
tization under AC magnetic fields. In the solid, the sig-
nal intensities decreased with an increase in the applied
field frequency because the nonlinearity of the magne-
tization disappeared with a reduction in the amplitude
of the magnetization. With respect to Synomag®-D, a
reduction in the fundamental component of magneti-
zation was observed at a higher frequency than that in
BNF-starch. This indicates that the Néel relaxation time
associated with the anisotropy energy in Synomag®-D is
significantly shorter than that in BNF-starch because of
the small anisotropy constant with respect to multicore
structure, which corresponds to the marginal coerciv-
ity in Synomag®-D and the relatively large coercivity in
BNF-starch, as shown in Fig. 1(c and d).

In the liquid samples, the fundamental component
was decreased at a lower frequency compared to that
in the solid samples because the magnetization derived
from Brownian relaxation in the liquid was inhibited,
whereas only Néel relaxation occurred in the solid sam-
ples. The inflection points were observed in the third

Figure 3: Frequency dependence of the oscillation and ori-
entation of the easy axis under AC magnetic fields of 8 kA/m.
∆Poscillation and∆Porientation are the degree of the oscillation and
orientation of the easy axis evaluated by the optical transmis-
sion, respectively.

harmonic component only in the liquid samples, which
was also shown in Ref. [17]. The inflection points were
not observed in the fundamental component of either
solid or liquid. These inflection points indicate the su-
perimposition of the magnetic relaxations of different
relaxation times derived from the Néel and Brownian
relaxations. The first and second reductions of the third-
harmonic components were associated with the reduced
magnetization derived from the Brownian and Néel re-
laxations, respectively.

The oscillation and orientation of the particle body
under an AC magnetic field are shown in Fig. 3, which
were evaluated from the variation of the permeation in-
tensity,∆P. The particle body, as the easy axis of an MNP,
also oscillated under an AC magnetic field. The oscilla-
tion amplitude of the easy axis∆Poscillation was calculated
by the minimum of∆P subtracted from the maximum.
The orientation degree∆Porientation of the easy axis was
assessed as∆P where an applied magnetic field strength
was zero.

When ∆Poscillation decreased, ∆Porientation increased
with the applied field frequency, which indicates that
the easy axis was gradually oriented toward the direction
of the applied magnetic field [18,19]. The stationary ori-
entation of the easy axis increased the phase delay of the
magnetization from the applied magnetic field, which
increased the imaginary part of the susceptibility [20].
When the frequency of the applied magnetic field was
significantly higher than the Néel relaxation time, both
the oscillation and the orientation of the easy axis associ-
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ated with the Brownian relaxation were inhibited [21], as
observed with respect to BNF-starch. This is because the
rotation of the easy axis was inhibited in reducing magne-
tization. As both the Néel and Brownian relaxation times
were shorter than the applied field frequency, a decrease
in ∆Porientation in synomag®-D was not observed in the
measured frequency range.

IV. Conclusions

This study measured commercially dispersed MNPs to
evaluate the magnetic relaxation influenced by the struc-
ture of MNPs. The multicore and cubic single-core struc-
tures were demonstrated as superparamagnetic and fer-
romagnetic regimes, respectively, which were clarified
by the DC magnetization curves in the solid samples.
Furthermore, we experimentally observed the frequency
dependence of the nonlinear response of the magneti-
zation and the easy axis dynamics. When MNPs were
dispersed in a liquid, the particle body, as the easy axis of
an MNP, oscillated and was oriented under an AC mag-
netic field. The stationary orientation of the easy axis
effectively enhanced the anisotropy energy, which pro-
longed the Néel relaxation time. When the rotation of
the easy axis was inhibited, the intensity of the harmonic
signal monotonically decreased as the applied field fre-
quency increased. Conversely, the observation made at
the inflection point showed that the harmonic signal de-
pended on the frequency owing to the prolonged Néel
relaxation time. This indicated that the Néel relaxation
was affected by the Brownian relaxation. Considering the
frequency dependence of the harmonic signal intensity
was determined by the relaxation time, understanding
the influence of particle structure on magnetic relaxation
can contribute to the development of material design for
MPI.
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