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Since the pioneering work of Stoner and Wohlfarth over
six decades ago, the behavior of magnetic single (or mono)
domain particles has held enormous fascination. Magnetiza-
tion reversal in such single domain particles occurs often via
coherent rotation of spins. As a consequence of this rotation
mechanism, magnetic nanoparticles show high coercivities,
which lie between those of soft and hard permanent magnetic
materials. The ability to control the magnetism in these
types of particles makes them very attractive for applications,
for example, in information storage. Moreover, the research
on magnetic nanoparticles has raised hopes for applications
in the fields of biology and medicine, for example, drug-
targeting, cancer therapy, lymph node imaging, hyperther-
mia, and so forth.

Detailed information on the properties of single domain
nanoparticles is needed before making use of these nanopar-
ticles for any applications. Also the synthesis of such particles
by reproducible means is of great importance. The superspins
of single-domain particles fluctuate on the timescale mod-
elled within the Néel-Brown theory. The superspins undergo
so-called blocking in an ensemble of magnetic nanoparticles
with dilute concentration, namely, where inter-particle inter-
actions are negligible. However, in dense ensembles, inter-
action effects lead to collective states such as superspin glass
and superferromagnetism. Several reports on these subjects

as well as on superparamagnetism in the very dilute limit
have been made in the last decade. This special issue focuses
on the preparation, characterization, structural and magnetic
properties, and various possible applications of magnetic
nanoparticles. It was our hope that it will become an impor-
tant international platform for researchers to summarize the
most recent progress and to exchange ideas in the field of
magnetic nanoparticles.

This special issue comprises three review articles. The
article by H. Mamiya gives a comprehensive review on
progress in understanding the heat dissipation mechanisms
of magnetic nanoparticles under large magnetic fields. It
also discusses the potential of magnetic nanoparticles in
targeted hyperthermia treatment. The review article by S.
Morup et al. outlines realistic models and also experimental
studies on spin canting in magnetic nanoparticles. The third
review paper written by the editors of this special issue gives
a detailed review of various important aspects related to
research on magnetic nanoparticles.

The remaining articles in this special issue are research
articles, which present selected aspects in reference to syn-
thesis, characterization and also applications of magnetic
nanoparticles. The article by Uhm and Rhee explains the
synthesis and magnetic properties of Ni and carbon coated
Ni by a levitational gas condensation method. The article



by Singh et al. shows the study of the magnetic properties
of indirect exchange spring-type FePt/M(Cu,C)/Fe trilayered
thin films. Kfistan et al. have studied the preparation of
bentonite/iron oxide composites and characterized them by
nuclear magnetic resonance (NMR) and Mossbauer spec-
troscopy. The article by Quy et al. shows the results on
the synthesis of silica-coated Fe;O, nanoparticles and their
application in the detection of pathogenic viruses. Prodan et
al. have studied biological properties of iron oxide nanopar-
ticles, which are obtained in an aqueous suspension. The
article by Sato et al. reports on atomic structure imaging of
epitaxial L1,-type CoPt nanoparticles using chemically sen-
sitive high-angle annular dark-field scanning transmission
electron microscopy. Fe;O, nanoparticles and nanowires
and their magnetorheological (MR) properties are studied in
an article by Rwei et al. The same authors present another
study devoted to MR properties of polydimethylsiloxane
containing powders of Fe;O, and CoFe,O, nanoparticles
with various shapes and at different compositions and con-
centrations.
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Nanomagnetically labeled immunoassays have been demonstrated to be promisingly applied in clinical diagnosis. In this work, by
using antibody-functionalized magnetic nanoparticles and a high-temperature superconducting quantum interference device ac
magnetosusceptometer, the assay properties for vascular endothelial growth factor (VEGF) in serum are investigated. By utilizing
the assay method so-called immunomagnetic reduction, the properties of assaying VEGF are explored. In addition, the VEGF
concentrations in serum samples of normal people and patients with either colorectal or hepatocellular cancer are detected. The
experimental results show that the low-detection limit for assaying VEGF is 10 pg/mL, which is much lower than the clinical cut-off
VEGF concentration of 50 pg/mL for diagnosing malignancy. Besides, there are no significant interference effects on assaying VEGF
from hemoglobin, conjugated bilirubin, and triglyceride. The VEGF concentrations in serum samples donated by normal people
and patients with hepatocellular carcinoma or colorectal cancer are detected. A clear difference in VEGF concentrations between
these two groups is found. These results reveal the feasibility of applying nanomagnetically labeled immunoassay to clinics.

1. Introduction

Early-stage diagnosis is the trend for in vitro diagnosis.
For immunoassay, the important requirements with early-
stage diagnosis are the abilities to assay the ultra-low-
concentration biomarkers. One of the categories in the early-
stage immunoassay is the screening of malignancy. The
biomarker for malignancy is vascular endothelial growth
factor (VEGF) [1-4]. In clinics, the cut-off concentration for
VEGF is 50 pg/mL. This means the VEGF concentration in
the noncancer population is lower than 50 pg/mL [5, 6]. Thus,
the low-detection limit of assay kits for VEGF would be better
to be lower than 5 pg/mL, or even down to sub-pg/mL.

One popular method to assay VEGF is the so-called
enzyme-linked immunosorbent assay (ELISA) [7-9]. How-
ever, it is difficult to detect VEGF at low concentrations, such
as tens of pg/mL, using ELISA. Further, it requires much
time and skill. The results from ELISA tend to be confounded
by hemolysis or jaundice, and these phenomena are very
common in the blood of cancer patients [10]. Hence, ELISA
is usually used to diagnose mild to serve malignancy, not for
early-stage diagnosis.

Some of the coauthors developed assay technologies
for quantitatively detecting ultra-low-concentration bio-
molecules [11, 12]. This technology is referred to as SQUID-
based immunomagnetic reduction (IMR), where SQUID is



the abbreviation for superconducting quantum interference
device. It was demonstrated that the low-detection limit of
SQUID-based IMR to assay fB-amyloids is around pg/mL
[13, 14]. Thus, it can hopefully be applied to SQUID-based
IMR for the quantitative detection of ultra-low-concentration
VEGE This motivates us to characterize the assay of VEGF
using SQUID-based IMR.

The detailed physical mechanism of IMR is reported in
[15]. Instead of tedious theoretical discussion, phenomeno-
logical explanations for IMR are given here. IMR is such
a method as assaying target molecules via measuring the
reduction in the mixed-frequency magnetic susceptibility
of the magnetic reagent owing to the association between
magnetic nanoparticles and target molecules, as illustrated in
Figures 1(a) and 1(b). Under external multiple ac magnetic
fields, magnetic nanoparticles oscillate with the multiple ac
magnetic fields via magnetic interaction. Thus, the reagent
under external multiple ac magnetic fields shows a magnetic
property, called mixed-frequency ac magnetic susceptibility
Xac» s illustrated in Figure 1(a). Via the antibodies on the
outmost shell, magnetic nanoparticles associate with and
magnetically label biotargets. With the association, magnetic
nanoparticles become larger or clustered, as schematically
shown in Figure 1(b). The response of these larger mag-
netic nanoparticles to external multiple ac magnetic fields
becomes much less than that of originally individual mag-
netic nanoparticles. Thus, the y,. of the magnetic reagent is
reduced due to the association between magnetic nanoparti-
cles and biotargets. In principle, as the amounts of biotargets
are reduced, fewer magnetic nanoparticles become larger or
clustered. The reduction in y,  of the reagent is depressed.
Once the reduction in y,  is depressed to be lower than the
noises of y,. of the reagent, the assay result becomes negative.
To achieve highly sensitive detections, it is preferred to utilize
a detection module with low noise and high sensitivity to y,.
signals. This is why SQUID is used for IMR because it is a
more sensitive sensor of magnetic signals.

In this work, SQUID-based IMR is applied to explore
the low-detection limit for assaying VEGF. In addition, the
interferences by several materials such as hemoglobin, biliru-
bin, and triglyceride to the assays of VEGF are investigated
for SQUID-based IMR. These results are compared with
those done via ELISA. Finally, the VEGF concentrations in
human serum from patients with hepatocellular carcinoma
or colorectal cancer, as well as normal people, are detected
using SQUID-based IMR.

2. Materials and Methods

The magnetic reagent used here is magnetic nanoparticles,
which are biofunctionalized with antibodies against VEGF
(anti-VEGF), and dispersed in pH 7.4 phosphate buffered
saline solution (MF-VEG-0060, MagQu). The magnetic core
of the particles is Fe;O,. The Fe;O, cores are individually
enveloped with dextran. The size distribution of dextran-
coated Fe;O, particles was detected by dynamic laser scat-
tering (Nanotrac-150, Microtrac). The results are shown in
Figure 2(a). The mean diameter was found to be 49.7 nm.

Journal of Nanomaterials

Through chemical reactions, anti-VEGF is covalently bound
with dextran [16, 17]. By using dynamic laser scatter-
ing (Nanotrac-150, Microtrac), the diameter distribution of
the biofunctional magnetic nanoparticles was measured, as
shown in Figure 2(b). The mean diameter of the biofunc-
tionalized Fe;O, nanoparticles is 57.2nm. The stability of
magnetic reagent stored at 2-8°C is examined by analyzing
the time-evolution mean value of the hydrodynamic diameter
of particles. The results are shown in Figure 3 and reveal that
the hydrodynamic diameter of particles remains unchanged
for 36 weeks. This implies that there is no agglomeration
of particles in the reagent stored at 2-8°C for 36 weeks.
The magnetic hysteresis curve of the magnetic reagent was
measured with a vibrating sample magnetometer (HyterMag,
MagQuy), as shown in Figure 4. The saturated magnetization
of the magnetic reagent is 0.3 emu/g, corresponding to the
particle concentration of 10'* particles/mL. Besides, the
magnetic reagent shows superparamagnetism.

