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ABSTRACT: The wide accessibility to nanostructures with high uniformity and
controllable sizes and morphologies provides great opportunities for creating
complex superstructures with unique functionalities. Employing anisotropic & 2
nanostructures as the building blocks significantly enriches the superstructural m n
phases, while their orientational control for obtaining long-range orders has BEgeeyElin

. . . . . . . anisotropy
remained a significant challenge. One solution is to introduce magnetic
components into the anisotropic nanostructures to enable precise control of -
their orientations and positions in the superstructures by manipulating magnetic 3,4 Shaps 8
= anisotropy O

interactions. Recognizing the importance of magnetic anisotropy in colloidal
assembly, we provide here an overview of magnetic field-guided self-assembly of
magnetic nanoparticles with typical anisotropic shapes, including rods, cubes, Mechanical Pl Permanent
plates, and peanuts. The Review starts with discussing the magnetic energy of NEEUUENEUEY Magnet
nanoparticles, appreciating the vital roles of magneto-crystalline and shape

anisotropies in determining the easy magnetization direction of the anisotropic nanostructures. It then introduces superstructures
assembled from various magnetic building blocks and summarizes their unique properties and intriguing applications. It concludes
with a discussion of remaining challenges and an outlook of future research opportunities that the magnetic assembly strategy may
offer for colloidal assembly.

KEYWORDS: colloidal self-assembly, magnetic field-guided self-assembly, magnetic nanoparticles, magnetic anisotropy, superstructures,
magneto-crystalline anisotropy, shape anisotropy

1. INTRODUCTION induced magnetic dipoles interact with the magnetic field and
get aligned parallel to the field line to reduce their magnetic
energy. This classic interaction allows precise orientational
control of individual nanoparticles. Besides, the ma%netic field-
assisted self-assembly has many other advantages,”” including
(1) highly directional magnetic dipole—dipole interactions
among nanoparticles,28 which enables flexible experimental
designs; (2) strong, reversible, and remote manipulation of
magnetic interactions,29 3

Nanostructured materials have seen rapid development in the
past few decades because of their promising technological
applications. Compared with individual nanoparticles or
random aggregates, ordered arrangements of nanoparticles
often lead to extraordinary collective properties that can
delicately exploit the synergy between adjacent building blocks,
inducing pronounced enhancement in optical,' > plas-
monic,"°~” cataly‘cic,lo’11 electronic,'” magnetic,m’14 and
mechanical properties.””~'” However, acquiring such ordered
arrangements is a nontrivial task. One of the most promising
strategies is colloidal self-assembly,'®'" the spontaneous
organization of colloidal nanoparticles due to direct specific
interactions typically associated with thermodynamic equili-
brium.*® Various self-assembly methods have been reported
with great success for spherical nanoparticles.'”*' ~*° However,
when nanoparticles with nonspherical shapes are used as the
building blocks, most self-assembly methods result in
unsatisfactory long-range packings due to a lack of efficient
orientational control of the nanoparticles.

Anisotropic nanoparticles with magnetic properties may be
assembled with orientation control in external magnetic fields.
It has been known for over 2000 years that the magnetized
ladle can be used to indicate directions.”® When magnetic
nanoparticles are subjected to an external magnetic field, the

39 rapid assembly of colloidal particles
of different shapes; (3) widely accessible magnetic fields with
programmable strengths and spatial distributions for fine
control over the assembly of colloidal particles.”'

To better design the assembled superstructures using
magnetic nonspherical nanoparticles, it is imperative to
understand the role of magnetic anisotropy in the assembly
process. Magnetic anisotropy refers to the phenomenon that
the energy of a magnetic body depends on the direction of the
magnetization with respect to its shape or crystal axes.””
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Magnetic anisotropy determines the orientation of individual
nanoparticles relative to the magnetic field and is dependent
on various factors, such as crystal domain size, crystal phase,
crystal microstructure, particle shape, and surface stabilization.
A general introduction to these factors is included in Section 2,
with more detailed discussions given in section 4 for
nanostructures of different shapes.

This Review summarizes the various superstructures
assembled from magnetic nanoparticles with anisotropic
morphologies and emphasizes the importance of magnetic
anisotropy in assembling nonspherical nanoparticles. It mainly
focuses on but is not limited to the ordered superstructures
assembled from nanostructures of different shapes. The
magnetic energy and interactions are introduced in Section
2, where some basic concepts related to magnetic anisotropy
are briefly introduced. The assembled superstructures are then
described in Sections 3 and 4, which start with isotropic
magnetic nanoparticles as building blocks and extend the
discussion to magnetic nanoparticles with anisotropic
morphologies. Finally, the applications of the assembled
superstructures in photonic crystals, liquid crystals, permanent
magnets, and mechanical enhancement materials are summar-
ized in Section 5. We conclude this Review with existing
challenges in the magnetic field-guided assembly of anisotropic
nanoparticles and provide perspectives on the future develop-
ment of this promising research field.

2. MAGNETIC ENERGY AND INTERACTIONS

2.1. Magnetic Energy of a Single Nanoparticle

The magnetic properties of a particle can be described by the
anisotropic Heisenberg model. Based on this model, the total
energy of a magnetic material is the sum of several terms:>>

Etotal = Ecrystalline + Eshape + Esuvface + Eelastic + EZeeman

+ E

‘exchange

(1)

where E i is the magneto-crystalline energy, Eg,,, is the
shape anisotropy energy, E,,. is the surface anisotropy
energy, E,. is the magnetoelastic energy, Ey,,,, is the
Zeeman energy arising from the interaction between the
magnetic dipoles of the material and the external magnetic
field, and E, g is the exchange energy. Magnetic anisotropy
is used to describe the dependence of the internal energy on
the direction of spontaneous magnetization. Consequently,
easy and hard directions of magnetization develop, correspond-
ing to the material’s minimal and maximum total energy,
respectively. In eq 1, the first four terms contribute to the
magnetic anisotropy of a particle.

2.1.1. Magneto-crystalline Energy. Due to the ordered
arrangement of neighboring atoms in a single crystal domain of
a magnetic material, the strong spin—orbital coupling results in
magnetic dipole enhancement in certain crystallographic axes,
which is called directions of easy magnetization; the directions
along which it is the most difficult to magnetize the crystal are
called the hard directions.” This is the major cause of
magnetic anisotropy, especially in bulk magnetic materials.

Magneto-crystalline energy can show various symmetries,
with uniaxial and cubic forms being the two major cases.”® The
uniaxial anisotropy is associated with the hexagonal, tetragonal,
and rhombohedral crystal symmetry. If only these first two
terms are considered, the magneto-crystalline energy of single-
domain crystals with the uniaxial anisotropy depends on the
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polar angle 6 but not on the azimuthal angle ¢ of the
. . . . . . 32
magnetization direction, and it can be calculated using

uniaxial
Ecrystalline

= V(K,sin” 0 + K,sin* 0) + ... )

where K,, is the nth uniaxial magneto-crystalline anisotropy
constant and V is the crystal volume. The first anisotropy
constant K, is often the leading consideration: when K,; > 0,
energy minima are at 6 = 0° and 6 = 180° which has a
preferential magnetization direction along the c-axis of the
crystal (Figure 1A); when K,,; < 0, the energy is minimized at 0
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Figure 1. (A, B) Uniaxial magneto-crystalline anisotropy energy
surface for (A) K,; > 0 and (B) K,; < 0. (C, D) Cubic magneto-
crystalline anisotropy energy surface for (C) K,; > 0 and (D) K,; < 0.
(E) Schematic representation of an ellipsoid. (F) Demagnetizing
factor and the ratio (parallel/perpendicular) for an ellipsoid as a
function of aspect ratio.

= 90°, which has a preferential magnetization direction in the
plane perpendicular to the c-axis (Figure 1B). For most
magnetic materials with uniaxial crystal symmetry, the
experimentally determined K,; values are usually positive,
and the c-axis of its crystal lattice is therefore the easy
magnetization axis in terms of magneto-crystalline energy.*®

In crystals with cubic symmetry, the magneto-crystalline
energy is given by’

cubic
Ecrystulline

= VIK,(a*f* + 7> + a*y?) + K,a’By” + ..]
(3)

where K, is the nth cubic magneto-crystalline anisotropy
constant and @, f3, y are the cosines of the angles between the
magnetization and the axes X, Y, Z parallel to the 4-fold axes,
respectively. In the cubic symmetry system, if the second term

https://doi.org/10.1021/prechem.3c00012
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Table 1. Properties of Some Common Magnetic Materials

name crystal system

metal Fe cubic®’ ™%

Ni cubic?™*

hexagonal s

Co hexagonal**~*
metal alloy FePt tetragonal/ cubic®*™?

FeCo cubic™**
metal oxide a-Fe,0; trigonal®>*°

7- Fe,O4 cubic®”*®

Fe,0, cubic®®™!

MnFe,0, cubic®?

