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Nanomagnetism is the origin of many unique properties in magnetic nanomaterials that can be used as building
blocks in information technology, spintronics, and biomedicine. Progresses in nanomagnetic principles, distinct magnetic
nanostructures, and the biomedical applications of nanomagnetism are summarized.

Keywords: nanomagnetism, magnetic materials, magnetic resonance imaging (MRI), magnetic hyperthermia

PACS: 75.75.—¢, 81.07.-b, 75.50.—y, 87.80.Lg

1. Introduction

The study of nanomagnetism aims to deal with the mag-
netic properties of materials that have at least one dimension
in the size range from 1 nm to 100 nm. A nanomagnetic ma-
terial exhibits magnetic behaviors that are distinct from those
of the bulk form of the same substance!""?] because (i) the ma-
terial’s dimensions are comparable to the critical lengths of
one or more of various physical phenomena, such as the size
of the magnetic domains; 3= (ii) the translation symmetry is
broken, giving rise to specific sites with reduced coordination
numbers, broken exchange bonds, and frustration;!®”! (iii) the
material is in close contact with an exterior system such as the
substrate or capping layer in the thin film magnets;®°! (iv) the
spin wave spectrum is changed because the spin wave energy
is comparable to the thermal energy.!!”! As a result of their
extraordinary magnetic behaviors, nanomagnets have many
practical applications distinct from those of the conventional
bulk magnets, such as magnetic recording, giant magnetore-
sistance (GMR) devices, magnetic resonance imaging (MRI),
magnetic hyperthermia and bionsensors.[!1-18]

In this article, we will introduce several important nano-
magnetic effects, and then discuss the magnetism properties
of diverse magnetic nanostructures. Finally, the applications
of nanomagnetism in biomedicine are also addressed.

2. Nanomagnetic effects
2.1. Single domain and superparamagnetism

The subdivision of a material into distinct magnetic do-
mains is the origin of many unique behaviors of magnetic ma-
terials. For example, differing magnetic directions of domains
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may give rise to the dissolution of the total magnetic moment,
or an average magnetization approximating zero. Based on the
theory of magnetism, taking an ellipsoid for example, the to-
tal energy is contributed by three types of energies, exchange,
anisotropy, and magnetostatic energy. With the increase in the
size of a magnet, the number of domains will also increase. As
a result, there will be a decrease in the magnetostatic energy,
while the more numerous domain walls will also raise the ex-
change and the anisotropy energies. Therefore, the size of the
magnet has a great influence on its magnetic behavior, as can
be illustrated by considering the coercivity of the magnet.!!°]
The size-dependent coercivity of magnets is shown schemati-
cally in Fig. 1.[20-22] First, for very small particles whose di-
ameters are smaller than the critical diameter of superpara-
magnetism (Dgpm ), the magnetic moment is not stable, and
therefore H. = 0. Secondly, in the range between Dgpy, and
the critical diameter of a single domain (Dgq), the moment is
stable, and the coercivity enlarges as Dgq increases. Finally,
for larger diameters, the multi-domain region appears, and the
coercivity declines with increasing particle diameter. There-
fore, the magnet has the maximal coercivity when its diameter
is equal to Dy, and it will become superparamagnetic when
its diameter becomes smaller than Dgpp,.

In particular, for the single domain magnet, all the mag-
netic moments are along the anisotropy axis, and the free
energy contribution from exchange and anisotropy is zero.
Therefore, the magnetostatic energy is the only relevant en-
ergy term. Moreover, as shown in Fig. 2, the Dy of magnetic
materials has a close relationship with the anisotropy constant
K, and for the identical saturation magnetization (M), Dyq is
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also proportional to the domain wall energy. In addition to
that, with the increase of the domain wall energy, the critical
single domain diameter Dy will also increase.>?!
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Fig. 1. Size dependence of coercivity of magnets.
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Fig. 2. Relationship between Dgq and the anisotropy constant for mag-
netic materials. >3]

When the size of the particles is sufficiently small, the
thermal energy will be able to overcome the anisotropy energy.
Thus, the magnetization is no longer in a stable configuration.
The temperature at which the thermal energy can overcome
the anisotropy barrier of nanoparticles (NPs) is referred to as
the blocking temperature (7).1>*! The critical diameter Dypm
is the maximum size below which, at given temperature, the

superparamagnetism behavior takes place.[62%)

