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1.1 Introduction

Magnetic nanomaterials have long been investigated due to their scientific and
technological importance in many areas, such as magnetic data storage, magnetic
fluids, catalysis, biomedicine, magnetic resonance imaging, hyperthermia, mag-
netic refrigeration, and environmental remediation [1-11]. The unique effects
induced by the nanoscale distinguish the magnetism of the nanomaterials from
their bulk counterparts. When a material is cut into smaller dimensions, the
number of magnetic domains included in the material is decreased and magnetic
coercivity is increased. When the size reaches a critical value, the material can
only support a single magnetic domain and magnetic behavior of this single-
domain material depends mostly on magnetization rotation. Depending on the
magnetic characteristics, the single domain size of a material can be in tens,
hundreds, or even thousands of nanometers. When the material dimension
continues to shrink below the single domain size, surface atoms and temperature
start to affect magnetic behaviors drastically and the material can become
superparamagnetic at room temperature in which state it can be magnetized
as a ferromagnetic material, but its magnetization direction is randomized by
thermal agitation, showing zero remanent magnetization and no coercivity.

The key issues related to magnetic nanomaterials are in the synthesis with the
desired size, shape, and structure controls. Due to the large surface area, surface
energy, and magnetic dipolar interactions, magnetic nanomaterials should also be
stabilized by a layer of organic or inorganic matrix. The coating chemistry
developed further allows proper functionalization of these nanomaterials for
varied applications. The controlled synthesis and coating for stabilization can now
be realized from organic-phase synthesis protocols [12,13].

In this chapter, we summarize some widely explored magnetic nanomaterials of
(i) metals and alloys, especially single metal M (M =Fe/Co/Ni) and their related
alloys, such as MN (N =noble metal) and alloys of M;M, (M;, M, = Fe, Co, Ni);
(ii) Fe/Co/Ni/Mn oxides; (iii) metal carbides and nitrides; (iv) rare earth (RE)-based
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permanent magnets, specially RE-Fe (Co), RE-Fe (Co)-B, and RE-Fe (Co)-C/N
magnets. In addition to the synthesis, we also review some of the common methods
used to characterize these magnetic nanomaterials to better understand their
phases, morphologies, micromagnetic structures, and bonding structures. We
focus on the tools of X-ray magnetic circular dichroism (XMCD) spectroscopy,
Lorentz transmission electron microscope and Mdssbauer spectroscopy, magnetic
extended X-ray absorption fine structure (MEXAFS), magnetic force microscopy
(MFM), and superconducting quantum interference device (SQUID).

1.1.1 Typical Magnetic Nanomaterials

1.1.1.1 Magnetic Nanomaterials of Metal (Fe, Co, and Ni)

Fe, Co, and Ni are three common ferromagnetic elements that serve as structural
backbones for tons of magnetic materials in our modern life. The common
magnetic properties of Fe, Co, and Ni are given in Table 1.1. Study on the
nanoscale Fe, Co, and Ni is both fundamentally and technologically important.
With controlled stabilization and surface treatment techniques, these nanoscale
materials can find many important applications, ranging from ferrofluids, bio-
medicine, to catalysis [14—16].

Synthesizing these nanomaterials with the desired dimension and property
controls is critical for their practical applications. In the early stage (1950s), Fe was
prepared in the nanoparticle (NP) form in mercury [18]. The improved methods
involve the use of organic solvents for better Fe(0) protection and stabilization.
The common precursor used to obtain metallic Fe is Fe(CO)s. This is a metastable
organometallic compound with the standard enthalpy of formation — 185 kcal
mol ™" [19]. Despite its easy decomposition potential, it does have a complicated
decomposition kinetics due to the formation of various clusters [20,21].

In general, utilizing the decomposition of Fe(CO)s5 to generate Fe nanomate-
rials can be accomplished by heat or sonication. Once produced, these nano-
materials need some proper protections to stay both chemically and colloidally
stable for further applications, especially for biomedical applications [22]. Recent
synthetic advances have allowed the preparation of monodisperse Fe NPs from
the solution-phase reaction. For example, Sun and coworkers developed a simple
one-pot reaction to produce monodispersed Fe NPs in the presence of oleyl-
amine, as shown in Figure 1.1a and b [23]. Further studies indicate that the Fe
growth process can be controlled by adding Cl ions, as these ions have a strong
binding to the present NP surface and slow the Fe growth kinetics, and facilitate

Table 1.1 Properties of ferromagnetic Fe/Co/Ni elements with S| units [17].

Elements o,/0K, Am*kg™" 0/293K, Am? kg™’ T/K
Fe 222 218 1043
Co 162 161 1388
Ni 57 54 627

o saturation magnetization; 7. Curie temperature.
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Figure 1.1 (a) TEMimages of 4 nm/2.5 nm Fe@Fe304 NPs. Inset is HRTEM image of the Fe@Fe30,
NPs. (b) Self-assembled Fe@Fe;04 NPs superlattice. (c) SEM image of the platelike Fe NP assembly
obtained directly from the synthesis solution. (d) TEM image of the 15 nm NPs obtained from the
redispersion of the plate assembly in hexanes. (e) HRTEM image of a single NP revealing the
metallic bcc-Fe core and FesO4 shell with Fe (110) and Fes0,4 (222) planes indicated [23,24].
Reproduced with permission of American Chemical Society.

the addition of Fe atoms in a thermodynamically more stable manner into better
crystalline body-centered cubic (bcc) Fe, as shown in Figure 1.1c—e [24,25].

