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Effects of Néel and Brownian relaxations on
dynamic magnetization empirically characterized

in single-core and multicore structures of
magnetic nanoparticles}
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This study takes a novel approach toward understanding the diagnostic and therapeutic efficacy of mag-

netic nanoparticles for cancer theranostics. We focused on the parameters influencing the dynamic mag-

netization response, such as particle core size and magnetic anisotropy. Our experimental investigation

on the relationship between magnetic relaxation and these particle parameters provides fresh insights for

developing biomedical applications. The magnetic relaxation time was estimated from the magnetic relax-

ation process and measured by applying a pulsed magnetic field over a wide time range of 20 ns to

200 ms. Magnetic nanoparticles with single-core and multicore structures under viscous fluid and solid

conditions were investigated to evaluate the Néel and Brownian relaxations, respectively, associated with

the magnetization and physical particle rotations. We observed a distinct magnetization response associ-

ated with the complex magnetic relaxation mechanisms, which challenged the concept described by the

conventional theory of effective relaxation time. Moreover, we clarified the relationship between the

effective magnetic anisotropy energy and attempt time for controlling the magnetization dynamics
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1 Introduction

The sensitivity and resolution in magnetic particle imaging
(MPI)" and heating performance in hyperthermia treatment?
depend on the magnetic properties of magnetic nanoparticles
(MNPs). MNP parameters, such as size and the anisotropy con-
stant associated with particle structure, have been
evaluated,®® and the relationship between these parameters
and performance in biomedical applications has been
discussed.”™"® The core size and anisotropy constant of MNPs
were estimated using a measured magnetization curve in a
static magnetic field.” The dependence of shape and size on
the anisotropy constant was determined by analyzing the
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dependent on particle structures. Our novel measurement technique and investigation of the magnetic
relaxation time provide guidance for significantly optimizing material design and determining the mag-
netic field conditions for the biomedical applications of magnetic nanoparticles, particularly in cancer

blocking temperature.'’

MNPs influenced the signal intensity of MPI
hyperthermia performance.'®>’

Magnetic relaxation is an important magnetization charac-
teristic for biomedical applications. The tumor microscopic
structure has been assessed by measuring the magnetic relax-
ation of MNPs injected into tumors in vivo.*® The Néel and
Brownian relaxations are two relaxation types associated with
magnetization and particle physical rotation, respectively. The
relaxation times 7y and g for the Néel and Brownian types are
represented, respectively, by the following equations:

The size, shape, and structure of
11-15 and

Kee Wi
™~ = 7o exp( ]ecffTM) (1)
B
_ 3nVu
B = kBT ) (2)

where 74, Ketr, Var, ks, T, 17, and Vg denote the attempt time,
effective anisotropy constant, MNP volume, Boltzmann con-
stant, temperature, viscosity of the solvent, and hydrodynamic
volume of the MNPs, respectively. Néel and Brownian relax-
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ations occur in parallel, and the effective relaxation time z.¢ is
obtained as follows:*°
1,1 (3)
Tetf TN B

Under zero-field conditions, the magnetic relaxation time is
given by eqn (1) and (2). The dependence of the Néel and
Brownian relaxation times on the applied magnetic field
strength has been observed using numerical simulations.*°

Magnetic relaxation has been evaluated using magnetic sus-
ceptibility measurements under an alternating current (AC)
magnetic field, and the magnetic relaxation time has been cal-
culated based on the Debye model.*" In addition, magnetic
relaxation processes have been observed using a pulsed mag-
netic field.*>"*

In this study, we prepared electrical circuits to measure the
magnetic relaxation process over a considerably wide measure-
ment period with relatively low concentrations compared to in
our previous studies,**** to decrease the effects of the dipole
interactions. Measurements were conducted by changing the
solvent, and the effect of the relaxation mechanisms on the
net magnetization dynamics was thus investigated. The distri-
bution of the magnetic relaxation time, including the Néel and
Brownian relaxation mechanisms, was estimated from the
measured magnetic relaxation process. It is known that the
magnetic relaxation mechanism can be affected by several
parameters, such as the particle volume, anisotropy constant
and attempt time, based on the particle structure and material
composition. While the dominance of the relaxation mecha-
nism based on the effective relaxation time theory has been
previously discussed,”>™’ the effective parameters affecting
the relaxation mechanism dependent on particle structure
have not been confirmed empirically.

