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The field of soft intelligent robots has rapidly developed, revealing extensive potential of these robots for
real-world applications. By mimicking the dexterities of organisms, robots can handle delicate objects,
access remote areas, and provide valuable feedback on their interactions with different environments. For
autonomous manipulation of soft robots, which exhibit nonlinear behaviors and infinite degrees of freedom in
transformation, innovative control systems integrating flexible and highly compliant sensors should be devel-
oped. Accordingly, sensor—actuator feedback systems are a key strategy for precisely controlling robotic
motions. The introduction of material magnetism into soft robotics offers significant advantages in the
remote manipulation of robotic operations, including touch or touchless detection of dynamically changing
shapes and positions resulting from the actuations of robots. Notably, the anisotropies in the magnetic nano-
materials facilitate the perception and response with highly selective, directional, and efficient ways used for
both sensors and actuators. Accordingly, this review provides a comprehensive understanding of the origins
of magnetic anisotropy from both intrinsic and extrinsic factors and summarizes diverse magnetic materials
with enhanced anisotropy. Recent developments in the design of flexible sensors and soft actuators based on
the principle of magnetic anisotropy are outlined, specifically focusing on their applicabilities in soft robotic
systems. Finally, this review addresses current challenges in the integration of sensors and actuators into soft
robots and offers promising solutions that will enable the advancement of intelligent soft robots capable of
efficiently executing complex tasks relevant to our daily lives.

1. Introduction

Soft robots, known for their flexible designs and interactive
features, introduce a paradigm shift in robotics by offering
unique attributes for compliant, continuum, and configurable
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behaviors." These complete soft-bodied systems demonstrate
seamless adaptation to irregular surfaces and high degrees of
freedom (DoFs) of transformation while exhibiting mechanical
resilience.”™* This capability is achieved using intrinsically
deformable and stretchable yet mechanically robust materials
such as silicone elastomers, tough gels, functionalized poly-
mers, and polymer composites.” These characteristics render
soft robots superior in areas where conventional rigid robots
struggle, playing roles in safe human interactions, handling of
delicate objects, navigation of soft robots via confined spaces,
and execution of intricate motions of these robots. However,
the control of soft robots is more complex than that of rigid
robots, which relies on well-defined kinematics of pre-formed
joints. Soft bodies exhibit nonlinear viscoelastic behavior with
significant hysteresis and different degrees of transformation
based on their designs and material compositions. Therefore,
predicting their responses and changes in their shapes and
positions in a three-dimensional (3D) space is challenging.®

The locomotion of soft robots depends on adjustments of
the dimension and stiffness of the materials constituting the
robot bodies. Stimuli-responsive materials demonstrate
notable actuating mechanisms, including energy-efficient and
precise control of motion in response to external triggers such
as heat, light, humidity, and electric and magnetic fields.”
During the operation of soft robots in untethered states and
dynamic environments as illustrated in Fig. 1, magnetic field-
responsive materials allow robot bodies to undergo immediate
transformation owing to a relatively fast response time of these
materials as compared with those of other stimuli-responsive
materials.® Additionally, magnetic field-driven actuation facili-
tates remote operation of untethered soft robots because mag-
netic fields can penetrate via various media while decoupling
from other stimuli, for example, mechanical stress, radiation,
illumination, and humidity.

For delicate control of a soft robot, the capability for direc-
tional actuation has attracted significant attention.®'°
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However, achieving a directional response to external stimuli
often requires complicated designs. By employing materials
with inherent anisotropic characteristics, it becomes possible
to implement directional actuation without the design of
complex structures.'” For example, Kim et al. demonstrated an
electrothermal soft actuator utilizing the anisotropic thermal
expansion of low-density polyethylene (LDPE)."* They designed
a bilayer structure comprising LDPE, which has a large aniso-
tropic thermal expansion, and polyvinyl chloride, which exhi-
bits a small isotropic thermal expansion. The mismatch in
thermal expansion between the layers results in directional
bending in response to electrical stimuli. The significance of
magnetism in manipulating robotics is attributed to the selec-
tive and directional response capabilities of magnetic
materials induced by magnetic anisotropy, which can be
obtained by either localized magnetization or the strategical
distribution of micro/nano-scale magnets at desired spots in
the soft matrix. Magnetic anisotropy with a preferred pole
enables the generation of strong torques or programmable
actuations along the magnetic easy axes without pre-defined
structures.

Soft robotic systems mimicking the sensorimotor functions
of biological organisms exhibit adaptabilities to variable and
uncertain environments because of the integration of mag-
netic sensors into their actuating bodies. A closed-loop control
system with magnetic sensors and actuators allows the robot
to autonomously adjust its activities based on sensory
feedback.’*"® Without sensory feedback, even minor vari-
ations in material properties or environmental factors can
cause errors that disrupt the sequential actuation and hinder
task completion. Nevertheless, traditional rigid, chip-type mag-
netic sensors encounter difficulties in delivering high-quality
signals due to their inferior mechanical compliance with soft
bodies.'® Fortunately, progress in materials science and flex-
ible electronics has led to the development of stretchable,
highly deformable, and conformable magnetic sensors that
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Fig. 1 Magnetic soft robot autonomously operating in dynamic environments. The schematic illustration depicts that the magnetic anisotropy facili-
tates the sensing capabilities for both robotic motions and the surrounding changes as well as the precise manipulation of actuation for the appli-

cations of soft robots.

