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Abstract: This review article aims to provide a comprehensive overview of recent FMR studies on
magnetic oxide nanoparticles and their potential applications. The use of the FMR technique is a
powerful tool to study the magnetic properties of magnetic nanoparticles and can provide valuable
information on their behavior. For this, we will start by discussing the purpose of these magnetic
nanoparticles and their application in various fields, including biomedical applications, energy
storage, and environmental remediation. We will then discuss the methods used to prepare magnetic
nanoparticles and the theory behind FMR including the superparamagnetic effect. Additionally, we
will present the most recent studies on FMR for magnetic oxide nanoparticles by highlighting the
effect of temperature and doping on the magnetic properties of these nanoparticles.

Keywords: magnetic nanoparticle; magnetization dynamics; ferromagnetic resonance;
magnetic properties

1. Introduction

Magnetic nanoparticles have attracted significant attention in recent years due to
their unique magnetic properties and potential applications in various fields, such as
biomedicine, energy, and information technologies. Several techniques have been used to
investigate the magnetic properties of nanoparticles, including ferromagnetic resonance
(FMR) [1]. Indeed, FMR has been extensively studied in bulk magnetic materials, including
thin films, and more recently, in magnetic nanoparticles. In these nanoscaled particles, the
FMR behavior can be affected by a variety of factors, such as size, shape, surface effects, and
composition [2]. Thus, the study of magnetic nanoparticles by FMR can provide in-depth
information on the intrinsic and extrinsic magnetic properties of these particle systems.

The application of nanoparticles could revolutionize many sectors of our society.
In biomedicine, magnetic nanoparticles are being explored for a range of applications,
such as magnetic resonance imaging (MRI), drug delivery, and hyperthermia treatment
of cancer [3]. In MRI, magnetic nanoparticles can be used as contrast agents to improve
sensitivity. In drug delivery, magnetic nanoparticles can be functionalized with drugs and
targeted to specific cells or tissues using an external magnetic field [4]. In hyperthermia
treatment, magnetic nanoparticles can be used to selectively heat tumor cells, leading to
their destruction [3].

In addition to biomedicine, magnetic nanoparticles are also being investigated for
energy storage devices, such as batteries and supercapacitors, due to their high surface
area and tunable magnetic properties [5]. Finally, magnetic nanoparticles can be used
in information technology, particularly in magnetic data storage and spintronics [6,7].
Indeed, magnetic data storage is a widely used technology in hard drives. Magnetic
nanoparticles can be used to develop spin-based electronic devices, which could have
lower power consumption, higher speeds, and greater storage densities than traditional
electronic devices [8,9].
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2. Ferromagnetic Resonance

To study the magnetic properties of magnetic nanoparticles, magnetization dynamics
can be a useful tool. Indeed, the magnetization dynamics allow us to understand how the
magnetization of such particles responds to external stimulation such as magnetic fields
and electromagnetic pulses. Thus, by measuring the magnetic response, one can provide
information on the intrinsic properties of the nanoparticles, such as their magnetization,
magnetic anisotropy, and magnetic relaxation times. Furthermore, magnetization dynamics
is also useful for studying the magnetic interactions between nanoparticles, such as the
dipole-dipole interaction and exchange interactions. It is well known that these interactions
can have a significant effect on the magnetic properties of nanoparticle assemblies.

Historically, the first studies of magnetization dynamics were performed in the early
20th century. Over the past few decades, techniques for investigating magnetization
dynamics have considerably developed. This research particularly concerns nanostructured
magnetic materials due to their potential applications in the field of spintronics [10].

Magnetization dynamics can occur over a wide range of time scales. Figure 1 shows
different types of magnetization dynamics with their characteristic time scales (7). These
time scales depend on the dimensions of the magnetic system, its parameters, and the
type of excitation. Magnetization dynamics are then classified into two main categories
depending on their characteristic times: fast, where 7 is on the order of nanoseconds
to hundreds of picoseconds, and ultra-fast, with T on the order of sub-picoseconds. In
magnetic nanoparticles, the magnetization reversal process is classified as fast
magnetization dynamics.
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Figure 1. Diagram showing different time scales characteristic of various types of magnetization
dynamics. Reprinted with permission from A. Barman and A. Haldar, Time-Domain Study of
Magnetization Dynamics in Magnetic Thin Films and Micro and Nanostructures, Solid State Physics,
65, 1-108. Copyright (2014) Elsevier .

In order to study magnetization dynamics, different techniques exist and can be
classified into two groups: time-domain methods and frequency-domain methods [10].

Time-domain techniques involve measuring the temporal response of the magnetiza-
tion following an external excitation, such as an ultra-short laser pulse or a pulsed magnetic
field. Frequency-domain techniques are based on the precessional frequency measurement
of the resonance field for a fixed frequency-driven resonance as performed in microwave
spectroscopy.

The operating principles of FMR techniques are based on the use of a combination of a
microwave field (i) and a static magnetic field. The small £, field excites the spin system
while the static field is slowly swept through a specific field range. At a specific value of
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the applied field, the precessional amplitude becomes maximum. This corresponds to the
resonance field of the specific value at the driving £, ¢ frequency.

Several varieties of FMR exist: by far the most common methods are cavity FMR and
broadband FMR, such as VNA-FMR (vector network analyzer FMR). In cavity FMR, the
sample is placed in a resonant cavity of a microwave spectrometer and the reflected power
is measured. This measurement is extremely sensitive because the quality factor of the
cavity is generally very high, which allows for the study, for example, of thin layers of a few
nanometers in thickness. VNA-FMR is a highly effective frequency-sweeping technique.
The sample is placed on a coplanar waveguide (CPW) which is connected to the VNA. The
VNA serves as both a source and detector of the radiofrequency signal and compares the
incoming and outgoing signals (their amplitude and phase), allowing for the measurement
of sample absorption as a function of frequency and field.

Compared to other techniques for measuring magnetization dynamics, FMR tech-
niques have several advantages; in particular, their high sensitivity. Indeed, FMR can
detect very small changes in the magnetic properties of a material, which makes it useful
for studying nanostructures. FMR is a non-destructive technique, which means that it
does not damage the sample being measured, which allows for repeated measurements
on the same sample over time. Moreover, FMR can measure magnetic properties over
a wide range of frequencies (VNA-FMR), up to tens of gigahertz and even hundreds,
which makes it useful for studying magnetic properties at high frequencies. Finally, FMR
is a simple technique to implement, does not require complex equipment, and can be
used to study a wide range of magnetic materials, including ferromagnetic, antiferro-
magnetic, and ferrimagnetic materials, as well as magnetic thin films, nanoparticles, and
nanostructured systems.

In conclusion, ferromagnetic resonance is an excellent technique to study and under-
stand the phenomena that govern the magnetic properties of nanoparticles. This inves-
tigation will allow us to tune magnetic properties depending on the desired application.
Further research in this area is expected to lead to the development of new devices with
improved performance.

3. Methods of Synthesis

Synthesizing magnetic nanoparticles with precise control of their size, shape, and
magnetic properties is crucial for achieving optimal performance for the desired appli-
cations. There are various methods for synthesizing magnetic nanoparticles, which are
subdivided into two main categories, “physical” and “chemical” methods [3], includ-
ing chemical precipitation, co-precipitation, sol-gel, hydrothermal, and laser evaporation
methods..., etc. [11].

In this section, we will discuss two typical chemical methods, i.e., the sol-gel and
hydrothermal methods, which are widely used for synthesizing magnetic nanoparticles.
These methods have unique advantages where understanding their processes is essential
for using the potential of magnetic nanoparticles in various applications. We have cho-
sen these two techniques because they are the most used for nanoparticle synthesis in
this review.

3.1. Sol-Gel Technique

The sol-gel method is commonly used for synthesizing magnetic nanoparticles. This
method involves the preparation of a solution (sol) that is then transformed into a solid or
(gel) through a series of chemical reactions [11].