60 yuL magnetic reagent was thoroughly mixed with the
60 uL sample solution in a glass tube. The y,. signal, x, .
of the mixture before the formation of immunocomplex of
VEGF-magnetic-nanoparticles was recorded using a mag-
netic immunoassay analyzer (XacPro-S, MagQu). Then, the
mixture was kept at room temperature for the formation
of VEGF-magnetic-nanoparticles, followed by recording the
Xac signal, X,y of the mixture. It usually takes 3 hours
for finishing the formation of VEGF-magnetic-nanoparticles.
With the measured x,., and x, 4, the IMR signal can be
obtained via

(Xac,o - Xac,qS)

ac,o

IMR (%) = x 100%. €]

For a given sample solution, the sample was divided into
three parts for the triple tests of IMR signals. With the three
individual IMR signals, the mean value and the standard
deviation of the IMR signals were calculated. To build the
characteristic curve, that is, the relationship between the
IMR signal and VEGF concentration, various amounts of
VEGF (PEP400-31-10, PeproTech) were added to the PBS
solution, followed by measuring the IMR signals for these
VEGF solutions.

As to the human serum, the ,, and x, ¢ of the mixture
of 60 yL serum and 60 4L magnetic reagent were detected
using a magnetic immunoassay analyzer (XacPro-S, MagQu).
Thus, the IMR signals can be obtained via (1) for human
serum.

VEGEF levels were detected using the Quantikine Human
VEGEF-ELISA kit (R&D Systems, Minneapolis, MN) [18].
100 uL of rat serum and serially diluted standard solutions
(VEGF) were added to 96-well microtiter plates precoated
with murine anti-VEGF monoclonal antibodies and incu-
bated at room temperature for 2 hours. After incubation,
200 uL of the secondary antibody, an enzyme-linked EGF-
specific polyclonal goat antibody, was added, and then,
incubation continued for 2 hours at room temperature.
Substrate solution was added, and the reaction continued for
30 minutes. The optical density at a 450 nm wavelength is
detected with an ELSIA reader.
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FIGURE 3: Time-evolution mean diameter of magnetic particles
biofunctionalized with anti-VEGF and dispersed in PBS solution.

3. Results and Discussion

The optical density (OD) as a function of the VEGF con-
centration detected via ELISA was characterized, as shown
with the crosses and the dashed line in Figure 5. The error
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FIGURE 4: Magnetic hysteresis curve of magnetic nanoparticles
functionalized with anti-VEGF and dispersed in PBS solution.

bars are the standard deviations of the triple-test signals.
It was found that OD almost remains constant as VEGF
concentration ¢y increases from 1pg/mL to 23.4 pg/mL.
As VEGF concentration ¢ypgr is higher than 46.9 pg/mL,
a significant increase in OD is observed. The low-detection
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FIGURE 5: VEGF concentration dependent IMR signals (dots with
the solid line) using immunomagnetic reduction (IMR) and OD
(crosses with the dashed line) using ELISA.

limit in OD can be obtained by the addition of triple standard
deviations (e.g., 3-sigma criterion) to the OD at low VEGF
concentrations. The OD at 23.4 pg/mL VEGF is 0.160, and its
standard deviation is 0.009. The low-detection limit in OD
is (0.160 + 3 x 0.009)% = 0.187%, which is very close to the
OD at 46.9 pg/mL VEGE, that is, 0.185. This implies that the
low-detection limit for assaying VEGF via ELISA is around
50 pg/mL. However, the cut-off concentration for VEGF in
clinics is 50 pg/mL. The results shown by the dashed line in
Figure 3 reveal that the ELISA is not sensitive enough to assay
VEGF for patients in early-stage malignancy.

SQUID-based IMR is applied to characterize the VEGF
concentration dependent IMR signals. The results are shown
by the dots in Figure 5. The error bar at each VEGF con-
centration is the standard deviation of the triple-test IMR
signals. Clearly, there is no difference in IMR signals (~3.2%)
for ¢ypge being 1 and 5 pg/mL. For ¢ypgr being 10 pg/mL,
the IMR signal (~3.5%) definitely deviates from that of
¢ypgr being 1 or 5pg/mL. The low-detection limit in IMR
signals can be obtained by adding triple standard deviations
(e.g. 3-sigma criterion) to the IMR signals at low VEGF
concentrations. According to Figure5, the IMR signal at
5 pg/mL VEGF is 3.20%, and its standard deviation is 0.08%.
The low-detection limit in IMR signal turns to (3.20 + 3 x
0.08)% = 3.44%., which is slightly lower than the IMR
signal at 10 pg/mL VEGE, that is, 3.46%. Therefore, the low-
detection limit for assaying VEGF using SQUID-based IMR
is 10 pg/mL, which is lower than the clinical cut-off VEGF
concentration 50 pg/mL. Hence, SQUID-based IMR would
be good for early-stage diagnosis of malignancy.

As the VEGF concentration keeps increasing from
10 pg/mL, the IMR signal also increases and becomes sat-
urated as the VEGF concentration is over 1000 pg/mL.

Journal of Nanomaterials

The VEGF concentration dependent IMR signals in Figure 3
exhibit such behavior of logistic function. Consider

A-B

IMRE%) = 1+ ((/)VEGF/(/SO)V v

2)

where A, B, ¢,, and y are fitting parameters. By fitting dots in
Figure 3 to (2), A was found to be 3.05, B was 5.56, ¢, equaled
98.84, and y was 0.74. The fitting curve of (2) is plotted by
the solid curve in Figure 5. The coeflicient of determination
R* between the dots and the solid line is 0.993, denoting a
high consistency between the experimental data (dots) and
the fitting curve (solid line).

Note, the value of A in (2) corresponds to the IMR
signal at zero VEGF concentration. Theoretically, the value
of A should be zero. However, due to noises in the mixed-
frequency ac magnetic susceptibility y,., a nonzero IMR
signal is resulted, even if there is no VEGF molecules in the
tested sample. Hence, the value of A in (2) is not zero. The
noises are attributed from two main factors. One factor is the
electric noise generated by the immunoanalyzer. The other
factor is referred to as bioreaction noise, which results from
the dynamic balance of the association/dissociation between
VEGF molecules and anti-VEGF functionalized magnetic
nanoparticles.

For serum, there might be interfering materials due
to hemolysis, jaundice, or hypertriglyceridemia, such as
hemoglobin (Hb), conjugated bilirubin (C-BL), or triglyc-
eride (TG). It is necessary to clarify the interference effects
of these materials on assaying VEGE. Besides, biomarkers for
other cancers like hepatocellular carcinoma (HCC) or col-
orectal cancer (CRC) are included for the interference tests.
In clinics, the biomarker for HCC is alpha-fetoprotein (AFP),
while carcinoembryonic antigen (CEA) is the biomarker
for CRC. The cut-off concentrations for these interfering
materials are listed in Table 1. When someone’s serum con-
tains a certain biomarker concentration exceeding its cut-
off value, he or she is suffering from the corresponding
disease. For example, if someone’s serum contains Hb higher
than 500 ug/mL, say 600 yug/mL, he or she is suffering from
hemolysis. Table1 shows that the concentrations of these
interfering materials used for the interference tests are much
higher than the cut-off concentrations. For comparison, the
interference tests for VEGF were done using ELISA and IMR,
respectively.

The 100 pg/mL VEGF solutions without or with interfer-
ing materials are used as test samples. The optical densities
(OD) for these solutions are detected using ELISA and are
plotted in Figure 6(a). The data of these ODs are listed in
Table 2. In the experiment, the sample without interfering
material (labeled with “None” in Figure 6(a)) is used as a
reference. The OD of the reference sample was observed to
be 0.31 + 0.01. The samples with 1000 pg/mL Hb, 10 yg/mL
C-BL, and 2000 ug/mL TG show distinctly higher OD’s as
compared to that of the reference sample, while the sample
with 100 ng/mL AFP shows differentially lower OD. These
results reveal the significant interference by biomolecules of
Hb, C-BL, TG, and AFP for assaying VEGF using ELISA.
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TaBLE 1: Clinical cut-off concentrations and used concentrations in this work for interference tests due to hemoglobin (Hb), conjugated
bilirubin (C-BL), triglyceride (TG), alpha-fetoprotein (AFP), and carcinoembryonic antigen (CEA).

Disease Hemolysis  Jaundice Hypertriglyceridemia Hepatocellular carcinoma Colorectal cancer
Biomarker (as interfering material) Hb C-BL TG AFP CEA
Cut-off concentration 500 ug/mL 2 pug/mL 1500 pg/mL 20 ng/mL 5ng/mL
Concentration used for interference test 1000 yg/mL 10 ug/mL 2000 pg/mL 100 ng/mL 10 ng/mL

As to the interference tests for IMR, the IMR signals for
these VEGF solutions without or with interfering materials
are detected and shown in Figure 6(b). One more interfering
material, 1% bovine serum albumin (BSA), is used for the
interference tests for IMR. The IMR signal for the reference
sample, which consists of pure 100 pg/mL VEGE, was found
to be (4.30 + 0.11)%. The IMR signals of the other samples
with interfering materials are listed in Table 2. There is hardly
any difference in IMR signals between the samples with
interfering material and the reference sample. A quantitative
analysis of the consistency in IMR signals between samples
with interfering materials and the reference sample was done

through ¢-test statistic analysis. A quantity, P value, was cal-
culated for the consistency in IMR signals between samples
with interfering materials and the reference sample, as labeled
in Figure 6(b). It was found that all P values are higher than
0.05, meaning that there was no significant difference in IMR
signals for VEGF solutions without interfering materials as
compared to that of the pure VEGF solution.

In addition to the high specificity of antibodies against
VEGF molecules, there are two important factors relevant to
the high specificity in assaying VEGF using IMR. The first
factor is that the signals detected using IMR are magnetic
instead of optical for ELISA. The colors due to Hb, C-BL, or
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TABLE 2: Experimental data of ODs and IMR signals for the interference tests using ELISA and IMR, respectively. The results are plotted in

Figures 6(a) and 6(b).