can be integrated into soft robots without disturbing their
motion and degrading the softness of the robot bodies. To
monitor both the movements of a robot and its surroundings,
two distinct sensing modalities are necessary: proprioception
and exteroception."®™'® Proprioceptive sensors provide infor-
mation about the internal states of the robot bodies during
actuation,'® whereas exteroceptive sensors detect changes in
the surroundings to identify the location of the robot.'®
Magnetic sensors are versatile for these sensing modalities
because they not only can detect the variations in stray fields
caused by the actuations of magnetic robot bodies, but can
also determine the proximity of external magnetic field
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sources. Particularly, magnetic anisotropy demonstrates strong
responses to certain axial directions of the magnetic field.
Sensors with magnetic anisotropy offer exceptional sensitivity,
accuracy, and selectivity for recognizing the shape and posi-
tion of soft robots while minimizing interference and crosstalk
resulting from varying magnetic field orientations or the inte-
gration of multiple magnetic sensors into the robot bodies.
Despite the challenges associated with integrating sensors and
actuators due to the potential for interference among the com-
ponents, this integration remains essential for the advance-
ment of soft robotics with seamless operation. Thus, an-
isotropy in magnetic nanomaterials is indispensable for high
compatibility of both sensors and actuators in terms of con-
trolling actuation and tracking changes in the internal and
external states of magnetic soft robots. The anisotropy guaran-
tees the successful execution of various missions and tasks.
This review aims to investigate magnetic nanomaterials
with a particular focus on magnetic anisotropy and appli-
cations of these nanomaterials in sensors and actuators,
which are key components in soft robotics (Fig. 1). First, we
discuss the origins of magnetic anisotropy and underlying
mechanisms that drive anisotropy in magnetism considering
the energy in the system. Then, a variety of magnetic nano-
materials with enhanced magnetic anisotropy through align-
ment, shape control, interlayer coupling, and external energy
source (e.g. mechanical and magnetic energy) are highlighted.
These magnetic nanomaterials are categorized based on their
dimensions and dominant magnetic anisotropy, which will be
discussed in section 2. Furthermore, we present the compat-
ibility of each magnetic nanomaterial with distinct magnetic
anisotropy and discuss how these materials and corresponding
magnetisms satisfy the specific requirements of sensors, actua-
tors, or both in soft robotic applications. As these magnetic
nanomaterials are sufficiently compliant with the pliable
bodies of soft robots, we investigate their design, fabrication,
and manufacturing processes aimed at preserving the aniso-
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tropic properties of these materials and maintaining the requi-
site softness of the corresponding soft robots. Finally, we
examine how magnetic anisotropy contributes to enhancing
the performances of magnetic sensors and actuators with a
particular emphasis on the crucial roles of magnetic sensors
and actuators in enabling various functions in soft robots.

2. Fundamentals of magnetic
anisotropy

Magnetic anisotropy denotes the pinning of magnetic
moments in a specific orientation, leading to directional
dependence of the magnetization, which is observed in ferro-
magnetic (FM) materials. To understand this directional
dependence, anisotropy energy needs to be considered. In
other words, a preferred direction of magnetization, namely,
the magnetic easy axis, arises to minimize the anisotropy
energy. Various anisotropies originate from different mecha-
nisms and the total energy of the system is determined by the
interactions between them, rather than a single mechanism.
The total energy in magnetic materials is expressed as follows:

Etotal = EZeeman + Ecrys + Esh + Eme + Eex (1)

Note that the E terms in this review denote the energy
density caused by the dominant mechanism of anisotropy
while the Ezeeman iS associated with the interaction between
the magnetic moments and external magnetic field (Hex)-
Specifically, the magnetic anisotropy energy density originates
from several key factors: crystal orientation (Ecys), dimension
and shape (Eg,), magnetoelasticity (En.), and interfacial
exchange coupling (E.,) of magnetic materials. The complex
interplay of these energies elucidates how FM materials exhibit
a magnetic easy axis resulting in directional responses under
Hey (Fig. 2). Therefore, we will discuss how the dominant
energy term varies with respect to material size, dimension,
shape, surface, and other relevant variables in this section
(Fig. 2a). Subsequently, we discuss how the anisotropy energy
influences the directional behavior and magnetization state
(Fig. 2b), considering both intrinsic and extrinsic properties of
magnetic materials.

2.1. Intrinsic magnetocrystalline anisotropy

Crystallographic orientations in magnetic materials yield pre-
ferential directions of magnetization for minimizing an-
isotropy energy known as magnetocrystalline anisotropy. This
fundamental mechanism of magnetocrystalline anisotropy
originates from spin-orbit coupling along with the interaction
between the orbital motion of electrons and the crystal field of
the lattice.’®?° Assuming that the orbital contributions to mag-
netic moments are quenched, magnetic properties are primar-
ily determined by the spin of the electron. Notably, the orien-
tations of the crystal structures do not strongly affect the elec-
tron spin. However, spin-orbit coupling can bridge the gap
between the spin and crystal lattice as the orbital orientation

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Factors influencing the magnetization states of nanomaterials.
(a) Magnetic properties induced by (1) size, (I1) crystallinity, (Ill) shape, (V)
interfacial coupling, and (V) dynamic changes in the dimensions of mag-
netic nanomaterials. (b) Magnetization state verified by magnetization
hysteresis loops based on the factors in (a): (l) a decrease of size led to
superparamagnetism, (ll) the crystal structure determined the inherent
magnetizations of materials and hysteresis curve shapes, (Ill) shape an-
isotropy resulted in increasing coercivity and remanent magnetization,
(IV) exchange coupling at the interface between different magnetic
materials caused curve shifts, and (V) there were dynamic changes in the
magnetization states according to the magnetostrictive properties of the
materials.

becomes firmly fixed to the lattice.>! This interaction leads to
an anisotropy energy that defines the preferred orientation of
magnetization.