To produce magnetic nanoparticles using the sol-gel method, the first step is to prepare
a sol of the desired metal salts. This is achieved by dissolving the metal salts in a solvent,
such as water or ethanol [12], and then adding a stabilizing agent, such as a surfactant or
polymer, to prevent the particles from agglomerating. To transform the sol into a gel, the
obtained solution is then exposed to a series of chemical reactions, including hydrolysis
and condensation. The gel is then dried and annealed to remove any remaining solvent.
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During calcination, the gel is heated to high temperatures, which causes the metal ions to
form metal oxide nanoparticles [13]. The metal oxide nanoparticles are typically coated
with a magnetic material, such as iron oxide or cobalt. This is performed by using a variety
of techniques, such as the addition of a magnetic precursor to the sol before gelation.

An example of this technique of MgZnFe,;O4 nanoparticle synthesis is illustrated in
Figure 2. The nanoparticles are prepared by a primary mixture of different solutions. The
mixtures are then slowly dissolved in distilled water with stirring, to form a red, dish gel.
The gel is then dried at 150 °C by placing it in a furnace. The nanoparticles were then
produced by grinding the obtained substance, which is finally annealed at 750 °C for one
hour to complete the chemical process.
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Figure 2. MgZnFe,O4 nanoparticle preparation by sol-gel method. The figure shows the preparation
steps and the transition from the “sol” to the “gel” state [13]. This figure was published in Rahman
Md Atiqur, Islam Mohammad Tariqul, Singh Mandeep Singh Jit, Samsuzzaman Md and Chowdhury
Muhammad E. H., Synthesis and characterization of Mg—Zn ferrite based flexible microwave com-
posites and its application as SNG metamaterial, 11, Scientific Reports, 2021. Open access, Springer
Nature. Creative Commons licence, https:/ /creativecommons.org/licenses /by /4.0/.

The resulting magnetic nanoparticles are highly stable with good control of the particle
size. The sol-gel method is considered to be a powerful tool for the synthesis of magnetic
nanoparticles with precise control over their size, shape, and magnetic properties. However,
this technique also has several disadvantages including a long time of reaction and the use
of toxic organic solvents [3]. By manipulating the sol composition, reaction conditions, and
post-synthesis treatments, it is possible to tailor the properties of the nanoparticles.

3.2. Hydrothermal Technique

Hydrothermal synthesis is a popular method to produce magnetic nanoparticles
with a narrow size distribution, high crystallinity, and excellent magnetic properties. The
nanoparticle production process involves the reaction of a precursor solution containing
metal ions at high temperatures and pressure. These conditions promote the formation of
nuclei, which can grow into magnetic nanoparticles.

The ion metal solution is prepared by dissolving metal salts in water or other solvents.
The choice of solvent depends on the nature of the metal ions and their solubility. The
hydrothermal process is then carried out in an autoclave, a closed vessel known to resist
high temperatures and pressures. The precursor solution is added to the autoclave and then
sealed before being heated to temperatures typically ranging from 100 °C to 300 °C. The
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pressure inside the autoclave is maintained by adding an inert gas such as nitrogen. The
nanoparticles are formed by the reaction between the metal ions in the precursor solution
with hydroxide ions or other chemical species.

The reaction rate, size, and morphology of the nanoparticles depend on several factors,
such as the concentration of the precursor solution, temperature, pressure, and reaction
time. The reaction usually lasts several hours to ensure the complete conversion of the metal
ions into nanoparticles. After that, the autoclave is cooled, typically at room temperature,
and the nanoparticles are recovered by centrifugation or other separation techniques
before being washed and dried [14]. An example of Fe30, nanoparticle production by the
hydrothermal method is shown in Figure 3 [15]. The synthesis of these particles was carried
out at up to 180 °C temperatures for 16 h. FeCl3 and FeCl, were used as precursor salts,
and polyethylene glycol (PEG-400) as surfactant.

oH=0 =Fe3* O =Fe2*
O =Na* —PEG ® =Fe;04

Autoclave

Stirring/30min
pH- 10
HTa
120,140,160,
180°C /16hrs

Fe,O, Magnetic Nanoparticle

Figure 3. A schematic diagram illustrating the hydrothermal synthesis of PEG-400-coated FezOy4
magnetic nanoparticles at various reaction temperatures by using FeCl3 and FeCl, as precursor salts,
and polyethylene glycol (PEG-400) as surfactant. Reprinted with permission from Kumar Prashant,
Khanduri H., Pathak Saurabh, Singh Arjun, Basheed G. A. and Pant R. P,, Temperature selectivity for
single phase hydrothermal synthesis of PEG-400 coated magnetite nanoparticles, Dalton Transactions,
49, 8672. Copyright (2020) ROYAL SOCIETY OF CHEMISTRY.

The hydrothermal process can produce nanoparticles with different magnetic prop-
erties by varying the reaction conditions. For example, different crystal phases can be
synthesized for iron oxide such as magnetite Fe304 and maghemite y-Fe;O3. In sum-
mary, hydrothermal synthesis is a versatile method for producing magnetic nanoparticles
with tailored properties and good crystallinity but has the disadvantage of needing high
temperature and pressure for the nanoparticle synthesis [3].

4. Aspects of Ferromagnetic Resonance in Magnetic Nanoparticle Assemblies
4.1. General Theory of Ferromagnetic Resonance

The discovery of the phenomenon of ferromagnetic resonance absorption dates to
the early work of V. K. Arkad’yev [16] with the observation of the selective absorption of
centimeter radio waves in Fe and Ni wires. The theory of ferromagnetic resonance is well
established and can be dated from the early work of Landau and Lifshitz [17] with the
phenomenological expression of the time-varying magnetization vector as a function of
the magnetic torque in the vector product of the magnetization with the magnetic field
vector. In its most simple form, the precessional motion of the magnetization vector can be
expressed, neglecting the effects of relaxation, as:

oM

FT poy(M x Hefp) @
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In this equation, the magnetization is represented by a classical vector, M, of constant
length. The magnetic field vector, H,f, is an effective field representing the contributions
from the externally applied magnetic fields (both static and dynamic), H(¢t) = Ho + h(t),
and internal fields created by magnetic anisotropies (shape and magnetocrystalline) as
well as exchange fields. Thus, the effective field is represented as a vector sum of these
contributions. The thermodynamic equilibrium of the system is governed by this internal
field and will determine the equilibrium orientation of the magnetization, such that the
magnitude of the effective field can be expressed as a function of the free energy, E, of the
spin system:

poHerr = 7;7]1\2/1 2)

It is thus possible to determine the equilibrium orientation of the magnetization, denoted
by the polar and azimuthal angles for this vector 6y, ¢, from:

oE oE

% = 0; P 0 (©)]
The solution of these equations will provide the state for which the free energy is a mini-
mum. These can be rather complex and can require computational analysis, with analytical
expressions for the resonance frequency only being possible for specific cases, such as when
the applied field is aligned along certain anisotropy and principal axes. Again, the assump-
tion of homogeneous magnetization is a requirement for the solution to these conditions. It
is also possible to express the resonance condition between the effective magnetic field, the
frequency of precession, and the second (partial) derivatives of the free energy with respect
to the angles in the form [18]:

1
272
_ _ Moy |PEFE_(OE
@ = HoVHeff = 31 g laf)Z 992 \ 900 @)

This expression, also known as the Smit-Beljers equation [19], provides a convenient
relation that only requires the appropriate form of the free energy of the system, from
which the derivatives can be calculated. Typically, we can express the free energy (which
will in principle contain the same contributions as the effective field) as the sum of the
individual contributions:

E = Eo+ Egem + Eanis + Eexcn + - ®)

where Ey = —poM - Hy is the Zeeman energy; Ej,, is the demagnetization energy, which
depends on the sample shape and hence the magnetostatic energy; E,;;s is the magnetocrys-
talline anisotropy energy, which will depend on the crystalline structure of the sample
and internal strains; E,,j, is the exchange energy, which is also structure dependant and is
defined by the exchange interaction between neighboring spins. Other contributions to the
free energy of the system may be considered and will depend on the nature of the samples
under investigation. This approach must therefore adapt the form of the free energy to the
system that is being studied.

4.2. Contributions to the Free Energy in Magnetic Nanoparticle Systems

In the specific case of assemblies of ferromagnetic nanoparticles (NPs), we introduce
the terms that are appropriate, such as the specific form of the magnetic anisotropies
and the interaction terms between the particles of the assembly, which will typically take
the form of the dipolar interaction between pairs of nanoparticles and summed over the
assembly. In terms of magnetic anisotropies, there can be several possible contributions,
such as bulk-like magnetocrystalline anisotropy energies, which are typically uniaxial but
can also contain cubic or hexagonal contributions, depending on the structure of the NPs.
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Furthermore, since nanoparticles in general have an important proportion of their spins
located at or near the surface of the particle, surface anisotropies can also be of importance.