Interfering material None Hb C-BL

TG AFP CEA BSA

OD 0.31+0.01 0.62 +£0.15
IMR signal (%) 430+0.11 4.40 £ 0.07

0.38 £ 0.008
4.32+0.07

0.37 £ 0.02 0.29 +0.008 0.29+0.01 —
4.42 +0.10 4.26 £ 0.07 4.15+0.09 4.28 £ 0.08

TG seriously affect the optical signals for ELISA but do noth-
ing to with magnetic signals for IMR. The second factor is the
suppression of nonspecific binding between antibodies and
interfering molecules. Briefly speaking, the bound molecules
with antibodies on magnetic particles experience centrifugal
force because of the rotation of particles under external ac
magnetic fields. The centrifugal force is enhanced under
higher rotating frequencies. However, the binding force
between anti-VEGF and non-specific molecules is weaker
than that between anti-VEGF and specific molecules, that is,
VEGF molecules. Thus, by suitably adjusting the frequencies
of the external magnetic fields, the centrifugal force is strong
enough to break out the binding between anti-VEGF and
non-specific molecules but still weaker than the binding force
between anti-VEGF and VEGF molecules. Therefore, the
non-specific binding can be significantly depressed in IMR.
Other examples for demonstrating the depression in the non-
specific binding by adjusting the frequencies of the external
magnetic fields are reported in [19].

With the relationship between the IMR signals and VEGF
concentration, that is, IMR(%)-¢yggp curve, in Figure 5, the
VEGF concentrations ¢ypgr in human serum are detected
using IMR. The serum can be categorized into three groups.
The first group is sixteen serum samples from people without
tumors, denoted as the normal group. The second group is
sixteen serum samples from patients with HCC, referred to
as the HCC group. The third group is sixteen serum samples
of patients with CRC, referred to as the CRC group. The
detected VEGF concentrations ¢ypgp using IMR for these
forty-eight serum samples are shown in Figure 7. It was found
that the ¢ypgp for normal group ranges from 9 to 40 pg/mL,
which is well below the cut-off concentration in clinics of
50 pg/mL. However, for either the HCC group or CRC group,
¢ypgr is much higher than 50 pg/mL. A clear difference in
the VEGF concentration in serum is obtained between the
normal group and cancer (HCC and CRC) group using IMR.

4. Conclusions

By utilizing magnetic nanoparticles biofunctionalized with
anti-VEGF and the SQUID-based mixed-frequency ac mag-
netosusceptometer, the assay properties for VEGF using
immunomagnetic reduction (IMR) technologies are investi-
gated. The SQUID-based IMR shows an ultra-low detection
limit and nonsignificant interference for assaying VEGE
Further, there is a clear difference in the detected VEGF
concentration in the serum between the normal group and
the cancer group with hepatocellular carcinoma or colorectal
cancer. These results demonstrate the feasibility of achieving
clinically high sensitivity and high specificity for diagnosing

10000
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RN X
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1 | | |
Normal HCC CRC

FIGURE 7: Detected VEGF concentrations in serum using SQUID-
based IMR for normal people and patients with hepatocellular
carcinoma (HCH) or colorectal cancer (CRC).

malignancy by assaying VEGF in serum using SQUID-based
IMR.
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We report the investigation of temperature dependent magnetic properties of FePt and FePt(30)/M(Cu,C)/Fe(5) trilayer thin films
prepared by using magnetron sputtering technique at ambient temperature and postannealed at different temperatures. L1,
ordering, hard magnetic properties, and thermal stability of FePt films are improved with increasing postannealing temperature.
In FePt/M/Fe trilayer, the formation of interlayer exchange coupling between magnetic layers depends on interlayer materials
and interface morphology. In FePt/C/Fe trilayer, when the C interlayer thickness was about 0.5 nm, a strong interlayer exchange
coupling between hard and soft layers was achieved, and saturation magnetization was enhanced considerably after using interlayer
exchange coupling with Fe. In addition, incoherent magnetization reversal process observed in FePt/Fe films changes into coherent
switching process in FePt/C/Fe films giving rise to a single hysteresis loop. High temperature magnetic studies up to 573 K reveal
that the effective reduction in the coercivity decreases largely from 34 Oe/K for FePt/Fe film to 13 Oe/K for FePt/C(0.5)/Fe film
demonstrating that the interlayer exchange coupling seems to be a promising approach to improve the stability of hard magnetic
properties at high temperatures, which is suitable for high-performance magnets and thermally assisted magnetic recording media.

1. Introduction

The development of futuristic magnetic devices such as
biasing nanomagnets and exchange coupled nanocompos-
ite magnet in microelectromagnetic devices, and ultra-
high-density magnetic storage media, strongly depends on
progress of performance of hard magnetic thin films [1-3].
In order to improve the hard magnetic properties and to
attain large thermal stability, single domain magnetic parti-
cles with high magnetic anisotropy energy are indispensable
[4]. Hence, the single domain particles are of great inter-
est, and extensive research work has been carried out recently
to search for suitable thin films with magnetic alloys having
large magnetic anisotropy energy from the standpoint of high
density magnetic recording technology and permanent mag-
net applications [5-10]. It is well known that the permanent
magnet, an essential component in modern technology, is
an important magnetic material whose main application is

to provide magnetic fluxes and to be used as a magnetic
media. The key character is maximum high energy product,
which is markedly dependent on remanent magnetization
and coercivity (Hg). For instance, SmCo and NdFeB alloys
with complex crystal structures are widely being used as
permanent magnets with an idea of exchange coupling
between the transition metal and rare earth atoms with strong
uniaxial anisotropy [11, 12]. This provided a maximum
energy of 55 MGOe for an NdFeB alloy, while its theoretical
value is calculated to be 64 MGOe. Recently, L1, ordered
equiatomic Fe(Co)Pt alloy is also considered as one of the
most promising candidates for hard magnet applications
because of its extremely high magnetic anisotropy energy
(K, ~ 10® erg/cc). Since high K, materials can produce large
H, attempts were shown to fabricate FePt based alloys in the
form of chemically synthesized nanoparticles, isolated island
particles, epitaxially grown single crystal films, and granular
films [13-15]. Nevertheless, the maximum energy product in



thin films is limited by Mg, and hence the permanent magnet
with high-energy product is not available mainly because of
a trade-off in obtaining large H and high M.

On the other hand, Coehoorn et al. [16] and Kneller
and Hawig [17] proposed the exchange spring magnet, based
on an interfacial exchange coupling of two nanostructured
phases combining a hard magnetic material in order to
provide large H; and a soft magnetic material to provide high
Mg, as a way to create a next generation high performance
permanent magnet and magnetic recording media. Since
then many investigations have been carried out using various
hard (Sm-Co, FePt, and Co-Pt) and soft (Fe, Co, and Fe-
Co, Fe;Pt) ferromagnetic (FM) phases to achieve high energy
product [15, 18-27]. It has been predicted theoretically that
FePt based nanocomposite shows an energy product of 90
MGOe [28, 29]. However, a maximum energy product of
52.8 MGOe was achieved experimentally by Liu et al. [18]
in FePt/Fe;Pt nanocomposite thin film with rapid annealing
process. A careful review on FePt films reveals that these films
display large H (>30 kOe) in very thin island-like films and
particulate films [5, 30, 31], but H,, drops down drastically
when they become continuous [15, 32]. These results confirm
that FePt films with high L1, ordering show very high H
and the introduction of proper exchange coupling using soft
magnets should improve the high energy product.

Up to now most of the attempts in exchange spring have
been executed by coupling the soft FM phase directly to
the hard FM phase and studied the effects of bilayer and
multilayer structures and various heat treatment process on
the improvement of properties of nanocomposite magnets.
Recently, interlayer exchange coupling using two FM films,
hard and soft magnets, separated by a thin nonmagnetic layer,
resulting in an indirect exchange coupling between the FM
layers, was reported to construct an exchange spring [33]. The
advantages of such coupling are (i) coherent interface is not
necessary, and (ii) interface diffusion may not have serious
effects on the exchange coupling. Besides, to use as a desirable
magnet and for the application of high density magnetic
recording media, both intrinsic (high Mg, high Curie tem-
perature, and high K,) and extrinsic (high energy product,
high H, thermal stability, and corrosion stability) properties
should be characterized. However, no systematic investiga-
tions on the indirect exchange spring have been reported.
Since the fundamental magnetic properties of FePt films
are very sensitive to chemical ordering and microstructure,
thermal stability of FePt particles against temperature is also
expected to show strong dependence on chemical ordering.
Nevertheless, only a few reports have been published on the
role of chemical ordering on the thermal stability and high
temperature magnetic properties of FePt based single domain
particles [34, 35] and their applications in indirect exchange
spring nanocomposite magnets. Therefore, in this work, we
have studied (i) the effect of chemical ordering on the high
temperature magnetic properties of FePt polycrystalline films
fabricated on low cost substrates, (ii) the formation of inter-
layer exchange coupling in indirect exchange spring, and (iii)
their effects on the stability of magnetic properties at high
temperature, by fabricating FePt(30 nm)/M(x nm)/Fe(5 nm)
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nanocomposite thin films with Cu and C as a nonmagnetic
layer for the first time.

2. Materials and Methods

FePt films with various thicknesses ranging from 10 to 50 nm
were prepared by sputtering a high purity Fe target with Pt
pellets on it on low cost substrates. This gives a homogenous
single layer FePt film, and composition of FePt was optimized
by adjusting number of Pt pellets on Fe target. Thermally
oxidized Si and Si(111) wafers were used as substrates. All
the films were deposited at ambient temperature and postan-
nealed at high temperatures (450 and 550°C) for 45 minutes
under a high vacuum to induce face centered tetragonal (fct)
structure. The base pressure of the chamber was better than
3 x 107 Pa and the high purity argon of 10 mTorr for FePt
and Fe, 20 mTorr for C and 8 mTorr for Cu was flown during
the sputtering. A series of FePt(30 nm)/M(xnm)/Fe(5nm)
(M = Cu and C, and x = 0, 0.25, 0.5, 1, 2, and 4nm)
trilayer films were deposited by sputtering FePt, M, and Fe
targets at ambient temperature and postannealed at 550°C.
The nominal thicknesses of the FePt, M, and Fe films were
controlled based on precalibrated sputtering rates of the FePt,
M, and Fe, respectively. Crystal structure and film structure
were examined by X-ray diffraction (XRD) using a Rigaku
TTRAX diffractometer with Cu-K,, radiation (A = 1.5405 A)
and transmission electron microscopy (TEM). Composi-
tions, estimated using energy dispersive X-ray spectroscopy
attached to a scanning electron microscope (SEM, Leo
1430VP), were about Fe,, Pt for all the films. Room temper-
ature and temperature dependent magnetic properties were
analyzed by using vibrating sample magnetometer (VSM,
Model: Lakeshore 7410, USA) in the temperature range 300 K
to 800 K by measuring magnetic hysteresis (M-H) loops at
different temperatures.