CoFe,0, cubic®™%*

magneto-crystal anisotropy (RT) chemical stability

K =48 x10*Jm>" easy to be oxidized

K, = —48 X 10*J m>* easy to be oxidized

Ky =53%x10°) m>" easy to be oxidized

K =66x10°)m>* more stable than Fe
easy to be oxidized

Ky =-7x10°Jm™23 stable

K = —4.6 X 10 m=>* stable

Ky =—-11x 10*J m3* less stable than Fe,O,

K, = —28x10°J m=* stable

K, =27 x10°) m>* stable

and higher order terms can be neglected, the easy axes are the
[100] axes for K,; > 0 (Figure 1C, i.e., Fe and CoFe,0,) and
the [111] directions for K; < 0 (Figure 1D, i.e., Ni, Fe;0, and
most ferrites). More complex situations arise when both K,
and K, are taken into consideration. It should be noted that in
certain cases where a rough estimation is sufficient, materials
with cubic anisotropy are often approximated as having
uniaxial anisotropy for computational simplicity. Table 1
summarizes the crystal system and magneto-crystalline
anisotropy (K;) of some common magnetic materials. Readers
interested in more details are referred to the related
literature.*”

2.1.2. Shape Anisotropy Energy. Shape anisotropy
energy, also known as magnetostatic self-energy or demagnet-
izing energy, is the potential energy of a particle in the field
created by its own magnetization.”” The general equation of
shape anisotropy energy is

1 3
Eshape = _E/’to ‘/‘;M'Hd dr (4)
where M is the local magnetization of the particle, and H; is
the demagnetization field. The demagnetization field is created
as long as there are discontinuities on the surface of the sample
of the normal component of the magnetization. For a
nonspherical particle, its long axis’s demagnetization factor is
smaller than its short axis, making it easier to magnetize along
its long direction, because the induced magnetic poles at the
surface are further apart in the long direction.*®
For a magnetic particle with ellipsoidal shape, if we define
the magnetization and demagnetization factors relative to the
x, ¥, and z directions of the crystal as M,, M, M, and N,, N,,
N,, respectively, the shape anisotropy energy of a uniform

zZ
magnetized ellipsoid can be expressed as®’

1 2 2 2
Eshupe = E/"o(NxMx + NyMy + NzMz ) (5)
where the demagnetization factors satisfy the normalization
relation N, + N, + N, = 1.
If the z-axis is the major axis of this ellipsoid (Figure 1E),
this energy then becomes

E

1
shape = EﬂOVMSZ(NZCOSZ 0+ l\TxSinZ 9)

(6)
where M; is the saturation magnetization, N, and N, (N, < N,
= N,) are the demagnetization factors along the polar and the
equatorial axes, and @ is defined as the angle between the
direction of magnetization and the long axis of the particle. An
elongated nanocrystal in the z direction minimizes its shape
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energy by aligning the magnetization direction with the long
axis of the particle, while its shape energy is highest for a
magnetization direction perpendicular to the long axis.
Obviously, a uniformly magnetized single-domain spherical
particle has no shape anisotropy, and the demagnetizing factors
are isotropic in all directions (N, = N, = N, = 1/3). The
relationship between the demagnetization factor and the aspect
ratio of an ellipsoid is shown in Figure 1F.

2.1.3. Surface Anisotropy Energy. Surface anisotropy
energy comes from the atoms located at the material’s surface
since they have incomplete coordination spheres and a broken
symmetry compared to the core atoms. Such a decrease in the
crystalline symmetry at the surface induces a different
orientation of the surface spins with respect to the magnet-
ization direction.”® This energy is negligible for bulk materials
with small specific surface areas compared to other energies.
However, in some cases, shrinking magnetic materials to nano-
or microscale induces a comparable or even dominant
contribution to magnetic anisotropy. The surface anisotropy
energy can be expressed as

2
Esurface = Ksurj'ace A cos” 6 dS

(7)
where K, is the surface anisotropy density constant, 0 is the
angle between the magnetization and the normal to the
surface. The sign of the surface energy depends on the nature
of the crystal lattice and the surface orientation.

For magnetic nanocrystals synthesized through bottom-up
approaches (i.e., colloidal synthesis), the coordination sphere
of the surface atoms is partially recovered due to the presence
of capping ligands on the surface of the nanocrystals.””
Therefore, the broken symmetry and the surface anisotropy
effect are reduced; hence, the surface spins are more easily
aligned with the magnetization direction. Therefore, the
surface effects of the colloidal nanocrystals strongly depend
on the synthesis process and the crystal quality.

Although various mechanisms are proposed for the surface-
spin misalignment, such as the magnetic dead layer, surface
spin canting, and noncollinear surface spins,””’" the possible
mechanisms are still debatable. Therefore, this Review does
not include extensive discussion on the contribution of these
mechanisms to the basic understanding of the magnetic
behavior of anisotropic nanoparticles.

2.1.4. Magnetoelastic Energy. Magnetoelastic energy is
related to the magnetostriction that occurs in magnetic
materials. When the crystals are magnetized, the interatomic
distance can vary with the intensity and the orientation of
magnetization.”””” This effect also accounts for the hysteresis

https://doi.org/10.1021/prechem.3c00012
Precis. Chem. 2023, 1, 272—-298
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loop distortion of a magnetic material under mechanical
stress.”””® However, giving a general formulation for
describing the magnetoelastic energy is challenging since this
effect is highly dependent on the sample and the elaboration
method.

2.1.5. Zeeman Energy. Zeeman energy is the potential
energy of a magnetic material in an external magnetic field. It
arises from the interaction between the magnetic dipoles of the
m:;lgerial and the applied magnetic field and can be described
as

Enn = — f MH,, dV
Zeeman ﬂo v ext (8)

where H,,, is the external field and M is the local magnetization
of the particle. Zeeman energy is minimum when M and H,,,
are parallel, while this energy is maximum when they are
antiparallel. The minimization of Zeeman energy is the cause
of the rotation of magnetic materials in the external magnetic
field at all length scales.

2.1.6. Exchange Energy. The phenomenon whereby an
individual atomic magnetic moment attempts to align all other
atomic magnetic moments with itself within a material is
known as the exchange interaction.”””® Typically, this
interaction is considered only effective in short-range and
does not contribute to the magnetic anisotropy because it only
tends to produce large magnetic domains and is not related to
the direction of the domains. However, the long-range indirect
exchange interactions through Ruderman—Kittel—Kasuya—
Yosida (RKKY) coupling may occur in some systems. "’
Since its contribution to the overall magnetic anisotropy is less
significant than the others, a more detailed discussion on this
point is omitted from this Review.

It is also worth noting that in nanoparticles consisting of a
ferromagnetic (FM) core and an antiferromagnetic (AFM)
shell, exchange bias resulting from the exchange anisotropy can
be created at the interface between the FM and AFM materials.
Readers interested in this phenomenon are encouraged to
explore relevant references for further information.*

Based on the above discussion, the interplay of magneto-
crystalline, shape anisotropy, and surface anisotropy deter-
mines the final easy magnetization direction of a nanoparticle.
More explicitly, the magnetic anisotropy of a nanoparticle is
influenced by its crystal domain size, crystal phase, crystal
microstructure (mono- or polycrystallinity), particle shape, and
surface stabilization. These various factors create nanoparticles
with a variety of different magnetic anisotropies and thereby
enrich the assembled superstructures.

2.2. Magnetic Interaction among Adjacent Nanoparticles

When magnetic colloidal nanoparticles are employed as
building blocks to obtain more complex secondary structures,
the magnetic interactions among these particles significantly
affect the final superstructures. Two methods are commonly
used to calculate this interparticle interaction: (1) the dipole
approximation method and (2) the finite element method.

2.2.1. Dipole Approximation Method. In the dipole
approximation method, each particle is considered to possess
an overall effective dipole located at its geometry center when
calculating the magnetic forces among nanoparticles. Because
of its simplicity and effectiveness, this method is widely applied
to analyze the interaction between particles with different
shapes (i, sphere,”* ™ cube,” ™" rod,”" etc.) and sizes
(ranging from nanoscale to microscale).

275

The magnetic digpole—dipole coupling energy of two dipoles
can be given by**”?

_ e [, (myr,) (myny) m-m,
Ejy1p=—"—|3 3 - —
4 s 1

(9)

where m, and m, are the dipole moments of the first and
second particles, respectively; r|, is the displacement vector
between them.

This dipole—dipole coupling energy has two features. First,
it is a long-range interaction, and the coupling energy from all
other particles should be considered when multiple particles
are present. Second, this energy shows an angular-dependent
feature influenced by the relative orientation of two dipoles
and the angle between the dipole and the displacement vector.

2.2.2, Finite Element Method. The dipole approximation
method does not take shapes into consideration and may result
in errors, especially in the following situations: the particles of
complex shapes have low symmetry, and their magnetic dipoles
do not overlap with their geometry centers, or the separation
between particles is so small that the local effects are important
and cannot be ignored. In these cases, the finite element
method can provide a more accurate force calculation and
analysis.

In the finite element method, a particle with complex
geometry is divided into many subdomains, and each small
subdomain is regarded as a magnetic dipole that can interact
with other dipoles. The force is obtained by integrating over
the whole volume of the particle. This method has been
applied to analyze the magnetic interactions between
anisotropic nanoparticles.2’93'94

3. ISOTROPIC MAGNETIC NANOPARTICLES

The total magnetic energy of isotropic magnetic nanoparticles
does not change with the orientation of their magnetic dipoles
relative to their shapes. One typical example is the spherical
magnetic clusters composed of crystal domains with random
orientation.”™'°" The random orientation of crystal domains
and the spherical symmetry eliminates the magnetic anisotropy
in terms of magneto-crystalline and shape anisotropy.

Due to the spherical symmetry, the dipole approximation
method is sufficient to describe the magnetic interaction. One
special condition of particular interest is the coupling energy of
two identical particles with coaligned moments which are
induced by a uniform applied field (m; = m, = m). Thus, eq 9
can be simplified as

1% 2
Ejypn = ——1{21—3(3cos2 6-1)
12

(10)

where 6 is the angle between the magnetic dipole and the
displacement vector. This energy is minimum when € = 0° or
180° and maximum when 6 = 90° or 270°. The same
conclusion can be drawn by analyzing the magnetic force
between these two dipoles, which can be derived from the
gradient of the coupling energy:

Eyn= _VEdd,lz

3hs 1 .
——fm—4((3cos2 0 — 1)? + sin(20)0)
47 1y (11)

where # and @ are the unit vectors parallel and perpendicular to
the displacement vector, respectively. In Figure 2, the plane is

https://doi.org/10.1021/prechem.3c00012
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Figure 2. Dipole—dipole interaction between two magnetic nanospheres. (A) Geometry showing the relative position of interacting dipoles and
direction of applied field. (B) Normalized dipole—dipole force field. (C) Normalized dipole—dipole force components as a function of relative
angular position @ as shown in (A). Reproduced from ref 107. Copyright 2015 American Chemical Society.

divided into 4 regions, with 2 attractive regions and 2 repulsive
regions. This directional magnetic interaction favors the
formation of chain structures within which the magnetic
dipoles are arranged in a head-to-tail manner.'9>71%

4. ANISOTROPIC MAGNETIC NANOPARTICLES

The development of nanotechnology in the past few decades
has driven the synthesis of a variety of anisotropic magnetic
particles with uniform sizes, such as rods, cubes, plates, and
pe21nu'cs.m8_112 Here, we examine the easy magnetization
directions for anisotropically shaped nanoparticles prepared
from different synthesis methods and their corresponding
assembled superstructures.