From the expression for the free energy, Equation (5), we can consider the various
terms that are applicable and under what conditions. The Zeeman energy term can be
expressed as:

Ey = —puoM - Hp = —pgMHj[sin O sin 0 cos(¢ — @) + cos O cos 0] (6)

where Oy and &y denote the polar and azimuthal angles of the applied static field. This
term is isotropic, meaning that there is no preferential orientation of the magnetic field with
respect to the magnetization as such. It is only under the influence of the anisotropic terms
that the free energy will assume an orientational preference in terms of the lowest energy
state. Magnetocrystalline anisotropies arise primarily from the spin-orbit interaction and
depend on the crystalline structure of the ferromagnetic (ferrimagnetic) material, and they
generate easy directions of the magnetization, typically along some principal crystalline
axes. Uniaxial anisotropies can arise in several structures, such as hcp cobalt, for which the
energy term can be expressed as:

EK . = K{sin®0 + Ky sin 6 + ... @)
where the K}, are the anisotropy constants that define the strength of the anisotropy and can
be determined experimentally. In this expression, it is important to define the coordinate
system for which the easy axis coincides with one of the principal axes. Cubic anisotropy is
more complex and must incorporate the four-fold symmetry related to a cubic crystalline
structure. Cubic structures, as found in some ferromagnetic metals, can exhibit different
forms of cubic anisotropy, where easy axes can lie along principal cubic axes, [100], face
diagonal [110], or even body diagonal axes [111]. The phenomenological form of the
anisotropy energy can be readily found for such systems, and reflect the different symme-
tries associated with the crystalline directions. For example, Ni, with a cubic fcc structure
and an easy axis along the [100] type directions, can be modeled with an anisotropy free
energy term of the form [20]:

cub

K
plo0) _ Kysin? 0 + §4(7 + cos 4¢) sin* 6 + ... ®)

In the case of bcc Fe, the easy axes lie along body diagonals, for which the free energy can
be written as:

K 7
EE};] = ?4 (1 —2sin?0 + 1 sin* 6 4+ v/2sin> 0 cos § sin 3¢) )

The shape of a magnetic body can influence the orientation of its magnetization. This
is noted most readily in needle-like or elongated forms, where the magnetization tends to
align along the long axis to reduce the so-called stray field and has its origin in the dipolar
interaction between spins. (As an aside, the dipolar interaction between NPs has a similar
effect and can produce an anisotropy in an assembly of NPs due to the spatial distribution
of particles.) In the simple case of ellipsoids of rotation, simple analytical expressions can
be obtained [18,21,22]. In such cases, a simplified expression for the energy contribution
can be written in terms of a demagnetizing tensor, N, ¢, and the demagnetizing field [23] :

1
Ejem = —#oM - Hgem = EVOMgNeff cos” 6 (10)

We note that the demagnetizing field will align along the direction opposed to the mag-
netization and hence this energy term is positive. In fact, the form of this equation shows
that in many, such as elongated particles, this energy contribution acts as an effective
uniaxial anisotropy. Skomski et al. [24] have considered the effective demagnetizing factors
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for aggregates of particles of different shapes and sample shapes. This can be effectively
applied to an assembly of magnetic nanoparticles and will be further discussed in terms of
the effective medium later in this article.

Additional anisotropy contributions can arise from the reduced crystalline symmetry
at the surface of a nanoparticle. Such contributions occur for smaller NPs, where the
number of surface spins represents a significant proportion of the spins in a particle, where
particle diameters are of the order of a few nm [25]. The form of the anisotropy energy
associated with a surface can be deduced in a similar manner to bulk anisotropies, taking
into account the spatial distribution of the neighboring magnetic moments at the crystal
(NP) surface. One example of the surface anisotropy energy can be expressed as [26,27]:

Ersa = — Y_Ks(m; - ;) (11)
7

In this model, known as the transverse surface anisotropy model, K; is the surface anisotropy
constant, analogous to the bulk anisotropy constants in Equations (7)—(9), m; is the unit
vector of the magnetization vector, which is assumed to be homogeneous, and u; repre-
sents the unit vector aligned along the direction of the easy axis. The summation (over i
accounts for the combined energy of all the spins in a nanoparticle. For the case of uniform
magnetization, this term can be replaced by an effective uniaxial term. A muore realistic
approach can be expressed in the Néel model as [28]:

Ensa =—Y,Y Ki(m;-a;)* (12)
T iz

where u;; = r;;/r;; is an interatomic unit vector between surface atoms, and r;; is the vector
between spins i and j.This will naturally account for the change in symmetry when a
surface atom is encountered.

While the anisotropy contributions for a single nanoparticle can be well-defined, in
terms of both bulk and surface anisotropies and even in terms of the shape anisotropy for
a majority of particle shapes, the situation is more complex when we consider the case
of an assembly of nanoparticles. In a vast majority of experimental studies, the NPs are
randomly dispersed with random orientations of the anisotropy axes. For large numbers of
NPs in a sample, we can average over all directions to give a constant effective anisotropy
field, which will in fact be isotropic and homogeneous. Thus we would just have a general
uniform increase in the effective energy (or field). An effective anisotropy can be introduced,
which incorporates both volume and surface effects, where it is assumed that the overall
angular dependence is the same [29]:

Kerp = Ko + %KS (13)
with Ky s being the volume and surface contributions to the total anisotropy, and the factor
(6/D) arises from the surface-to-volume ratio for the case of a sphere of diameter D.
Herzer [30] has considered the case of randomly oriented nanocrystals in an amorphous
magnetic matrix. These systems exhibit very soft magnetic properties, see Herzer (In: [31])
and references therein. In the random anisotropy (RA) model, the overall effect of the
individual nanocrystal anisotropies is considered in the assembly. The model was initially
developed in order to explain the soft magnetic properties exhibited by amorphous FM
materials [32] and further developed by Chudnovsky et al. [33]. By considering an assembly
of exchange-coupled nanocrystals of diameter D and volume fraction f with uniaxial
magneto-crystalline anisotropy K, the effect of random orientation on the anisotropy axes
is obtained by averaging over the N nanocrystals within the FM correlation volume, where
N = f(Aex/D)? and the correlation volume is V = A3, where ()ey is the exchange length,
see Figure 4a. Statistical fluctuations within the exchange volume will give rise to an easy



Magnetochemistry 2023, 9, 191

9 of 39

direction for the N crystals and the averaged anisotropy energy will be determined by the
fluctuation amplitude. As such, the effective anisotropy constant can be expressed as:

N fKEff . D %
< K >~ N - \/?Keff<)\ex) (14)

It is, therefore, seen that the averaging out of the local anisotropy depends on the number
of particles within the exchange volume and will only be effective for coupled particles,
that is where interactions between the particles exist. Figure 4b illustrates how the local
anisotropies are averaged out over an assembly of nanocrystals, see Suzuki and Herzer [34].
The fact that there is a dependency between the averaging of the local anisotropy and the
exchange interaction, the exchange length must be renormalized by substituting < K > for
K, such that Aey is self-consistent with the averaged anisotropy: Aex = v/ A/ < K >, where
A is the exchange stiffness constant. From this, we can obtain the following relation:

6
_ e[ D) _ ekt
<K>_fK<A(O>> = D=5 (15)

ex

where )\é?() is the characteristic ferromagnetic exchange length and represents the minimum
length scale over which the magnetic moments of the particles can vary. If the particle size,
D, is less than this value, the magnetization will not follow the randomly oriented easy axis
and will be forced to align by the exchange interaction. The arguments used in obtaining
this result are valid not only for uniaxial anisotropies and cubic but other symmetries will

also apply.