In addition to the decomposition of Fe(CO)s, the metal-organic precursor Fe
[N(SiMe3),], (Me =—CH3) is also used for the generation of Fe NPs [26,27]. As
reported by Chaudret et al., the metal-organic precursor is decomposed in the
presence of hexadecylamine (HDA) and a long-chain acid (oleic acid (OA) or
hexadecylammonium chloride (HDAC)) under a H, atmosphere. The reaction
gives bcce-Fe cubes with their M, at 223 A-m?kg™", which is close to the bulk
value [26]. Fe[N(SiMe3),], can also be replaced by its dimers {Fe[N(SiMes),]}»
and the decomposition in the presence of palmitic acid/HDA mixture produces
ultrasmall (~1.5 nm) Fe(0) clusters, or polycrystalline spherical NPs with a mean
diameter between 5 and 10 nm, or single nanocubes over 13 nm [28].

The reduction of iron salts can also generate Fe NPs. The reverse micelle
method is commonly used for this reduction approach as the particle size can be
better controlled by the micelle dimension [29,30]. For example, 3 nm Fe NPs
were synthesized by using trioctylphosphine oxide (TOPO) as stabilizing agent,
Fe(AOT), (AOT =bis(2-ethylhexyl) sulfosuccinate) as iron precursor, and
NaBH, as reducing media in an aqueous solution [31].

The methods developed for the synthesis of Fe NPs can be extended to the
preparation of Co NPs as well. The metallic Co NPs in the size range of
1.8—4.4nm show size-dependent blocking temperature, magnetic moments,
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and hysteresis behaviors [32]. In addition, the morphology of the final products
could also be tuned by varying the reaction parameters such as the reaction
temperature [33]. Here, the Co particles nucleate and grow in the nanosized cages
of inverse micelles formed by dissolving the surfactant molecules in an apolar
solvent. Unfortunately, the size of the final products could not be precisely tuned
by changing the water/surfactant ratio. To solve this problem, a germ-growth
method is developed to verify that Co particles could be germinated in the first
stage of the reaction as seeds, and then as nucleation sites to grow into larger
particles [34]. The method leads to the formation of face center cubic (fcc)-Co
NPs and their spontaneous 2D monolayer assemblies [35].

Benefiting from the nonthermodynamically controlled property of solution
synthesis, monodisperse 9 nm Co NPs with the cubic symmetry of the p-phase of
manganese (denoted as e-Co) are synthesized by the reduction of CoCl, with
lithium triethyl borohydride, as shown in Figure 1.2a and b. The as-synthesized
€-Co NPs are magnetically soft with reduced dipole interaction between the NPs,
which is beneficial to stabilize the individual NPs during the size-selective process
and facilitate the formation of ordered NP arrays [36]. In addition, the shapes of
the Co NPs can be readily controlled by the NP structure. For example, hcp-Co
nanodisks were obtained by the thermal decomposition of di-cobalt-carbonyl
Co0,(CO)g in anhydrous o-dichlorobenzene (DCB) assisted with oleic acid [37]. A
versatile pathway was proposed to tune the shape and the aspect ratio of Co
nanocrystals to get Co nanorods through the decomposition of organometallic
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Figure 1.2 (a) TEM image of a 2D assembly of 9 nm cobalt NPs. Inset: High-resolution TEM image
of a single particle. The scale bar is 48 nm. (b) TEM image of a 3D superlattice of 9 nm cobalt NPs
assembled on amorphous carbon film at 70 °C. TEM micrographs of nanorods synthesized using
hexadecylamine and (c) stearic acid, sample was prepared by ultramicrotomy, (d) lauric acid, and
(e) stearic acid. The scale bar is 30 nm [36,38]. Reproduced with permission of AIP Publishing LLC.
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precursors [Co(n*>-CgHy3)(n*-CgHy,)] in anisole and via a self-organization
process, as shown in Figure 1.2c—e [38,39].

Recent focus on Ni NPs is on their shape controls. It is widely accepted that the
selective coordination of a special ligand on the initial nuclei is essential for the
anisotropic growth [40—44]. However, the common ligands used for NP stabili-
zation contain strong m-accepting characters, which degrades the magnetic
performance of the NPs [45]. Recently, Pick and Dreysse suggested that the
amine ligands might be a favorable alternative [46]. They studied the effects of
hexadecylamine on the shape and magnetic properties of Ni NPs prepared by the
reduction of Ni(COD), (COD, cycloocta-1,5-diene). Results show that increasing
the concentration of amines favors the growth of Ni nanorods and stronger
ferromagnetism [47].

1.1.1.2 Magnetic Nanomaterials of MN Alloys (M = Fe, Co, and Ni, N = Noble
Metal)

Nanomaterials of FePt alloys have long been a hot topic [48]. These FePt alloys
can have a chemically disordered face-centered cubic (fcc) structure (commonly
referred to as A; structure) and face-centered tetragonal (fct) structure (com-
monly referred to as Ly, structure) [49]. The fct-FePt has a magnetocrystalline
anisotropy constant K (measuring the ease of magnetization reversal) of 10’ Jm ™2,
one of the largest among all known hard magnetic materials. This high K value
arises from the unique layered Fe—Pt arrangement and strong spin—orbit coupling
between Fe 3d and Pt 5d states along the Fe—Pt layer direction [50-52]. Also, the
high K value endows Fe—Pt the thermal stable size down to around 2 nm, making
them a promising candidate as high-density magnetic recording media [53]. FePt
NPs are commonly prepared by thermal decomposition of Fe(CO)s5 and reduction
of Pt(acac),, or by the coreduction of metal salts. Reduction of Pt(acac), and
decomposition of Fe(CO);s in the presence of OA and OAm around 300 °C can
lead to the formation of monodisperse NPs with their size controlled from 3 to
10nm and compositions controlled by the metal precursor ratios. As prepared,
the FePt NPs often adopt the fcc structure. However, via thermal annealing at
temperature higher than 500 °C, the fcc-FePt NPs with near 1/1 Fe/Pt atomic
ratios can be converted to fct-FePt, as shown in Figure 1.3. The annealed FePt
assemblies are ferromagnetic, supporting high-density magnetization reversal
transitions [7]. To obtain the fct-structure at lower temperatures, the third
element such as Ag, Cu, Sn, Pb, Sb, and Bi can be introduced [54-57].