An empirical model of the magnetic relaxation in multicore
MNPs would be useful for hyperthermia treatment and MPI
owing to the large hysteresis®® and strong nonlinear magneti-
zation of such MNPs, respectively, which could be character-
ized by comparison with the relaxation in single-core particles.
This comparison could contribute to the design of MNPs for
future biomedical applications. Generally, MNPs formed by
clustered core particles as effective particles are referred to as
multicore-structured MNPs.*® It was previously reported that
under a magnetic field, the magnetic moments in single-crys-
talline core particles were rotated in multicore particles, which
was different from the domain-wall displacement in the multi-
domain structures.*

2 Experimental section
2.1 Sample preparation

Various commercially dispersed iron oxide nanoparticles were
obtained, namely SHA-20 (Ocean NanoTech Ltd, San Diego,
CA, USA), Synomag®-D (Micromod Partikeltechnologie GmbH,
Rostock, Germany), and Resovist® (PDR Pharma Ltd, Tokyo,
Japan), each with a concentration of 20 mg-Fe per mL.

12818 | Nanoscale, 2025, 17,12817-12825

View Article Online

Nanoscale

SHA-20*° and Resovist®*® consisted of Fe;0, and y-Fe,Os,
respectively, while Synomag®-D*® consisted of y-Fe,Oj;. As the
liquid samples, MNPs were dispersed in diluted water with vis-
cosity # of 0.89 mPa s and diluted water mixed with glycerol
(FUJIFILM Wako Pure Chemical Corp., Tokyo, Japan) to adjust
n = 5.4 and 12.4 mPa s. n were measured using a viscometer
(VM-104; Sekonic Corp., Tokyo, Japan). Additionally, the MNPs
were embedded in epoxy resin to form solid samples.
The structure and diameter of the MNPs were observed by
transmission electron microscopy (TEM) at the Hanaichi
UltraStructure Research Institute (Okazaki, Japan). Details
regarding the analysis of the diameters of the MNPs are pro-
vided in ESI Note S1.7

2.2 Measurement of the DC magnetization

The DC magnetization of the MNPs was measured using a
vibrating sample magnetometer (VSM) system (Riken Denshi
Co., Tokyo, Japan), which primarily comprised an electromag-
net, sample vibrator, and pick-up coils. Electric current was
supplied to the electromagnet using a bipolar power supply
(Kudo Electric Co. Ltd, Sendai, Japan), controlled by a function
generator (WF1983; NF Corp., Yokohama, Japan). The strength
of the applied magnetic field was measured using a Tesla
meter (F41; Lake Shore Cryotronics Inc., Ohio, USA). The mag-
netization signal detected by the pick-up coils was measured
using a lock-in amplifier (LI5645; NF Corporation, Japan) and
recorded using a Memory HiCorder unit (MR6000-01) with a
digital voltmeter (MR8990) purchased from Hioki EE
Corporation, Ueda, Japan. The method for estimating the
effective core diameters is detailed in ESI Note S2.}

2.3 Measurement of the magnetic relaxation process

The magnetic relaxation process in the prepared samples was
measured using various types of pick-up and excitation coils.
The pick-up coils measured the induced voltage (Volt) accord-
ing to Faraday’s law, represented by Volt = —d®/dt, where @ is
the magnetic flux. A high number of turns in the pick-up coil
is required to achieve sufficiently high sensitivity to measure
the slow magnetization response. By contrast, when the mag-
netization response is fast, the number of turns should be
small, because the time constant of the coil is proportional to
the inductance. Designing different electric circuits was thus
necessary, including coil sets, such as circuits (i)-(v), as shown
in Fig. S4 and Table S1,} for each measurement period. The
magnetization response was measured using circuits (i)-(iii) in
n = 0.89 and 5.4 mPa s, circuits (i)-(iv) in = 12.4 mPa s, and
circuits (i)-(v) in the solid. A cancel coil was used in circuits
(if)-(v) to reduce the voltage derived from the applied magnetic
field together with the differential amplifier SA-440F5 driven
by the DC voltage source LP5392 (NF Corp., Yokohama, Japan).
The function generators AFG3022C (Tektronix Inc., Beaverton,
OR, USA) and WF1974 (NF Corp., Yokohama, Japan) were used
as the pulse waveform generators in circuits (i)-(iii) and (iv)-
(v), respectively. The output waveform was measured using the
MSO064 6-BW-1000 oscilloscope (Tektronix Inc., Beaverton, OR,
USA). The cut-off frequencies of the low pass filters included

This journal is © The Royal Society of Chemistry 2025
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in each circuit were adjusted with negligible interruption to
the measured signal of MNPs to remove white noise.