3. Results and Discussion

3.1. Magnetic Properties of FePt Films. To optimize the mag-
netic properties and to study the thermal stability of single
layer FePt films, M-H loops were measured at room temper-
ature and at high temperatures. Figure 1 depicts the variations
of H(T) for FePt films with 30 and 50 nm thicknesses grown
on oxidized Si substrate at ambient temperature and annealed
at two different temperatures (450 and 550°C). (M-H) loops
measured at different temperatures for FePt(50 nm) film
annealed at 450°C are displayed in inset of Figure 1. It is clear
from the figure that room temperature magnetization of FePt
film obtained at 20 kOe field is around 530 emu/cc, which is
quite low as compared to its bulk value (M;-1140 emu/cc).
While the exact mechanism responsible for the pronounced
loss in saturation magnetization in FePt film is unclear, the
observed results can be attributed to one of the following
reasons: (i) the observation of nonsaturated hysteresis curve
for the applied field of 20 kOe, (ii) size dependent chemical
ordering in FePt films with different thicknesses [36-38], (iii)
incomplete structural phase transition from face-centered
cubic (fcc) structure in as-deposited film to fct structure
in annealed films [39], (iv) reduced magnetization on the
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FIGURE 1: (Color online) Variations of coercivity with temperature in the temperature range 300 K and 800 K for the FePt films prepared on
thermally oxidized Si substrates at ambient temperature and postannealed at different temperatures. Inset: Typical M-H loops obtained at
different temperatures between 300 K and 800 K for FePt(50 nm) film annealed at 450°C.

surfaces [38], and (v) the formation of magnetically deadlayer
at the substrate film interface or possible oxidation of the FePt
surface during post annealing process, resulting an overall
reduction in FePt film thickness [40]. Nevertheless, the
observed room temperature magnetization in the presently
investigated films is in agreement with the earlier reports
(Mg ~ 610 emu/cc) on similar system (FePt(50nm)) [39].
In addition, H of FePt films at room temperature shows a
strong dependence of annealing temperature, which can be
attributed to an increase in chemical ordering of L1, phase.
The improvement in the chemical ordering was also con-
firmed from structural analysis (not shown here) that (i) the
ratio of integrated intensities between the superlattice (001)
peak and the fundamental (002) peak increases and (ii) the
peak position of the (001) superlattice peak ((002) funda-
mental peak) shifts slightly to higher angles with increas-
ing post annealing temperature. Another feature observed
from Figurel is that H-(T) shows a substantial thickness
dependent for the samples annealed at low temperature, while
the samples annealed at high temperature follow a similar
trend for different film thicknesses. This can be attributed
to size dependent chemical ordering in FePt films with
different thicknesses [36-38]. It is generally understood that
H variation in FePt films is not only affected by the ordered
volume fraction [41, 42], but also by a microstructural factor,
that is related to the ordered volume fraction and that scales
similarly. Defects, such as grain boundaries and phase bound-
aries, in the magnetic materials can form pinning sites, which
impede the domain walls and leading to an enhancement in

Hg. In addition, the boundaries between the ordered and
disordered regions might also represent domain wall pinning
sites and responsible for high H. In order to understand the
effect of post annealing on the thermal stability of FePt films,
H(T) data are analyzed using Sharrock’s equation [43-46],
given as

kBT f ot !

men-m-| (2 )n(Z) o
where H, is remanent coercivity dependent upon field expo-
sure time ¢t and temperature T. H, is intrinsic coercivity
without thermal agitation, kg is the Boltzmann’s constant,
f, is attempt frequency, ¢ is time of hysteresis measurement,
and E, is energy barrier at zero field. The value of » is
taken as 2/3 by assuming slightly unaligned particles [47, 48].
The attempt frequency f, and the hysteresis measurement
time are taken as 10’ Hz and 1 second, respectively. Figure 2
depicts the applicability of SharrocK’s equation on H(T')
data for FePt films. The fitting resulted the energy barrier
values of 1.40 eV and 1.61 eV for FePt films of 30 and 50 nm
annealed at 450°C, and 1.96 €V and 2.02 ¢V for FePt films of
30 and 50 nm annealed at 550°C, respectively. This reveals the
corresponding thermal stability (the ratio between the energy
barrier (E,) to thermal energy (kT at room temperature) of
about 54 and 63 for FePt films of 30 and 50 nm annealed at
450°C and 76 and 78 for FePt films of 30 and 50 nm annealed
at 550°C, respectively. These results confirm that the values
of energy barrier increase considerably with the annealing
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FIGURE 2: (Color online) Coercivity as a function of [T In(f,t/
1n2)]?” for the FePt films annealed at different temperatures.

temperature. Since the FePt films annealed at 550°C show
enhanced properties, we have taken FePt(30 nm) film for the
study of indirect exchange spring by fabricating the FePt and
Fe with different nonmagnetic interlayers.

3.2. FePt/M/Fe Trilayer System. To investigate the indirect
exchange spring in FePt film and to study their temperature
dependent magnetic properties and the thermal stability,
FePt(30 nm)/M(x nm)/Fe(5nm) trilayer films with x = 0,
0.25, 0.5, 1, 2, and 4 nm, and different intermediate layers
using C and Cu were fabricated on Si(111) substrates. Figure 3
shows the XRD patterns of trilayer films with different Cu
and C thicknesses deposited at ambient temperature and
postannealed at 550°C. It is evident from the figure that
superlattice diffraction line of (001) is observed around 20 =
24°, and all the films are L1, ordered with fct structure after
post annealing. The other unlabeled diffractions peaks are
due to the Si substrate. The relative integrated intensities
of (001) and (111) peaks reveal that the films have a weak
preferred orientation to [001], that is, in the perpendicular
direction to the film plane [15, 49]. Note that none of the
XRD patterns in fact showed any diffraction peak of Fe
layer or any information about the Fe and the nonmagnetic
interlayers. Figure 4 shows the room temperature M-H loops
of FePt(30)/M(x)/Fe(5) trilayer films. For the films with no
nonmagnetic interlayer, M-H loop exhibits a clear kink in
second quadrant due to an incoherent or separate magnetic
reversal process suggesting that there is a weak FM coupling
or no coupling between the hard and soft layers [22, 33]. With
increasing Cu layer thickness, the kink observed in bilayer
film reduces gradually up to 4 nm without a much change
in Mg values. In addition, the magnetic field required for
saturating the films (H,,) and H decreases significantly with
increasing the Cu layer thickness. On the other hand, the
introduction of C interlayer interestingly exhibits different
properties. (i) With increasing the C to 0.25nm, the kink
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Fe(5nm) trilayer films with M-Cu (a) and C (b) and x = 0-4 pre-
pared on Si(111) substrates at ambient temperature and postannealed
at 550°C.

in the second quadrant slightly reduces, but H,, decreases
noticeably. (ii) When the C thickness is increased to 0.5 nm,
the kink in the loop disappears, and M-H loop exhibits a
single hysteresis with almost rectangular shape. This confirms
a strong interlayer FM exchange coupling between the FePt
and Fe layers through C interlayer. (iii) Remarkably, Mg
value is increased to 990 emu/cc, which is much higher than
that of pure FePt single layer films obtained in the present
investigation. (iv) On further increasing the C layer thickness
up to 4nm, the shape of the M-H loop and values of
Mg remain same, but the values of H, and H, decrease
gradually. To understand the effect of interlayer thickness
on the magnetic parameters, the values of H, Mg, and
H,, were extracted from the loops and depicted in Figure 5
for FePt(30)/M(x)/Fe(5) trilayer films. It is observed that
H. and H, decrease largely for the initial increase in C
thickness up to 1nm and exhibits gradual decrease for the
higher C thickness. On the other hand, My values increases
quickly to 990 emu/cc for C thickness up to 1 nm and remains

almost constant for larger C thicknesses. In the case of Cu
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interlayer, both H and H,, exhibit a slow decrease up to 1 nm
and a larger change for higher thicknesses. In addition, Mg
decreased initially up to 0.5nm and started increasing with
increasing the Cu thickness.

The observed results suggest that the interlayer FM
exchange coupling between the FePt and Fe layers strongly
depends on the type of materials used as interlayers and their
thickness, and interface morphology [33, 50]. All the trilayer
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films were prepared at room temperature and postannealed
at 550°C. It is known that the post annealing may cause a
possible interdiffusion between the layers in multilayer films
resulting a change in interface morphology [51]. Also, the
growth morphology of FePt films with annealing may provide
inhomogeneous interface morphology to the subsequent
layers [50]. Since the trilayer films with Cu interlayer did
not show a considerable change in the magnetic properties,
this may be correlated to a possible inter-diffusion across
the interlayers resulting an unclear interface between hard
and soft layers [51], when the Cu thickness is less than 1nm.
Although the kink observed in the second quadrant weakens
slowly due to a thick Cu interlayer at higher thickness, the
formation of interlayer exchange coupling was not at all
observed for Cu thickness up to 4 nm. On the other hand,
the introduction of C between the hard and soft phases is
expected to provide stable interfaces even after annealing
[52]. Hence, the hard and soft phases are clearly separated
by the C interlayer, which induces the interlayer exchange
coupling resulting a coherent switching process and giving