2.2. Exchange-coupling effect

Since the first model of the exchange-coupling effect was
introduced by Kneller and co-workers, this effect attracts in-
tense interest. The exchange-coupling effect only takes place
at the interphase boundary between hard and soft magnets at
nanoscale,”®! and an exchange-coupled magnet can be de-
signed based on the expected properties by choosing vari-
ous hard and soft phases and tuning the phase ratio.[*’! In

an exchange-coupled magnet, nanoscale hard and soft mag-
netic phases are coupled via the interfacial exchange interac-
tion such that the soft phase becomes “hardened” and its high
magnetization enhances the energy product (BH)max of the
composite (Fig. 3).18] The energy arising from the exchange-

coupling effect is given by
E=—J Uy -upcos9,

where () and U are the magnetic moments of the two phases
and cosO denotes the angle between them. Moreover, J rep-
resents the exchange-coupling constant, which describes the
intensity of the magnetic coupling and is closely related to the
arrangements of the magnetic moments.
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Fig. 3. Typical hysteresis loops: (i) a hard phase, (ii) a soft phase,
(iii) the exchange-coupled nanocomposites made of the soft and hard
phases. 28]
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Fig. 4. EELS elemental maps and line scans of Sm-Co
(20 nm)/Fe(20 nm) samples with (a) sputtering temperature at 100 °C
and (b) annealing temperature at 400 °C.[30]

Recently, the importance of the interphase layer to the
exchange-coupling effect is frequently suggested. It is gen-
erally accepted that the energy generated from exchange cou-
pling does not depend sensitively on the exchange constant J,
but instead depends on the exchange constant and the thick-
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Fig. 5. (a) XRD pattern of SmCos @Co nanomagnets. (b) and (c) TEM images of as-synthesized SmCo5@Co magnets. (d) and (¢) HRTEM
images of (d) the exterior of and (e) an arbitrary interior part of the particle. (f) SAED pattern of the particle shown in panel (c).131

ness of the soft phase.l””! In the case of Sm—Co based
nanocomposites, Liu and coworkers developed graded inter-
facial layers in which the material parameters gradually var-
ied by promoting the intermixing of Sm—Co with Fe via ther-
mal treatments at elevated annealing temperatures (Fig. 4). 30!
Hou and coworkers found that an amorphous intermediate
layer appeared in chemically synthesized SmCos@Co core-
shell nanomagnets (Fig. 5).[3! It was found that the magneti-
zation behavior of the modified interface differs notably from
that of a sharp interface and relaxes the grain size requirement
for optimal exchange—spring properties. **32] However, in the
case of a series of Ljp-FePt based exchange-coupling nano-
magnets, Hou and coworkers found that no significant alloy-
ing took place at the interface, and a single phase behavior was
also displayed with the absence of an interphase layer.[*3]

In the Nd—Fe—-B-based exchange-coupled magnets, how-
ever, the interphase gradient does not enhance the ferromag-
netic properties, but rather leads to severe deterioration. The
introduced magnetic soft phase likely alloys with the hard
phase. Unlike SmCos based nanocomposites, there are no
pinning sites in the Nd-Fe—B phase, and therefore, the co-
ercivity of the exchange-coupled Nd-Fe—B/Fe composite is
much lower than that of the Nd—Fe-B magnets.>*3] Thus,
to avoid this phenomenon, a sharp interphase boundary, with
no alloying, is required. By using a Ta layer as an interfacial
layer, Hono and coworkers prepared Nd,Fe;4B/FeCo thin film
magnets with an enhanced maximum energy product (BH ) max

(Fig. 6).130]
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Fig. 6. (a) Coercivity, (b) remanence, and (c) (BH)max dependencies
on the number of layers N in multilayer films of Ta(50 nm)[Nd-Fe-
B(30 nm)/Nd(3 nm)/Ta(l nm)/Fe67Co033 (10 nm)/Ta(l nm)]y/Nd-Fe—
B(30 nm)/Nd(3 nm)/Ta(20 nm). 36!