It is worth mentioning that to obtain ordered super-
structures by the colloidal assembly, the magnetic particles as
building blocks need to have a remanence as low as possible. A
large remanence of the magnetic particles will cause the
following issues: (1) The strong dipole—dipole interaction
among particles causes severe aggregation even without
applying the external magnetic field, leading to many
misalignments and defects during the subsequent assembly.
(2) In many cases, a reversible switch between the assembled
and disassembled states is desired, which is not achievable
using building blocks with a large remanence unless a
demagnetization process is provided.

The remanence of a magnetic particle largely depends on the
material and crystal domain size. When the crystal domain is
below a certain value, thermal energy (kzT) is high enough to
freely rotate the magnetic dipole in the particle, resulting in
zero remanence. A nanoparticle with zero remanence is known
to be in its superparamagnetic state,''* and the critical domain
size (Dsp) can be calculated from the correlation between the
thermal energy (kzT) and the magneto-crystalline anisotropy
constant (K;):'"’

]1/3

-

This equation shows that materials with a low magneto-
crystalline anisotropy constant have a larger critical domain
size. It explains why the magnetic nanoparticles for colloidal
assembly are usually those materials with low magneto-
crystalline anisotropy constant, such as Fe, Ni, and Fe;O,,
instead of SmCo; and NdFeB particles.

48k, T
K

(12)
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4.1. Nanorods

4.1.1. Easy Magnetization Direction of Nanorods.
Rods have uniaxial symmetry, with the combination of shape
anisotropy and magneto-crystalline anisotropy determining
their overall magnetic anisotropy. For shape anisotropy energy,
the easy axis is parallel to its long axis due to the large
difference between the demagnetizing factors in the polar and
the equatorial axes, i.e., for a rod with an aspect ratio of 5, the
demagnetizing factor ratio 0.12. When the magneto-
crystalline easy axis coincides with its shape anisotropy easy
axis or the effect of magneto-crystalline anisotropy is not
comparable with the shape anisotropy, the overall effective easy
direction of magnetization is then along the long axis of the
nanorods. For example, Wang et al. obtained Fe;O, nanorods
with diameters of 20—25 nm and lengths up to 200—300 nm
from ferric chloride and diamine hydrate using hydrothermal
reaction with polyethylene glycol as a surfactant (Figure
3A).""* The as-synthesized rods are single crystalline with the
[110] direction as their growth direction, as shown in Figure
3B. This direction matches one intermediate easy magnet-
ization axis of the cubic structure of magnetite. Dumestre et al.
synthesized monodisperse single crystalline Co nanorods by
the decomposition of organometal of Co (Figure 3C).** The
size of Co nanorods can be tuned by changing the ligands and
concentrations. The high-resolution transmission electron
microscopy (HRTEM) measurement confirmed their hexago-
nal close-packed crystal structure with the c-axis ([0001])
oriented along the growth direction (Figure 3D). The
cooperation of magneto-crystalline anisotropy and shape
anisotropy easy axis makes the long axis of these nanorods
the overall easy magnetization direction.

However, a magnetic nanowire with an easy magnetization
direction perpendicular to its long axis has also been reported.
Kim et al. synthesized vertically aligned a-Fe,O; nanowire
arrays on a substrate via the thermal oxidation of Fe foil.'"
The single crystalline nanowires have diameters of 100—300
nm and a length of ~15 um with a rhombohedral crystal
structure and [1120] as their growth direction (Figure 3E and
F). Magnetic hysteresis loop measurement suggests that the
short axis is the easy magnetization direction of these
nanowires. In this case, the short axis ([0001] direction) is
the easy axis of magneto-crystalline anisotropy, which is much
stronger than the shape anisotropy and thus determines the
overall easy magnetization direction.
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Figure 3. TEM and HRTEM images of magnetic nanorods. (A, B)
Fe;0, nanorods. Reproduced from ref 114. Copyright 2004 Elsevier.
(C, D) Co nanorods. Scale bar in (C): 10 nm. Reproduced from ref
48. Copyright 2003 Wiley. (E, F) a-Fe,O; nanowire. Reproduced
from ref 115. Copyright 2006 AIP Publishing.

4.1.2. Magnetic Assembly of Nanorods. In 2009, Ding
et al. first reported the self-assembly of magnetic ellipsoids into
three-dimensional (3D) superlattices through a convective
method with the aid of magnetic fields." The spindles of a-
Fe,0; (Figure 4A) with varied aspect ratios from 3 to 9 were
synthesized by hydrolysis of Fe(ClO,);. After H, reduction/O,
oxidation, magnetically active y-Fe,O; spindles were obtained.
However, only a nematic-like liquid-crystal phase was observed
when spindles with a large aspect ratio were used for the
assembly. Thus, a thick layer of SiO, was coated on the
spindles to reduce their aspect ratio to ~1.5 (Figure 4B). The
as-obtained y-Fe,O;@SiO, ellipsoids show ferromagnetic
properties with a saturated magnetization of ~7 emu/g. The
shape anisotropy dominantly determines these nanorods’ easy
magnetization direction, largely because of the polycrystalline
nature of the y-Fe,O;. Under the external magnetic fields, the
minimization of Zeeman energy aligns the long axis of the
nanorods along the direction of the magnetic field. With the
help of the magnetic field during the convective self-assembly
process (Figure 4C), a 3D superlattice with both good
positional (driven by the capillary force during drying) and
orientational (driven by the magnetic force) orders is obtained,
as shown in Figure 4D—G. Further investigation revealed that
the assembled superlattice has a triclinic symmetry for the
(111) plane with neighboring particles packing side-by-side
(Figure 4D).

In 2015, Wang et al. reported a similar indirect method to
synthesize uniform magnetic nanorods as the building blocks
for self-assembly.” They first synthesized uniform iron
oxyhydroxide (FeOOH) nanorods through a hydrothermal
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Figure 4. (A, B) SEM images of a-Fe,0; (A) and a-Fe,0,/SiO,
core—shell ellipsoids with an aspect ratio of 1.5 (B). (C) Schematic
representation of the experimental setup for convective assembly
under a magnetic field. (D-G) SEM images of different crystalline
planes, with the insets showing the corresponding models.
Reproduced from ref 1. Copyright 2009 Wiley.

reaction (Figure SA). Magnetic Fe@SiO, ellipsoids were
prepared by coating the FeOOH nanorods with a thick SiO,
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Figure 5. (A, B) TEM images of FeOOH nanorods (A) and reduced
Fe@SiO, nanoellipsoids (B). Scale bars: 200 nm. (C) Possible
structures resulting from the assembly of nanoellipsoids. (D)
Measured volume fractions and the calculated values based on
Bragg’s law as a function of diffraction wavelength. Reproduced from
ref 3. Copyright 2015 Wiley.

shell followed by H, reduction under 500 °C. The TEM
images in Figure SB indicate that the SiO, shell retains the
overall ellipsoidal shape of the core after the reduction,
although the Fe nanocrystals are randomly distributed in the
core. The saturated magnetization of nanorods of different
respect ratios is only 0.6 and 1.2 emu/g due to the thick shell
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Figure 6. (A) TEM image of Fe;0,@SiO, nanoellipsoids, with the inset showing an enlarged image of one particle. (B, C) Optical microscopy
images of the microfluidic device (B) and the produced aqueous droplets (C). (D) Schematic diagram of the evaporation-induced assembly
processes in the absence or presence of an external magnetic field. (E) Evolution of the droplets at different drying stages (the field strength
increases from top to bottom, scale bar: 100 ym). (F, G) SEM images of a broken ellipsoidal superstructure. Reproduced from ref 120. Copyright

2019 Royal Society of Chemistry.
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Figure 7. (A) Schematics of bct crystals under different orientations by rotating along given crystallographic directions. (B, C) TEM images
showing bet crystals under various orientations by rotating along [001] (B) and [110] (C). (D) Scheme of bct colloidal crystals. (E) TEM images of
bet crystals assembled from magnetic nanorods with different aspect ratios increasing from 2.25 to 18.5. (F) Dependence of the lattice constant
ratio (c/a) on the aspect ratio (AR) of magnetic nanorods. Inset is the experimental phase diagram showing the magnetic assembly behaviors of
rods. Blue, green, and red dots represent linear colloidal chains, bct crystals, and disordered fibers with only orientational orders, respectively.
Reproduced from ref 2. Copyright 2021 AAAS.
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Figure 8. (A) Schematic showing the geometry for calculating the pair interaction between two nanorods under a horizontal magnetic field. (B)
Plot of total force and its normal, tangent components against 6. (C) Temporal evolution of SAXS patterns measured in situ during the magnetic
assembly of nanorods. (D) Trajectory of the magnetic nanorods during the assembly process. (E) Depiction of the magnetic assembly and
formation of bet crystals. Reproduced from ref 2. Copyright 2021 AAAS.

of SiO,. Considering the separation between nanorods, such a
small magnetic dipole cannot induce a dipole—dipole force
that is strong enough to assemble nearby particles in a dilute
solution under an external magnetic field. However, as the
solution becomes more concentrated (volume fraction: 10%—
32%), the nanorods start packing and form an ordered
structure to minimize the electrostatic repulsion caused by the
significant surface charges. The as-assembled superstructure
displays photonic properties, which in turn allows analyzing
their order quality and crystal structure. Even though the
magnetic dipole is weak, it is still sufficient to align the long
axes of the nanorods along the magnetic fields. The easy
magnetization direction is determined by the shape anisotropy,
which is the long axis of the nanorod, most likely because of
the random dispersion of Fe nanocrystal domains in the core.
Such magnetic alignment not only rotates the assembled
crystal structure but also reduces the defects, explaining the
enhanced reflectance intensity with increasing magnetic field
strength. As shown in Figure SD, the assembled ordered
structure is found to be a face-centered orthorhombic phase by
calculating the diffraction wavelength using Bragg’s law.
When microfluidics is combined with magnetic field-assisted
assembly, uniform micron-sized superstructures can be
obtained, with shapes significantly different from those
obtained using regular nonmagnetic nanospheres.''°”""? Liu
et al. reported that spindle-shaped microparticles could be
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prepared by assembling magnetic nanoscale ellipsoids in a
spatially confined oil droplet under magnetic fields."”’ The
synthesis procedures of magnetic ellipsoids (Figure 6A) are
similar to Ding’s method." Using the microfluidic-assisted
evaporation-induced assembly method, the shear stress
imposed by two outer oil streams (continuous phase: oil
containing surfactants) on the inner thread of the dispersed
phase (aqueous suspension of Fe;0,@SiO, particles) (Figure
6B) results in a periodic breakup of the aqueous stream into
uniformly sized droplets (Figure 6C). Afterward, the aqueous
emulsion droplets are dried under ambient conditions. The
final shape of the assembled superstructures highly depends on
the strength of the applied magnetic fields. In the absence of
external magnetic fields, the droplet gradually shrank while
keeping an overall spherical morphology during the drying. In
contrast, in the presence of magnetic fields, the shrinkage along
the magnetic field direction is slower than that in the
perpendicular direction, eventually leading to an ellipsoidal
superstructure with a higher aspect ratio under a stronger
magnetic field (up to 3.2 with a field strength of 470 Oe,
Figure 6E).