FeAu alloys are also widely studied. Due to their limited solubility, the
chemically ordered compounds in the FeAu bulk is not permitted when in a
small size. However, the chemically ordered LI,-type Fe;Au and FeAuz com-
pounds can be made to sub-10nm NPs [58]. The ab initio first principle
calculations suggest that Fe;Au has a high saturation magnetization of about
143.6 emug ', while FeAus is antiferromagnetic with the net magnetization
arising only from uncompensated surface spins [58]. In addition to FeAu alloys,
the Au pyramids can also grow on highly faceted Fe NPs in an epitaxial growth
manner [59].

In the case of CoPt, which is another magnetic system that is similar to FePt, the
CoPt alloys have a high magnetocrystalline anisotropy of 4 X 10” ergs cm™>, and a
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Figure 1.3 (a) TEM micrograph of a 3D assembly of 6 nm as-synthesized FesqPtso particles
deposited from a hexane/octane (v/v 1/1) dispersion onto a SiO-coated copper grid. (b) TEM
micrograph of a 3D assembly of 6 nm FesoPtso sample after replacing oleic acid/oleyl amine with
hexanoic acid/hexylamine. (c) HRSEM image of a ~180 nm thick, 4 nm Fes,Pt,g NP assembly
annealed at 560 °C for 30 min under 1 atm of N, gas. (d) High-resolution TEM image of 4 nm
Fes,Ptsg NPs annealed at 560 °C for 30 min on a SiO-coated copper grid [7]. Reproduced with
permission of the American Association for the Advancement of Science.

saturation magnetization of 800 emucm™ [60,61]. Modifying the syntheses of
FePt NPs, various kinds of CoPt alloy nanomaterials can be obtained [62-64].
Understanding size, shape, and composition effects on the formation of the fct
phase is necessary to develop hard magnetic FePt and CoPt. Takahashi et al.
reported the size effect of fcc—fct ordering of FePt NPs by transmission electron
microscopy (TEM). The study show that the ordering does not progress when the
particle size has a diameter of less than 4 nm [65]. Concerning the morphologies
of CoPt and FePt below 3nm, ab initio calculations show that the ordered
multiply twinned morphologies will not show hard magnetic behavior, which is in
consistent with the experimental difficulties to stabilize the L;, phase in uncoated
FePt NPs by thermal treatment [66—69].

When the alloys of CoPt, FePt, FePd, CoRn, and so on are in their state of
chemically ordered structure, the highest value of K, and the largest coercivity
from each structure can be obtained [70—-72]. Factors that influence the transition
temperature T¢ (order—disorder transition) have been further studied and size
effects are found to dominate the structure ordering in FePt, FePd, and CoPt [73—

81]. For example, 24~3nm CoPt NPs can have a T¢ in the range of
500-650 °C [82].
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1.1.1.3 Magnetic Nanomaterials of M;M, Alloys (M,, M, =Fe, Co, and Ni)

When in an alloy state, the magnetic and mechanic properties are affected by the
varied heteroelements, thus influencing their thermodynamic and elastic prop-
erties and phase stabilities. For example, when the Ni concentration is at about
35%, the thermal expansion coefficient of the fcc-FeNi steel vanishes, which is
known as the Invar effect [83,84]. Exploring the magnetic and chemical order—
disorder phenomena is necessary for the study of their intrinsic magnetism and
certain important realistic effects such as chemical disorder-induced local lattice
deformation [85-87]. Table 1.2 illustrates the magnetic ordering temperatures of
various FeNi geometries.

The clusters are of special interests due to their unique role in the under-
standing of both magnetism and catalysis. For the FeNi clusters containing up to
four Fe and four Ni atoms, magnetic moments per atom of these clusters are
almost insensitive to the specific geometry, but in Fe,_;Ni (n=9, 15, and 27)
geometry similar to the bulk bcc structure, the clusters are ferromagnetic with
magnetic moments higher than the bulk value [88]. Regarding the synthesis of
FeNi alloy NPs, various methods have been introduced such as coprecipitation
methods, reduction methods, direct current electrodecomposition, and sol—gel
fabrication methods [89-93].