The specific measurement periods were determined by the
time constant and sensitivity of the electric circuits, and the
magnetization in each measured MNP, as shown in Table S2.f
When measuring the solid sample in circuit (i), the two
measurement periods were set by adjusting the rise time of the
pulsed magnetic field. High resolution in the vertical range of
the oscilloscope was required for measuring the relatively slow
magnetization response. A wide vertical range of the oscillo-
scope was thus required to also measure the fast response,
owing to Faraday’s law, but this reduced the resolution for
measuring the low voltage induced by the slow response.

The maximum intensity of the pulsed excitation magnetic
fields was 0.1 mT, with the rise time defined as 90% of the
maximum value reached in 12.2 ns. Details on connecting the
magnetic relaxation processes measured across the different cir-
cuits and the normalization of the magnetization values per unit
weight are provided in ESI Note S3.f The method for estimating
the magnetic relaxation time is described in ESI Note S4.}

2.4 Measurement of AC susceptibility

AC susceptibilities were measured at frequencies ranging from
100 Hz to 1 MHz at an amplitude of 0.1 mT. Circuits (iii), (vi),
and (vii), shown in Fig. S4c, S9a, and S9b,T were used in the
100 Hz to 10 kHz, 10-100 kHz, and 100 kHz to 1 MHz fre-
quency ranges, respectively. The measured AC susceptibilities
of the different circuits were normalized at 10 kHz and 100
kHz of the frequency, dividing the measurement range into
smaller ranges to treat the AC susceptibilities continuously in
the 100 Hz to 1 MHz frequency range. The function generator
AFG3022C (Tektronix Inc., Beaverton, OR, USA) was used as
the AC waveform generator. Regarding the differential ampli-
fier and oscilloscope, systems similar to those used to measure
the magnetic relaxation process were used.

The real and imaginary parts of the susceptibility, ' and y”,
were calculated as follows:

Xo
= — v COS 07
YT e “
"__ M —ysin 8 = L%M (t)dH(t) (5)
= it (anTR)z =X - TCHOZ AC )

where yo, f, 1, 6, Ho, and M, denote the initial susceptibility, the
frequency of an applied AC magnetic field, the susceptibility,
phase delay, amplitude of the applied AC magnetic field, and
magnetization measured under the AC magnetic field.**' y was
calculated as the ratio of M,¢ to H, because the value of H, was
sufficiently small that the linear response theory could be applied.

3 Results and discussion
3.1 DC magnetization curve

Fig. 1la-c show the core structures of the measured MNPs.
SHA-20 exhibited a single-core structure, whereas Synomag®-D

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 TEM images of (a) SHA-20, (b) Synomag®-D, and (c) Resovist®.
Volume fraction calculated from TEM images for (d) SHA-20, (e)
Synomag®-D, and (f) Resovist®. Magnetization curves under a DC mag-
netic field for (g) SHA-20, (h) Synomag®-D, and (i) Resovist®.

primarily exhibited a multicore structure with a few particles
displaying single cores. The Resovist® particles were mainly
single-core particles, with some multicore ones. Fig. 1d-f
present the volume fraction, as analyzed from Fig. 1a-c, where
aggregated particles were counted as effectively large multicore
particles in Synomag®-D. A histogram of the number of
counted particles is also shown in Fig. S10.t

Fig. 1g-i show the measured magnetization curves under
DC magnetization fields of 0-1.5 T. The coercivities of
Synomag®-D and Resovist® were marginal in the solid
samples, indicating that the MNPs behaved superparamagneti-
cally. The coercivity of SHA-20 in the solid sample was
0.65 mT, which was relatively large compared to that of
Synomag®-D and Resovist®.

The maximum magnetizations in the solid and liquid
samples were similar for all the MNPs tested. The magnetiza-
tion in the solid sample was lower than that in the liquid
sample at the magnetic field strength where magnetization did
not achieve saturation because the magnetic anisotropy energy
bound the magnetization to the easy axis. Fig. 1j-1 show the
effective core diameter d¢ distribution, estimated from the DC
magnetization curves for the liquid samples. Furthermore, the
distribution was fitted by a normal distribution. Table 1 shows
the mean = SD values for the d distribution. SHA-20 exhibited
a diameter of approximately 20 nm without an organic coating

Nanoscale, 2025,17,12817-12825 | 12819
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Table 1 Values of mean + SD with respect to dc estimated from the
distribution shown in Fig. 1j—l by fitting using normal distribution and
saturation magnetization in SHA-20, Synomag®-D, and Resovist®