The formation of ellipsoidal superstructures is the result of
competition between the magnetostatic energy (E,,) and the
surface tension energy (E,). During the assembly in the drying
process, the magnetic fields not only align the nanoellipsoids
uniformly along the magnetic field, giving rise to the good
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Figure 9. (A) TEM images of a Fe;O, nanocube (top) and CoFe,O, nanocube (bottom). Scale bars: S nm. Reproduced from ref 128. Copyright
2021 Wiley. (B) TEM image of a Ni nanocube (with an inset of FFT). Reproduced from ref 42. Copyright 2012 American Chemical Society. (C,
D) Schematic illustration of the c-axis and c-plane (perpendicular to the c-axis) for a hematite microcube (C) and the spatial orientation of the
magnetic dipole moment (D). Reproduced from ref 132. Copyright 2018 Royal Society of Chemistry.

orientational order, but also lead to a greater E | due to smaller
interparticle separation. In the meantime, E; decreases because
of the reduced surface area during solvent evaporation. When
the droplet size decreases to a critical value, E,, dominates the
total energy, leading to the deformation of the droplet.
Investigating the fine structure of the assemblies revealed wall-
like units with gaps in between (Figure 6F and G). Within each
wall, the neighboring nanoellipsoids adopt a hexagonal packing
similar to the previous findings."

In the above cases, magnetic force only provides additional
orientational control for the nanorods to yield a better
superlattice, while other forces (i.e., capillary force and surface
tension) serve as the primary driving force for assembly. Li et
al. reported the self-assembly of Fe;O,@SiO, nanorods using
magnetic interactions as the primary driving force.” The
preparation of nanorods is similar to Wang’s method,” except
that the SiO, layer is thinner. Benefiting from that, the reduced
nanorods have strong magnetic dipoles to interact with nearby
nanorods, forming a highly ordered body-centered tetragonal
(bet) superlattice (Figure 7A and B). The c/a ratio of the bct
lattice can be easily controlled by changing the aspect ratio of
the nanorods (Figure 7E and F). For example, nanorods with a
length of 322 nm and width of 70 nm yield a bct lattice with a
=210.6 nm and ¢ = 513.9 nm (c/a = 2.44).

The formation of the bct superlattice is governed by the
magnetic interaction between nanorods, which is analyzed
using the finite element method. As shown in Figure 8A and B,
the magnetic force between two contacting nanorods can be
divided into one along the normal direction and the other
along the tangent direction with respect to the contact point.
The normal force describes whether the force is repulsive or
attractive, while the tangent force describes if the nanorods
tend to assemble along the tangent direction. The energetically
most stable configuration is achieved when the normal force is
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attractive and the tangent force is 0. Interestingly, instead of a
head-to-end configuration (metastable state), the energy
minimum is found when there is a critical angle between the
short axis of the nanorods and the line connecting the centers
of two nanorods. Depending on the SiO, shell thickness and
the aspect ratio of the nanorods, this critical angle originates
from the magnetic interaction among nanorods and forms the
bet superlattice.

The formation kinetics of the superlattice is investigated by
in situ synchrotron-based small-angle X-ray scattering (SAXS)
(Figure 8C). At 0 min, the anisotropic scattering pattern
implies the liquid crystal phase of nanorods with only
orientational orders and parallel alignment to a vertical
magnetic field. At 133 min, a well-defined rectangular
diffraction pattern formed, confirming the perfect structure
of the bet lattice. Figure 8D shows the evolution of local rod
position along [111] crystallographic directions, indicating
nearly linear spatial lattice contraction.

4.2. Nanocubes

4.2.1. Easy Magnetization Direction of Nanocubes.
There are many reported methods for the direct synthesis of
magnetic nanocubes with sizes ranging from nanometer to
submicron, with compositions including Fe,*”**'*' q-
FeZO3,122’123 Fe304,59_ 1,93 FePt,Sl‘SZ Ni,4 MnFeZO4,124_126
and CoFe,0,."””"*® The most employed direct synthesis
method is based on the thermal decomposition of organo-
metallic compounds at high temperatures in organic solvents,
using ligands to bind stronger on (100) than on (111) or
(110) facets of the crystal with cubic symmetry and promote
the growth along [111] or [110] rather than [100]
direction.’”"*” Nanocubes synthesized using this method are
usually single-crystalline or quasi-single-crystalline. In contrast,
indirect synthesis methods often yield nanocubes with
polycrystalline structures.”"?%'*!
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Figure 10. (A) TEM image of magnetic-field-induced self-assembly of maghemite nanocubes into an oriented superlattice (scale bar: 100 nm). (B)
Schematic illustration of the experimental setup for magnetic assembly. Reproduced from ref 134. Copyright 2007 The National Academy of
Sciences of the USA. (C) GISAXS patterns of assemblies of iron oxide nanocubes (inset: the corresponding SEM images, scale bar: 100 nm). (D)
Schematic illustration of the assembled bet superlattice. (E, F) The (101) (E) and (111) (F) reflection series as observed by GISAXS. (G) Schematic
illustration of the dimensionless degree of truncation 7 and representation of nanocubes with varying 7. (H) Ratio between the interaction energies
of a truncated cube in a sc and bt lattice. Reproduced from ref 135. Copyright 2011 American Chemical Society.

The magneto-crystalline easy axis of most magnetic
nanocubes is along their [111] crystallography direction
owing to their negative K, including Fe;O, (Figure 9A,
top), 7-Fe,O3, and most ferrites (MnFe,O,, NiFe,0,, etc.).
These directions coincide with the body diagonals of the
single-crystalline nanocubes. However, CoFe,O,, with a
positive K, is an exception in ferrites with its magneto-
crystalline easy axis along the [100] crystallography direction
(Figure 9A, bottom). Magneto-crystalline anisotropy of ferrites
originates from the spin—orbit interaction of the bivalent
cations. For most bivalent cations (Mn?**, Ni**, Cu®*, Zn*,
Mg**, and Cd*"), the orbital moment is quenched, resulting in
a relatively small magneto-crystalline anisotropy. The Co**
case is different because it has an orbital moment of the same
magnitude as the spin moment, which induces a large
magneto-crystalline anisotropy constant.”

Hematite (a-Fe,O;) is another special magnetic material
despite its weak magnetic property, with the spontaneous
magnetization of 2.2 X 10° A m™' (vs 4.8 X 10° A m™" for
Fe;0,)."*” Different from Fe;O, with the spinel crystal
structure, @-Fe,0; has a rhombohedral lattice that belongs to
the trigonal crystal system. When Ty < T < Ty (Ty: Morin
temperature, ~263 K; Ty: Neel temperature, ~953 K), a-
Fe,0; exhibits a nonzero spontaneous magnetization perpen-
dicular to its c-axis due to canting of the magnetic spins away
from the [0001] direction toward the basal plane.'* Because
of its low saturated magnetization, only a-Fe,O; particles with

281

sizes of submicron/micrometers exhibit decent magnetic
interaction. Hematite cubes with sizes ranging from hundreds
of nanometers to several micrometers can be synthesized by a
simple hydrothermal reaction.’® These single crystalline
microcubes have their c-axis along one of their body diagonals
(Figure 9D), resulting in an easy axis in the plane
perpendicular to this body diagonal in terms of magneto-
crystalline anisotropy.'>>

4.2.2. Magnetic Assembly of Nanocubes. The super-
structures obtained from the assembly of magnetic nanocubes
are of particular interest due to their packing factor reaching up
to 1 (as opposed to spheres, which can be packed to a
maximum factor of 0.74), which allows for coupling as strong
as possible between the nanoscale building blocks.

Ahniyaz et al. assembled the single-crystalline truncated
Fe;O, nanocubes with an edge length of 9 nm in the liquid—air
interface using a drying-mediated method in the presence of
magnetic fields."”* The magnetic fields play an important role
in controlling the orientation of nanocubes during the
assembly process and significantly affect the assembled
structures. When nanocubes are allowed to assemble without
magnetic fields, mosaic-like particle arrays are obtained after
drying, while highly ordered, virtually defect-free superlattices
are created by subjecting the drying dispersion to a vertical
magnetic field. The nanocubes in the superlattice adopt a face-
to-face arrangement with a separation distance of 3.7 nm to
accommodate the oleate ligands (Figure 10A). The duration of
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Figure 12. (A) Schematic representation of the experimental setup for magnetic assembly. (B) TEM images of Fe;0, nanocubes. (C—E) SEM
images of assembled 1D belts with [100] packing (C), [110] packing (D), and single-stranded helices with [111] packing (E). (F) SEM image of a
well-defined double helix, with the inset showing a TEM image of two belts wrapping around each another. Reproduced from ref 136. Copyright
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the applied magnetic field also affects the structure of the
superlattice. Nanocubes tend to form large and ordered thin
arrays by applying a vertical magnetic field during the initial
phase of the assembly process; however, if the magnetic field is
applied for the entire assembly process, micrometer-sized and
thick three-dimensional superlattices are obtained.