)
eK

=X

Anisotropy energy density g,

Figure 4. (a) Schematic representation of the random anisotropy model, where arrows indicate the
randomly fluctuating anisotropy axes and the hatched area represents the ferromagnetic (FM) correla-
tion volume, which is determined by the exchange length, Acx. (Based on the RA model of [31]. Figure
adapted from G. Herzer, Nanocrystalline soft magnetic alloys. In: Buschow, K.H.J. (Ed.), Handbook
of Magnetic Materials, vol. 10, Elsevier Science 1997, 4152462. (b) Random average anisotropies.
Figure adapted with permission from K. Suzuki and G. Herzer, Soft magnetic nanostructures and
applications. In: D. Sellmyer and R. Skomski (Eds.), Advanced Magnetic Nanostructures, Springer
Nature (2006).

The above discussion refers to the energy contributions of an assembly of non-
interacting nanoparticles. In a typical measurement, we generally consider the dynamic
response of an assembly of magnetic nanoparticles. In the following, we will show two
approaches to this problem. In the first instance, we consider the dipolar interactions
between pairs of NPs and then consider how to sum up the contributions of pairs over the
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entire population of NPs. We start by considering the energy expression for the dipolar
interaction between two magnetic NPs, as characterized by their magnetic moments m;
and mj, which we can write as [35]:

_ Mo [ml - 3(“‘1‘ ' rif)z(mj : fif)] (16)

€ij 3
4m’i. ri].

]

and can be written in terms of the orientation (polar ®;; and azimuthal ®;; angles) of the
vector r;; between the particles, such that:

Hom
3

. : 2
47_”] {1 — 3[sin ©;j cos(P;; — ¢) sin & — cos O;; cos 0] } (17)

8,']'

where we consider that the magnetic moments of the particles are aligned parallel with
one another. This assumption can be considered to be valid for magnetic NPs with small
anisotropies and aligned under the influence of a small magnetic field, such as they would
experience during a ferromagnetic resonance experiment. It is interesting to note that
this interaction is intrinsically anisotropic, having a minimum energy when the magnetic
moments are aligned along the axis separating the particles and a maximum when they
are perpendicular to it [36,37]. Since Equation (17) is only the dipolar energy term between
two magnetic moments (NPs), we need to make the summations over all N particles in the
assembly. Firstly, we can sum the interaction of say a particle i with all the other (N — 1)
NPs in the assembly. The total dipolar energy for the assembly will then be obtained from
the summation of the dipolar energies of all N particles:

e = ZDU (18)
i j#i

the factor 1/2 is necessary to avoid counting the interactions twice. Let us now consider
the summation terms.

mm;
2Dl — 22 Ho { — 3[sin ©;j cos(P;; — ¢) sin 6 — cos O;; cos 9}2} (19)
P i 47‘[7’

Using the definition of the magnetization as M = m;/V;, where V; denotes the volume of
the particle labeled 7, and that the sum over all particles leads to V;, = }_; V;, the magnetic
volume of the particle assembly, we can simplify the above expression for a monodisperse
assembly (i.e., where all nanoparticles are considered to have the same size and shape,
which for simplicity can be considered as spherical). The above expression can now be
written as:

Pl — OM Vm ZZ 3 { 3[sin ©;j cos(P;; — ¢) sin & — cos O;; cos 9]2} (20)

i ];él ij

Writing Vj; = 47'(1*?]. /3, which is the volume of a sphere whose radius is the distance
between pairs (ij) of particles in the assembly and expressing the term in brackets as
F(©;j, ®jj,0,¢) can now express the dipolar energy as:

2V2 F ®"/q)"161
eDDI — HoM; Vi y (©; f] ¢) 1)
6 i Vij
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Taking the energy density, E = ¢/V;; and expressing the summation as a geometric factor
G(©j, @i}, 0, ), the energy density for the dipolar interactions will take the form:

M2y
bDI — Ho = G(0y),®;,0,¢) (22)

where v = V,;,/ V; is the packing fraction of particles in the sample, where we assume that
the sum of the spheres Vj; must be proportional to the sample volume, V;, and we further
note that any constant of proportionality will be contained within the factor G. The above
expression is a convenient form of the dipolar contribution to the total energy and can be
considered to contain all the necessary components for nanoparticle assembly. Clearly, the
specifics of the spatial distribution must be known for the factor to be evaluated. Indeed,
the factor G can be considered as a sample shape function and can be seen to be related to
the expression, given below, in the Netzelmann formulation for granular systems. Thus, we
can illustrate that the particle volume fraction, v, and the shape function, G, will determine
the overall dipolar energy for a nanoparticle assembly.

To illustrate the significance of the above expression for the dipolar energy, we can con-
sider the case of a spherical spatial distribution of NPs. In effect, the factor G should reduce
to unity for the quasi-homogeneous distribution of monodisperse spherical nanoparticles.
In this case, Equation (22) reduces to:

MZ
ERPT = F =y (23)

Indeed, this expression can be obtained from the demagnetization factor Np = 1/3 for
a sphere, where the energy contribution is written as E = poM2Np/2. In the above
expression, we have the factor v, which is necessary to account for the reduced magnetic
energy for a sample with inferior magnetic content, evenly distributed throughout the
sample. We note that this expression is isotropic and has no angular dependence. For
non-spherically symmetric samples (NP distributions), the function G(®;;, ;;, 0, ¢), has
an angular dependence and reflects the overall shape of the sample and the orientation
of the magnetization with respect to the symmetry axes of the spatial distribution shape.
We therefore see that the interaction term can be seen to play an identical role as the
demagnetizing factor for a magnetic sample. This approach has been applied to the case of
discontinuous magnetic multilayers, in which a planar geometry illustrates the importance
of this shape distribution effect [38].

Another approach to the problem of nanoparticle arrays can be derived from the
consideration of granular systems by Netzelmann [39] and later corrected by Dubowik [40],
see also Kakazei et al. [41]. Here, the free energy is expressed in terms of the fraction f of
the magnetic particles, which occupy the sample and is given in the form:

EV:%v(l—v)M~Np~M+%v2M~N3~M (24)
In this expression, we have N, 5, which are the particle (p) and sample (s) shape tensors,
and v = V};,/V is defined as the ratio of the magnetic to sample volume, respectively.
Indeed, this approach is similar to the consideration of the demagnetizing factors for
sample and particle as determined by Skomski et al. [24]. We further note that in the
case of polydispersion of the nanoparticles, the magnetic volume can be expressed as
Vin = N < V >, for which the average volume can be obtained from:

_ fvP(V)dV

ST vy

(25)
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In this expression, the particle volume distribution is generally given by the log-normal, as
given by:
=1 v

P(V) \/me (26)
where ¢ is the standard deviation of In V and V| is the mean value of the particle volume.
Given the definitions for v and < V >, we can further write, v = py < V >, where py
represents the NP density. We note that for the case of spherical particles, the shape factor
will be 1/3. Elongated particles can be treated using the Osborn shape factors, such as
ellipsoids of rotation. The question of assemblies with randomly oriented NPs can be
treated together with the random orientation of the magnetocrystalline anisotropy axes,
etc., as considered above.

4.3. Ferromagnetic Resonance in Magnetic Nanoparticle Assemblies

It is possible to combine the two approaches in which we replace the second term in
Equation (24) with the dipolar energy, which in fact is another way of looking at the sample
shape energy, over the entire NP assembly. We now consider the form of the resonance
equation, which can be expressed in the form [36,37]:

sinf cos(6 — 6p)

H?+2
Sil’190 Pt ¢

. 2
smecoszeoHr B ( w > —0 @7

sin 90 ;17)/

where the equilibrium polar angle 6y is defined from the equilibrium condition, as
expressed by:
Csin26y = H, sin(6 — 6p) (28)

In these expressions, the constant C contains various terms depending on the specifics of
the magnetic anisotropies relevant to the particles and the assembly. This constant can be
expressed in the simplest case for spherical particles as:

C= %MV <r>3 (29)
where <r> is the average radius of the NPs. Clearly, this term will be more complex for
other forms of particle assembly. For example, Schmool et al. [38] performed calculations
for discontinuous multilayer systems.