SHA-20 Synomag®-D Resovist®
dc [nm] Dy 3.0+ 1.0 9.8+3.6 8.4+£2.7
Dq, 18.6 + 2.5 23.7+£29 23.9+£6.5
Saturation 111.5 110.6 96.3
magnetization

[emu per g-Fe]

layer.>® This aligned with the second peak of the d distri-
bution shown in Fig. 1j. For Synomag®-D, the effective d¢ of
the core particles included in the multicore structure was
approximately 10 nm, whereas that of the multicore particles
was approximately 20 nm.**** These aligned with the first and
second peaks of the d¢ distribution, Dg; and Dg,, shown in
Fig. 1k. In Resovist®, the averaged values of the d¢ distribution
were 8.4 and 23.9 nm, as shown in Table 1. In particular, the
distribution of Dy, in Resovist® was broader than that for
SHA-20 and Synomag®-D, consistent with the trends reported
in previous studies.”?%*>43

While Fig. 1j-1 generally aligned with Fig. 1d-f, the distri-
bution peaks calculated from the TEM images were higher
than those derived from the DC magnetization curves, particu-
larly in Synomag®-D. With respect to SHA-20, the distribution
of Dy was not observed in the TEM image (Fig. 1d and j). The
saturation magnetization shown in Table 1 showed higher
values for bulk y-Fe,O; (60-80 emu per g-Fe) and Fe;O,
(92-100 emu per g-Fe).*® The differences in the d distribution
and saturation magnetization were due to gradually increasing
the magnetization toward saturation by the dipole-dipole
interactions and the inhibition of magnetization by the
demagnetizing field, which led to magnetic polarization.

3.2 Magnetic relaxation dependent on the particle structure

Fig. 2 shows the time evolution of the magnetization response
measured by applying a pulsed magnetic field to the liquid
and solid samples. The percentages of My at 200 ms in
uncompleted magnetic relaxation for SHA-20 and Resovist®
were 94% and 96%, respectively. Regarding SHA-20 and
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because 7 was proportional to 7, as shown in eqn (2). By con-
trast, the relaxation process was almost unaffected by 5 in
Synomag®-D. Hence, the process was slightly faster for n = 5.4
and 12.4 mPa s compared with that in # = 0.89 mPa s.

The magnetic relaxation time was fitted by a lognormal dis-
tribution from 100 ns to 1 s (see Fig. 3). Because the magneti-
zation response up to approximately 20 ns was affected by the
transitional response of the applied magnetic field limited by
the time constant of the measurement circuit due to the induc-
tance of the excitation coil, a relaxation time distribution
larger than 100 ns was fitted with a lognormal distribution. A
relaxation time shorter than 20 ns insufficiently illustrated the
magnetization response owing to the transitional response of
the applied magnetic field, whereas the magnetic relaxation
occurred faster than 20 ns.

The peak values of the relaxation time distribution, 7pea,
fitted using the lognormal distribution (see Fig. 3) are shown
in Fig. 4. The plots and dotted lines represent the liquid and
solid samples, respectively, for each measured MNP. The
theoretical curves of 73 calculated using eqn (2) are shown as
dotted curves in Fig. 4. Notably, the mean hydrodynamic dia-
meters measured using dynamic light scattering (DLS), di pis,
were 60.3, 45.5, and 53.8 nm (PDI = 0.160, 0.070, and 0.199)
for SHA-20, Synomag®-D, and Resovist®, respectively. The dis-

(a) SHA-20 (b) Synomag®-D (c) Resovist®

Resovist®, the magnetic relaxation time increased with 7
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0.8
0.6
0.4
0.2

Magnetization [Am?/kg-Fe]

(a) SHA-20

(b) Synomag®-D

(c) Resovist®

Exp.Cal.
O —o0s89mPass
O —54mPass

124 mPa-s
O — Solid

0.5 7‘/1

 0000000000000000000—]