FeCo alloys, with high Curie temperature and high magnetization, are excellent
soft magnetic materials for applications in magnetic sensors, magnetic recording
head, motors, and generators in electric vehicles [94,95]. With the development of
new synthetic techniques, the FeCo NP sizes, shapes, and compositions can now
be well controlled, and shape anisotropy can be used to tune the FeCo into “hard”
magnets (shape anisotropy can be estimated by coherent rotation mechanism
K= (po/4)-Mg?, where Kj is the calculated room temperature anisotropy con-
stant) [96]. As a result, the oriented FeCo wire arrays show a large coercivity
(approximately 2800 Oe) and high squareness (approximately 0.9) [97]. Based on
first-principles theory, it is found that the structurally distorted FeCo shows a
uniaxial magnetic anisotropy energy (MAE) 50% larger than that of FePt [98].
This MAE increases enormously and reaches to a value on the order of
700—800 peV/atom while in the state of ¢/a ratio of 1.20-1.25 and Co concen-
tration of 60%. In addition, in the concentrations where the uniaxial MAE is very
large, the magnetic moments is on the order of 2.1 pg, still a high value, as shown
in Figure 1.4a. FeCo is also an efficient probe for magnetic heating, which can be
used to improve the efficiency of chemotherapy and radiotherapy [99-102]. The

Table 1.2 Monte Carlo and measured magnetic ordering temperatures in Kelvin [85].

Alloy Monte Carlo simulation Measured

Tc random Tc ordered Tc equil Tc random Tc ordered
FeNij 870 1180 970 850 940
FeNi 820 1020 910 785 840

Fe3Ni 520 580 580 \ \
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Figure 1.4 (a) Calculated uniaxial K, (upper panel) and saturation magnetic moments (lower
panel) of tetragonal Fe,_,Co,as afunction of the c/aratio and the Co concentration x. (b and ¢) T;-
weighted MR images of a rabbit before (b) and 30 min after (c) initial injection of a solution of
~4nm FeCo/single-graphitic-shell NPs (metal dose of about 9.6 pmol kg™ for about 5 kg
rabbit) [98,104]. Reproduced with permission of American Physical Society.

specific absorption rate (SAR) of magnetic materials in hyperthermia is given by
SAR = A-f, where A is the specific area of the hysteresis loop (specific losses) at the
frequency f and magnetic field H at which the experiment is conducted. Under
H=300 Oe and f=310kHz, the FeCo nanowires have a SAR value of around
1500 W g~ [103].

FeCo is also a sensitive probe for magnetic resonance imaging agent. Dai et al.
prepared high-moment FeCo/single-graphitic-shell NPs that have r; and r,
relativities of 70 and 644 mM ' s, respectively. The FeCo/single-graphitic-shell
NPs also possess high optical absorbance in the near-infrared region, and show
long-circulating positive-contrast enhancement at low metal dosages, as shown in
Figure 1.4b and c [104].

Nanowires of CoNi alloys can also be prepared by separating nucleation and
growth steps in the synthesis to show large coercivity [105]. Tuning the Co
composition in CoNi nanowires enables the control of the effective anisotropy
determined by the balance between the hexagonal close-packed (hcp) and fcc
magnetocrystalline and shape anisotropy [106,107].

1.1.1.4 Magnetic Nanomaterials of Carbides and Nitrides M-C/N (M = Fe, Co, and
Ni)

The electron-rich M—C/N (M =Fe, Co, and Ni) bonding endows carbides and
nitrides with peculiar magnetic, catalytic, and electronic properties [108—113].
The origin use of carbide nanostructures initiate from the usage of Damascus
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steel [114]. Regarding the iron carbides compounds, the complex phase diagrams
attract wide theoretical and experimental interests. From the perspective of Fe-C
based molecules, the geometry and electronic structures of various neutral and
ionic Fe-C clusters were reported, including Fe,C [115,116], FeC,, (n =2-5) [117],
Fe,C/Fe,C"/Fe,C™ (n=1-6) [118,119], and clusters with greater carbon entities
content FeC, (n=1-4), Fe,C, (n=1-3) [120,121]. From the perspective of
theoretical simulation results, the strong Fe—C bonding reduces the local
magnetic moment of Fe atoms [122]. In a recent study by Hou et al., varied
phases of iron carbide NPs of hexagonal (hexa) and monoclinic (mono) Fe,C,
monoclinic Fe5C,, and orthorhombic (ortho) Fe;C NPs were presented utilizing a
“seed conversion” manner. All the NPs are in a near monodisperse state, with the
highest saturation magnetization M; value of 101.2 emu g™ and the highest Curie
temperature Tc of 497.8 K. All the obtained NPs exhibit lower M than that of the
bce-Fe NPs, which is in accordance with the theoretical simulations, as shown in
Figure 1.5 [123].

Recently, the Co,C and Co3C nanomaterials are synthesized possessing
unusually large coercivities and energy products. Through first-principles elec-
tronic structures study using GGA + U functional, it is suggested that the C atom
intercalation is responsible for the magnetic anisotropy enhancement [124,125].

The nitrides magnetic nanomaterials are also fascinating areas with their unique
catalytic and magnetic properties. Regarding the magnetic properties of iron
nitrides, various phases such as Fe;gN,, Fe,N, FesN, Fe;N, and mononitride
FeN possess complicated magnetic properties from ferromagnetic to antiferro-
magnetic and nonmagnetic, and are considered to be potential in nanomagnetism
and spintronic areas [126]. Perhaps the most amazing magnetism is in Fe;¢Ny, in
which the most distant Fe atoms from the N atoms possess the large 3d hole in both
the down-spin and up-spin states [127]. It is suggested that the penetration of N
atoms expanded the Fe lattice with enhanced magnetic moments in terms of
hopping electrons and preventing the exchanged splitting. Regarding nickel
carbides and nitrides, the distinctions between NizC and hcp-Ni are the
most debating topic. Taking into consideration the early reported hexagonal
lattice (@ =2.628 A, ¢ =4.308 A), the results that NisC is of rhombohedral lattice
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Figure 1.5 TEM images of hexa-Fe,C (a), mono-Fe,C (b), mono-FesC; (c), and ortho-FesC (d).
M versus H curves at 300K (e) and 2K (f) of the initial bcc-Fe and the preformed iron carbide
NPs [123].
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(BR7,a=4.553 A, c=1292 A) are very different, while other reports show that the
Ni;C possesses the orthorhombic cementite-type structure [128—130]. The intrin-
sic magnetism are also debated with reported results from ferromagnetic to
nonmagnetic [131-134]. It has been reported that the electron transformations
from the Ni 3d states to the C 2p band promoted the forced exchange splitting in the
case of ferromagnetic solution with the Fermi level at the upper part of the Ni 3d
states [135]. With the increased C concentrations in Ni—C bonding, the calculated
magnetic moment decreases and quenches at a critical value. In the case of Ni—N
bonding, the fcc-NiNj 155 and fce-NiNj o5 with the Ni sublattice exhibiting little
distortion from the fcc lattice possess significant local magnetic moments [135].