In the study of Schmool and Schmalzl [36], samples of assemblies of y-Fe,O3 nanopar-
ticles, with mean particle diameters of 2.7, 4.6, and 7.3 nm, were measured by FMR as a
function of the direction of the applied magnetic field, from the perpendicular (0°) to the
parallel (90°) orientations for the NPs distributed in a thin rectangular slab. In Figure 5, we
show the angular dependence of the FMR resonance field of NPs with a mean diameter
of 4.6 nm. Also shown is the theoretical variation of the resonance field as predicted by
Equation (27) and has only an angular dependence due to the dipolar interactions, where
we assume the particles are spherical. The points refer to experimental data and the line is
the theoretical fit. This curve is representative of all samples measured with other sizes.
We observe good agreement between the theory and experimental measurements. This
implies that the main influence on the angular-dependent magnetic properties is due to the
interparticle interactions and essentially arises from the anisotropy related to the spatial
distribution, which in this case was of a thin rectangular slab.
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Figure 5. Angular dependence of the resonance field for a sample of y-Fe,O3 nanoparticles with
mean particle diameters of 4.6 nm. The line is a fit to Equation (27). Reprinted with permission
from D. S. Schmool and K. Schmalzl, Ferromagnetic resonance in magnetic nanoparticle assemblies,
Journal of Non-Crystalline Solids, 353(8-10), 738. Copyright (2007) Elsevier.

4.4. Superparamagnetism and Its Effect on the Ferromagnetic Resonance of Magnetic Nanoparticles

An important phenomenon in the consideration of the magnetic properties of magnetic
nanoparticles and their assemblies is the so-called superparamagnetism to which they are
subject. Superparamagnetic effects arise from the thermal fluctuations of the spontaneous
magnetization of the nanoparticles and are intimately related to the strength of the magnetic
anisotropy of the particles. As the temperature of a sample increases, the thermal energy,
denoted as kg T, becomes sufficiently large to be able to overcome the energy barrier, which
confines the magnetization to a stable configuration (or direction) with respect to the
anisotropy axis of the NP, which also depends on the size of the particle itself. These
thermal excitations can induce rapid fluctuations of the magnetic moment of the magnetic
NP, which in the simplest cases can be described by the Arrhenius law, as expressed by [42]:

T= TOeEb/kBT (30)

where 7 is the superparamagnetic relaxation time and 1y is a characteristic relaxation time,
which, according to the model of Néel-Brown [43,44], is of the order of 10713107 5. The
value of 1y is often taken to be a constant but actually depends on a number of factors and
is weakly temperature dependent. The energy barrier can be represented for the case of
a simple uniaxial anisotropy as E, = K,s¢V, in which K,y is effective anisotropy of the
nanoparticle and V its volume. The assumption of Equation (30) is that the nanoparticles
are non-interacting. It is worth noting that an applied magnetic field will have the effect of
stabilizing the particles, and the relaxation time will be thus modified. This was calculated
by Chantrell and Wohlfarth [45], who found a modified relaxation time of:

= TOeEb(lfH/HK)ﬁ/kBT 31)
where Hg = 2K/pgM; is the uniaxial anisotropy field and H the applied field strength.
This result derives from the Stoner-Wohlfarth model [46], where an exponent of § = 2 is
valid for the applied field along or perpendicular to the uniaxial anisotropy axis [47].

The relationship between the relaxation time, 7, and the characteristic measurement
time, T,;, defines two regimes for the behavior of the assembly: i. blocked states and ii.
superparamagnetic states, which occur at temperatures below and above the blocking
temperature, Tp, for which T = 7. In this simple case, DC measurements [48] for the ratio
of In(t, /1) give a value close to 25, such that:
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In Figure 6, the effect of size distribution is illustrated, where a distribution of blocking
temperatures is predicted for ferromagnetic resonance and SQUID magnetometry [49]. It
will be noted that this distribution arises from the volume distribution given in Equation (26)
and that Tp = Tyuax. Above the blocking temperature, the rapid fluctuations produced by
thermal excitations mean that the particles’ magnetic moment reverses between local minima
so rapidly that its behavior mimics atomic paramagnetism, and the particle is said to be in the
superparamagnetic (SPM) state.

i\ sQuID
e

FMR

Jfraction
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) R
0 (g

100 200 300 400
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Figure 6. The effect of size distribution is illustrated where a distribution of blocking temperatures is
predicted for FMR and SQUID magnetometry. The calculations use Tsquip ~ 10% s, 7ppmg ~ 107105,
where the inset shows a transmission electron microscope (TEM) image of the FePt NPs, from which
the size distribution is determined. Reprinted with permission from C. Antoniak and J. Lindner and
M. Farle, Magnetic anisotropy and its temperature dependence in iron-rich Fe,Pt; _ nanoparticles,
Europhys. Lett., 70, 20. Copyright (2005) IOP Publishing .

The interactions between magnetic nanoparticles (DDI) can strongly influence the mag-
netic and superparamagnetic behavior of the NP assembly. The model of Vogel-Fulcher [50]
takes into account the interactions and the effect can be observed on the relaxation time of the
particles, as shown in the modified formula:

T = —L—OeEb/kB(TB*TO) (33)

where T; is an effective temperature, which is proportional to H?, with H; being the the
effective interaction field. The Vogel-Fulcher law, as expressed in Equation (33), is only
valid for weak interactions. Another form of the modification of the relaxation time due
to the effect of interparticle interactions shows the divergence of T as the sample is cooled
towards the phase transition temperature, such as in the case of spin glasses [51,52]. Here,
the relaxation time takes the form:
—Z
T:T*<T_TO> (34)

where T* is the relaxation time for non-interacting particles and the critical exponent z is of
the order of 10.

The interaction via the dipolar forces can often lead to the formation of particle
chains [53,54] such as when magnetic nanoparticles are suspended in a fluid. In such cases,
the ferromagnetic ordering of the magnetic moments in zero applied fields is favored along
the chain direction [42]. Using a mean field model for an infinite chain of magnetic NPs,
with separation d, it can be shown that the ordering temperature can be expressed as [42]:

po m?

Ty = 1.2020
0 70d3 3k

(35)

where m is the magnetic moment of the particles. The existence of strong dipolar interac-
tions leads to the suppression of superparamagnetic relaxation. A more detailed model
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for weak fields, as developed by Morup and Tronc [55], can be shown to shift the blocking
temperature as a function of the dipolar field, H;, according to the approximate expression:

N KV pom? < Hy >[4 [ Tw
Tp =~ kg In(T /1) {1 - (2KV)2 [3111(%) B 1” (36)

The strength of the dipolar coupling field can be adjusted by controlling the average
separation between the magnetic nanoparticles via preparation techniques, such as coating
the NPs with non-magnetic layers. Pereira et al. [56] have shown that this method is
effective in adjusting the blocking temperature, where for y-Fe,O3 nanoparticles with SiOp
coatings such that:

B 1 KtV + Eppi
B h‘l(Tm/To) kB

This was used to evaluate the effective interaction energy of ~0.057 eV, for SiO, uncoated
particles, while for coatings of just under 120 nm, this interaction energy was calculated as
~0.018 eV.

Temperature-dependent measurements of the FMR have been used to illustrate that
the magnetization of the NP assembly conforms to a weighted Langevin function of the

form [36]
o M=M /L HMY pvyav (38)
o kgT

where the particle size distribution is taken into account, Equation (26). The form of
the Langevin function can be expressed as L(x) = coth(x) —1/x. A comparison of the
Langevin function with experimental results is illustrated in Figure 7 for y-Fe,O3 with a
mean diameter of 4.6 nm.

(37)

@ T=295K

0.61 0‘.1 1 1‘0 160

log (x)
Figure 7. Experimental data points at the specific temperatures with a fit using the Langevin
function (line) from Equation (38). Reprinted with permission from D. S. Schmool and K. Schmalzl,
Ferromagnetic resonance in magnetic nanoparticle assemblies, Journal of Non-Crystalline Solids,
353(8-10), 738. Copyright (2007) Elsevier .