06}

04

0.2

n=0.89 mPa's
0.02
T 004 0.04
E} D:, D,
E 0.01
< 002 0.02
é Dy
% D, |
i } !
E N L 0 0 /N
1010 107 10®° 10° 10” 10""10° 107 10° 10° 10 10"110° 107 10° 10 107
—_— Relaxation time [s] =
n=5.4mPas
0.02
T 004 0.04
2 D,, .
E D, Dis 0.01 | 2
< 0.02 0.02 ‘J\Vﬁ o, D=
E AY ¢\ W .0 @
3 x N
; oy ul 7
= 9 ? Z A 0 bt s
10""10° 107 10° 10 10” 10""10° 107 10° 10° 10" 10""10° 107 10° 10 10”
. Relaxation time [s] —
n=12.4 mPa's
0.02
o 004| 0.04
& Dy,
3 Dy,
£ b 0.01
< 002 0.02 Dy L Dis D,, Dys
H N\ D2 1\
< o, A A A\
E 7 5 A \ \ [ \
= 0 S, Vel Y 0 Lol
107""10° 107 10° 10 10" 1010 107 10®° 10° 10” 10""10° 107 10° 10 10”
— Relaxation time [S] -
Solid
. 0.006
3 o.| 0O T TP 0.01 =5 0.2 D,
2 Dy o001 n\: D, Vi D,V!\B'\
E D, i i
£ 0.003 D,, 0.005 | o ey 0.005 ol A A
: D, oG 15T 16 0 e
D, D, v
<§ o { D2 Dy D, 10208 D,
< A

G0 109 107 105 109 101 107 109 107 105 109 101 10 105 107 105 10 107

_ Time [s] —_—
Fig. 2 Magnetic relaxation process measured by applying a pulsed
magnetic field to the liquid and solid samples, as shown by the plots,
which were fitted using eqn (S3)7 as represented by the curves with
respect to (a) SHA-20, (b) Synomag®-D, and (c) Resovist®. The viscosity
in the liquid sample was adjusted to 0.89, 5.4, and 12.4 mPas.
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Fig. 3 Distribution of the magnetic relaxation time estimated from the
magnetic relaxation process shown in Fig. 2 using egn (S3),1 as rep-
resented by the solid curves, which were fitted to a lognormal distri-
bution from 100 ns to 1s at each characteristic peak, as shown by the
dotted curves for (a) SHA-20, (b) Synomag®-D, and (c) Resovist®.
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Fig. 4 Peak values of the relaxation time distributions determined in
liquid and solid samples using the lognormal distribution in Fig. 3,
shown by plots and dotted lines, respectively, with respect to (a)
SHA-20, (b) Synomag®-D, and (c) Resovist®. The theoretical 7 calcu-
lated using eqn (2), is shown by the dotted curves.

tributions shown for the solid samples were derived from Néel
relaxation because particle rotation was inhibited.

In SHA-20, the relaxation time distribution was divided into
two distributions of D.; and D., in the liquid samples, and
four distributions of D.;, D;,, D.3, and D., in the solid
sample by fitting them to the lognormal distribution, as
shown in Fig. 3a. In the liquid samples, 7pcak in D, , increased
with 7. By contrast, 7peax in D;; was not affected by 5. The
theoretical curve was close to the approximated curve of 7peax
in D, in the liquid samples, as shown in Fig. 4a (R* = 0.946).
Furthermore, the estimated hydrodynamic diameter dy s Was
62.9 nm, which was close to the measured dy prs.

These observations indicated that D , in the liquid samples
was derived from Brownian relaxation. 7peax in D in the
liquid samples, which was approximately identical to 7peak in
D, in the solid sample, was derived from Néel relaxation. In
addition, these were longer than those in the solid samples
owing to the influence of particle rotation as the initial
response in the Brownian relaxation. The relaxation time dis-
tribution in the solid samples exhibited multiple peaks,
despite the sharp diameter distribution observed in the TEM
images (see Fig. 1d) and in the DC magnetization curves (see
Fig. 1j). This suggests that the magnetic anisotropy in SHA-20
could vary, possibly owing to the heterogeneous particle aggre-
gation impacted by surface modification. The distribution
density of aggregated particle counts, as analyzed from the
TEM image and as shown in Fig. S11,f supports this
hypothesis.

In Synomag®-D, the relaxation time distribution was
divided into D.; and D., with = 0.89 mPa s; D ;, D, and
D, ; with n = 5.4 mPa s and 5 = 12.4 mPa s; and D, 4, D;,, D- 3,
and D, 4 in the solid sample by fitting using the lognormal dis-
tribution (see Fig. 3b).