Fig. 3 illustrates the magnetocrystalline anisotropy of mag-
netic materials, particularly for the simplest cases of hexagonal
close-packed cobalt (hcp-Co), body-centered cubic iron (bec-
Fe), and face-centered cubic nickel (fcc-Ni). For cobalt, which
has a hexagonal crystal structure, the easy axis is along the
[0001] direction, while the hard axis is in the (1010) directions
(Fig. 3a). The hard axis is defined as an unfavored direction of
magnetization, requiring a higher field to be saturated in that
direction. The behavior of hcp-Co can be explained by the
energy of the system, which is described in the following
equation:

Ecrys hexagon = Ko + K1 sin®0 + K, sin*0 + ... (2)

where K, (n = 0, 1, 2, 3...) is the n-th magnetocrystalline an-
isotropy constant, and 0 is the angle between the magnetiza-
tion and the c-axis of the hexagonal system.>* Generally, K, is
disregarded since it is an isotropic value. hep-Co has a K; of
4.5 Merg cm ™~ and K, of 1.5 Merg cm™>.>* Thus, the energy of
hep-Co is minimized when 6 equals 0° or 180°, as described by
eqn (2). This explains why the easy axis is aligned in the [0001]
direction, while the hard axis is aligned in the (1010) direc-
tion. Since hcp-Co has a single easy axis along the c-axis, it
exhibits uniaxial anisotropy.

The situation for bee-Fe and fce-Ni is quite different com-
pared with hep-Co (Fig. 3b and c). They have multiple easy
axes, which can be also explained by the energy of the system.
For cubic symmetry,

Ecrys, cubic = Ko + Ki (%o 4 ax’as® + 0!320!12) + K, (06120!220!32) +...

(3)
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Fig. 3 Magnetocrystalline anisotropy of the simplest magnetic materials such as (a) hcp-Co, (b) bcc-Fe, and (c) fcc-Ni. The inset images in each
figure represents magnetocrysalline ansisotropy energy. The red color represents high magnetic anisotropy energy resulting in a hard axis along that
direction while the blue color represents low magnetic anisotropy energy forming an easy axis in the direction.

where the directional cosines of magnetization with cubic
crystal axes are denoted as a;, a,, and az. The anisotropy
energy of fcc-Ni and bee-Fe is mainly determined by K, since
higher order constants are relatively small. The K; value of bec-
Fe is 4.8 x 10° erg cm™ resulting in an easy axis along the
(100) directions (Fig. 3b), while the K; of fce-Ni is —0.5 x 10°
erg cm®, forming an easy axis along the (111) directions
(Fig. 3c).>" Notably, as bcc-Fe has three easy axes and fee-Ni
has four easy axes, they are not commonly described as exhibit-
ing uniaxial anisotropy.>* Thus, bce-Fe and fce-Ni have a less
anisotropic structure than hep-Co, resulting in a lower coerciv-
ity and remanence.

2.2. Shape anisotropy and finite size effect

The preferential magnetization direction induced by magnetic
anisotropy energy is influenced by not solely the intrinsic
crystallographic geometry, but also the shapes and sizes of
the magnetic materials. Unlike the case of magnetocrystal-
line anisotropy, the energy derived from shape anisotropy
can be deliberately adjusted by tailoring the designs of mag-
netic materials with specific structures and dimensions. All
magnetic materials inherently possess a demagnetizing field
(Hq) resulting from the magnetostatic interaction between
the north and south poles in materials when they are sub-
jected to He (Fig. 4a).>®> Moreover, Hq is directly pro-
portional to —NgM, where Ny indicates the demagnetizing
factor and M corresponds to the magnetization of the
materials. Ny is a shape-dependent parameter, which pro-
vides an opportunity to modulate the magnitude of Hy in
magnetic materials. For example, in the cases of isotropic
and spherical magnetic particles, Ng is equal to 1/3.
However, for an ellipsoidal magnetic particle, Nq varies
depending on the axis of the particle (Fig. 4b). Along the
longest axis, denoted as “c”, N, is less than 1/3 as the mag-
netostatic forces decrease with respect to the pole distance
(r), demonstrating an inverse square relationship with r (1/
). Simultaneously, along the shortest axis, denoted as “a”,
N, is larger than 1/3 because the sum of the demagnetizing
factors is equal to 1 for each axis.>>?°

6782 | Nanoscale, 2024,16, 6778-6819

The magnitude of the demagnetizing field resulting
from the shape-dependent differences in Ny defines the
shape anisotropy energy Eg,, which can be expressed as
follows:

1
Esn = _Eﬂo(M - Ha) (4)
1 2 2
Egh = 3 Ho(NaMy® + NeM.?) (5)
1
Eg = 5yOMZ (N cos*d + N, sin®9) (6)

where g, and 6 represent the permeability of free space and
angle of magnetization direction with respect to the longest
axis, respectively.”” N, and N, are the demagnetizing factors
for each axis. When N, converges to zero and the direction
of magnetization aligns with the c-axis, Es, becomes
minimum. Consequently, the easy axis of magnetization
aligns with the longest axis of the ellipsoidal particle to
minimize the energy of the system, and it can be treated as
uniaxial anisotropy. Thus, fine-tuning the apparent shape of
magnetic materials by adjusting the aspect ratio leads to
changes in the magnetic properties, representatively coerciv-
ity and remanence.”?