The ferromagnetic resonance of assemblies of magnetic NPs has been considered
by a number of authors, where the effects of superparamagnetism (SPM) are taken into
account [57,58]. In the simple case where spherical nanoparticles, are aligned by the applied
field (taken at resonance) in the blocked regime, the resonance equation can be expressed
in the form: w

o H + Hg () (39)

where the anisotropy field is expressed as:

Hy(yp) = %(3 cos®>p —1) (40)
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where the angle 1 is defined as the angle between the anisotropy axis and the orientation of
the magnetization. In the superparamagnetic regime, it is necessary to take into account the
thermal fluctuations of the magnetic moments, which gives rise to a dynamic narrowing of
the resonance peak and the anisotropy field can be expressed from:

1-— 3L(x)/x>

e (41)

fk—+H?M=PkWO<IMa$®>=Pkw0(

where < P,(cos ) > is the second-order Legendre polynomial, P,(8) = (38%> — 1)/2 and
L(x) is the Langevin function, with x = MV H/kgT = mH/kgT. A more realistic model of
the SPM regime should also take into account the effect of the size distribution of the NPs
in the assembly, as expressed in Equation (38) [59].

4.5. FMR Linewidth

The relation between the resonance linewidth and relaxation processes in magnetic
systems means that dynamic studies provide an extremely sensitive probe for such studies.
In its most general form, the dynamic response of a magnetic system can be expressed by
the Landau-Lifshitz—Gilbert (LLG) equation, which we can write as:

oM « oM
The second term describes the phenomenological damping, which is determined by the size
of the Gilbert damping parameter «. The linewidth of the resonance from purely Gilbert

damping takes the form [60]:
4
AHg = T (43)
KoY
showing that the Gilbert damping term is proportional to the frequency of resonance, f.
We will not discuss the explicit causes of the linewidth here, see [60] for more details.

The resonance linewidth in magnetic nanoparticle assemblies can be significantly
larger than in bulk crystals of the same materials. This extrinsic broadening has a number
of mechanisms, and can be generally understood in terms of the magnetic and material
inhomogeneities, as expressed by the expression:

oH oH oH oH
AHnp = AHy + (a(P)A¢+ (aHi)AHiJr (aV>AV+ (aS)AS (44)
The first term represents the intrinsic linewidth, which can be written as (Vonsovskii, 1966):
a (0’E 1 o’
AHy= — | = + ——=— 45
0 m<w+mmwg *)

This expression arises from the fact that the inhomogeneous linewidth broadening must
be an explicit function of the orientation of the particle, their volume, and hence, sur-
face area, and this expression is an extension of the arguments of Vittoria et al. [61]. In
this way, the angular dependence of the resonance linewidth can be explained as arising
from the angular-dependent contributions to the free-energy density. The second term in
Equation (44) arises from a spread in crystalline axes, ¢ (not to be confused with the
azimuthal orientation of the magnetization). The third term is due to magnetic inho-
mogeneities in the sample, the fourth term results from the volume distribution of the
magnetic particles (a monodisperse system clearly does not contribute since AV = 0), and
the last term is due to the differences in resonance condition due to surface spins and is
proportional to the surface area of the particle S. Bulk systems have negligible contributions
because the number of surface spins is appreciable for large magnetic bodies. Equation (44)
shows that there will be an explicit dependence of the linewidth on the direction of the
applied field, where linewidth broadening will be expected in anisotropic systems. It is
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noted that assemblies of nanoparticles with broad log-normal distributions can be expected
to have very broad resonances; this is indeed the case where measured linewidth can be as
large as several kOe.

5. A Compilation of Experimental Studies on FMR

In this section, we will review some recent experimental studies of ferromagnetic
resonance and its applications to nanoparticles. Particular attention is given to effects
such as temperature (and annealing), doping, and the effects of nanoparticle synthesis
techniques and their oxidation.

5.1. Effect of Temperature

The effect of temperature is a critical factor in the understanding of the magnetic
properties of ferromagnetic nanoparticles. Indeed, the thermal energy of the system can
influence the magnetic moments of the particles, leading to changes in the magnetic prop-
erties. In addition, annealing, which is commonly used in the preparation of nanoparticles,
can alter the magnetic behavior of the material. Therefore, it is essential to investigate
the effects of temperature and annealing on the magnetic properties of ferromagnetic
nanoparticles to fully understand their magnetic behavior.

An illustration of these property changes through annealing is shown in Figure 8.
The observed increase in the annealing temperature from 1000 °C to 1250 °C allows the
formation of different phases (7, € and «) for Fe;O3; nanoparticles [62]. In particular,
at 1200 °C only the e—Fe;O3 particle phase is detected. All samples showed a natural
ferromagnetic resonance measured by terahertz spectroscopy. This increases from 161 GHz
to 170 GHz as the size of iron oxide nanoparticles increases (from 7 to 38 nm) due to
annealing, while the half width at half maximum (FWHM represented by factor v in
Figure 9) decreases monotonically.
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Figure 8. The phase composition in weight % of Fe;O3 samples calculated by a full profile analysis
of the XRD patterns. 7 —FepO3 (yellow), € —FeyO3 (turquoise), and &« —Fe,O3 (orange). Reprinted
with permission from Gorbachev Evgeny, Soshnikov Miroslav, Wu Mingxi, et al., Tuning the particle
size, natural ferromagnetic resonance frequency and magnetic properties of Fe,O3 nanoparticles
prepared by a rapid sol-gel method, Journal of Materials Chemistry C, 9, 6173. Copyright (2021)
ROYAL SOCIETY OF CHEMISTRY.

To understand and explain the origin of this variation, it is important to remember
that the characteristics of the FMR line are affected by many factors, such as the saturation
magnetization, the magnetocrystalline anisotropy, the particles morphology, the thermal
fluctuation of magnetization, the demagnetizing field, the porosity of the material, etc.
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Figure 9. Damping factor 7 of the natural ferromagnetic resonance for —Fe;O3 nanoparticles.
Reprinted with permission from Gorbachev Evgeny, Soshnikov Miroslav, Wu Mingxi, et al., Tun-
ing the particle size, natural ferromagnetic resonance frequency and magnetic properties of Fe,O3
nanoparticles prepared by a rapid sol-gel method, Journal of Materials Chemistry C, 9, 6173. Copy-
right (2021) ROYAL SOCIETY OF CHEMISTRY.

For these samples, the influence of impurities (7 and a Fe;O3) can be neglected
since their anisotropy fields are much lower than that of the e —Fe;O3 [63] and the low
spontaneous magnetization leads to very weak demagnetizing fields (less than 100 Oe).
Furthermore, the presence of the impurities should not affect the FMR line in the aspect of
the porosity of the material as the self-demagnetizing field of the e —Fe,Oj particles is weak
(0.9 kOe) with respect to its high anisotropy field (=40 kOe). Thus, the observed dependence
of v (FWHM) on the annealing temperature should be attributed to the variation of the
magnetocrystalline anisotropy constant and size of the e —Fe,O3 particles.

Nickel ferrite magnetic nanoparticles annealed at 600 °C, 900 °C, and 1100 °C were
studied by FMR in order to investigate the magnetic anisotropy [64]. The samples were
prepared by the sol-gel technique and then isothermally treated at different temperatures
for 8 h.

As shown in Figure 10, XRD patterns confirm that the crystalline structure of Ni ferrite
particles increases proportionally with the annealing temperature. The nanostructured Ni
ferrite particles are NiFe,Oy4-based structures and contain different chemical phases such
as NiO and Fe,Os.

* 1373K-8h * 91 %NiFe,0,
. © 6.5 %Fe O
* e * * 7 *25%NiO
e Tl 12l
5 173K 8h # 57 %NiFe O,
A2 ® 28 %Fe,0,
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Figure 10. X-ray diffraction of nanostructured Ni ferrite powders, annealed at 600 °C, 900 °C, and
1100 °C. Reprinted with permission from M.S. Pessoa, ].R.C. Proveti, F. Pelegrini and P.S. Moscon,
Ferromagnetic resonance lines of annealed Ni ferrites, Physica B: Condensed Matter, 558, 20-23.
Copyright (2019) Elsevier.

Figure 11 displays the FMR spectra of the three Ni ferrite annealed samples with
their theoretical fittings. The model applied to analyze the FMR line was presented by
Pessoa et al. in [64,65].
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Figure 11. FMR spectrum of Ni ferrites samples isothermally treated at (a) 600 °C, (b) 900 °C, and (c)
1100 °C obtained at room temperature at a microwave frequency of 9.8 Ghz. Solid lines represent
experimental results and dashed lines are fitting using the equation in [64,65]. Reprinted with
permission from M.S. Pessoa, ].R.C. Proveti, F. Pelegrini and P.S. Moscon, Ferromagnetic resonance
lines of annealed Ni ferrites, Physica B: Condensed Matter, 558, 20-23. Copyright (2019) Elsevier.