2.3. Exchange bias effect

The exchange bias effect originates in the interaction
through the interface between any two of ferromagnetic (FM),
antiferromagnetic (AFM), and ferromagnetic (FI) domains.
Generally, this interaction acts as an effective field that
changes the behavior of the ferromagnet under an applied
magnetic field, which is manifest as a displacement of the hys-

teresis loop.1!
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The effect was first discovered in the studies of field-
cooled (FC) oxidized Co particles, in which the relevant inter-
face was that between the Co grains (FM) and the surrounding
CoO layer (AFM). 3]

The hysteresis loop of exchange bias magnets is shown

[38] Starting from magnetic saturation

schematically in Fig. 7.
(a), as the field reverses, the FM moments begin to flip (b), but
the AFM atoms exert a local restoring force due to the mag-
netic field from the interface. Since the AFM atoms exhibit a
torque dragging the FM moments to their initial direction, this
effect is called unidirectional anisotropy. Note that the result-
ing displacement of the hysteresis curve is proportional to the

effectiveness of the coupling between the two layers.[!”]
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Fig. 7. Schematic diagram of the spin configurations of an FM—AFM
bilayer. 381

Moreover, due to the requirement to overcome the AFM
anisotropy during the magnetization reversal in the FM phase,
the coercivity of the composite magnet increases. This well
known coercivity-increase effect is another important charac-
teristic of exchange bias magnets. Recently, Hadjipanayis and
coworkers prepared 4 nm ferromagnetic cobalt nanoparticles
(NPs) embedded in either a paramagnetic or an antiferromag-
netic matrix, and it was found that the cobalt cores lost their
magnetic moment at 10 K in the first system, while remaining
ferromagnetic up to about 290 K in the second one (Fig. 8). It
was demonstrated that the phenomenon can be ascribed to the
specific way that the ferromagnetic NPs couple to the antifer-
romagnetic matrix. 3%}

Another phenomenon that shows up in systems with ex-
change bias is the training effect, i.e., the exchange bias field is
found to depend on the number of measurements performed,

5.1401 Zhang and coworkers

decreasing as this number increase
observed the exchange bias and the training effect in y-Fe,O3-
coated Fe NPs. It was found that the field-cooling hysteresis
shifts in both the horizontal and the vertical directions due to
the change in spin configuration arising from field cycling dur-

ing the hysteresis loop measurements (Fig. 9). The decrease of

the frozen spins along the cooling field direction reduces the

effective pinning energy, and thus, the exchange bias field de-

creases with field cycling.[#!]
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Fig. 8. Temperature dependences of the zero-field cooled (ZFC; filled
symbols) and the field-cooled (FC; poHpc = 0.01 T, open symbols)
magnetic moments of 4-nm Co/CoO core-shell particles. Particles were
embedded in a paramagnetic (Al,O3) matrix (diamonds), or in an AFM
(CoO) matrix (circles).!*]
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Fig. 9. The ZFC loop, first and sixth FC loops, and aged first and sixth
FC loops at 5 K.[41]

During a field-cooling process, when the temperature is
above the Neel temperature (7y) of the antiferromagnet and
below Curie temperature (7¢) of the ferromagnet, the mag-
netic moments of the AFM atoms are disordered. However, as
T\ is reached, the AFM atoms at the interface align ferromag-
netically to the FM moments.

3. Magnetism of nanomaterials
3.1. Magnetism of NPs

The Stoner—Wolfforth model was the first model to de-
scribe the magnetism of small particles and is still used
today.[*? In this model, each NP is considered as a homoge-
neous single domain with an elongated ellipsoid shape. How-
ever, the model does not take into account the possibility of
thermal excitation to overcome the energy barrier between the
two magnetization directions, which means that this model is
only suitable at 7 = 0 K.!"” Moreover, the model is applica-
ble only to NPs with uniaxial anisotropy. For cubic anisotropy,
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however, a three-dimensional model is required to describe the
magnetism.

In addition to the single domain magnetism and super-
paramagnetism mentioned in Section 2.1, another important
feature of any NP is its large surface to volume ratio. It
has been proposed that the large surface to volume ratio en-
hances the magnetic moment and the anisotropy. And en-
hancements in magnetic moments have in fact been observed
for Fe, Co, and Ni NPs with several tens to several hundreds
of atoms, [7-1043-431

3.2. Magnetism of nanoplates

Circular magnetic nanostructures, such as nanoplates, are
promising materials in the development of higher performance
magnetic information storage devices.[***8] In nanoplates
with thickness of several nanometers, the magnetization is al-
most entirely restricted to the plane of the plate. However,
close to the center of the plate, there is a vortex.