1.1.1.5 Magnetic Nanomaterials of Metal Oxides

Iron oxides are widespread in nature, due to their special properties such as low
toxicity, robust chemical stability, high corrosion resistance and excellent mag-
netic properties [12]. Fe3O,4 has a cubic inverse spinel structure. The lattice
constant of Fe;O, crystal is 2 = 0.839. The unit cell of Fe;O, has 32 O®~ ions that
are regular cubic close-packed along the [111] direction. Also, the Fe3O, crystal
structure includes two different iron sites: tetrahedral sites made up of Fe** and
octahedral sites made up of both Fe?* and Fe®" [136]. Based on its unique
structure, recent research on Fe;O, has attracted much attention for its funda-
mental nanomagnetism and its potential applications [137,138]. Researchers have
developed various methods to synthesize iron oxides. The most widely used
methods are based on organic-phase synthesis [13,138]. Park et al. have synthe-
sized monodisperse Fe304 NPs by a thermal decomposed method [139]. In their
synthesis, metal chloride first reacts with Na—oleate and metal—oleate complex
with NaCl is obtained. Thereafter, metal—oleate complex is mixed with octade-
cene and heated to more than 300°C and the metal-oleate decomposes into
metal oxide with monodisperse morphology. Sun et al. have reported a simple
process for preparing monodisperse FeO NPs through a high-temperature
reaction of Fe(acac); with oleic acid and oleylamine. The sizes of the NPs are
tunable from 10 to 100 nm and the shapes can be controlled to be either spherical
or truncated octahedral [140]. Under controlled annealing conditions, the as-
synthesized FeO NPs are converted into Fe;O,, y-Fe,Os, a-Fe,Os, or they
undergo disproportionation to form Fe—Fe;O, composite NPs. These chemical
conversions of the paramagnetic FeO NPs facilitate the one-step production of
various iron-based NPs with controlled sizes and tunable magnetic properties for
various nanoscale magnetic and catalytic applications.

Cobalt oxide has three types of common polymorphs: monoxide or cobaltous
oxide (CoQ), cobaltic oxide (Co,0s3), and cobaltosic oxide or cobalt cobaltite
(C0304). Co30, has a spinel-type structure consisting of both Co** and Co®",
which is the most stable cobalt oxide. It is a simple as well as an efficient way of
preparing cobalt oxide (Co30,4) NPs by precipitation. In a report by Agilandeswari
and Rubankumar, Co30, NPs with agglomerated assembled spheres are synthe-
sized, the magnetic characterizations exhibit weak ferromagnetic behavior [141].

Commonly, nickel oxides have three types: NiO, NiO,, and Ni,O3. By changing
the synthesis condition and methods, one can obtain nickel oxides in different
crystalline phases, such as monoclinic, cubic, hexagonal, and rhombohedral
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crystals [142]. Song et al. used nickel ethylene glycol as the precursor, successfully
synthesized flower-like NiO. The NiO nanoflowers show a very small hysteresis
loop with a H, of 100 Oe and a M, of 0.015emu-g”’, indicating a typical
ferromagnetic behavior [143].

Manganese oxides have several different forms of MnO, MnO,, Mn,0O3, and
Mn3z04. MnO, has several crystalline structures, including «-MnO,, f-MnO,,
¥-MnO,, and 8-MnQO,. Previous methods to prepare MnO, include thermal
decomposition, electrodeposition, physical mixing, sol-gel, and microwave-
assisted synthesis [144]. Moreover, by controlling the reactant concentration,
reaction temperature, and reaction time, MnO, with different sizes and structures
were obtained, and nanobelts, nanowires, flowerlike, and tubular architectures
were also reported [145-147]. Magnetic susceptibility of MnO between room
temperature and about 130 K follows a Curie—Weiss type of behavior, while that
of Mn3Oy, is strongly enhanced over MnO due to the larger effective moment
(theoretical pegr=9.15pg) [148].

1.1.1.6 Rare Earth-Based Permanent Magnets

The focus for the development of permanent magnets lies in the increase of
reliability, strength, and ability to store energy, which are characterized by the
energy product — (BH) .y (the key figure of merit of permanent magnets) [149].
During the past decades, the (BH),,.x has been enhanced, starting from about 1
MGOe for steels to about 3 MGOe for hexagonal ferrites, and finally reaching to
about 56 MGOe for neodymium—iron—boron magnets [150].