The size of the magnetic materials is another key factor
affecting the magnetic properties and even contributes to mag-
netic anisotropy, specifically with a decrease in dimensions
(Fig. 4c and d).>® Bulk magnets naturally form a multi-domain
state to minimize the magnetostatic energy instead of invol-
ving all spins aligned in parallel.>® However, when the size of a
magnetic particle is reduced to the nanoscale, it transitions
into a single-domain state upon reaching a specific diameter
(Dsq)- Assuming an uniaxial magnetic material for simplifica-
tion, Dgq can be calculated as follows:

 18(AK,)"?
HoMs?

7)

sd

where A represents the exchange stiffness and K,, denotes an
uniaxial anisotropy constant that is assumed to be sufficiently

This journal is © The Royal Society of Chemistry 2024
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strong. If materials have a small K,,, Dyq is defined by including
the lattice constant “a” as follows:**

Dyt = 2\/;43352 {m (%) - 1} (8)

In the single-domain state, the magnetization is uniformly
aligned along a particular direction, and the magnetization
reversal is caused by the coherent rotation of the magnetic
moment which is described by the Stoner-Wohlfarth model,
leading to higher coercivity than that in the multi-domain
state.’® With a decrease in the diameter of a magnetic particle
to below the sub-nanometer scale, E.ys reduces across the
entire volume of the particle. When E.ys falls below the
thermal energy threshold, the magnetic orientation within the
particle experiences thermal fluctuations, which are commonly
observed in paramagnetic materials. This state is referred to as
superparamagnetism.”' The critical diameter (Dy,) at which a
particle exhibits superparamagnetic properties can be defined
as follows:

48ky T\ V/°
by = (21) ©

where kg and T represent the Boltzmann constant and temp-
erature.’”> For example, the magnetic domain configuration
and associated magnetism of an Fe;O, nanoparticle (NP) con-
siderably shift from FM to superparamagnetic behavior with

This journal is © The Royal Society of Chemistry 2024
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changes in the particle diameter, that is, Dgq (~80 nm) and Dy,
(~25 nm) at room temperature, respectively.**** Hence, the
size of the magnetic particles at the nanoscale significantly
affects the coercivity of the magnetic materials (Fig. 4c). Unlike
coercivity, saturation magnetization (M) is not inherently
dependent on material dimensions.>" However, the presence
of defects on material surfaces because of incomplete coordi-
nation or disrupted symmetry generates a magnetic dead layer
characterized by spin canting and a disorder of magnetic
moments. This, in turn, reduces the M, (Fig. 4d).>*>*>?°
Because of their high surface-to-volume ratio arising from the
nanosize effect, magnetic NPs (MNPs) typically exhibit lower
M values.

2.3. Exchange anisotropy

Interfacial coupling between magnetic bilayers or multilayers
can be observed by an extrinsic factor, namely, exchange an-
isotropy. This phenomenon occurs at the interface between an
FM material and an adjacent antiFM (AFM) material, resulting
in a unidirectional magnetization orientation in the FM
material.*”*® This interfacial coupling is not limited to FM/
AFM bilayers but extends to other magnetic configurations,
such as FM/AFM superlattices,® ferrimagnet (FI)/AFM,*® FI/
FM,"" soft FM/hard FM,"” and FM/spin glass systems.*?
Unidirectional pinning of the magnetization notably alters the
hysteresis loop of the FM/AFM coupled layers when com-
pared with that of a standalone FM layer, where the center
of the hysteresis loop shifts from the zero magnetic field
position (Fig. 5a). This shift in the magnetic hysteresis loop
is termed bias, which is a behavior associated with exchange
anisotropy and is thereby called exchange bias. During mag-
netic-thermal treatment (Fig. 5a), the exchange bias appears
after cooling the FM/AFM coupled system. Typically, critical
temperature limits exist for both FM and AFM materials,
denoted as the Curie temperature (7¢) and Néel temperature
(Tw), at which magnetic materials exhibit phase transitions
and subsequently change or lose their magnetism. Within
the temperature range of Ty < T < Tg, the spins in the FM
layer can align in the direction of H., while the spins in
the AFM layer randomly orient. When the temperature
decreases below Ty, the spins in the AFM layer adjacent to
the FM layer are oriented to the spin configurations of the
FM layer. The other spin planes in the AFM layer follow the
rule of antiparallel alignment for a zero net magnetization.
If the magnetic field is reversed, the spins in the FM layer
rotate, whereas those in the AFM layer remain unchanged.
The stationary spins exert a torque that resists the spin
rotation in the FM layer, holding the spins in their initial
orientation. Thus, the complete reversal of the spins in the
FM layer coupled with an AFM layer requires a larger field
to overcome the torque. Owing to this interfacial coupling,
the magnetic hysteresis loop shifts and coercivity changes.
Numerous models have been proposed to explain exchange
bias in different systems. An early simple model was suggested
by Meiklejohn-Bean to describe oxidized FM particles (Co/
Co0).** This model assumed an atomically smooth FM/AFM