rise to a single hysteresis loop. The appearance of incoherent
or separate magnetization reversal process in the bilayer films
may be correlated to the growth morphology of FePt [50] or
to the higher thickness of the soft layer [15, 22]. The interface
analysis reported by Casoli et al. [50] on the FePt/Fe bilayer
films reveals that (i) for homogeneous and pseudocontinuous
FePt layers, Fe layers grow epitaxially on FePt resulting a
strong exchange coupling, (ii) but the FePt film grown at
high substrate temperature exhibits island-like morphology
where the Fe shows a more disordered structure due to
considerable amount of Fe grows directly on the substrate,
and thus the system behaves as an incoherent reversal
process for high Fe layer thickness. On the other hand,
Rheem et al. [52] reported that the robust interlayer exchange
coupling obtained in the FePt(30)/FeCo(10)/FePt(30) tri-
layers is improved initially by introducing a thinner C/Ta
interlayer, but eventually degraded at larger thicknesses.
They also correlated that the degradation of the exchange
coupling is mainly due to the formation of continuous TaC
films between the hard and soft layers. Jiang et al. [33]
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reported the indirect exchange between FePt and Fe using
Ru interlayer, where the introduction of a thin Ru layer
improves the existence of weak FM coupling into strong
FM exchange coupling. The observed results in the presently
investigated FePt/C/Fe trilayers are in agreement with the
results observed in FePt/Ru/Fe trilayer films [33]. However,
it is important to mention that the formation of exchange
coupling between FePt and Fe was observed even for the
4 nm thick C interlayer. This value is significantly larger than
the value reported in FePt/Ru/Fe trilayer films. Herndon et
al. [53] reported the effect of nonmagnetic (Al,O;) spacer
layer thickness on magnetic interactions of self-assembled
single domain iron nanoparticles separated by Al,O; spacer
layer, and the variation of observed magnetic properties
has been attributed to three types of magnetic interac-
tions: exchange, strong dipolar, and weak dipolar depending
on the spacer layer thickness. This revealed a dominance of
exchange type interaction between two ferromagnetic layers
when the nonmagnetic spacer layer thickness is less than
6 nm. In order to form an interlayer exchange coupling [54],
a ferromagnetic coupling between hard and soft layers with
preferred orientation of magnetization without much inter-
diffusion across the interface is necessary [33]. Since the
introduction of C provides a stable interface between FePt
and Fe layers, the ferromagnetic coupling between them gen-
erates a possible interlayer exchange coupling even at 4 nm
thick C interlayer. Nevertheless, a systematic investigation
of interlayer thickness dependent exchange coupling over a
wide range of interlayer thicknesses is required to obtain
more insight of interlayer exchange coupling.

To understand the effect of interlayer exchange coupling
between hard and soft phases on the H-(T) in FePt/M/Fe
trilayers, (M-H)y loops were observed at different constant

temperatures, and the extracted values of H-(T') are plotted
as a function of temperature in Figure 6 for different Cu and
Cinterlayers. H-(T') decreases gradually with increasing tem-
perature up to 600 K as expected for a typical FM material.
This is mainly due to the reduction in the magnetocrystalline
anisotropy energy with increasing temperature. On further
increasing the temperature above 600K, H-(T) decreases
largely due to instability of L1, ordered state, and finally
they exhibit soft magnetic properties. In order to correlate
the effect of interlayer exchange coupling on the magnetic
properties, the effective reduction in H-(T') data for various
interlayer thicknesses was analyzed carefully. It is revealed
that in the temperature range between 300K and 573K,
H(T) decreases from 34 Oe/K for x = 0 to 250e/K and
220¢/K for x = 1 and 2 nm, respectively, in FePt/Cu(x)/Fe
films. Similarly, in FePt/C(x)/Fe films, H, reduces from
340e/K for x = 0 to 150e/K and 130e/K for x = 0.25
and 0.5 nm, respectively. The above results provide a clear
evidence that the interlayer FM exchange coupling between
the hard and soft phases through a nonmagnetic film plays a
major control on the stability of the hard magnetic properties
of FePt films at higher temperatures leading to a sluggish
decrease in Ho(T). However, a careful analysis of H-(T')
study at different Fe layer thicknesses in FePt/C/Fe trilayer
films would reveal a detailed information on the effects of
interlayer exchange coupling and the role of different amount
of soft phases on the FePt hard magnetic properties and their
possible applications in permanent magnet and thermally
assisted magnetic recording media.

4. Conclusion

We have investigated the high temperature magnetic prop-
erties of pure FePt thin films and indirect exchange spring
FePt/M/Fe trilayer through various interlayers at different
interlayer thicknesses. It is perceived that the interlayer
exchange coupling between the hard and soft magnetic
phases through the nonmagnetic layer strongly depends on
the interlayer materials and their thicknesses. When the C
interlayer thickness was about 0.5nm, a strong interlayer
exchange coupling between FePt and Fe has been realized,
and the saturation magnetization was largely improved. High
temperature magnetic properties of the FePt/C/Fe trilayer
films suggest that the stability of the hard magnetic properties
of the FePt films are improved by the interlayer exchange cou-
pling, as compared to the bilayer FePt/Fe films. The observed
results provide a promising way in making exchange spring in
future for the applications in permanent magnet and thermal-
ly assisted magnetic recording media.
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The nickel (Ni), and carbon coated nickel (Ni@C) nanoparticles were synthesized by levitaional gas condensation (LGC) methods
using a micron powder feeding (MPF) system. Both metal and carbon coated metal nano powders include a magnetic ordered
phase. The synthesis by LGC yields spherical particles with a large coercivity. The abnormal initial magnetization curve for Ni
indicates a non-collinear magnetic structure between the core and surface layer of the particles. The carbon coated particles had a
core structure diameter at and below 10 nm and were covered by 2-3 nm thin carbon layers. The hysteresis loop of the as-prepared
Ni@Cs materials with unsaturated magnetization shows a superparamagnetic state at room temperature.

1. Introduction

Nanoparticles have achieved significant attention owing to
the novel electro-optic, magnetic, and catalytic properties
that arise from the quantum size effect and large specific
surface areas that are characteristic of nanosized species
[1, 2]. Magnetic nanoparticles have attracted much of the
attention these days, because of their potential technolog-
ical applications in nanofluids for biomedical application,
thermal conductive fluids, various catalysts, and so forth
[1-3]. However, the preparation of nanofluids using pure
metal nanoparticles is very hard, because nanoparticles are
inherently vulnerable to oxidation, dissolution and agglom-
eration. In particular, agglomeration of the particles in a
solvent is a serious problem when preparing nanofluids.
To overcome these problems, a protective shell has been
recommended to improve the chemical stability of metal
nanoparticles and the dispersion stability in the solvent [4-
6]. It is also worth noting that these materials are not prone to
agglomeration owing to the fact that the addition of a carbon
coating layer reduces the magnetic interaction. In addition,
the surface diffusion processes allow the preservation of the
chemical and structural properties of the nanopowder for

a long time in many chemically aggressive surroundings
[7]. In particular, a graphitic carbon shell is regarded as
an ideal coating as it is light and shows high stability in
both chemical and physical environments [8, 9]. The stable
dispersion of nanoparticles in both aqueous and nonaqueous
media has important applications in cosmetics, chemicals,
pharmaceuticals, microelectronics, paints, and pigments [10,
11]. Nanoparticle dispersion depends on many factors, such
as the solvent, pH, added ion, dispersant, and particle size.
In particular, the preparation of a stable suspension of
metallic nanoparticles is difficult owing to the high density
and agglomeration of particles. Carbon-encapsulated metal
nanoparticles are expected to have a large advantage for
preventing the coalescence of the particles in the fluid. In
this study, we introduce Ni and carbon-coated Ni (Ni@C)
nanoparticles synthesized using LGC [11]. We also report on
the dispersion stability in various solutions, such as water,
ethanol, and ethylene glycol.

2. Experiment

High purity Ni and Ni@C nanopowders were synthesized by
a LGC method using a micron powder feeding (MPF) system
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FIGURE 2: X-ray diffraction patterns for the Ni and Ni@C nanopar-
ticles.

[11]. The apparatus consists of a high-frequency induction
generator of 6 kW, a levitation and evaporation chamber,
and a methane (CH,) concentration control unit. Ni powder
(99.9 at.%, ~500 um) was used as a starting material for
the synthesis of carbon encapsulated Ni nanoparticles. The
Ni powders were mixed into the micron powder feeding
system consisting of a rotation part for supplying the Ni
micron powders to the melted droplet and a vibrating part
for protecting the aggregation of the powder. The Ni micron
powders were fed into a powder feeding system with the
feeding rate of 80 mg/min. A Ni ingot of 87 mg, as a seed
material for levitation and evaporation reactions, was melted
by electric induction heat. The gas pressure for the Ar in
chamber was 100 torr. The ratio of CH, was 10% of the
mixture gas, when the carbon coated Ni was prepared.

The as-prepared sample was characterized by X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), and a
vibrating sample magnetometer (VSM). The suspensions of
Ni@C nanoparticles were prepared as follows: we prepared
solvents of ethanol and polyethylene glycol (MW 20000)
in 100 mL; we then added 0.01wt.% of nanoparticles and
ultrasonicated the suspension for 20 min. To characterize
the dispersion stability, we used Turbiscan Lab. and took
measurements every 1 hour for 3 days.

3. Results and Discussion

The Ni and Ni@Cs materials were obtained using the LGC. A
liquid droplet which is levitated by the magnetic force acted
against the gravitational force from the coupled induction
coils. The induction heat coil and the concept of LGC system
are displayed at Figure 1. The inductor is heated up to 2000°C
and the metallic atoms evaporated from the overheated
surface of the liquid droplet and condensed by cold inert gas
and then collected into the filter [11]. The mechanism for the
formation of Ni nanoparticles is evaporation and condensa-
tion. At the same time, the molecular CH, introduced into the
chamber is converted into atomic C and H with high activity
under high temperature. The highly active C atoms can react
with Ni atoms. The H atoms converted into H, molecules. The
newly created H, gas is vented out of the reaction chamber
by continuous vacuum operation. The mechanism for the
formation of graphitic carbon shell is reaction between active
C atom and metal without chemical compounds of carbides
[12].