SmCos, Sm,Co;7, and Nd,Nd ;4B are well-known rare earth (RE) permanent
magnets. SmCo alloy magnets have a high (BH),.x ranging from 14 to 28 MGOe
and better temperature characteristics than the NdFeB magnets at higher
temperature working conditions (Curie temperature of 750°C for SmCos,
more than 800°C for Sm,Co;;, compared with about 400°C for Nd,Fe 4B
and 465 °C for ferrite) [149]. SmCos is one of the most important hard magnets
among the SmCo-type permanent magnets, the crystalline structure is shown in
Figure 1.6. Regarding the preparation of Sm-Co magnets, Hou et al. have
prepared SmCos by a facile chemical method, just annealing the core/shell-
structured Co/Sm,O3 NPs at high temperatures [151]. The results show that the
product has a H, as high as 24 kOe (1 kOe =0.08 Am™') at 100K and 8 kOe at
room temperature, while the remnant magnetic moment keeps 40—-50 emu g_l.
Recently, the 2:17 type SmCo permanent magnets (namely, Sm,Co;) have also

Figure 1.6 The crystal structure of SmCos.
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Figure 1.7 The crystal structure of Nd,Feq4B.

attracted much attention due to their superior magnetic properties and excellent
thermal stability [149,152].

Chaban et al. investigated the phase diagram of Nd—Fe—B near the composition
2:14:1in 1979; afterward, the composition and crystal structure of Nd,Fe;4,B was
confirmed. The structure of the typical compound Nd,Fe 4B is shown in
Figure 1.7, in which Fe nets providing high magnetization are layered with RE
elements (Nd) [153,154]. Today Nd—Fe—B magnets are the leading RE permanent
magnets, due to their high coercivity and large (BH)y... There are several
methods to prepare Nd—Fe—B magnets, for example, sintering, melt spinning,
hydrogen treating Nd—Fe—B alloys, mechanical alloying, or hot working [149].

Taking into consideration that the Sm-Co and Nd-Fe-B magnets contain costly
Co and Nd elements, the research of low-cost permanent magnets is necessary.
Sm-Fe-N(C) magnets have attracted much attention owing to their excellent
magnetic properties such as high-saturation magnetization. In the 1990s, Coey
et al. found that RyFe; could change to RyFe;7N, by absorbing N, above 300 °C in
a solid—gas reaction. N atoms enter the unit cell of R,Fe; as interstitial atoms, and
the unit cell can sustain Th,Zn;; or Th,yNi,; structure [155]. The anisotropy field
at room temperature is 14 T, almost twice of that of Nd,Fe;4B.

1.2 Typical Characterization of Magnetic Nanomaterials

1.2.1 X-Ray Magnetic Circular Dichroism Spectroscopy

The X-ray magnetic circular dichroism, which consists of the difference in
absorption of left- and right-circularly polarized X-rays, has evolved over 25

years, with the physics similar to the UV-vis MCD known from 1897 [156]. It
possesses great advantage in the detection of elemental specificity coming with



1.2 Typical Characterization of Magnetic Nanomaterials

the core electron spectroscopies, and in proving quantitative information about
the distribution of spin and orbital angular momenta. Moreover, the XMCD also
finds its strength in the capacity of determining spin orientations and inferring
spin states from magnetization curves, and in the ability of separating magnetic
and nonmagnetic entities [157,158]. The key ingredients of XMCD consist of a
source of circularly polarized X-rays, a monochromator and optics, and the X-ray
absorption detection system. To extend the strength of XMCD, the spatially
resolving instruments are often introduced to obtain element-specific images of
magnetic properties [159,160]. Generally, the combined microscopes are divided
into three categories: (i) recording the transmission or secondary yield of
fluorescence or photoelectrons by a scanning apparatus, in which a focused
X-ray spot is raster-scanned across the examined sample; (ii) operating in a mode
similar to transmission light microscopes, in which the condenser and analyzer
lenses are replaced by zone plates for the X-ray region; (iii) imaging the photo-
electron yield from different regions of the sample utilizing the electron micro-
scope optics, as shown in Figure 1.8 [157].

Utilizing the XMCD, the valence, and spin states in spinel MnFe,O, was
reported [161]. It is declared that there exist Fex®" (T}) ions in MnFe,O, by
comparing the XMCD spectrum with that of GaFeO3 and y-Fe,O3, and an inversion
of about 10% of Fe ions from B (Oy,) sites to A (T) sites, as shown in Figure 1.9.

1.2.2 Lorentz Transmission Electron Microscope

Lorentz transmission electron microscope (LTEM) has been intensively investi-
gated to explore the magnetic domain structure and magnetization reversal
mechanisms for more than 40 years. When utilizing a TEM to analyze the
magnetic domain structures, it is suggested that many applicable magnetic
properties are extrinsic rather than intrinsic [162,163]. The difficulty encountered
when utilizing a TEM to study the magnetic materials is that the specimen is
usually immersed in the high magnetic field of the objective lens [164]. In order to
solve this problem, numerous ways are proposed: (i) switching off the standard
objective lens; (ii) changing the position of the specimen; (iii) changing the pole
pieces to retain the specimen in its standard position, and once again to provide a
nonimmersion environment; (iv) adding super minilenses in addition to the
standard objective lens and once again switching off [163,165-168].