Tpeak 1N Dy o With 17 = 0.89 mPa s and 7peax in Dy 3 with 7= 5.4
and 12.4 mPa s were close to 7peak in D; 3 in the solid sample.
AlSo, Tpeak in D ; with 7 = 0.89 mPa s and 7,eqk in D, , With 7 =
5.4 and 12.4 mPa s were close tO Tpea in D, in the solid
sample. Again, 7peax in Dy with # = 5.4 and 12.4 mPa s were
close to 7peax in D;; in the solid sample. These peaks were con-
sidered to be dominantly derived from Néel relaxation. In
addition, 7peak in the liquid samples was not proportional to
the viscosity, despite M. in the liquid being sufficiently

This journal is © The Royal Society of Chemistry 2025
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larger than that in the solid (see Fig. 2), presumably due to the
particle rotation, which is conventionally affected by the vis-
cosity. This contradiction was due to the specific magnetic
relaxation mechanism discussed in Section 3.4. In the solid
samples, 7y was typically shorter than ~10 ns. However, the
distributions from the TEM images (see Fig. 1e) and DC mag-
netization curves (see Fig. 1k) indicated particle diameters of
predominantly 20-30 nm, with 7y exceeding 10 ns. This
finding suggests that the magnetization of core particles
(10-15 nm) in multicore particles may occur primarily with 7
shorter than 10 ns.

In Resovist®, the 7peax values in D ,, D; 4, and D, ; with 5 =
0.89, 5.4, and 12.4 mPa s were longer than the theoretical 73
calculated at diprs = 53.8 nm. Furthermore, the 7peqx values
were proportional to 5, as shown in Fig. 4c, indicating their
association with Brownian relaxation at dyese = 96.9 nm (R* =
0.998).

By contrast, the Brownian relaxation derived from dy prs =
53.8 nm presumably occurred because the magnetization dis-
tribution Mp,,dm - at the theoretical 7 was sufficiently large.
Considering the Brownian relaxation derived from dy prs and
diest, the distribution of dy in Resovist® was relatively more
comprehensive than in both SHA-20 and Synomag®-D, which
indicates the limitation of the spherical approximation for
hydrodynamic structures.

Tpeak i D ; in the liquid was close to 7peax in Dr; in the
solid, owing to the dominance of Néel relaxation, which indi-
cates that the particles in Dg; in Fig. 11 dominantly rotated
with Néel relaxation. Because the 7pe.x values in D, with 5 =
0.89 mPa s, D, , with # = 5.4 mPa s, and D, ; with n = 12.4 mPa
s were proportional to the viscosity, the relatively large par-
ticles in Dy, in Fig. 11 dominantly rotated with Brownian relax-
ation. The dominance of Néel relaxation in smaller particles
and that of Brownian relaxation in larger particles in Resovist®
particles was also observed in ref. 44. On the other hand, it is
also worth noting that it is difficult to determine the threshold
of the core particle size when the dominant relaxation mecha-
nisms changes. Here, 7peak in D. 3 with # = 5.4 mPa s was close
to both the theoretical 75 and 7peax in D-, in the solid, demon-
strating the contribution of both Néel and Brownian relax-
ations. By contrast, Tpeak in Dy, with # = 12.4 mPa s was close
to only 7peak in D, in the solid, because only Néel relaxation
occurred when 7p increased with a high #. Néel relaxation was
more significant with increasing » because 7z was long com-
pared to 7y, in accordance with the conventional theory of the
effective relaxation time shown by eqn (3). The MNPs with a
relaxation time corresponding to D, , in n = 5.4 mPa s were pre-
sumably distributed in the broad D.; at #n = 0.89 mPa s and
D, aty=12.4 mPas.

3.3 Magnetization dynamics under AC magnetic fields
dependent on the particle structure

Fig. 5 shows the real and imaginary parts of the susceptibility,
¥ and y", respectively, measured under AC magnetic fields in
n = 0.89 and 5.4 mPa s and solid samples. In addition, ' and
x" were calculated from the magnetic relaxation time distri-
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Fig. 5 AC susceptibility calculated from the magnetic relaxation time
distribution shown in Fig. 3 using egn (4) and (5), as represented by the
solid curves, with respect to (a) SHA-20, (b) Synomag®-D, and (c)
Resovist®. The plots show the measured AC susceptibility from 100 Hz
to 1 MHz for = 0.89 and 5.4 mPa s in the solid samples.

bution (see Fig. 3) based on the Debye model given by eqn (4)
and (5).

The measured and calculated y' and " agreed at # = 0.89
and 5.4 mPa s. In addition, the frequency in the local
maximum peaks of " observed in the 100 Hz to 10 kHz range
was proportional to  in SHA-20 and Resovist®, but was not
proportional to x# in Synomag®-D. These results corresponded
to the magnetic relaxation time distribution trend shown in
Fig. 3 and 4.