The equilibrium arrangement for the magnetic moment
of the nanoplate is such that the magnetic moment orientation
points outward at the center of the plane, which means that
a perpendicular component of the magnetization exists at the
center of the plate.[*”! This vortex core has been detected by
magnetic force microscopy (MFM). MFM images show dark
or light dots at the centers of the disks, representing upward or
downward vortex core magnetization. The Z component of the
magnetization of the vortex core can point up and down during
the rotation of the vortex in clockwise (CW) or counterclock-
wise (CCW) directions. As a result, the chirality of the vor-
tex can be identified by the combination of vortex core polar-
ity and rotation of the vortex.!>*) When an in-plane magnetic
field is applied, the chirality can be found from the motion of
the vortex core. The motion is generated by the torque on the
magnetic moment in the vortex.[>!! This unique property has
great application potential in the area of recording media.

3.3. Magnetism of nanorings

Generally, the magnetism of nanorings is quite similar
to that of nanoplates. However, compared with nanoplates,
nanorings show superior potential in magnetic recording ap-
plications due to the allowance for higher storage density gen-
erated from their flux-closed structure and stable magnetic re-
versal behavior.’?! Three kinds of magnetizations have been
observed in nanorings: (A) the moment follows the same ro-
tation direction and forms a vortex; (B) the nanoring is parti-
tioned into two magnetic domains, in which the two moments
are opposite in direction (this also called an onion state); (C)
the twisted state, or asymmetric onion state, frequently found
in nanorings of smaller size.!'”! An applied magnetic field in
the onion state can move the domain walls to coalesce on the
opposite side of the ring, and therefore, forming a new config-
uration at remanence. 3254

Sun and co-workers looked into the magnetic properties
of Fe304 nanorings. They suggested that there are two kinks
in the hysteresis loop near zero-magnetization, revealing that
there are two vortex states with opposite directions (insets of
Fig. 10(a)). The HRTEM image (Fig. 10(b)) shows that the
Fe304 nanorings have two directions, (111) and (112) with
magnetic vortex states (Fig. 10(c)).[>!

90

(a)

M/(emu/g)

Fig. 10. (a) The M—H loop of the Fe3O4 mnanorings under room tem-
perature. (b) Off-axis electron hologram of a single Fe3Oy4 ring. (c)
Direction of the magnetic induction under field-free conditions follow-
ing magnetization, indicated by colors as interpreted in the color wheel
in the inset (red = right, yellow = down, green = left, blue = up).>>!

4. Biomedical applications of nanomagnetism
4.1. T2 MRI contrast agents

Magnetic resonance imaging is a fundamental diagnostic
tool in biomedical fields. MRI contrast agents can help to clar-
ify images, allowing better interpretation. Theoretically, when
the nuclei of protons are exposed to a strong magnetic field,
their spins are arranged along the magnetic field. During the
alignment, the spins process with a particular frequency, called
the Larmor frequency (Fig. 11(a)). When a pulse with the res-
onance frequency in the radio-frequency (RF) range is intro-
duced, the protons are excited to the antiparallel state. Then,
after the removal of the pulse, the excited nuclei will relax
to the initial states through either the 7'1 relaxation pathway,
which involves the decreased net magnetization (M;), recov-
ering to the initial state, or the T2 relaxation, which involves
the induced magnetization on the perpendicular plane (M,y)
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disappearing by the dephasing of the spins (Figs. 11(c) and
11(d)). 130

When the magnetic pulse is applied, a transverse magne-
tization perpendicular to the static magnetic field is generated
(Fig. 11(b)). And thus, the magnetization is composed of M,
and My, which produce the interrelated process of spins. The
energy transfer is responsible for the change of M, while the
reason for the change of M,y is spin dephasing, which is the
randomization of the magnetization of the excited spins that
were originally of the same phase coherence immediately af-
ter the application of the pulse, but the coherence disappeared
because of the difference of the magnetic field experienced
by the protons. 338 The phase incoherence is largely caused
by the magnetic properties of the imaging objects, while the
magnetic-field difference arises mainly from other different
magnetic properties of the imaging objects. The spin—spin
interaction between the protons or electrons causes a loss of
transverse coherence, which produces the true and character-

@, = B,

¥: gyromagnetic ratio
B,:Magnetic field
(c)
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MO e - - - -
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[
[
!
[
L
T t

wg:Larmor frequency .M.