Nanoparticles Ni and Ni@C synthesized by LGC using a
micron powder feeding system were confirmed by an XRD
pattern, as shown in Figure 2. The XRD results for Ni shows
lattice parameters and the position of the main peaks of the
Ni powders. The small amount of NiO phase was found in the
XRD patterns and in the TEM images, which results from a
passivation on the powder surface. The microstructure and
phase composition of Ni powders were studied using TEM.
A particle consists of a single domain. The powders with
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FIGURE 3: TEM images of (a) the Ni and (b) the Ni@C nanoparticles.

single domains are synthesized by a special gas phase method,
though the average particle size is over 100 nm [12]. The thin
oxide layer on powders forms a continuous coating with a
thickness of 2-3 nm. Figure 2(b) shows the XRD patterns of
the as-obtained Ni@C. All the main reflection peaks can be
indexed to Ni. The strong nature of the peaks indicates that
the final products are well crystallized and have high purity.
The case of Ni@Cs materials is due to the (0 0 2) diffraction
of graphite layers. However, the intensity for the (0 0 2)
peak of the sample is broad and low. The shell layer in the
Ni@Cs samples is made of amorphous carbon. For the Ni@Cs
material, the diffraction peaks at 44.4°, 51.8°, and 76.3° are due
tothe (111), (200), and (2 2 0) planes of fcc-Ni, respectively.

The carbon shell structure of the Ni@Cs samples, which
is further confirmed by the TEM results, is discussed in
Figure 3. Nanoparticles Ni and Ni@C synthesized by LGC
show a spherical shape as shown in Figure 3. The TEM image
shows that nanocrystalline Ni powders consist of particles
with the size ranges from 15nm to 40 nm. The magnetic
properties of nanopowders were affected by the size effect
resulting from the anisotropy field and magnetic domain
effect on the particles [13]. The morphologies of the carbon-
coated Ni nanocrystallites were characterized by TEM as
shown in Figure 3(b). The results indicated that all of the as-
made materials were composed of only nanocapsules with
a uniform particle size at and below 10 nm. At the previous
study, nanocapsules consisted of outer multishells of carbon
were observed using a high resolution TEM [13].

The powders synthesized by LGC method show low satu-
ration magnetization for Ni. This results from a spin-canting
effect and oxide phase on the surface [11]. The magnetic
properties would be weak due to antiferromagnetic NiO
phase on the powder surface. The saturation magnetization
is Ms = 42 emu/g. In Figure 4(a), the hysteresis loop of Ni
in the low fields is shown. The slightly shifted hysteresis
loop for the Ni sample can be explained by exchange bias
between the ferromagnetic core of Ni and antiferromagnetic
surface of NiO [12, 14]. The initial magnetization curve is
not explained by the size effect. At previous studies, the

virgin magnetization curve slightly spills over the limited
hysteresis loop at 655 Oe [13]. We assume that this effect
enhances when the size of the particles is reduced, at previous
study. With a decreasing particle size, the defects and the
different magnetic structure on the surface of the particles
are increased [13]. The nature of this irreversibility in high
magnetic fields allows for the description of a physical
model [12, 13]. This irreversibility can be explained by a
spin-glass or spin-canting behavior. The VSM magnetic
measurement results for the synthesized Ni@Cs materials
are shown in Figure 4(b). The hysteresis loop of the as-
made M@Cs materials in the magnetic field up to 1 T
reveals the intrinsic magnetic behaviour, indicated by the
magnetization (M), the remanent magnetization (Mr) and
the coercive force (Hc) for the M@Cs samples (Figure 4(b)).
The saturation magnetization demonstrated that the carbon-
coated Ni nanocrystallites exhibited a superparamagnetic
behaviour at room temperature. The magnetization was not
saturated in the applied field up to 2 T as shown in Figure 4(c).
The size of the nanoparticles may affect the value of the
coercive field due to the size influence of the magnetization of
the nanoparticles [13, 14]. In the case of very small nanopar-
ticles one can observe superparamagnetic behaviour, related
to the demagnetization effect arising from the additional
energy of the magnetic fields outside the graphitic carbon
encapsulation. The coercive force (Hc) and magnetization
(M) were 76.6 Oe and 19.6 (emu/g), respectively. The ratio
of remanence to the saturation magnetization (Mr/M) of the
Ni@Cs samples is 0.04. The low magnetization comparing
with the Ni nanoparticles without carbon-shell results in the
coexistence of nonmagnetic carbon and a large surface spin
percentage with disordered magnetization orientation for the
nanoparticles [14, 15]. The magnetization and coercive force
for Ni and Ni@C nanaoparticles were influenced by both the
particle size and the surface status on the particle.

To evaluate the dispersion stability and agglomeration
phenomena of the carbon encapsulated Ni nanoparticles in
solvents of ethanol and polyethylene glycol (PEG), the time-
dependent sedimentation behavior was investigated by the
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FIGURE 4: The hysteresis loops of (a) Ni and (b) Ni@C nanoparticles at room temperature. (Magnification of hysteresis loop for Ni@C is

represented.) (c) Initial magnetization curve for Ni@C nanoparticles at room temperature.

transmission profile measurements using a Turbiscan Lab.
The transmission profiles were taken every lhr for 72hrs
when the suspending medium was ethyl alcohol. It was found
that the transmission intensity decreased at the sample top
owing to a clarification and increased at the sample bottom
from sedimentation, as shown in Figure 5 (a2) and (b2). A
very stable Ni@C dispersion was observed without showing
any clarification or sedimentation, as shown in Figure 5 (al)
and (bl). On the contrary, a progressive fall of the signal,
which was observed as a function of time in the middle region
of the Ni nanoparticles with an average particle size of 20 nm,

can be explained by flocculation-induced particle growth as
shown in Figure 5 (a2) and (b2).

4. Conclusions

Nanopaticles Ni and carbon coated Ni were prepared by
LGC. A simple approach to fabricate a carbon-shell layer
is to use methane (CH,) gas as the carbon source. The
particle size of carbon-coated Ni with diameters in the range
of up to 10 m was smaller than those of Ni nanoparticles
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FIGURE 5: Transmission profiles for (al) Ni@C and (a2) Ni nanopowders in ethanol and (bl) Ni@C and (b2) Ni nanoparticles in polyethylene

glycol (PEG) at 25°C.

without a carbon shell. The dispersion stability kinetics of the
PEG showed good dispersion. However, the sedimentation
and flocculation behavior were observed in Ni nanoparticles
without a carbon shell. The fully coated carbon shell layers of
the Ni nanoparticles positively affected the stable dispersion
in the fluid. Both the particle size and surface layer influence
the magnetic hysteresis behavior of nanopowders.
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Targeted hyperthermia treatment using magnetic nanoparticles is a promising cancer therapy that enables selective heating of
hidden microcancer tissues. In this review, I outline the present status of chemical synthesis of such magnetic nanoparticles. Then,
the latest progress in understanding their heat dissipation mechanisms under large magnetic fields is overviewed. This review covers
the recently predicted novel phenomena: magnetic hysteresis loops of superparamagnetic states and steady orientations of easy axes
at the directions parallel, perpendicular, or oblique to the AC magnetic field. Finally, this review ends with future prospects from
the viewpoint of optimal design for efficacy with a low side-effect profile.

1. Introduction

Hippocrates said, “those diseases which drugs cannot cure,
the knife cures; those which the knife cannot cure, fire cures;
those which fire does not cure must be considered incurable”
In one respect, medicine has not changed over time; even
today, several treatments are used in combination to treat
illnesses that have no established effective treatment protocol,
the most prominent example being cancer. The current stan-
dard treatments for cancer include surgery, chemotherapy,
and radiotherapy. Beyond these treatments, much research
is being undertaken to create several new treatment options
such as immunotherapy, and the modern equivalent of Hip-
pocrates’ “fire”: thermotherapy. Thermotherapy is a treatment
method that exploits the lowered heat resistance of cancerous
tissues compared with that of normal tissues. Cancerous
tissues undergo cell death even at temperatures within the
range of 42 to 43°C, thus rendering thermotherapy as a
promising option to reduce the disease burden in a patient
1].

To reduce damage to normal tissues using standard treat-
ments, endo-/laparoscopic surgical techniques have been
developed as a modern equivalent of Hippocrates’ “knife.” For
chemotherapy, much effort has focused on drug delivery to

selectively transport anticancer agents to tumor tissues using
antigen-antibody reactions. Such drug delivery systems are
also used to concentrate boron compounds in tumor tissues.
In the treatment known as boron neutron capture therapy,
the patient is radiated with epithermal neutrons, which
selectively induce a-decay of boron nuclei concentrated
inside hidden tumors, thus specifically destroying cancer
cells. Along these lines, could thermotherapy also utilize
drug delivery technology to specifically deliver thermal
seeds to cancer cells at unknown locations? For example,
if it were possible to develop miniature induction-heating
cooking pans and selectively send these to hidden tumors,
then would this result in selective heating of the tumor
tissues in a human body on an induction-heating cooker?
In contrast to a microwave oven, we know that placing one’s
hand over the induction-heating cooker will not immediately
result in a burn. (Usually, we cannot confirm this feature
using the commercial IH cooker, because it automatically
stops working when we take off a metal pan from it.) This
experience shows that a radio-waveband AC magnetic field
generated in the cooker can easily penetrate deep into tissues
where a tumor may be embedded. Therefore, we believe
that the simple idea mentioned here, targeted hyperthermia



using magnetic nanoparticles, has the potential to selectively
destroy cancer cells hidden deep in the body [2-8].