The LTEM is a sufficient way of observing domain-wall pinning and
motion [169]. Besides, the LTEM also finds its role in the detection of topological
spin textures. For example, the skyrmion is a vortex spin structure in which the
spins pointing in all directions are wrapped to a sphere and is characterized by a
topological number of -1 that was first found in B20-type MnSi [170-176].
Generally, the skyrmions are stabilized in the chiral crystal structure and tend to
crystallize basically in a hexagonal lattice or tetragonal/cubic lattice form [177].
Except for small-angle neutron diffraction study, skyrmions could be directly
observed by LTEM in B20-type alloys [178]. In a study by Seki et al., magneto-
electric skyrmion in an insulating chiral-lattice magnet Cu,0OSeO; was observed
by LTEM, and the skyrmion could magnetically induce electric polarization, as
shown in Figure 1.10 [170].
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Figure 1.9 Comparison of the Fe 2p XMCD spectrum of MnFe,0, with those of y-Fe,O3 and
GaFeOs (left) and their weighted sum (left) and also those of the calculated Fe 2p XMCD spectra
for Feg>* (0) and Fep>* (Ty) and their weighted sum (right) [161]. Reproduced with permission of

American Physical Society.

Figure 1.10 (a—e) Lateral magnetization distribution map for a thin film (~100 nm thick) sample
of Cu,0Se0;, obtained through the analysis of Lorentz TEM data taken at 5 K. The color wheel in
the bottom-left corner of part (d) shows the direction (hue) and relative magnitude (brightness)
of the lateral magnetization. Panels (a and b), as well as (d and e), represent images for the (110)
and (111) planes, respectively, and a magnetic field is applied normal to the observed sample
plane. In both cases, proper screw-spin texture appears for zero magnetic field, whereas a

skyrmion lattice with the identical spin chirality is formed for H. =800 Oe. A magnified view of
part (b) is shown in part (c), where white arrows represent the magnetization direction. (f)

Schematic illustration of a single magnetic skyrmion [170]. Reproduced with permission of John

Wiley & Sons.
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1.2.3 Mossbauer Spectroscopy

Mossbauer spectroscopy, which is the recoilless emission and resonant absorp-
tion of the y-ray in the nucleus, has made great contributions to the development
in solid-state science, bioscience, metallurgy, and mineralogy. Since the year 1956,
when Rudolf Mgssbauer conducted the experiments concerning the scattering of
the 129keV y-ray of *!Ir, who was then awarded the Nobel Prize in 1961,
Mossbauer effects have been intensively investigated [179-184]. The *"Fe is
found to be the most suitable nucleus for the recoilless resonance. In Mossbauer
spectroscopy research, the hyperfine interactions of the nucleus are typical, in
which the nuclear levels are affected by the magnetic fields and the electronic
charge through Coulomb interactions [182,183]. The first observed spectrum was
reported by Kistner and Sunyar, reflecting all three types of hyperfine interactions
between nuclear moments and electrons concerning the magnetic hyperfine
splitting of o-Fe,O3 [185]. Mossbauer spectroscopy are powerful tools in the
investigations of transition metal compounds, especially on the bonding and
structural properties, valence state, solid-state reactions, electron transfer
reactions, mixed valency, spin crossover, and magnetic properties [180]. The
three hyperfine characteristics are of vital importance to determine the different
Fe species if using >’ Fe Mossbauer spectrometry [179]. Due to its efficiently local
probe sensitivity, the °”Fe Mossbauer spectrometry provides rich characteristics
of the local atomic order, such as detection of chemical homogeneity of intra-
particles and interparticles, differentiation of surface/core Fe species, and super-
paramagnetic fluctuations, particularly in the ferromagnetic, antiferromagnetic,
and ferromagnetic systems. The obtained spectra often had broadened and
overlapped lines exhibiting both the magnetic sextets and the quadrupolar
doublets, which are temperature dependent. For example, the chemically homo-
geneous magnetite Fe3O,, of which a Verwey transition (metallic insulating
transition) appears at about 120K, and the magnetic properties relate to
metal-oxygen stoichiometry [186—189]. Two well-resolved magnetic sextets
are shown in the Mossbauer spectrum, of which the outer sextets are attributed
to Fe>" ions located in tetrahedral site and the inner spectra correspond to both
the Fe*" and Fe®* ions in the octahedral sites, as shown in Figure 1.11 [179].

1.2.4 Magnetic Extended X-Ray Absorption Fine Structure

The extended X-ray absorption fine structure (EXAFS) with unpolarized or linearly
polarized X-rays has long been a well-established technique of short-range order to
investigate the structural and bond properties of bulk solid materials, surfaces and
interfaces, and films and molecules [190]. The EXAFS modulates the photoabsorp-
tion cross section of the ejected photoelectron with the one that is scattered by the
surrounding atoms. In the analysis and interpretation of EXAFS with nonpolarized
or linearly polarized X rays, only the Coulomb interaction is considered for the
elastic and inelastic scattering process and the backscattering amplitude [191]. It has
been demonstrated that the near-edge absorption of circularly polarized X rays
depends on the spin polarization of the photons, which is relative to the spin
polarization of the magnetic electrons on the absorber in the case of magnetized
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Figure 1.11 Typical 300 K M&ssbauer spectra of microcrystalline magnetite (up) and maghemite
(down) [179]. Reproduced with permission of Springer.

targets [191-194]. Thus, if the absorber is magnetized in the direction of k vector,
the electrons of the magnetic neighboring atoms are also partially spin polarized, and
the exchange potential is present except for the Coulomb potential in the scattering
process [191]. It is particularly expected that the magnetic EXAFS will give
additional information on the distribution and magnitude of magnetic moments
around the absorber atoms. Researcher has realized from the very beginning that the
physical origin of the occurrence of the XMCD in the EXAFS region is the same as in
the X-ray absorption near-edge structure (XANES) region. For example, through
the analysis of the K-edge spectra of Ni in fcc-Niand L, 3-edge spectra of Pt in Fe3Pt,
the MEXAES spectra can be interpreted in terms of the local electronic structure of
the absorbing atom, although information on the magnetic properties of the
absorbing atom could not be fully derived [195].