The mechanism for assembling magnetic nanocubes was
conjectured based on the experimental observations. The
mosaic-like array formed without a magnetic field suggests the
first formation of small, ordered clusters and then the fusion of
each domain into large, disordered arrays. When the magnetic
field is only applied during the initial phase of the assembly
process, the additional dipole—dipole interaction promotes the
formation of a cluster beyond a critical size. Such a cluster
serves as a nucleus for the subsequent growth of highly ordered
superlattice when the magnetic field is removed, leading to the
formation of thin arrays. If the magnetic field is applied
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throughout the drying process, the dipole—dipole interaction
stacks the nanocubes on top of the cluster due to the vertical
magnetic field, resulting in thick three-dimensional super-
lattices.

Although the nanocubes are packed face-to-face in the
superlattice, the exact crystal phase of the obtained superlattice
was not revealed in Ahniyaz’s work."** In 2011, Disch et al.
investigated the three-dimensional structure of the superlattice
by combining grazing incidence small-angle scattering
(GISAXS) and electron microscopy.'”” The in-plane square
lattice has a lattice constant of a = 13.10 nm, confirmed in the
SEM image and by the GISAXS measurement (Figure 10C).
Based on the (101) and (111) reflection series as observed by
GISAXS, the full 3D superlattice structure is determined to be
body-centered tetragonal (bct) with a lattice constant ¢ = 17.80
nm (Figure 10E and F). Other than the experimental
determination of the superlattice structure, the author also
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Figure 13. (A, B) TEM images of nanocubes of PB (A) and Fe;0,@SiO, (B). Scale bars: 100 nm. (C) TEM image of a 1D chain assembled with
[110] packing. Scale bars: 100 nm. Reproduced from ref 93. Copyright 2019 American Chemical Society. (D) TEM image of hematite microcubes.
Reproduced from ref 56. Copyright 2013 Royal Society of Chemistry. (E—G) Experimental observations and computer simulations of hematite
microcube assemblies under magnetic fields, with the field strength increasing from (E) to (G). Scale bar in (F): 20 gm. Reproduced from ref 132.
Copyright 2018 Royal Society of Chemistry. (H—N) prad-XRD patterns (H—J) and HXRM images (K—N) of the hematite sediment assembled in
the presence of a magnetic field. Scale bar in (K): 3 ym. Reproduced from ref 56. Copyright 2013 Royal Society of Chemistry.

built a model based on the energies of superstructures (the
energy it requires to remove a nanocube) to investigate the
influence of truncation degree on the superlattice structure.
The model indicates that at low truncations (z < 0.4), the
simple cubic (sc) lattice is more stable than the body-centered
tetragonal (bct) lattice, and there is a sc to bct transition as the
degree of truncation increases (Figure 10H). This structural
transformation is driven by the rapidly growing van der Waals
(vdW) attraction along the bct diagonal as the degree of
truncation increases. Since the nanocubes used in the
experiment have a truncation of 0.45, the bct lattice is more
energetically favored, which is consistent with the theoretical
studies.

Superlattice with a packing manner other than face-to-face
was reported by Hakonsen et al. using a similar experimental
setup.”” Two different packing arrangements of nanocubes
within the superstructures were found, with face-to-face or
corner-to-corner packing along the vertical direction (magnetic
field line) (Figure 11A and B). Compared with the bt lattice
with face-to-face packing, the appearance of corner-to-corner
arrangements is presumably due to the stronger magnetic field
applied (120 mT vs 30 mT), making dipole—dipole interaction
(which favors corner-to-corner packing) comparable or even
stronger than the vdW interaction (which favors face-to-face
packing). Although face-to-face packing arrangement was also
observed, its origin was ascribed to the local nanocube
concentration and magnetic field gradient. When CoFe,O,
nanocubes of the same sizes were employed as building blocks
for the assembly using the same method, superlattices with
only face-to-face packing (Figure 11C) were obtained because
of the cooperation of dipole—dipole interaction ([100], the
easy magnetization direction) and vdW interaction."**

More interesting and complex superstructures, including
one-dimensional belts and single, double, and triple helices,
could be obtained when the magnetic field is parallel to the
liquid—air interface during the evaporation-induced self-
assembly using monodisperse magnetite nanocubes with an
average edge length of 13.4 nm and corner bluntness of 23% as
building blocks (Figure 12B)."*® The assembled super-
structures were highly dependent on the surface concentration
(r) of the particles. When y < 0.2, no long-range or well-
defined structures were found. When y = ~0.2, NCs assembled
into parallel arrays of one-dimensional (1D) belts with a width
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of two to three NCs across and length up to 100 um (Figure
12C) oriented parallel to the applied field. Within these belts,
individual cubes had their [100] crystallographic axes oriented
parallel to the long axes of the belts. When 1 < y < 1.5, 1D
belts were still observed. However, the cubes in the belts had
their [110] axes oriented parallel to the long axes of the belts
(Figure 12D). When y = ~1.5, as shown in Figure 12E, the
cubes oriented their [111] along the magnetic field lines, and
the belts spontaneously folded, giving rise to single-stranded
helices. The relatively thin helices prepared at 1.5 < y < 2.0
comprised equal populations of intermixed left- and right-
handed structures, all oriented parallel to the applied field.
However, at higher (¥ > 2.0) coverages, long axes of the helices
were tilted with respect to the external field, with the tilt angles
increasing with increasing y values.

The formation of various superstructures at different surface
concentrations is explained by the interplay of vdW interaction
and dipole—dipole interaction. When y is low (0.2—1), vdW
interaction dominates, and nanocubes are presumably
magnetized along their hard axes ([100]) to minimize the
total energy. As y increases to 1—1.5, the belts become wider,
and the parallel arrangement of magnetic dipoles increases the
energy of the belts, which decreases the stability of the
superstructures. The nanocubes are then magnetized along the
intermediate axes ([110]) to decrease the magnetic energy in
the compensation of compromised vdW interaction. When y is
even higher (>1.5), the nanocubes are magnetized along their
easy axes ([111]) because of the large effective magnetic field
generated by a large number of nanocubes, forming helical
belts. Monte Carlo simulations confirm that the formation of
helices is accompanied by free energy minimization. Further
analysis reveals that the helices originate from the packing of
chiral nanocube nuclei, resulting from the competition of
magnetic and spatial symmetries. The helical belts also exhibit
other interesting features, such as helices with the same
handedness on a large scale and domains with inverted helices
(collective switching of chirality).

Different from the assembly during the drying process, the
assembly of magnetic nanocubes in solutions results in
different superstructures. Li et al. reported the synthesis of
Fe;0,@Si0, nanocubes with an overall length of ~250 nm
through an indirect method: a layer of SiO, was first coated on
the presynthesized Prussian blue nanocubes (Figure 13A), and
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the resulting core—shell nanoparticles were then reduced into
magnetic Fe;O,@SiO, in polyol at high temperature.”” Due to
the shrinkage of Prussian blue by reduction, the nanocube core
consists of randomly distributed nanocrystals with a size of
~10 nm (Figure 13B), making these nanocubes super-
paramagnetic despite their large dimension. Under the
magnetic field, the dipole—dipole interaction drives the
nanocubes into forming 1D single chains within which most
of the nanocubes tend to align edge-to-edge (Figure 13C),
with a few face-to-face and corner-to-corner defects. Since the
crystal domains are randomly distributed and orientated in the
core, the magneto-crystalline anisotropy can be negligible in
determining the easy magnetization direction. Considering
shape anisotropy, the longest axis is easier to be magnetized
due to the lower demagnetization factor, which occurs to be
the body diagonals of the nanocubes. However, the corner-to-
corner arrangement is not favored in terms of the vdW
interaction due to the small contact area. The competition
between these two interactions eventually results in a
compromised edge-to-edge arrangement in the chains.

Aside from the most investigated Fe;O, nanocubes, the
assembly of a-Fe,O; microcubes has also been studied, for
example, using those with round corners and average edge
lengths varying between 500 and 1500 nm.*® By investigating
the superstructure formed by gravity-facilitated sedimentation
in the presence of a magnetic field using SAXS, the dipole
moment in the hematite cubes is determined to be situated at
an angle a = 12° into the cube’s face with respect to its body
diagonal (Figure 9E)."*> When the cubes are confined inside
flat glass capillaries, they simultaneously assemble into 1D or
quasi-2D structures with an applied magnetic field, and the
structures depend on the magnetic field strength and
concentration of particles. In a weak magnetic field, the
cubes attached face-to-face to form straight 1D long chains
(Figure 13E). As the field strength became stronger, the
increased Zeeman interaction was strong enough to align all
the dipoles along the magnetic field. At the same time, the
chains buckled and evolved into kinked structures with a well-
defined angle (Figure 13F). If the particle concentration
increased, the chains started to interact with each other and
assembled into bundles (Figure 13G). Theoretical inves-
tigation reveals that the kinks are energetically unfavored since
they destabilize the chains by the unfavorable orientation of
the cube that connects the two sides of the chain. However, the
formation of kinks causes an entropy gain of the cluster, which
is an entropically driven process. Similar kinked chains have
also been observed by Aoshima et al."*’

The superlattice of hematite cubes resulting from the
sedimentation in the presence of a magnetic field has been
previously determined by Meijer et al. in 2013.°° The magnetic
field is employed to provide an orientational control during the
sedimentation, facilitating the formation of highly ordered
superlattice over a long-range (Figures 13H—N). The cubes at
the tope region of the sediment are found to assemble into
base-centered monoclinic lattice, with lattice parameters of a =
846 nm, b = 852 nm, and ¢ = 972 nm with @ = f =90° and y =
85°.

4.3. Nanoplates

4.3.1. Easy Magnetization Direction of Nanoplates.
Considering shape anisotropy, the easy magnetization
direction of plate-shaped particles lies in the basal plane due
to their larger diameter compared with their thickness.”
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However, the overall easy magnetization direction is highly
dependent on the crystal domain size and crystal phase of the
particles. Yang et al. synthesized hexagonal Fe;O, nanoplates
through a two-step method (Figure 14A)."** The a-Fe,O,

Figure 14. (A) TEM image (inset: electron holography of a single
nanoplate). (B) HRTEM of a reduced hexagonal Fe;O, nanoplate
(inset: SAED image). Reproduced from ref 138. Copyright 201S
Wiley. (C, D) TEM of Co nanoplates (C, scale bar: 100 nm) and
their face-to-face assembly under a magnetic field (D, scale bar: 200
nm). Reproduced from ref 46. Copyright 2002 American Chemical
Society.

nanoplates were synthesized and then reduced into Fe;O, in a
trioctylamine and oleic acid mixture. Such a hydrogen-wet
reduction method avoided the shape damage and coalescence
usually occurring in the gas phase reduction. Although there
was no sufficient evidence showing the reduced nanoplates
were single crystalline, the crystal domains with a lattice
spacing of the (220) plane of inverse spinel Fe;O, could be
identified within the basal plane (Figure 14B). In this case,
both magneto-crystalline and shape anisotropy support an easy
magnetization direction in the basal plane, resulting in the
parallel alignment of nanoplates along the magnetic fields.