Nanoscale, 2024, 16, 6778-6819 | 6783
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Fig. 5 Exchange bias in magnetic interlayers. (a) Spin configurations and magnetization curves of the FM/AFM bilayer. At Ty < T < T, the centered
magnetization curve and the paramagnetic state of the AFM layer are alongside the aligned spin state in the FM layer (left). A field cooling process
induces a shift in the magnetization curve, and this shift is known as exchange bias. Reproduced with permission.®” Copyright 1999, Elsevier Science
B.V. (b) Magnetic easy axis based on exchange anisotropy arising from FM/AFM interlayer coupling and angular relationships of the magnetization of
the FM layer with respect to the external field direction. (c) Magnetic moment configuration at the FM/AFM interface with a bump. The cross symbol
represents frustrated bonds. Starting from the fully compensated state of the AFM layer, the introduction of a bump generates AFM deviations. A
shifted bump induces FM deviations resulting in a net interfacial energy difference. When the lowest energy state is achieved, the interfacial energy
difference is reduced. Reproduced with permission.*® Copyright 1987, American Physical Society.

interface, where both magnetic materials existed in a single
domain. In the AFM material, the uncompensated spins are
aligned in the same crystallographic plane and direction at the
interface of FM/AFM, due to the aforementioned cooling step.
Then, the exchange anisotropy energy required to overcome
the resistance of spin rotation in the coupled FM material was
calculated. This exchange bias model considered the total
energy (E) originating from the coherent rotation of FM mag-
netization as follows:*”

E = — HMgtpym COS(H — QFM) + Kemtem SinngM (10)
+ Karmtarm SIN*Oarm — Jeb COS(Orm — Oarm)

The sequence in eqn (10) presents the uniaxial anisotropy
of FM and AFM materials, and exchange anisotropy energy.
Here, H is the applied field, Mg is the saturation magnetization
of the FM layer, and gy and tapy denote the thickness of the
FM and AFM layers, respectively. Kpv and Kapv represent the
uniaxial anisotropy constants of the FM and AFM layers. As
Karw is typically larger than Kgy, Key can be ignored. Je, is the
interlayer exchange anisotropy constant. In addition, 6, Oy,
and O,r\ denote the angles of the applied magnetic field, mag-
netization of the FM layer, and sublattice magnetization of the
AFM layer with respect to the predetermined easy axis of the
FM and AFM layers (Fig. 5b). Then, the exchange anisotropy
energy was defined as follows:

Eex = —Jeb €0S(Opm — Oarm) (11)

The exchange anisotropy is often regarded as uni-
directional anisotropy rather than uniaxial, since it is pro-
portional to the first power of the cosine. When the spin
alignment of the AFM layer matches the easy axis, that is,
Oxrm ~ 0, the field required to switch the magnetization of
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the FM layer is defined as the exchange bias field, Hep.
Considering the energy stability condition (0E/00 = 0), Hep
can be obtained as follows:

Hey = 2 (12)
Mstem

According to eqn (12), the exchange bias field is inversely
proportional to the thickness of the FM layer because of its
association with interfacial characteristics.>” However, in this
model, the assumption regarding the presence of fully uncom-
pensated spins at the interface causes differences in H.p, with
experimental results.*> In the uncompensated case, all AFM
spins at the FM/AFM interface are aligned in the same direc-
tion and the J., is directly proportional to the FM exchange
constant J;. However, the actual spin configuration of the AFM
surface is considerably complex due to a non-ideal FM/AFM
layer.

Several models have been proposed to address this gap and
elucidate the mechanism of exchange bias at the FM/AFM
interface. According to the random field model proposed by
Malozemoff, the dynamics of interfacial conditions, including
defects at the interface between the FM and AFM layers, pro-
duces a randomness in the H,y, of the system.® In the presence
of local bumps (Fig. 5c), the net interfacial energy difference
decreases as the AFM spin in the bumps is inverted at the
lowest energy state, thus affecting the total exchange an-
isotropy constants. For example, the net interfacial energy
difference, which is calculated as 6 x 2J; = 12],, is reduced by 5
x 2J; owing to the existence of the bump when the system
reaches its lowest energy state. The energy difference 4] results
from the summation of the FM exchange constant (2/;) and
AFM constant (2],), assuming J ~ J; ~ Ja. Eventually, a perpen-
dicular domain-like region is formed to minimize the net

This journal is © The Royal Society of Chemistry 2024
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random unidirectional interfacial anisotropy. In this model,
H,y, is acquired as follows:

Ha — Ao - ZZN/AAFMKAFM (13)
Y FMLEM w2 Mpmvtem

Average interfacial energy is defined as, Ac = 4z]J/naL, where
z, J, a, and L represent the number of antiparallel pairs,
exchange coupling constant, cubic lattice parameter, and
domain size, respectively. Furthermore, Axpy is the exchange
stiffness of the AFM layer, also represented as Aapy = J/a. The
inherent randomness influences the behavior of the domain
wall in the AFM layer, which weakens the H,}, strength.