In the solid, particularly with respect to Resovist®, although
the measured and computed y’ agreed with each other, the
measured y” was smaller than the calculated »”. The magnetic
relaxation time for the small d. components included in Dg,
(see Fig. 11), which was shorter than the transition time of the
applied magnetic field, was estimated as a longer relaxation
time compared to the actual value in Resovist®. This limitation
decreased the peak frequency of the calculated " compared to
the measured y”, increasing the y” calculated using eqn (5).

In SHA-20, 94% of the magnetic relaxation process in the
solid occurred at 200 ms. Some uncertain components derived
from the remaining 6% magnetization caused the slight dis-
agreement between the measured and calculated y” in the solid.

3.4 Model of the complex magnetic relaxation dependent on
the particle structure

Under a zero magnetic field, the easy axis inherent in the par-
ticle body and magnetization were simultaneously disturbed
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by the thermal energy in the liquid. In SHA-20, the magnetiza-
tion was rotated along the easy axis under the applied mag-
netic field (see Fig. 6a). Magnetic relaxation in the liquid
samples was derived from the physical rotation of the particles
defined as Brownian relaxation when 7z < 7y, where the
dynamic magnetization response was controlled by dy and .
In addition, the magnetic torque acting on the magnetization
was transmitted to the particle body owing to the large braking
torque.”

In the solid or liquid samples with an extremely high #, the
magnetization rotation was limited owing to K. By contrast,
the magnetization rotation constraint of the easy axis was rela-
tively weak in Synomag®-D owing to the behavior of the core
particles in the multicore structure under the case of a zero
magnetic field. The thermal energy in the liquid disturbed the
easy axis and magnetization almost independently. When the
magnetic field was applied, the magnetization was first rotated
by Néel relaxation. The easy axis was rotated second (see
Fig. 6b) owing to the significant MNP components with a con-
siderable anisotropy energy K.V, which was sufficient to
transmit the magnetic torque acting on the magnetization to
the particle body when 7y < 7g. This two-step motion, deter-
mined by balancing the friction and braking torques, was
repeated by promoting the magnetization occurring at 7y < 73,
as shown in Fig. 3 and 4; in particular 7pea in Dy in SHA-20
and 7pear in Dy and D, in Synomag®-D in the liquid sample.

It is challenging to represent this phenomenon using the
conventional theory of the effective relaxation time. However,
it could be observed that the dynamic orientation of the easy
axis towards the applied magnetic field gradually promoted
magnetization, owing to the effective decrease in K.iVy.'®
Moreover, decreasing the Mp,dy,. When the relaxation time
was long with increasing # reflected the reduced contribution
of particle rotation to magnetization as the gap between 7y
and 7 increased under the case of 7y < 5.

Without magnetic field Under H(t)
Easy axis
Magnetization Thermal Magnetic field '

(@) ,% disturbance
R

-

Magnetization strongly * : .
&, ] . * Brownian’Tel n
2 bound with easy axis * ewnigyT relaxatio

L

.’ Thermal
%ismrbance

“ Magnetization slightly

& s bound with easy axis
- .
.

Rotation following
4 magnetization

(b)

Neel relaxation

Fig. 6 Models illustrating the mechanism of magnetic relaxation when
(a) the magnetization is strongly bound to the easy axis by high an-
isotropy energy in the ferromagnetic regime, and (b) the magnetization
is slightly bound to the easy axis by low anisotropy energy.
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3.5 Mechanism of the Néel relaxation process dependent on
the anisotropy energy and attempt time

With respect to all the tested MNPSs, 7pcqx in the solid samples,
as shown in Fig. 4, was assumed to be associated with the rela-
tively large dc included in D ,, as shown in Fig. 1. Meanwhile,
K.t was obtained by dividing the component of Vy,; calculated
from the peak value of dc, dcpeak in Dg, by applying the
spherical approximation from K.gVy calculated from the 7,c,xk
values in the solid shown in Fig. 4 using eqn (1), because only
Néel relaxation occurred in the solid. Fig. 7 shows the K.
values estimated using eqn (1) at various 7z, for each particle,
indicating the significant impact of 7, for estimating Keg.

When 7, = 107° s, for SHA-20, the averaged K., Kegiry in all
the peaks of 7.4 k] m~> (see Fig. 7a) was similar to that as ana-
lyzed from the blocking temperature in ref. 7. The K. in
SHA-20 was relatively large compared to the 2.4 k] m™> and
3.0 k] m™ values estimated for Synomag®-D and Resovist®
(see Fig. 7b and c), respectively.