For magnetic materials of the hexagonal crystal system,
single crystal nanoplates are usually obtained by the limited
growth along their c-axis. The easy magnetization direction in
terms of magneto-crystalline anisotropy is perpendicular to
that of shape anisotropy. Many materials possess a large
uniaxial magneto-crystalline constant that dominates over the
shape anisotropy effect, making their easy magnetization
direction perpendicular to the basal plane (ie., Co**'* in
Figure 14C and D and Hexaferrites'*°~'*?).

4.3.2. Magnetic Assembly of Nanoplates. The self-
assembly of nanoplates under magnetic fields has been less
studied compared with that of nanorods and nanocubes. The
possible reason could be the need for controlling two degrees
of freedom simultaneously to fully control the orientation of
the nanoplates.

Recently, Zhang et al. synthesized uniform core—shell Ni@
SiO, nanoplates by reducing the Ni(OH),@SiO, in H, gas."**
The core of nanoplates has a dimeter of 126 nm and a
thickness of ~20 nm with a S0 nm SiO, shell (Figure 15A and
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Figure 15. (A, B) TEM images of Ni(OH), (A) and Ni@SiO, (B)
nanoplates. (C, D) SAXS pattern of the nanoplate dispersion in the
absence of magnetic field (C) and under a vertical magnetic field (D).
(E) Schematic illustration of the possible structural change after
applying a vertical magnetic field. (F, G) SEM images of assembled
superstructures drying on the substrate with a vertical (F) and parallel
(G) magnetic field. Reproduced from ref 144. Copyright 2020 Royal
Society of Chemistry.

B). Their method for assembling nanoplates under magnetic
fields was similar to that of Wang et al.” Upon increasing the
particle concentration to above a critical value, only local
crystalline structures were formed due to the lack of long-range
orientational control of the nanoplates, which can be seen from
the ring pattern in the SAXS measurement (Figure 15C).
‘When a magnetic field was applied vertically, the SAXS pattern
showed 2 peaks (Figure 15SD), corresponding to a lattice
spacing of 305 nm in the vertical and 260 nm in the horizontal
direction. Compared with the previous pattern (with a spacing
of 282 nm in both directions), the stretching of the spacing in
the vertical direction implies that the magnetic field could help
nanoplates form a long-range ordered structure along the
direction of the magnetic field. The SEM images in Figure 15F
and G show that the superstructure has many defects likely
caused by the insufficient magnetic response of the nanoplates
(saturation magnetization: 0.63 emu/g) and the additional
degree of freedom allowing the nanoplates to rotate around
their magnetization axis.

4.4. Peanut-Shaped Particles

The synthesis of peanut-shaped a-Fe,O; microparticles was
first reported by Sugimoto et al. in 1993."* Their magnetic
field-induced assembly behavior was studied by Lee and
Liddell in 2009."** The peanut-shaped particles with a length
of 2.6 ym and lobe diameter of 1.18 ym are composed of many
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acicular crystallites, all roughly oriented along the particle’s
major axis but with some radial splay, particularly in the two
constituent lobes, as shown in Figure 16C. The HRTEM
image shows that the major axes of the crystallites coincide
with the hematite c-axis. Even though the peanut-shaped
particles are not single crystalline, the identical orientation of
the crystallites makes the whole particle possesses an “overall”
crystalline anisotropy and creates a magnetic dipole oriented in
a transverse direction to the particle’s major axis (in the plane
perpendicular to the c-axis) (Figure 16A). Under the magnetic
field, the peanut-shaped particles assemble into kinked chains
along the magnetic field in a confined 2D cell (Figure 16E).
Within the chains, the major axes of the particles are
perpendicular to the field lines due to the Zeeman interaction.
The assembly of peanut-shaped particles without confinement
forms chains with random crisscrosses linked to adjacent
particles primarily at the waist (side-by-side, Figure 16D).
When the concentration of particles is increased, a nearly
dense monolayer of oriented particles with some vacancy
defects (Figure 16F) is formed by the coalescence of individual
zigzag aggregates under 2D confinement conditions. The
ordered monolayer has an oblique lattice with a = 1.33 ym and
b = 2.82 ym, and an interaxial angle y of 122° (Figure 16G).

The same group then studied the assembly behavior of these
peanut-shaped particles after they reduced the a-Fe,O; into
Fe;0,'* While the overall particle shape was preserved after
reduction, the acicular crystallite microstructure was lost due to
the crystal lattice change from rhombohedral to cubic (Figure
16H and I). As a result, the magneto-crystalline anisotropy is
diminished, and the easy magnetization direction is predom-
inantly determined by the shape anisotropy. When a magnetic
field is applied, the peanut-shaped particles align their major
axis along the magnetic field, forming chains with end-to-end
attachment (Figure 16] and K).

4.5. Hybrid Particles

In the above examples, the outer layers (mainly SiO,) are
relatively uniformly coated on the nanoparticles, so the core
particles’ original shapes remain unchanged. However, the
symmetries of the cores can be broken when the shells are
anisotropically coated. Although the nonmagnetic layers do
not contribute to the magnetic anisotropy, the assembly
behaviors of these hybrid particles can still significantly deviate
from the bare core particles due to the additional anisotropic
steric hindrance originating from the outer layers.

Ge et al. reported the synthesis of Fe;0,@SiO,@
Polystyrene (PS) composite colloids with anisotropic
structures.'*” The particles are produced by one-step emulsion
polymerization of styrene using Fe;O,@SiO, as seeds. The
interfacial tension between the hydrophilic seed particle and
the hydrophobic monomer is the key to the formation of
eccentric core—shell particles (Figure 17A). By increasing the
concentration of the monomer or performing a two-step
coating strategy, ellipsoidal particles with the magnetic core
eccentrically located at one end (Figure 17B) or doublets
containing two spheres (Figure 17C) can be obtained,
respectively. Unlike magnetic particles with concentric core—
shell structures forming straight chains under magnetic fields
(Figure 17D), the assembly of eccentric particles produces
zigzag chains (Figure 17E), within which the magnetic cores
are brought to the nearest locations relative to each other. This
configuration is the competing result of steric hindrance and
magnetic dipole—dipole attractions. Similar zigzag chains were

https://doi.org/10.1021/prechem.3c00012
Precis. Chem. 2023, 1, 272—-298


https://pubs.acs.org/doi/10.1021/prechem.3c00012?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00012?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00012?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00012?fig=fig15&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.3c00012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Precision Chemistry

pubs.acs.org/PrecisionChem

Figure 16. (A) Scheme showing the crystal structure of a hematite crystallite and the peanut-shaped colloids. (B, C) SEM and TEM images of
hematite peanut-shaped colloids. Scale bar in (B): 1 ym. (D) SEM image of particle chains formed upon drying. Scale bar: 2 ym. (E) Optical image
of planar, kinked zigzag chains under 2D confinement. Scale bar: $ ym. (F, G) Optical images of the monolayer oblique superlattices. Scale bar in
(F): 10 ym and (G): S um). Reproduced from ref 133. Copyright 2009 Wiley. (H, I) SEM images of the particles after reduction into magnetite.
Scale bar in (H): 1 gm and (I): 200 nm. (J, K) SEM images showing the orientation of the reduced particles after drying under a magnetic field.
Reproduced from ref 146. Copyright 2009 Royal Society of Chemistry.

also reported by Smoukov et al. using magnetic Janus particles
prepared by partially coating one hemisphere of PS micro-
spheres with a thin layer of Fe.”*

In 2016, Zhao et al. reported the synthesis of Janus rods
through the unidirectional growth of SiO, on one side of
Fe;O, spherical seeds (Figure 17F).'"** Such an unusual
growth of SiO, is believed to result from the uneven deposition
of H,O droplets on the seed surface. The morphology of the
Janus rods, such as length and diameter, is affected by multiple
parameters, including seed size, reaction time, temperature,
and reagent concentrations. For example, when the temper-
ature gradually decreases during the synthesis, particles with
the chess-piece shape shown in Figure 17G are obtained due to
the changing reaction rate during the growth. When the
magnetic field is applied, the magnetic tips form 1D chains
with silica rods swaying randomly aside the main chain (Figure
17H). However, when the Janus rods are modified with a thin
hydrophobic shell, due to the hydrophobic—hydrophobic
attraction between neighboring rods, the rods tend to stay
on the same side of the main chain under the same magnetic
field (Figure 171).
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Particles with a bicone shape can be prepared by stretching
the spherical Fe;0,@Si0,@PS core—shell particles at a high
temperature.'*” The aspect ratio of the bicone-shaped particles
can be easily tuned by the draw ratio during the thermal
stretching, as shown in Figure 17]. In order to better image the
particles under an optical microscope, the cores and the shell
were labeled with rhodamine isothiocyanate and fluorescein
isothiocyanate dyes, respectively. The particles can be
assembled into ordered superlattices by the depletion force
induced by a depletant (Sodium polystyrenesulfonate) (Figure
17K). These superlattices begin to melt upon applying a
magnetic field, eventually forming string structures along the
magnetic field direction (Figure 17M), driven by the magnetic
dipole—dipole interaction discussed in Section 3.