Domain wall formation in the AFM layer bridges the theore-
tical and experimental differences in exchange bias. The
random field model associates the exchange bias with a
domain wall perpendicular to the FM/AFM interface, while
Mauri’s model assumes that the domain wall in the AFM layer
is parallel to this interface. Thus, the calculated H., is lower
than what is predicted by the Meiklejohn-Bean model.*”
Nevertheless, when t,pv reduces below a critical level, the
domain wall is not formed, leading to the disappearance of
Hep. As an ultra-thin AFM layer forms island-like grains rather
than a continuous film, this layer is insufficient for coupling
with the FM layer.*® Moreover, the domain state model indi-
cates that a domain is formed in the bulk AFM layer during
magnetic thermal treatment.*® In this process, the AFM layer
experiences magnetic dilution due to non-magnetic (NM)
defects. Domain wall formation is energetically favorable as
this wall passes through the NM defects, causing its pinning.
Subsequently, this pinned domain wall lowers H,}, by reducing
the number of uncompensated spins at the FM/AFM interface.
Consequently, tapyv is a critical factor in determining the
potential of the defects that may impact exchange anisotropy.

Although the interfacial conditions of the FM/AFM layers
affect the exchange bias, the crystallographic orientation of the
AFM material should also be considered for explaining
exchange anisotropy because of the relationship between the
bulk crystallinity and spin configurations at the interface of
the FM/AFM layers.’”>" Assuming that the AFM spins at the
FM/AFM interface are similar to those in the bulk material,
which are significantly affected by the crystallographic struc-
ture, an angle is inevitably formed between the AFM and FM
spins. Then, the exchange bias depends on the angle between
the AFM and FM spins. According to the Hamiltonian
equation for exchange bias, Jinc|Sarm||Srm| cOs @, where a = 0°
results in maximum He, and @ = 90° indicates no exchange
bias.>® The crystal orientation of the AFM layer at the interface
determines whether this layer is in a compensated or an
uncompensated state. Consequently, the exchange anisotropy
is not only evidently determined by the interfacial condition
between the FM and AFM layers, but also significantly influ-
enced by the thickness and crystal structure of these layers. By
considering the factors associated with exchange bias, the
strength and stability of H.p, can be controlled. This capability
is of considerable importance as it tunes the behavior of the

This journal is © The Royal Society of Chemistry 2024
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magnetic material based on exchange anisotropy according to
the specific requirements of magnetic field sensors. For
example, exchange bias is applied to anisotropic magnetoresis-
tance (AMR)-based sensors to adjust the magnetization
direction.*>>* Furthermore, exchange bias is applied to spin
valve® and magnetic tunnel junction devices®® to appropri-
ately pin the magnetization of the FM layer.

2.4. Stress-induced magnetic anisotropy

In the previous sections, the different parameters, including
both intrinsic magnetocrystalline anisotropy and extrinsic
influences such as adjusting the dimensions, shapes, and
interlayer coupling of the magnetic materials, governing mag-
netic anisotropy and its associated energy are comprehensively
discussed. Magnetic anisotropy has been explored in a static
state without considering dynamic conditions, for instance,
applied mechanical stress, temperature changes, and the
different strengths and directions of stray fields. In this
section, we investigate magnetic materials exhibiting dynamic
behaviors in which anisotropy can be induced by mechanical
stress.

Magnetostriction is a phenomenon where the dimensions
of a material vary in response to alterations in its magnetiza-
tion orientation, accompanied by domain wall motion under
Hey.””°® Magnetic materials exhibit strain of the saturation
magnetostriction coefficient (1) in the direction of the mag-
netic field during magnetization.>® Thus, the presence of mag-
netostriction implies that mechanical stress can vary the mag-
netic domain and can be a new source of magnetic
anisotropy.®®"®> This variation of magnetization under stress is
known as inverse magnetostriction or, more commonly, the
magnetoelastic effect.°>®* The magnetoelastic effect is corre-
lated with A; and the magnetic behaviour of a material under
stress (). As; can be positive or negative depending on the
crystal structure of the materials and composition of the
alloys. For example, bce-Fe exhibits a positive A, whereas fcc-
Ni shows a negative A4.°* Conversely, Fe,,Cog, alloys are in the
fcc phase for a positive A5 or bece phase for a negative A
depending on the fabrication methods.®> If a magnetic
material has a positive g, it will elongate during magnetiza-
tion. This implies that applying a tensile stress to lengthen the
material (450 > 0) increases the magnetization of the material,
which facilitates the formation of a preferential orientation of
the easy axis.”®*® However, magnetization in a material may
not always be parallel to stress, and the resulting Mg can be
understood by considering the magnetic anisotropy energy of
the system. Assuming a simple cubic crystal, the overall mag-
netic anisotropy energy can be expressed as

E =K (a’a? + o’ o3 + az’ay?)
3
- 5/11000(0512}’12 + &’ + a3’rs?) (14)
— 3hn0(01aay17, + 02037575 + azaayY,)

where the first term depicts the E.. of a cubic crystal, as
shown in eqn (3), whereas the last two terms represent the
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magnetoelastic energy Ene.”>®” 71, 72, and y; are the direction
cosines of ¢ with respect to the crystal axes. Assuming an iso-
tropic magnetostriction where 1,99 = 4111 = A for simplifica-
tion and that E,,. is much larger than the first term in eqn
(14), stress dominates in the energy of the system followed by
determination of the M, direction.®® A general case where
stress is applied to the cubic magnetic materials at an angle of
0 with respect to M; is shown in Fig. 6a. As the magnetostric-
tion in the direction of stress (1y) is deviated from Ay, Ay is
lower than Ag. Subsequently, this difference in magnetostric-
tion changes the energy of the system as follows:

dEpe = —odA (15)