By contrast, in Synomag®-D, the area enclosed by the DC
magnetization curves in the liquid and solid samples as 0.015
was larger than that in SHA-20 as 0.013 (see Fig. 8a), which
indicates that K.V in Synomag®-D was larger than that in
SHA-20, as shown by Brownian relaxation occurring owing to
the magnetization being pinned to the easy axis.

The dependence of K.gVy on the particle structure esti-
mated from the static magnetization response contradicted
that calculated from the magnetic relaxation time based on
the dynamic magnetization response at constant z,. This indi-
cates that 7, was dependent on the particle structure, as shown
in Fig. 8a. For Synomag®-D, 7, was relatively short with a large
K.sVy because 7y was dominantly distributed below ~107° s
which is a shorter timescale compared with that of SHA-20, as
shown in Fig. 3.

Besides, the coercivity of the DC magnetization curves in
Synomag®-D was comparatively small under the case of a zero
magnetic field (see Fig. S127), although K.¢Vy in Synomag®-D
was larger than that in SHA-20. In Synomag®-D, the core par-
ticles included in the multicore structure were first magnetized
by 7x of approximately less than 10 ns. The magnetization of
the effective core particles that were thermally disturbed under
a zero magnetic field was generated by the partial alignment
of the core particles (see Fig. 8b). The K.V value for
Synomag®-D increased after the formation of effective an-

(a) SHA-20 (b) Synomag®-D (c)Resovist®

Dusp, | 6

D5 Dog Dys |
17.4 kJIm3 :

WL

Ko [kJIm?]

o

0 ! 0 . | 0 i
10" 107 10° 10° 10" 100 10 10 10" 1070 10? 10°
T [s]

Fig. 7 Effective anisotropy constant K¢ estimated at various 7o using
eqn (1) for each relaxation time distribution in (a) SHA-20, (b)
Synomag®-D, and (c) Resovist®.
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Fig. 8 (a) Phase diagram of the particle structures illustrated by 7y

dependent on K+Vu and 7o calculated from eqn (1). The areas enclosed
by the DC magnetization curves in the liquid and solid samples were
0.013 in SHA-20 and 0.015 in Synomag®-D. The magnetic field H and
magnetization M were normalized by their maximum values, Hy.x and
Mmax respectively. (b) Transition of the magnetization state of the core
particles included in a multicore particle, dependent on the applied
magnetic field strength in Synomag®-D.

isotropy within the multicore structure, which occurred during
magnetic relaxation, as shown by the complex 7y distribution
over the wide time range (see Fig. 3b in solid).

Further estimation of 7, in future studies will provide more
insights into the magnetization mechanisms within multicore
structures, particularly in relation to the behavior of the core
particles.

4 Conclusion

The widely distributed magnetic relaxation time of MNPs was
empirically estimated from a magnetic relaxation process to be
substantially fast compared to an applied pulsed magnetic
field in the 20 ns to 200 ms range.

With respect to the single-core MNPs of SHA-20, a relax-
ation time proportional to the viscosity in accordance with the
conventional theory of Brownian relaxation was dominantly
observed in the liquid. When the Brownian relaxation time
was substantially shorter than the Néel relaxation time, owing
to the large anisotropy energy, Brownian relaxation dominantly
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occurred in the liquid in accordance with the conventional
theory of the effective relaxation time.

By contrast, in the multicore MNPs of Synomag®-D, the dis-
tribution of the magnetic relaxation time associated with par-
ticle physical rotation without proportionality to the viscosity
was confirmed in a fluid system. This phenomenon, which is
difficult to explain using the theory of the effective relaxation
time, was caused by repeating the two-step motion due to the
balance between the friction and braking torques when the
Néel relaxation time was shorter than the Brownian relaxation
time. In addition, the conflicted phenomenon of a relatively
large anisotropy energy and small coercivity in the DC magne-
tization curve was observed, which could be explained by the
two different magnetization responses in individual core par-
ticles around the zero magnetic field and in the effective core
particles formed by the core particles aligning under the mag-
netic field. The measurement based on static and dynamic
magnetization responses indicated a shorter attempt time and
larger anisotropy energy in Synomag®-D compared to those in
SHA-20.

This indicated that the magnetization response could be
universally determined by the effective magnetization para-
meters associated with the particle structure. On the other
hand, the relationship between the effective magnetization
parameters and particle structure was unrevealed, which is
one of key factors for improving the performance when design-
ing MNPs for use in biomedical applications, such as cancer
theranostics.

In future work, it is necessary to enlarge the measurement
period limited by the transition time of the applied magnetic
field and the sensitivity of the detection coil to investigate
specific magnetic relaxation mechanisms influenced by the
structure of MNPs.
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