The anisotropic coating can be formed on not only spherical
cores but also magnetic microcubes. Sacanna et al. reported the
eccentric coating of hematite microcubes by an organo-silica
polymer shell (Figure 18A)."*° The key to obtaining particles
with such a morphology is that the microcubes serve as
nucleation sites, inducing the formation of oil droplets
resulting from the polycondensation reaction between
metastable water-soluble silanols. Due to the permanent
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Figure 17. (A—C) TEM images of Fe;0,@SiO,@PS composite particles with eccentric (A), ellipsoidal (B), and doublet (C) shapes. Scale bars:
400 nm. (D, E) TEM images of assembled chains of concentric (D) and eccentric particles (E) under magnetic fields. Scale bars: 400 nm.
Reproduced from ref 147. Copyright 2007 American Chemical Society. (F) TEM image of matchstick-shaped (F) and chess piece-shaped (G)
Janus rods. (H, I) Optical microscopic images showing the directed assembly of the Janus rods into chains under an external magnetic field before
(H) and after (I) hydrophobization. Reproduced from ref 148. Copyright 2016 Royal Society of Chemistry. (J) SEM and TEM images of bicone-
shaped Fe;0,@Si0,@PS colloidal particles with increasing draw ratios from 1.0 to 3.5. Scale bars: 1 gm. (K—M) Optical microscopic images of

the assembled superlattices from bicone-shaped particles with (K) and without (M) the magnetic field. Scale bars: S ym. Reproduced from ref 149.
Copyright 2020 Royal Society of Chemistry.

Encapsulation
in oil Polymerization

Increasing time in a magnetic field

Figure 18. (A) Schematic diagram showing the synthetic steps of hematite microcube encapsulated organo-silica polymer sphere. (B, C) Magnetic-
click colloidal assembly of dimers (B) and trimers (C) without magnetic fields. (D) Zigzag chains formed upon the application of a parallel
magnetic field. Reproduced from ref 150. Copyright 2012 American Chemical Society. (E) SEM image of a hexapod. (F, G) SEM images of dried
assembled hexapods without (F) and with (G) the magnetic field. (H) Schematic illustration of hexapod rearrangement in the chain upon
application of a magnetic field. Reproduced from ref 151. Copyright 2018 American Chemical Society.

magnetic dipole in the hematite, the particles can self-assemble number of particles in the clusters, either two (Figure 18B) or
into clusters even without an external magnetic field. The three (Figure 18C), can be finely controlled by changing the
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Figure 19. (A) Schematic representation of the spontaneous alignment of nanoellipsoids under magnetic fields. (B) Reflection spectra of photonic
structures under magnetic fields with varying directions relative to light incidence. (C) Digital photo showing the photonic response of the
nanoellipsoids solution under a linear Halbach array. Scale bar: S mm. Reproduced from ref 3. Copyright 2015 Wiley. (D) Schematic illustration of
measuring the crystal optical properties. (E, F) Measured reflection spectra (E) and colors (F) of rod dispersion under different magnetic fields.
Reproduced from ref 2. Copyright 2021 AAAS. (G) Schematic illustration of the alignment of the photonic pigments in the solid film for
mechanochromic responses. (H, I) Digital photos of two photonic films showing color changes in response to rotation (incident angle for H: 30°

and I: 40°). Reproduced from ref 171. Copyright 2022 Wiley.

volume of the polymer shell. By applying a magnetic field
parallel to the substrate, zigzag chains (Figure 18D) similar to
the result of Ge et al. are formed. Kim et al. later found that the
SiO, rods could be grown on the six faces of the hematite
microcubes by the sol—gel reaction, leading to the formation of
hexapods, as shown in Figure 18E.'>” The growth mechanism
is similar to the Janus rods mentioned above.'*® Jia et al.
studied the assembly behavior of these magnetic hexapods
under electric and magnetic fields.">' Under an alternating
electric field, the hexapods form linear chains within which the
particles are randomly orientated (Figure 18F). At this time, if
an additional magnetic field is applied parallel to the substrate,
the particles in the chains undergo rotations to correct the
misalignment of the magnetic dipoles due to the Zeeman
interaction (Figure 18G). After this intermediate disordered
state, the particles eventually form linear chains with a higher
degree of order than the initial chains.

5. APPLICATIONS

5.1. Photonic Crystals

Photonic crystals are structures with a periodic arrangement of
dielectric constants in space. They have received extensive
interest in the past few decades because of their ability to
create a range of “forbidden” frequencies for light propagation
(photonic bandgap).">*'** Photonic crystals can be produced
by microfabrication methods typically involvin§ Ehotolithog-
raphy, film deposition, and selective etching.'*>'>® They can
also be formed by self-assembling preformed building blocks
(nanoscale ob_yjects or block copolymers) into periodic
structures,””">” offering many advantages such as high
efficiency, high 5sgpeed, cost-effectiveness, and high throughput

1
on large areas.
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The self-assembly approaches become more powerful in
producing photonic crystals when magnetic particles are
employed as the building blocks and magnetic fields to
provide the driving force. In addition to creating the desired
periodic arrangement, the magnetic field also acts as an
efficient stimulus for dynamically tuning the periodicity and,
thus, the photonic bandgap.'*” The resulting photonic crystals
can exhibit controllable color changes that can respond to or
be manipulated by the externally applied magnetic field. They
have attracted enormous research interest in the past few
decades due to their apIpealing applications in color dis-
plays," 7' sensors,'**"°* anticounterfeiting,'**~'*" and
rewritable signage.””'**'%®

Compared with isotropic building blocks, one of the
important features of anisotropic particles is their shape-
dependent physical and chemical properties, which can add
more degrees of freedom for manipulating the collective
properties of the resultant superstructures.” Besides, theoretical
calculations have demonstrated that assembling nonspherical
nanoparticles holds a greater promise to create photonic
crystals with a complete bandgap.'*'”°

Another important feature of photonic crystals made from
anisotropy magnetic building blocks is their field direction-
dependent optical properties because the orientation of
individual particles and the whole superlattice can be
magnetically controlled. Wang et al. showed that when the
light and the magnetic field are perpendicular, the interplanar
spacing is determined by the short axis of nanoellipsoids,
resulting in a reflection peak at a shorter wavelength.” When
they are parallel, the interplanar spacing is determined by the
long axis of nanoellipsoids, accounting for a reflection peak at a
longer wavelength. Moreover, a continuous blueshift of the
reflection peak (from 750 to S00 nm, Figure 19B) is observed
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Figure 20. (A—D) Polarized optical microscopy (POM) images of a magnetic liquid crystal film under magnetic fields oriented in different
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when the angle between the magnetic field and light gradually
increases from 0° to 90°. Similar field direction-dependent
colors have also been reported by Liu et al."*

Li et al. demonstrated that with nanoellipsoids of a larger
aspect ratio, the assembled photonic crystals showed a much
larger tuning range of colors from 480 to 800 nm by increasing
the angle between the magnetic field and light from 0° to 65°
(Figure 19E and F).” More redshift of the reflection peak was
observed when the angle was further increased. A rotation-
asymmetric mechano-chromic device was fabricated based on
these highly tunable multicolor photonic crystals.'”" The film
displayed a uniform green color when the ellipsoids were
magnetically aligned along 30° to the film surface and
illuminated with the incident light at 30°. However, when
the film was rotated 180° around its surface normal, the film’s
color disappeared due to the decrease in incident angle and the
consequent blueshift of the diffraction to the UV, exhibiting
on—off switching of the structural colors (Figure 19H). When
the incident angle was changed to 40°, the color could be
switched between red and blue by the same rotation (Figure
191). Such rotation-asymmetric color change is not achievable
by conventional opal or inverse opal photonic crystals made
from isotropic building blocks due to their high lattice
symmetry.

5.2. Magnetically Actuated Liquid Crystals

Light can change polarization by passing through liquid
crystals containing aligned molecules or colloidal nanoparticles
of anisotropic shapes. Such a phenomenon is known as
birefringence. Due to their application in electronic displays,
they have received vast interest since the 1970s.'”” The
alignment of liquid crystals can be realized by many external
stimuli, such as temperature, flow, and electric and magnetic
fields.'"”> Compared with the conventional electrically driven
liquid crystals, those operating under magnetic fields have the
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advantages of contactless and remote control, attracting
significant interest in the synthesis and fabrication of
magnetically actuated liquid crystals.

For the molecule-based liquid crystals, an extremely strong
magnetic field (~1 T) and a long response time are required to
align the molecules because of their relatively low magnetic
susceptibilities, which severely limit their applications.'”*'”
To solve this problem, Wang et al. fabricated the magnetic
field-controlled liquid crystals using Fe;O, microrods with a
high aspect ratio (length: 1.5 ym, width: 200 nm), which is
responsive to a weak magnetic field (~1 mT)."”® The intensity
of transmitted light can be dynamically controlled by magnetic
field direction, as shown in Figure 20A—D, which is
intrinsically originated from the refractive indices difference
between the longitudinal and transverse directions of the
Fe;O, microrods. Similar liquid-crystal-like behavior cannot be
realized using the assembled structures from magnetic
nanospheres. This liquid crystal was extremely sensitive to
the directional change of external magnetic fields and exhibited
an instant response to an alternating magnetic field of S mT
within 0.01 s (Figure 20F), corresponding to a switching
frequency of 100 Hz, which is comparable to the performance
of commercial liquid crystals based on electrical switching. The
fast response is inherent from the strong Zeeman interaction
between the large dipole moment of the microrod and the
external magnetic field: only a moderate field strength is
required to generate enough force to overcome the Brownian
motion and rotate the microrods. Another advantage of such
liquid crystals is the convenience of fabricating complex
patterns by combining magnetic alignment and lithography
processes (Figure 20G). Regions with different alignments of
rods are fixed step-wisely upon exposure to UV light with the
aid of UV polymerizable resin and a photomask. The as-made
films showed distinct contrast under polarized optical
microscopy. Similar iron oxide nanoparticles based magneti-
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cally responsive liquid crystals have also been reported in

120,144,171
others’ works.” “” ™™

5.3. Rare-Earth-Free Permanent Magnets with
High-Energy Product

Permanent magnets are critical components in the traction
motor of electric vehicles and the power generator of wind
turbines."”” The rapid development of renewable and clean
energy promotes an increasing demand for the supply of high-
performance permanent magnets in the foreseeable future. The
maximum energy product measures the maximum amount of
magnetic energy stored in a magnet and is used as an indicator
of magnet strength.'”® Current permanent magnets having
high energy products are all based on rare-earth compounds
(energy product ~50 MGOe,'”” 1 MGOe = 7.958 k] m*®) that
have extraordinarily high magneto-crystalline anisotropy
provided by the rare-earth 4f electrons.'® However, rare-
earth compound-based permanent magnets suffer from some
disadvantages. For example, their thermal stability is relatively
poor (Curie temperature = 310—400 °C) compared to
ferromagnetic 3d transition metals like Fe, Co, and their alloys
(Curie temperature > 700 °C), hindering their applications
that require high temperatures. Besides, their future supply has
remained a concern due to the scarcity of rare-earth elements
in the earth’s crust.'"®" Thus, there is a significant demand for
producing rare-earth-free permanent magnets with a high
energy product.'””'%