Of course, there are many questions about this con-
cept that need to be addressed. Is it safe to put magnetic
nanoparticles in the body? Can magnetic nanoparticles really
be concentrated in hidden tumor tissues? Can magnetic
nanoparticles be heated within the body? To answer these
questions, DeNardo et al. injected iron oxide nanoparticles
conjugated with monoclonal antibodies into mouse tails and
found that they accumulated at a concentration ¢ of approxi-
mately 0.3 kg/m3 (0.3mg/ cm?) in tumors [9]. (The side effects
of iron oxide nanoparticles as an MRI contrast agent had been
previously studied and approved for intravenous injection.)
Waust et al. showed that injecting high concentrations (¢ ~
10kg/m’) of magnetic nanoparticles directly into tumors at
known locations and irradiating them with an AC magnetic
field caused the temperature of the tumors to increase to
43°C [10]. Therefore, it is known that iron oxide nanoparticles
are safe, can be selectively accumulated in hidden tumors to
some degree, and can be adequately heated when existing
at high concentrations. Nevertheless, problems with targeted
hyperthermia using magnetic nanoparticles are still evident.
Does the density of magnetic nanoparticles delivered to
tumors increase as it does when they are directly injected
into tumors? If not, is it possible to compensate for a lower
density of magnetic nanoparticles by maximizing their heat
dissipation? The first problem is primarily a biochemical one,
so materials researchers have primarily focused on improving
the heating performance of magnetic nanoparticles [11-
30]. Consequent advances in chemical synthesis technology
have resulted in the fabrication of magnetic nanoparticles
of engineered size, shape, and structure. With respect to
physical heating mechanisms, the nature of the nonlinear
response and nonequilibrium dissipation in AC magnetic
fields of magnetic nanoparticles, which are in contrast to the
properties of cooking pans, have been uncovered. This review
addresses this progress as follows. In Section 2, conventional
models that are the basis of the traditional design of hyper-
thermia treatments are introduced. In Section 3, advances in
the synthesis of magnetic nanoparticles are described and
limitations in the conventional models when the monodis-
perse nanoparticles are used in actual thermotherapy are
considered. In Section 4, recent advances in the knowledge
of heating mechanisms provided by numerical simulations
are explained. Finally, we summarize the optimal design
of magnetic nanoparticles for hyperthermia treatment and
discuss their potential as an effective and safe version of
Hippocrates’ “fire” in Section 5.

2. Conventional Models for Magnetic Response
to AC Magnetic Fields [31-34]

The main advantage of hyperthermia treatment using mag-
netic nanoparticles is that the nanoparticles can reach
the cancer tissue directly by travelling through the sub-
micrometer spaces between blood cell walls. Therefore, for
practical use, the nanoparticles should not form long chains
or large clusters. Even though the many-body effects caused
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by dipole-dipole coupling /44 are not fully understood [35-
38], it is known that a dispersion becomes unstable if J4
between the closest nanoparticles is more than five times the
thermal energy [35, 38]. Under these conditions, the min-
imum allowable distance between iron nanoparticles with
diameter d of 12 nm is roughly 27 nm, and that between ferrite
nanoparticles with d of 25 nm is almost 40 nm. In contrast,
small-angle neutron scattering experiments have indicated
that the thickness of an absorbed layer is normally several
nanometers [39]. Therefore, the upper limit of d is estimated
to be roughly 12nm for iron and 25nm for ferrite. These
values would be references for considering the criteria for
easy delivery of the nanoparticles, although agglomeration,
aggregation, or flocculation may occur depending on the
surface charge of biofunctionalized nanoparticle or on the
interaction between tumor-targeting ligands. Note that these
values are smaller than the critical diameters for the transition
into a single-domain configuration and for the coherent
reversal of all spins [40]. Therefore, it has been considered
that a magnetic nanoparticle used in hyperthermia treatment
has only one magnetic moment, g = M.V, where M,
is the spontaneous magnetization and V. = /6 - d° is
the volume of the magnetic core of the nanoparticle. Such
magnetic nanoparticles have been conventionally classified
as “ferromagnetic” or “superparamagnetic,” depending on
whether the direction of g thermally fluctuates or not.

Firstly, a ferromagnetic nanoparticle with uniaxial mag-
netic anisotropy, anisotropy constant K, is considered, where
V is large enough that its magnetic anisotropy barrier with a
height of KV blocks the thermal fluctuations; accordingly, the
remanent state appears to be permanent [41]. If a magnetic
field H is applied in the direction antiparallel to u, the
state becomes metastable, as depicted in Figure 1(a). Then, u
reverses when the barrier disappears at the anisotropy field
Hy = 2K/(pyM,); consequently, the Zeeman energy falls
from pyuHy to —pyuHy and the energy corresponding to the
difference dissipates, where y; is permeability of vacuum. In
this case, the work done in one cycle of the AC magnetic field
H, sin(2nf - t) is 0 for H,. < Hy and 4p uHy for H,. > H.
This kind of heat dissipation has been termed “hysteresis
loss” Briefly, the heat dissipation from nanoparticles with
unit weight during unit time, also called specific loss power
Py, abruptly increases from zero to 4uguHy - f - w™" (=
4uoM Hy - f-p~') when H, becomes higher than Hy, where
w and p ! are the weight and density of the magnetic core
of the nanoparticles, respectively. Then, Py, flattens out even
if H,_ is strengthened further. According to this argument,
the guiding principle for maximizing Py of ferromagnetic
nanoparticles is that H,_ is adjusted to Hy and the number
of cycles f is maximized.

Next we move to smaller superparamagnetic nanoparti-
cles with thermally fluctuating reversal of p [42]. The reversal
probability in a zero magnetic field is expressed as

- -KV
™~ = forexp ( T ) , M

where 7y is the Néel relaxation time, f, is the attempt
frequency of 10° s™", kj is the Boltzmann constant, and T is
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FIGURE 1: Schematic diagrams of conventional models for magnetic loss. (a) Hysteresis loss equivalent to the area of M-H loop, and the
potential energy in magnetic fields. (b) Relaxation loss given by the out-of-phase component of AC susceptibility. As illustrated in the sketches,
in Néel relaxation, the magnetic moment shown by the yellow arrow reverses (the particle does not rotate), while in Brownian relaxation, the
magnetic core (the red sphere) rotates with absorbed molecules (the green chains) as a whole (the magnetic moment does not reverse).

the temperature. We must also consider Brownian rotation
of the nanoparticles if they are dispersed in a liquid phase.
In this case, the characteristic time of the rotation, Brownian
relaxation time, in a zero magnetic field is given by

_ 3V
" e @

where # is the viscosity of the liquid phase and V} is the
hydrodynamic volume of the nanoparticles including surface
modification layers. If reversal and rotation occur in parallel,
the characteristic time of relaxation 7 could be expressed as
the following equation:

1, 1
T =Ty 4T (3)

For very small superparamagnetic nanoparticles, 7 is deter-
mined only by 7, because 7y, increases exponentially with
decreasing V, while the increase of 75" is inversely propor-
tional to V.

If a linear response of the thermodynamic equilib-
rium state of such nanoparticles is assumed for small H,,

the average out-of-phase component of AC susceptibility, x"',
contributed from each nanoparticle is given by

"_ polt” . 2nf -t
(3ksT) [1 + (2nf - 1)2] ' ®)

Consequently, “relaxation loss” occurs and its heat dissipation
Py; is expressed as
Py = gy 'H:c fow
2
1 [M2V] BkyTrp)] - Hy - (2nf -7)° O

2 [1+(2nf-7)]

Equation (5) indicates that Py increases in proportion to f2
in the low frequency range, 2nf < 7, whereas it flattens
out at 1/2[y§M52V/(3kBTTp)] . H:c even if f is increased
further in the high frequency range, 2f > 7. According
to this argument, the guiding principle for maximizing P, of
superparamagnetic nanoparticles is that f is adjusted to 7"
and H, is maximized.



3. Progress in Synthesis of
Magnetic Nanoparticle and Their Use
in Thermotherapy

3.1. Size-, Shape- and Composite-Controlled Synthesis of Mag-
netic Nanoparticles. As discussed above, to improve hystere-
sis loss, ferromagnetic nanoparticles with an anisotropy field
(Hgx = 2K/(uyM,)) matching the amplitude H,_ of the AC
magnetic field generated in the oscillator of realistic medical
equipment need to be synthesized. In contrast, increasing
relaxation loss involves the synthesis of superparamagnetic
nanoparticles that have 7y matching f of the AC magnetic
field. For these reasons, a large number of studies have
focused on controlling the size, shape, or composite structure
of nanoparticles to optimize Hy and 7.

The history of colloids (magnetic fluids) stably dispersing
magnetic nanoparticles in solution goes back to the 1960s,
when magnetic suspensions were prepared by pulverizing
bulk iron oxide and used for fuel delivery in a weightless
environment [43], such as those involving NASA expeditions.
Elsewhere, Sato of Tohoku University created magnetic fluids
from minute iron oxide particles using chemical methods
[44]. There have also been several major subsequent advances
in magnetic fluid development, such as the monodisperse
iron nitride-based magnetic fluids developed by Nakatani
et al. [45]; however, because the industrial applications of
magnetic fluids at that time did not require precise con-
trol of size, shape, or structure, more extensive research
was not conducted in this field. However, in 2000, Sun et
al. from IBM described an ordered self-assembled film of
monodisperse iron-platinum nanoparticles that could serve
as an ultrahigh-tech magnetic recording medium [46]. Since
then, researchers have focused on developing methods to
synthesize well-controlled nanoparticles, which have been
reviewed extensively [47, 48]. Next, we briefly summarize
these methods.

Generally, formation of nanoparticles starts with nucle-
ation in a supersaturated melt, solution, or vapor. Particle
growth continues until the concentration of solute atoms falls
below the saturation solubility. If nucleation and growth pro-
ceed in parallel, nanoparticles formed initially have already
grown when the last nanoparticle is formed, thus resulting
in nanoparticles of variable size. Furthermore, processes
such as coarsening and aggregation simultaneously occur in
many cases. One way to obtain monodisperse nanoparticles
is the two-stage growth method: in the first stage, rapid
heating causes fast supersaturated-burst nucleation, and in
the second stage, the gradual precipitation of solute atoms at a
temperature below the critical point of supersaturation allows
only the existing nanoparticles to grow slowly. In this process,
surfactants are often introduced to the solution to prevent
coarsening and aggregation. Because all nanoparticles follow
the same growth process in this method, their size after
growth should in principle be uniform. In practice, differ-
ent groups have developed particular methods to produce
nanoparticles of specific composition and size.