1.2.5 Magnetic Force Microscopy

Since the late 1980s, the magnetic force microscopy (MFM) has been most widely
used technique in magnetism research both academically and industrially,
especially in the field of recording media [196,197]. Shortly after the invention
of atomic force microscope (AFM), it is recognized that the detection of
magnetostatic interactions at a local scale is possible by operating the noncontact
scanning force microscope. Generally, the MFM is equipped with a ferromagnetic
probe, and easily raster-scan across any ferromagnetic targets. In fact, the MFM is
very applicable and easy to perform under various environmental conditions due
to the independent characteristic of the near-field magnetostatic interaction with
the surface contamination [198].
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The MFM is first demonstrated on a magnetic recording head, and then is
expanded to the analysis of individual interdomain boundaries and internal fine
structures. Now the MFM are also employed in imaging flux lines in super-
conductors, detection of magnetic interactions to eddy currents, and dissipation
phenomena [199-202]. Despite the facile characteristic of MFM, the raster-
scanning of sample is much slower compared to the magnetization reversal in
terms of time range, but it is possible to observe quasistatic magnetization reversal
process by MFM with carefully optimized setup. By successively decreasing the
applied field, the magnetization reversal properties of 60 nm Fe nanowires are
investigated utilizing an in-field MFM; the resulting MFM images show that the
magnetization undergoes a sharp reversal at various angles, which is described by
a curling model [203].

MFM is also efficient in the research of spin-ice materials. In the research of
spin-ice materials, the magnetic dipole is divided into a positive and negative
magnetic charge (+¢g) separated by one lattice spacing [204—206]. As reported
by Ladak et al., the MFM is utilized in the imaging of monopole defects on the
spin-ice lattice of two-dimensional Co honeycomb nanostructures. In their
study, the movement of magnetic charge is demonstrated, as shown in
Figure 1.12 [207].

(@)

Figure 1.12 The movement of magnetic charge. MFM images in zero field after the labeled
conditioning fields. (a) Two 3 in.monopole defects with Q = +3g form (bright yellow spots, yellow
dots), with strings of head-tail spins (blue and green) to opposite magnetic charges 1Q=—-2q
(red dots). Further bar flips are required to make the schematic (right) match the observed data;
the gray arrows indicate a (nonunique) trial solution. (b) The 1Q = +2g magnetic charges hop to
the right, changing from Q =+3q to Q=+q. (c—f) Another 1Q = —2q magnetic charge appears,
tracing its own (orange) string to the left, until it is blocked by the blue string of the 10=+2q
carrier [207]. Reproduced with permission of Nature Publishing Group.
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Figure 1.13 (a) Dual junction DC SQUID loop. The capacitor represents the self-capacitance of
the junction. (b—e) Magnetic field maps of a room-temperature embedded strain sensor under a
4 cm thick concrete overcoating. (b) Bare sensor showing dipole characteristics. (c) Sensor under
concrete. (d) Bare concrete. Image (e) = c-d is a digital subtraction of C and D showing that it is
possible to image objects deep underneath magnetically complex coverings. The scans cover a
6x 6 cm? area [208]. Reproduced with permission of AIP Publishing LLC.

1.2.6 Magnetic Analysis

There are numerous ways to measure and evaluate the magnetic fields and
performances based on varied sensing methods from microtesla to picotesla. The
most sensitive magnetic flux detector is the superconducting quantum interfer-
ence device (SQUID) operating at cryogenic temperatures with quantum-limited
sensitivity of field resolution at the 107YT level [208-210].

The SQUID is also the most sensitive for detecting the magnetic field at low
frequencies (<1 Hz), which is based on the remarkable interactions of the
electric currents and magnetic fields detected. Meissner effect and the Joseph-
son effect are commonly mentioned in superconducting quantum devices. In
fact, the SQUID is a ring of superconductor interrupted by one or more
Josephson junctions, which offers the ability to measure magnetic signals, as
shown in Figure 1.13a. The SQUID is configured to measure a wide variety of
electromagnetic properties, such as DC and AC measurements of varied
magnetic materials. The nuclear magnetic resonance (NMR) signals could
also be obtained, in this situation, targets such as protons or '°F are placed in the
center of SQUID detection coils and then the external field sweeps or an
excitation is applied to the sample [211]. Due to the vector properties, the
SQUID is also utilized for the detection of rotational movement of a magneto-
meter coil in the earth’s magnetic field (about 50 puT) as small as 107> arc
s [212,213]. The stress and strain are also of significant importance on the
magnetic properties, in which the SQUID also finds its role, as shown in
Figure 1.13b—e [208].
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1.3 Conclusions

The magnetic nanomaterials are fascinating and have fertile applications in
various of fields. There are great progresses in the synthesis of magnetic nano-
materials with controlled size, shape, and relevant properties so far. To carry out
the applications of these magnetic nanomaterials, the large-scale synthesis
method for industry level should be developed. Furthermore, to meet the
requirements of next-generation electric devices, new type of advanced magnets
should be found through the combination of the fundamental of magnetism,
materials science, engineering, and nanotechnology. On the other hand, with the
development of advanced facilities, it is expected to get insight of the structure
and intrinsic properties of magnetic nanomaterials. With the deep understanding
of structure and properties, it will enable us to design and fabricate advanced
magnetic nanomaterials based on various requirements of industries.
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