Therefore, the total E,. can be derived by using a simple
term:

Enme Ao
J dEme = _GJ di (16)
0 Asi
3 2
Epe = —0 Elsi cos“0 — — | — Agi 17)
3 .,
Ene = Eﬂsia sin“@ (18)

eqn (18) can be simplified by introducing K, which is the
stress anisotropy constant, and then E,. can be expressed as

Eme = K, sin%é (19)

According to eqn (19), when a material has a positive K,
Epe is minimum at 6 = 0° and maximum at 6 = 90°.°! Thus,
the magnetic easy axis is formed along the direction of stress
to minimize the energy of the system. For a negative K, the
situation is reversed, as the magnetic easy axis is perpendicu-
lar to the system. Since external stress induces a single easy
axis even in cubic materials, stress-induced anisotropy can be
treated as uniaxial anisotropy.

A polycrystalline material typically demonstrates a weak
crystal anisotropy without a preferential orientation, often
existing in a demagnetized state (Fig. 6b-i and c-i).*® An
applied tensile stress initiates domain wall motion, increasing
the volume of the domains magnetized in a stress-induced
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easy axis, thereby exerting the direction of M, (Fig. 6b-ii and
c-ii).°" As all domains are aligned with the easy axis, Ep is
minimized (Fig. 6b-iii and c-iii).”®”" Upon applying Hey
(Fig. 6b-iv and c-iv), the magnetization curve of a positive K,
would appear as the case of easy-axis magnetization of the uni-
axial magnetic material, whereas for a negative K, the magne-
tization curve would be similar to that of hard-axis magnetiza-
tion (Fig. 6d).>®

Representative materials with a magnetostriction effect
include Co, Ni, Fe, permalloy (Ni-Fe alloys), Terfenol-D
(Tb,Dy;_,Fe,), and Galfenol (Fe-Ga alloys).>>”>”"* However, the
levels of magnetoelasticity in these materials may vary.
Considering the total energy in eqn (14), materials with a rela-
tively larger value of K; than Ay are primarily influenced by
crystal anisotropy rather than stress anisotropy. Modulation of
the magnetic anisotropy in this crystal system via applied
stress requires an energy contribution from stress anisotropy
that is at least equal to that of the crystal anisotropy energy.
Therefore, materials with a low A value need significantly
higher stress levels to achieve a high K, as expressed by the
relationship, K, = 3/2450. This may exceed the yield stress of
the materials, potentially causing failure. Thus, magnetic an-
isotropy is not determined by a single mechanism, but is
affected by complicated relationships between various mecha-
nisms. A summary of magnetic anisotropies ranging from
intrinsic magnetocrystalline anisotropy to extrinsic magnetic
anisotropies is presented at Table 1.

3. Synthesis and design strategies for
anisotropy in magnetic materials

3.1. Anisotropic assemblies of zero-dimensional magnetic
nanomaterials

Magnetic behaviors of spherical MNPs, characterized by isotro-
pic morphologies and properties in all directions, exhibit size
dependence instead of directional dependence. When reduced
to the single-domain size, typically, below tens of nanometers,
these MNPs commonly demonstrate superparamagnetism.
This phenomenon is attributed to the fact that the thermal
energy-induced transition of spin direction drives magnetic

. iv d M
X
s
—p H
iv
! —
—ee——p H
— H

Fig. 6 Magnetic anisotropy induced by external stress. (a) The angle ¢ of the resultant saturation magnetization in magnetic materials involving
magnetostriction coefficient (1) under tensile stress (s). Domain wall motion of a polycrystalline magnetic material under tensile stress with (b) posi-
tive K, (1s; > 0, 6 > 0) and (c) negative K, (15 > 0, o < 0). (d) Corresponding magnetization curves of (b) iv (red) and (c) iv (blue) under an external mag-

netic field.
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fluctuations, resulting in decayed remanence and coercivity, as
discussed in section 2.2. Therefore, the single-domain spin con-
finement of spherical MNPs presents challenges in maintaining
ferromagnetism and achieving magnetic anisotropy. However,
monodisperse MNPs with high magnetization values can
achieve long-range ordering and transform into anisotropic
MNPs via magnetic dipole-dipole interactions.”® In addition to
the magnetic dipole-dipole interactions, colloidal systems
induce random agglomeration or clustering of monodisperse
MNPs via physical interactions.”® Magnetic anisotropy can con-
siderably vary depending on the assembly processes and result-
ing chain orientations of MNPs. This variability in magnetic an-
isotropy expands the applicability for magnetic soft robots.
Therefore, highly stabilized monodisperse MNPs are necessarily
prepared because their arrangements can be appropriately con-
trolled to prevent their random agglomeration.