A large energy product requires a large saturation magnet-
ization and a large coercivity, as shown in Figure 21A.
Although they have a higher saturation magnetization and
Curie temperatures, the 3d elements and their alloys, known as
“soft magnetic materials,” have a low coercivity and energy
product due to their low magneto-crystalline anisotropy.
Therefore, improving the coercivity of soft magnetic materials
has been a hot research topic over the years.'* ™%
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Recent research has shown that the coercivity can be greatly
enhanced by self-assembling the magnetic nanorods into
ordered structures (Figure 21D—G). In 2014, Fang et al.
reported that aligned single-crystalline Co nanorods could have
a coercivity of up to 7.0 kOe at room temperature."” Around
the same time, Gandha et al. reported that the magnetic
alignment of single-crystalline Co nanorods with diameters of
15 nm and an average length of 200 nm could produce a high
coercivity of 10.6 kOe and an energy product of 44 MGOe at
room temperature.'*® The uniformity of nanorod morphology
was also found to play an important role in determining the
coercivity and magnetization hysteresis. Anagnostopoulou et
al. systematically investigated the influence of rod diameter,
magnetic volume fraction, and assembly method on the energy
product of assembled Co nanorods.®” The highest energy
product was obtained from nanorods with a smaller diameter
and higher magnetic volume fraction (with less surface
oxidation). A better order with fewer defects also positively
contributed to the energy product. The high value of coercivity
of assembled Co nanorods is benefited from the coupling
between the shape anisotropy and high magneto-crystalline
anisotropy of Co."”"

Despite the significantly enhanced energy product values of
assembled Co nanorods under room temperature (300 K), the
discussion of their performance under elevated temperature is
rare. A literature report indicates that only ~50% of the room
temperature coercivity is preserved at 500 K for assembled Co
nanorods.'”" Although this value is better than that of the
NdFeB magnet, further optimization is still needed.

5.4. Mechanical Enhancement Materials

Materials with excellent mechanical properties, including large
bonding strength, high elastic modulus, and large hardness,
have been long desired. Traditional metals and ceramics are
usually damage-intolerant since their performances are
severally limited by the damage-induced defects inside.
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(C) Reconfigurability of mechanical properties via applied magnetic fields. (D) Reconfigurable supermagnetostriction of cobalt ferrite

superstructures. Reproduced from ref 128. Copyright 2021 Wiley.

Additionally, the high processing temperature of these
materials consumes a large portion of energy. Organic—
inorganic mesocrystals are hybrid materials consisting of
crystalline inorganic nanoparticles and interspacing amorphous
organic layers. This structure combines disparate materials,
such as hard but brittle nanocrystals, with a soft and ductile
amorphous material, enabling a mechanically optimized
structural design.'”” Many living organisms adopt this strategy
to produce mechanically outstanding materials by combining
minerals with biopolymers. For example, a mollusk shell or
nacre is composed of hard calcium carbonate minerals and soft
organics, yielding a high strength and impressive fracture
toughness about 3000 times higher than the minerals.'”’

Recently, Hakonsen et al. theoretically investigated the
influence of magnetic interactions on the mechanical proper-
ties of the assembled superstructure of magnetic nanocubes.'**
Van der Waals interaction, steric repulsion, and magnetic
dipole—dipole interactions are considered when calculating the
cohesive energy (the energy required to break the assembled
structures up into isolated building blocks) of the assembled
structures using the Monte Carlo simulation method. For
CoFe,0, nanocubes, which possess a high magneto-crystalline
anisotropy constant along its [100] crystallographic axes, their
magnetic dipoles do not undergo a relaxation process and
remain unidirectionally aligned even when the external field is
removed. These directionally “blocked” magnetic dipoles lead
to an anisotropic mechanical enhancement of the super-
structure, with a 90% increase along the dipole direction and
an ~40% decrease along the other two directions (Figure
22B). Such a directional mechanical enhancement is also
shape-dependent. The enhancement is more dramatic along
the long axis of the stripe-shaped superstructures. The
interesting aspect of this structure is the possibility of magnetic
field control of the mechanical anisotropy through changes in
the permanent magnetization direction. Another property of
the assembled superstructure in Figure 22D is the enhanced
magnetostriction, which is at least 1 order of magnitude larger
than that of conventional materials (Terfenol-D). Moreover,
this supermagnetostriction can also be controlled by the
direction of applied magnetic fields. With these novel
properties, this superstructure may find applications such as
sensors based on microelectromechanical systems (MEMS),
scaffolds for tissue engineering, and bioinspired artificial
materials with field-controlled reconfigurable mechanical
properties.
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6. SUMMARY AND OUTLOOK

Distinct from spherical nanoparticles, the self-assembly of
nanoparticles with anisotropic shapes has been an active
research topic for a long time. However, their orientational
control on demand is often problematic not only in the
solution but also during the assembly process. For magnetic
nanoparticles, the interaction between the induced magnetic
dipole and the external magnetic field provides a convenient
method to dynamically control their orientation. The overall
magnetization direction of colloidal nanoparticles is deter-
mined by their magnetic anisotropy, which is influenced by
many factors such as crystal phase, particle shape, and crystal
microstructure. Thus, understanding the magnetic anisotropy
of a nonspherical particle is imperative to predict how it
behaves and how it interacts with neighbors under the external
magnetic field. This Review summarizes the preparation of
magnetic nanoparticles with anisotropic shapes, including rods,
cubes, plates, peanuts, and hybrid particles. For each shape, the
magnetic anisotropy is analyzed based on the magneto-
crystalline and shape anisotropy. This unique magnetic
anisotropy enables the dynamic orientational control of the
magnetic nanoparticles in the solution by simply changing the
direction of the magnetic field. It also makes it possible to
assemble them into superstructures with long-range orienta-
tional and positional orders using magnetic fields. Although the
past decade has witnessed rapid growth in the preparation of
uniform nonspherical magnetic nanoparticles and assembled
superstructures from these building blocks, there are still
plenty of opportunities for further development. Here we point
out the following aspects:

(1) Complex systems involving nanoparticles with two
different sizes or shapes (i.e., binary superlattices) have been
investigated for nonmagnetic and spherical magnetic nano-
particles."”*~"® However, current research on the self-
assembly of anisotropic magnetic nanoparticles still focuses
on particles of uniform shape and magnetic anisotropy, largely
because of the limited understanding of and control over the
magnetic properties of the synthesized nanoparticles. Complex
assembly behaviors will emerge if two types of magnetic
nanoparticles are present in the same solution, for example,
magnetic nanorods with the same morphology but different
easy magnetization directions. The coassembly of these
nanoparticles with different types of magnetic anisotropy is
expected to produce novel superlattices that are not attainable
in conventional assembly methods, opening the door to
understanding the fundamental aspects of nanoscale magnetic
assembly and simultaneously providing a robust platform to
build new functional materials.
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(2) Iron oxide nanoparticles have been widely used as active
materials in biomedicine, such as drug carriers,?? 729!
hyperthermia agents,zoz_205 and contrast agents in magnetic
resonance imaging,206_208 due to their low cytotoxicity and
unique physical properties. It was found that iron oxide
nanoparticles with anisotropic morphologies have better
performance than their spherical counterparts for hyper-
thermia.””® Meanwhile, it is also found that the magnetic
chains obtained from the assembly of nanospheres show a
directional heating effect under an ac magnetic field.”'" These
interesting phenomena suggest that assembling magnetic
nanoparticles into superstructures is promising to promote
their performance in biological applications, and their
collective properties are highly dependent on the symmetry
and size of the superstructures. Nevertheless, more efforts are
still required to understand how the magnetic anisotropy and
the resulting superstructures affect the collective physical
properties. The improved understanding will enable the use of
anisotropic magnetic nanoparticles for the rational design of
superstructures with significantly improved performance in
biomedical applications.

(3) Magnetic materials represent only a tiny fraction of the
library of functional materials. A wide range of nonmagnetic
nanostructures possess special optical, electrical, mechanical,
and catalytic properties and are, therefore, better candidates for
achieving specific functionalities. When made into anisotropic
shapes, such nonmagnetic nanostructures often exhibit unique
and orientation-dependent physical properties compared to
their spherical counterparts, such as localized surface plasma
resonance”’'~*'® and polarized light emission.”’’ """ How-
ever, fully exploiting their shape-dependent properties is
hampered by the lack of efficient assembly strategies to realize
positional and orientational control. As such, incorporating
magnetic components into these anisotropic nanostructures is
a powerful solution to this challenge, conferring the advantages
of the magnetic assembly strategy,”>**°~** including conven-
ience, flexibility, efliciency, remote control, and scalability. It is
worth pointing out that, in some cases, the magnetic
components may interfere with the desired properties and
therefore need to be removed after the assembly process.

(4) Most current magnetic assembly approaches involve
uniform static magnetic fields to take advantage of their
defined field strength and direction. Many prior works have
fully demonstrated the associated benefits in enabling long-
range order in the formed superstructures and precise control
over the orientational and positional order on a large scale.
Field gradient is another important parameter of a magnetic
field, but its impact on the nanoscale magnetic assembly has
not been systematically studied. Anisotropic magnetic
nanostructures are expected to adopt the spatial distribution
of a gradient magnetic field and produce gradient orientational
and population distribution. It will be interesting to explore
how the field gradient can be utilized to design superstructures
whose symmetry and properties are not uniform but fit the
special functionalities desired for the target applications. In
addition, it is also important to study the magnetic interactions
of the anisotropic nanostructures and their assembly behaviors
under rotating or alternating magnetic fields.”**">*° Many
challenges are anticipated as new tools and methods are
needed to properly characterize the assembly behaviors in
these different types of magnetic fields, but new opportunities
are also expected to further improve our fundamental
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understanding of nanoscale magnetic assembly and create
new functionalities to better serve practical applications.
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