The FMR line fitting results are summarized in Table 1. They confirm the presence
of the large four-fold cubic magnetic anisotropy as revealed by the XRD data. The FMR
line also reveals easy and hard anisotropy axis along the [100] and [111] directions, re-
spectively, for the Ni ferrite sample annealed at 600 °C, while the easy axis is along [111]
directions resulting in a negative magnetic anisotropy field for samples annealed at 900 °C
and 1100 °C (Table 1). This change in the direction of the easy axes is the consequence of
the annealing and thus the increase in the crystalline fraction, as shown by XRD analysis.
These changes in the magnetic anisotropy field and the directions of the easy axis can
be explained by the redistribution of Ni/Fe ions in both crystalline sites, i.e., the reorga-
nization of the Ni?t /Fe3* ions in the tetragonal and octahedral sites of the spinel struc-
ture, evolving to the more stable configuration, which possesses the negative crystalline
anisotropy [66]. Moreover, the decrease in the FMR linewidth as a function of the annealing
temperature once again confirms the evolution of the system to its more stable and higher
crystalline configuration.

Table 1. FMR data for Ni ferrites. AH is the linewidth of the FMR absorption line and Hj is the
magnetic anisotropy field. Reprinted with permission from M.S. Pessoa, ].R.C. Proveti, F. Pelegrini
and P.S. Moscon, Ferromagnetic resonance lines of annealed Ni ferrites, Physica B: Condensed Matter,
558, 20-23. Copyright (2019) Elsevier.

Sample G-Factor AH (Oe) Hj (Oe)
600 °C 2.6 1640 680

900 °C 2.6 1500 —1200
1100 °C 2.7 900 —1400

Another similar study concerning the effect of annealing time on the oxidation of
Ni nanoparticles has been investigated by Chhaganlal et al. [67]. In this work, a series
of Ni/NiO core-shell nanoparticles were synthesized at 300 °C under an ambient atmo-
sphere at different annealing times, indicated as ts, which varies from 10 min to 600 min.
From the XRD measurements, the variation of Ni and NiO grain size as a function of ta
was observed. As shown in Figure 12, the Ni grain size stays constant (=30 nm) below
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200 min and drops abruptly from 200 min to 600 min whereas the particle size of NiO
slowly varies from 8.6 nm to 13.6 nm, corresponding to an annealing time from 10 to
600 min. The annealing effect on the lattice constants for Ni and NiO is also clearly ob-
served from the lattice constants in Figure 12, which shows lattice contraction for ty < 200
min. Finally, it was concluded from the XRD results that the expansion of the NiO shell
coincides with the reduction in the Ni core.
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Figure 12. Results of XRD spectra for Ni samples annealed with t5 from 10 to 600 min. (Upper panel)
the obtained grain size and (lower panel) the values of lattice constants of Ni and NiO as a function of
ta [67]. Reprinted with permission from Gandhi Ashish Chhaganlal and Lin Jauyn Grace, Magnetic
resonance study of exchange-biased Ni/NiO nanoparticles, Journal of Physics: Condensed Matter,
29, 215802. Copyright (2017) IOP Publishing.

Figure 13a represents the FMR absorption spectra for annealed samples from 10 to
600 min at 300 K. The spectra show both decreasing intensity and line-width with increasing
ta. To fit these experimental results, a model was used based on a deconvolution system
using the sum of three Gaussian functions [67]:

dpP 4 (H — Hy)

2 I — a exp2(H=Hn)*/MHE
JH 0 ’771/2[ 1 AH{’ P
H—-H ol 2 2
+a2( Angz) exp~2(H~H)?/AH3 (46)

(H—=H;3)  _o(H-H,)2/AH2
+QBA7H§ exp 3) 3]

where a1, a; and a3 are amplitude, H,1, H;» and H,3 resonance field and AH;, AH; and
AHj line-width of p, p» and p3 peaks, respectively, as shown in Figure 13b for the sample
annealed at 600 min . The use of the deconvolution method with the sum of Gaussian
functions allowed a best fit for these samples to be obtained. However, interpreting the
results of these fits is also not an easy task. For this, the calculated values of the g-factor
and linewidth were plotted as a function of t5. From Figure 13c and for samples with tp
less than 180 min, g £ 1.95 can be attributed to the free spins [68]. For samples at 180

min, peak p; with g2 27 and peak p3 with g 8 Ni nanoparticles and inter-particle

interactions are assigned to them, respectively [69]. The decrease in AH; and AHj3 with
increasing ta, suggests the reduction in magnetic inhomogeneity.
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Figure 13. (a) Room temperature FMR spectra for different annealing times. (b) Three lines were
obtained after deconvolution of the FMR line for the sample at 600 min. (c) The effective g-factor
and (d) Linewidth for these three peaks as a function of t4. Reprinted with permission from Gandhi
Ashish Chhaganlal and Lin Jauyn Grace, Magnetic resonance study of exchange-biased Ni/NiO
nanoparticles, Journal of Physics: Condensed Matter, 29, 215802. Copyright (2017) IOP Publishing.

For a more in-depth study, the temperature (T) dependencies of (g} £ g v f) and (AHj,
AHy) for three typical samples with ty = 10, 120 and 600 min were measured as displayed
in Figure 14. These T dependencies were then analyzed by dividing the data into three
regions: I (330 K-200 K), II (200 K-130 K), and III (130 K-90 K). The separation between
these regions is delimited by the vertical dotted lines as shown in Figure 11.
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Figure 14. The temperature effects of (a) gl} 7 (b) ggf 1z (c) AH; and (d) AH, for different annealing
times. Three regions are separated by dotted vertical lines: I (330 K-200 K), II (200 K-130 K), and
III (130 K-90 K). Inset of (d) AH, versus (1/T) is plotted. Reprinted with permission from Gandhi
Ashish Chhaganlal and Lin Jauyn Grace, Magnetic resonance study of exchange-biased Ni/NiO
nanoparticles, Journal of Physics: Condensed Matter, 29, 215802. Copyright (2017) IOP Publishing.
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In regions I and II, both gg £ f and g? £ f increase with the decrease in T, which indicates
an increase of magnetic interactions. Moreover, the dependence of ggf £ with respect to

temperature overlaps for the three samples, while the intensity of gg £f increases as ta
increases, indicating that the interaction between free spins gets stronger for large size
Ni nanoparticles. On the other hand, ggf £ in region II, reaches a peak at ~130 K with
ta = 600 min. The observed effects may be linked to a rise in effective anisotropy resulting
from the emergence of short-range antiferromagnetic (AF) correlations in the NiO particles.
This leads to exchange-bias (EB) coupling near the interface of Ni and NiO. Additionally, in
region 111, there is a significant increase in g! £ at 600 min, which could be attributed to the

long-range AF ordering of NiO. However, g! £f shows a sudden decline at around 130 K for
all the three different tp values, suggesting again changes in effective anisotropy due to
EB coupling.

As the temperature decreases, the linewidth shows a similar behavior to that of the
g-factor by increasing in both regions I and II. The AH; values of free spins overlap in
region I, then begin to separate in region II. At temperatures below 200 K, an increase in
AH, is observed, which is associated with increased anisotropy at low temperatures. To
obtain the change of spin relaxation rate, the plot of AH, versus (1/T) is used, as shown
in the inset of Figure 14d. The slope of the curve AH, (1/T) changes at 208 K, 175 K,
and 160 K with respect to tpo = 600, 120, and 10 min, which are approximately the same
transition temperatures where g2 . starts to increase in region II. The observed change in
spin relaxation rate is associated with the EB effect at the interface of Ni and NiO.

In order to determine the spin relaxation rate changes, the graph of AH, as a function
of (1/T) is used, as displayed in the inset of Figure 14d. The slope of the AH, (1/T) curve
varies at temperatures of 208 K, 175 K, and 160 K for different values of t 4 (600, 120, and
10 min), which approximately correspond to the same transition temperatures at which
ggf £ begins to increase in region II. The authors concluded that the observed alteration in
spin relaxation rate is linked to the EB effect at the interface of Ni and NiO.