My,

istic T2 relaxation of tissues. Moreover, this interaction will
also induce local magnetic field gradients, which can also be
generated by contrast agents. Thus, the transverse relaxation is
affected by external sources, and the total relaxation time 72*
is described by 1/T2* = (1/T2)+ yB, where yB represents the
relaxation by the field gradients and is called the susceptibility
effect.’%] The T2 relaxivity is highly dependent on both the
M value and the effective radius of the typically superparam-
agnetic core. In the motional average regime, the relaxivity r,
(where all of the NP contrast agents are simulated as spheres)
is given by

o 256y*n?
2=\ 405

) KkM2r? /D(1+L/r),

where Mg and r are the saturation magnetization and the ef-
fective radius of the magnetic nanostructure, respectively, D is
the diffusivity of water molecules, L is the thickness of an im-
permeable surface coating, and k is the conversion factor. [>°]

32
L4

Q\

.

(d)

t

Fig. 11. Schematic illustration of magnetic resonance imaging. (a) Spins align parallel or antiparallel according to the magnetic field
and process under Larmor frequency @y. (b) After induction of the pulse, magnetization of spins changes. Excited spins are relaxed

through (c) T'1 relaxation or (d) 72 relaxation. %0

4.2. Magnetic hyperthermia

Magnetic NPs with spherical magnetic moments undergo
orientational thermal fluctuations due to either Brownian fluc-
tuations or Neel fluctuations. These fluctuations are the rea-
sons for the magnetization relaxation that takes place in a
suspension of superparamagnetic particles when the magnetic
field is removed. An external AC magnetic field supplies en-
ergy that generates the magnetic moment fluctuations, and this
magnetic energy is converted into thermal energy. [©0-61]

The heating effects of magnetic NPs under AC magnetic

fields are related to several types of loss processes (hysteresis

losses, Neel and Brown relaxations), and which of these pro-
cesses contribute strongly depends on the particle size. For
NPs within the single-domain range, the magnetization relax-
ation is governed by the combined effects of the rotational ex-
ternal (Brownian) and internal (Neel) diffusions of the par-
ticles’ magnetic moments. The Brown relaxation is due to
thermal orientational fluctuations of a grain itself in the car-
rier fluid, the magnetic moment being locked onto the crystal
anisotropy axis. The Neel relaxation refers to the internal ther-
mal rotation of the magnetic moment of the particle within the

crystal.[6%]
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The specific heat dissipation for monodisperse magnetic
NPs is expressed as

T

r HoxoH3 ©
1+(w7)?’

SLP =
P 2p¢

where ) is the static susceptibility, L is the vacuum magnetic
permeability, p is the density of the material, H is the applied
field, and w is the frequency of the applied field. Moreover,
7 is given by the relationship 1/7 =1/t + 1/15 , where T
is the Neel relaxation time and 7g is the Brownian relaxation
time, as will be described below, [00-61]

4.3. Biosensors

In addition to their applications in disease dignoses and
therapy, magnetic NPs have been utilized in various biosen-
sors such as those for the detection of proteins, DNAs, and
enzymes. Due to the unique chemical and physical properties
of magnetic NPs, incorporating them in biosensors can im-
prove the sensors’ sensitivity and reduce their reaction time.
In the case of magnetic NP-based MRI 72 contrast agents,
researchers observed a special magnetic phenomenon in the
process of the assembly of magneitc nanoprobes under a mag-
netic field, i.e., the superparamagnetic iron oxide cores of in-
dividual NPs were more efficient in dephasing the spins of
surrounding water protons, and thus expanding the spin—spin
relaxation time. Magnetic NPs were proposed as magnetic re-
laxation switches (MRS).[%?] Therefore, by surface modifica-
tion, a large number of magnetic NPs can be selectively at-
tached to nuclei acids, peptides, proteins, and antibodies. As
a result, the change of the relaxation time of protons will be
produced by those aggregated NPs and cause the detection of
special oligonucleotides, as mentioned above. This method
can be further extended in the detection of molecular interac-
tions such as DNA-DNA and protein—protein. 63

5. Conclusion

We have presented typical magnetic effects that com-
monly appear in nanomagnetic materials. Those effects are
the origins of many unique properties of nanosized magnetic
materials. Significant progress is being made in exploring the
fundamentals of magnetism as well as in developing magnetic
materials. And this stimulate great expectations for the use of
those theories and materials in new devices with enhanced per-
formance. Nowadays, magnetic nanostructures have already
been important in biomedical applications such as MRI, hyper-
thermia, and biosensors. And other physical effects of nano-
magnets, including distinct vortex states, exchange coupling,
and exchange bias effects have great application potential in
energy conversion, household electrical equipments, and elec-
tronic devices.
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