With respect to controlling the shape of a nanoparticle,
growth kinetics is essential in addition to thermodynamic
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stability to minimize surface free energy. For example, if the
growth rate for cubic {111} surfaces is slower than for {100}
surfaces, the surface area of {100} facets will decrease with
growth, and the particles finally become octahedrons of {111}
facets only. Similarly, if the growth of {001} surfaces in a
hexagonal crystal system is fast, rods or, conversely, plates can
be formed. For this reason, the adsorption of surfactants on
particular surfaces has been intensively studied to fabricate
a desired shape by controlling the growth rate of each
surface. Figure 2 shows examples of regular octahedral and
cubic nanoparticles [49, 50]. With regard to compositing,
nanoparticles dispersed in solution are regularly conjugated
by substances such as surfactants to lower their surface energy
or prevent aggregation, forming a kind of composite material.
Advanced compositing techniques have been developed to
protect easily oxidized metal cores or to enable the simultane-
ous expression of multiple functions. For example, dumbbell-
shaped junctions in different kinds of nanoparticles [51]
and core-shell structures [27] have been produced recently
(Figure 3).

3.2. Magnetic Nanoparticles to Maximize Heat Dissipation.
Using these advanced synthesis techniques, researchers have
fabricated magnetic nanoparticles to maximize heat dissi-
pation based on the guiding principles described above. As
an example, I highlight the recent report by Lee et al. [27],
who fabricated novel superparamagnetic nanoparticles with
a uniform diameter d of 15nm (see Figure3 again). One
of the reasons why they chose such a size may be to avoid
aggregation. In addition, the oscillator of their equipment can
generate an AC magnetic field of frequency f = 500 kHz. As
discussed above, superparamagnetic nanoparticles that have
a Néel relaxation time (1) that matches f are required to
maximize relaxation loss. Briefly, 75, should be (27f)™" =
318 ns. (Overall, T needs to be set to 400ns when also
considering the Brownian relaxation time 7, = 1.6pus.)
Substituting 7y = 318ns in (1), the required energy barrier
height (KV) is calculated to be 2.4 x 1072°7. This value
corresponds to a uniaxial anisotropic particle withd = 15 nm
and K = 1.4x 10* J/m’. However, examination of parameters
such as bulk crystalline magnetic anisotropy [40] revealed
that no suitable candidate substances had been reported. For
substances with cubic symmetry, the magnitude of K, and
the barrier height, —(1/12)K,V for negative K, or (1/4)K,V
for positive K, calculated using d = 15nm are as follows:
-1.2 x 10*J/m? and 0.18 x 1072°J (Fe,0,); —0.46 x 10* J/m’
and 0.08 x 1072°J (y-Fe,0,); —0.25 x 10* J/m® and 0.04 x
107°J (MnFe,0,); and 18 x 10*J/m’ and 8.0 x 107*°]
(CoFe,0,). As a result, shape control, which affects shape
and surface magnetic anisotropy, or composition control or
composite structure control, which influences the crystalline
magnetic anisotropy, are therefore required. From among
the possibilities mentioned, Lee et al. selected core-shell
structures of cobalt and manganese ferrites and used a core-
and-shell exchange coupling to control the magnitude of
effective magnetic anisotropy. As a result, they obtained
the core-shell structure shown in Figure 3, with a measured
magnetic anisotropy constant K of 1.7 x 10* J/m® (Table 1).
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50 nm

FIGURE 2: Transmission electron micrographs of shape-controlled magnetic nanoparticles with different projection shapes: (a) hexagonal
outlines of octahedron-shaped Fe;O, nanoparticles (zone axis: (111)), and (b) parallelogram outlines of the same Fe;O, nanoparticles as in
(a) (zone axis: (110)). *Reproduced from Li et al. [49] with permission (Copyright 2010 American Chemical Society). (c) Hexagonal outlines
of cube-shaped Ni-Pt nanoparticles (zone axis: (111)). Private communication (Copyright 2011 B. Jeyadevan).

20nm

FIGURE 3: Electron energy-loss spectroscopy (EELS) mapping
analysis of CoFe,O,@MnFe,O, nanoparticles, where Co, Fe, and
Mn atoms are indicated as green, red, and blue, respectively.
“Reproduced from Lee et al. [27] with permission (Copyright 2011
Nature).

When these core-shell nanoparticles were irradiated with an
AC magnetic field of frequency f = 500 kHz and amplitude
H,. = 37.3kA/m, the heat dissipation (Py;) per unit weight
reached 3MW/kg (3kW/g), which was significantly higher
than that using nanoparticles of cobalt ferrite (0.4 MW/kg)

TABLE 1: Size, saturation magnetization (M), anisotropy constant
(K), and heat dissipation rate per unit weight P, (at H,. =
37.3kA/m, f = 500kHz) of ferrite nanoparticles experimentally
determined in [27].

Sample Size M, K , Py
(nm) (kA/m)  (kJ/m’) (MW/kg)
CoFe,0, 12 510 200 0.4
MnFe,0, 18 700 3 0.2
MnFe,0,@CoFe,0, 15 570 17 3.0

or manganese ferrite (0.2 MW/kg). The heat generation of
these core-shell nanoparticles is unprecedented so they have
received widespread attention.

This example suggests optimized design of nanoparticle
synthesis has succeeded in producing nanoparticles that
generate large amounts of heat. However, further consider-
ation revealed two notable points. First, the actual amplitude
of H,. reached 373kA/m or 80% that of the anisotropic
magnetic field, Hy = 2K/M, = 47.3kA/m. This is large
enough for the energy barrier to magnetization reversal to
disappear because of the Zeeman energy in cases where the
direction of the AC magnetic field is not completely parallel
to the easy axis of nanoparticles. Thus, these conditions
do not permit the application of the guiding principles



given in (2)-(5) because these assume a linear response for
superparamagnetic nanoparticles in zero magnetic field limit.
This raises the question of whether irradiation with an AC
magnetic field with f of 500 kHz and H,_ of 37.3kA/m for
core-shell structured nanoparticles with d of 15nm and K of
1.7 x 10* J/m? are really the optimum conditions. However,
it is difficult to apply the other guiding principle to maxi-
mize hysteresis loss of ferromagnetic nanoparticles because
thermally assisted reversals of g occur stochastically before
the barrier disappears at Hy. Recalling that the characteristic
time of thermal fluctuation was estimated to be a few hundred
nanoseconds even in a zero magnetic field, the conditions
used by Lee et al. are outside the scope of applicability
of conventional models for ferromagnetic nanoparticles at
a temperature of absolute zero and for superparamagnetic
nanoparticles in a zero magnetic field. Consequently, new
guiding principles to maximize heat dissipation Py are
required. The second point is that H,. = 37.3kA/m is
much larger than the exposure restriction for this waveband
[52]. This point is examined further in Section 5. The next
section will present results of recent numerical studies on the
behavior of nanoparticles under conditions outside the scope
of applicability of conventional models. This knowledge will
be useful to establish sophisticated guiding principles that are
adapted to advanced technologies that control the size, shape,
and composite structure of nanoparticles.

4. Recent Numerical Simulations for Novel
Responses to AC Magnetic Fields

To further improve the guiding principles for the design
of magnetic nanoparticles, we must clarify the behavior of
nanoparticles under conditions outside the scope of appli-
cability of conventional models. However, it is difficult to
discuss nonlinear nonequilibrium responses algebraically; as
an alternative, numerical simulation has been performed
extensively because of recent advances in computing speed.
Noteworthy results obtained from these studies will be
introduced in this section. To fully discuss their features from
the viewpoint of efficiency, the results are shown as the ratio
of the simulated value of Pj; to the theoretical upper limit of
Py 2 Prypta Where Py, is expressed as 4py MH, - f - p~"
for irradiating AC magnetic field H, sin(27f - t), because the
loss dissipated in one cycle is the area of the hysteresis loop.

In most of the simulations, it was assumed that mag-
netic nanoparticles were individually delivered to tumor
tissues and accumulate randomly inside them, apart from
the present status of this treatment [53]. Because the actual
concentration of nanoparticles in tumors ¢ does not exceed
10kg/m® (10 mg/cm’) as stated above, effects caused by
dipole-dipole interactions ]34 between the accumulated
nanoparticles were considered insignificant at room tem-
perature. For example, at the mean distance (r) = d -
PP B Jaalks = o /((r)’kp) is estimated to be
25K for magnetite nanoparticles with d = 15nm, M, =
450kA/m, and ¢ = 10kg/m’. Thus, the nanoparticles
in this hyperthermia treatment simulation were considered
magnetically isolated from each other.
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4.1. Néel Relaxation in Magnetic Fields. In a magnetically
isolated nanoparticle, the potential energy, U, with respect
to the direction of u is simply given by the sum of magnetic
anisotropy energy and Zeeman energy. As a first approxima-
tion, uniaxial magnetic anisotropy has usually been assumed
for the former term, although it contains contributions
from various kinds of magnetic anisotropy such as shape,
crystalline, and surface anisotropy. In this case, U can be
expressed as

U (¢, ) = KVsin®$ — pouH,_ sin (27f -t) cosy,  (6)

where ¢ is the angle between the easy axis and g, and v
is the angle between g and H. The detailed trajectories of
p in this potential can be precisely simulated by solving
the stochastic Landau-Lifshitz-Gilbert equations [53-57].
However, we are only interested in the reversal of 4 once every
microsecond because the frequency used for hyperthermia
treatment is limited. Carrey et al. calculated the behavior of
p using a well-known coarse-grained approach or “two-level
approximation” [58, 59], which considers thermally activated
reversals between the metastable directions via the midway
saddle point in the energy barrier. In this calculation, easy
axes of the accumulated nanoparticles were assumed to be
fixed. This assumption seems valid when the nanoparticles
are strongly anchored to structures resembling organelles.

Figures 4(a), 5(a), and 6(a) show contour plots of P/
Prymvax calculated for cobalt ferrite, manganese ferrite and
their core-shell nanoparticles introduced above, respectively,
where the time evolution of the occupation probabilities
of the directions parallel to the randomly oriented easy
axes are simulated in the same way as Carrey et al. using
the parameters given in Tablel. At low H, of 1kA/m,
P/ Pyyax of the core-shell nanoparticles increases with f,
and a single maximum is found at a peak frequency, f,, of
110 kHz (Figure 6(a)). This behavior is con