Wet chemical synthesis of monodisperse MNPs provides
many advantages such as controllability over the desired
shape, size, and dimension of NPs and obtaining highly stabil-
ized MNP dispersion by tailoring the solvents, additives, and
capping surfactant. A variety of solution processing methods
have been extensively employed for the synthesis of MNPs,
including co-precipitation,”” thermal decomposition,”®”® and
the solvothermal approach.®® These well-established synthesis
methods reliably produce high-quality and monodisperse
MNPs. Nevertheless, the anisotropic assembly of MNPs has
proved challenging owing to the weaker dipolar attractions
when compared with thermal fluctuations or isotropic van der
Waals interactions between MNPs.”® Klokkenburg et al. dis-
cussed the potential for chain conformations in monodisperse
MNPs, suggesting the requirement for magnetic dipole-dipole
interactions more than that for thermal fluctuations.” As-syn-
thesized magnetite NPs with a size of 21 nm obtained by
thermal decomposition were successfully assembled into
chain conformations in a ferrofluid. However, these assembled
MNPs with the anisotropic geometry exhibited instability and
disassociation, requiring further efforts to achieve prolonged
stability in anisotropic chain conformations from the isotropic
MNPs.

A straightforward approach to obtain sustainable and stable
anisotropic configurations of isotropic MNPs involves one-
dimensional (1D) template-assisted assembly. Correa-Duarte
et al used functionalized multi-wall carbon nanotubes
(MWCNTSs) as templates.®" Layer-by-layer coating of poly
(sodium 4-styrene sulfonate) (PSS) and poly(dimethyl-
diallylammonium chloride) (PDDA) on the MWCNT surface
facilitated electrostatic interactions of positively charged
MWCNTs with negatively charged y-Fe,0;/Fe;0, NPs (Fig. 7a).
Since 1D MWCNTs served as templates for the anisotropic
assembly of MNPs, y-Fe,O3/Fe;0, NP-decorated MWCNTS
exhibited magnetic anisotropy and aligned in response to an
external magnetic field (0.2 T, Fig. 7b). Fan et al. proposed an
in situ attachment of MNPs to the surface of MWCNTs during
the synthesis of MNPs via thermal decomposition.®* Vacuum
pumping during the thermal decomposition of the Fe(CO)s
precursor afforded precise control over the size of the MNPs as
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Fig. 7 Zero-dimensional MNPs and anisotropic assembly fabricated with various methods. (a) Template-assisted assembly of y-Fe,Oz/FesO,4 on
MWCNTSs via layer-by-layer coating and (b) transmission electron microscopy (TEM) images of y-Fe,O3/FesO4 compactly attached to an MWCNT
and the alignment of y-Fe,O3/FezO,4 under a magnetic field of 0.2 T. The scale bars are 50 nm and 20 ym for the images on the left and right,
respectively. Reproduced with permission.®! Copyright 2005, American Chemical Society. (c) Anisotropic assembly of FezO,4 achieved by applying an
external magnetic field followed by fixation with a sol—gel reaction of silica and (d) variation in chain length by controlling the timing and duration of
the magnetic field. The scale bar is 20 pm for both images. Reproduced with permission.®®> Copyright 2011, John Wiley and Sons. Anisotropic struc-
ture induced by chemical adhesion illustrated with (e) a mechanism indicating how the selective adhesion of organic surfactants leads to an a-Fe,O3
nanochain, and (f) TEM images showing the formation of a polyhedron particle by organic surfactants. The scale bars are 50 and 500 nm for the
images on the left and right, respectively. Reproduced with permission.’® Copyright 2010, American Chemical Society.

well as ensured a uniform attachment of MNPs to the MWCNT
surfaces. Unlike the aforementioned methods based on the
surface treatment of a template, a recent template-assisted
assembly included the decoration of Fe;O, NPs on MWCNTSs
without acid treatment. The mussel-inspired catechol chem-
istry enabled in situ attachment of Fe;O, NPs to pristine
MWCNTS via a co-precipitation process.®

However, in cases where the initially employed template
becomes unnecessary in the system, its removal is challenging
and requires a complex process. Thus, ongoing research
aiming at anisotropic assembly of MNPs without templates is
being conducted. An effective strategy for preparing a stable
anisotropic assembly of MNPs without templates involves mag-
netic field-induced alignment, followed by immobilization of
the aligned MNPs in a viscous polymer matrix. Sheparovych
et al. fabricated magnetite nanowires (NWs) by aligning nega-
tively charged superparamagnetic Fe;O, NPs under a magnetic
field, followed by the slow addition of a positively charged
polyelectrolyte to preserve the alignment.?* Hu et al. exploited
a sol-gel reaction of silica to fix the anisotropic assembly of
peapod-structured MNPs induced by an external magnetic
field (Fig. 7c).*> Notably, the morphology of the assembly
could be finely tuned by regulating the periodicity and length
of the assembly, which was determined by the size of the
Fe;0, NPs and the time for which the magnetic field was
applied (Fig. 7d). Xiong et al. adopted polydopamine to lock
the anisotropic assembly of Fe;O, NPs induced by a magnetic
field.®® Dopamine can be uniformly deposited on various sur-
faces and subsequently transform into polydopamine via self-
polymerization. This conformal polydopamine coating effec-
tively confined the high-order arrangement of MNPs. As the
polydopamine scaffold provided functional groups participat-
ing in secondary reactions such as Michael addition or Schiff
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base reaction,®””® this polydopamine-coated MNP assembly

exhibited reactive functionalities under specific conditions for
biosensing applications such as selective antibody capture and
prevention of non-specific biofouling.

Under zero-field conditions, several organic compo