The behavior of magnetic nanoparticles is also determined by their magnetic anisotropy.
For this purpose, P. Hernandez-Gomez et al. [70] studied Li ferrite nanoparticles by FMR
at different annealing temperatures. These nanoparticles were prepared by the sol-gel
technique and then annealed for 4 h in a temperature range from 400 °C to 1000 °C. X-ray
diffractograms indicated the particle size increases with annealing temperature, which is in
good agreement with the higher crystallinity of the samples induced by the annealing. The
«—LiFesOg size varies from (30 &= 3) nm for samples annealed at 400 °C, to (720 £ 26) nm
for those annealed at 1000 °C. Figure 15 shows FMR spectra of Li ferrite nanoparticles at 400
°C annealed temperature with frequencies varying from 4 GHz to 8 GHz where inhomoge-
neous broadening behavior is observed. This inhomogeneity is common to nanoparticles
and can have several origins, such as magnetic inhomogeneities in the sample, random ori-
entations of magnetic anisotropy axis [1], or interaggregate dipolar interaction. By plotting
the extracted linewidth as a function of frequency, it is possible to study the damping of the
resonance and then identify each damping mechanism contribution. We note that damping
can result from both intrinsic and extrinsic contributions [71].

Figure 16 shows the evolution of the linewidth of the sample annealed at 400 °C as
a function of frequency. Note that if the Gilbert coefficient is dominant in damping, a
linear increase in linewidth with the applied field is observed, which is not the case here.
Therefore, it is concluded that in addition to the Gilbert damping parameter, there are
dominant extrinsic magnetic relaxation contributions. These contributions would likely
come from a high interparticle interaction induced by the aggregation of the nanoparticles;
thus, in addition to the dipolar interactions, intracluster exchanges appear, which leads to
the observed distorted resonance curve [72].
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Figure 15. FMR resonance line of « —LiFe5;0g nanoparticles annealed at 400 °C at different frequen-
cies. Reprinted with permission from P. Hernandez-Gomez, M.A. Valente, M.P.F. Graga and J.M.
Munoz, Synthesis, structural characterization and broadband ferromagnetic resonance in Li ferrite
nanoparticles, Journal of Alloys and Compounds, 765, 186. Copyright (2018) Elsevier.
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Figure 16. On the left: linewidth of ferromagnetic resonance versus frequency for the Li ferrite
nanoparticles annealed at 400 °C. On the right: resonance frequency versus magnetic resonance
field for Li ferrite nanoparticles annealed from 400 to 1000 °C. Reprinted with permission from P.
Hernandez-Gomez, M.A. Valente, M.P.F. Graga and ].M. Munoz, Synthesis, structural characterization
and broadband ferromagnetic resonance in Li ferrite nanoparticles, Journal of Alloys and Compounds,
765, 186. Copyright (2018) Elsevier.

In order to evaluate the magnetic anisotropy, the dependence of the frequency versus
the magnetic resonance field is analyzed as illustrated on the left of Figure 16. This linear
dependence is fitted using the Kittel expression:

= %,(H, + Hy) (47)

where f; is the resonance frequency, H; the magnetic field at resonance, - is the gyro-
magnetic ratio, and H the effective magnetic anisotropy field. The effective anisotropy
values calculated for the samples show a variation, with a value of 1.02 kOe for the sample
annealed at 400 °C, and values of 1.42 kOe and 1.92 kOe for the samples annealed at 600 °C
and 800 °C, respectively. The anisotropy field is reduced for samples annealed at 1000 °C,
which is in good agreement with other spinel ferrite nanoparticles [73].

The saturation magnetization for samples annealed at 1000 °C (M5 = 52.7 emu/g ) was
measured in order to calculate the value of the effective anisotropy constant
(2.4 +0.43) x 10%]/m?3, which is three times higher than the magnetocrystalline anisotropy
reported for bulk lithium ferrites [70]. In fact, it is well-known that in the case of nanoparti-
cles, the magnetic anisotropy constant is not only determined by the magnetocrystalline
anisotropy but also by other contributions such as surface, strain, shape anisotropy and
anisotropy from interparticle interactions, which can explain this increase with respect to
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the bulk magnetocrystalline anisotropy. Moreover, this value is close to the calculated one
(4.10% J/md) by Yang et al. [74] who assumed that the nanoparticles annealed at lower tem-
peratures have a core-shell configuration, whereas the larger particles exhibit multidomain
behavior. Thus, this anisotropy may also indicate that the Li ferrite nanoparticles are in a
core-shell configuration.

A complementary study was carried out by the same authors and by doping Mn
in the Li ferrite nanoparticles [75]. Mn-doped Li nanoparticles were prepared under the
same conditions as the above-mentioned samples and also annealed in a temperature
range between 400 °C and 1000 °C. The extracted FMR data are shown in Figure 17, where
the anisotropy magnetic field is obtained by fitting these data using Equation (47). The
anisotropy magnetic field lies in the range of 0.9 kOe for samples at 400 °C to 3.30 and
3.70 kOe for annealing temperatures at 800 °C and 1000 °C, respectively. The value of
the effective anisotropy constant for sample annealed at 1000 °C was then deduced using
M; measurements (Mg = 57 emu/g), which gave (3.75 £ 0.55) x 10* J/m3. This value is
also very close to the calculated 4 x 10* ] /m?) by Yang et al. [74], suggesting a core-shell
nanoparticle configuration.
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Figure 17. Resonance frequency versus magnetic resonance field for Mn-doped Li ferrite nanopar-
ticles annealed from 400 to 1000 °C in relation to bulk ferrite. Reprinted with permission from P.
Hernandez-Gomez, ] M. Munoz, M.A. Valente and M.P.F. Graga, Broadband ferromagnetic resonance
in Mn-doped Li ferrite nanoparticles, Materials Research Bulletin, 112, 432. Copyright (2019) Elsevier.

To explain this result, it is important to remember that in polycrystals, Mn substitution
reduces grain growth and porosity. This is confirmed by the fact that the average nanopar-
ticle size in Mn-doped Li ferrite samples annealed at 1000 °C is lower than that of undoped
Li ferrite samples annealed for the same temperature, with a size of 205 nm compared to
720 nm, respectively. Moreover, Mn cations can impede the presence of ferrous cations;
thus, Mn?* and Mn>" are present, where it (Mn3*) can modify the local crystal fields, and
consequently, the anisotropy constant [76]. Furthermore, it is also well-established that Mn
addition in Li ferrites significantly reduces the magnetostriction constants [77].

FMR was also used to investigate the annealing effect on Nickel Cobal ferrite nanopar-
ticles [78]. Nig4Cop¢Fe,O4 (NCF) nanoparticles were prepared using the solvothermal
method, known as a simple and inexpensive technique for preparing ferrite nanoparticles
at low temperatures [79]. A portion of these samples was then annealed for 5 h at 1000
°C and will be referred to as an-NCF nanoparticles, whereas the as-prepared NiCo ferrite
nanoparticles are referred to as ap-NCF.

FMR measurements of NCF nanoparticles were performed over a temperature range
between 100 K and 300 K. These FMR curves are illustrated in Figure 18 and show an
asymmetric and inhomogeneous line shape. In addition, the FMR spectra indicate the
presence of two distinct resonance lines that merge into a single broad resonance line at
temperatures exceeding 250 K. Multipeaked spectra are common in FMR studies with
nanoparticles and have been observed by other authors such as for y—Fe;O3, illustrated
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in Figure 19, which was measured by Dutta et al. [80]. It should be noted that additional
resonances can also be observed in FMR experiments for nanoparticles, typically due to
surface effects and inhomogeneities in the assembly.
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Figure 18. FMR spectra of (a) ap-NCF and (b) an-NCF nanoparticles at temperature range from 100
K to 300 K. The inset: representative Gaussian fitting for ap-NCF sample at 300 K. Reprinted with
permission from G. Datt, C. Kotabageb and A. C. Abhyankar, Ferromagnetic resonance of NiCoFe,Oy4
nanoparticles and microwave absorption properties of flexible NiCoFe, Os—carbon black/poly(vinyl
alcohol) composites, Phys. Chem. Chem. Phys., 19, 20699. Copyright (2017) ROYAL SOCIETY
OF CHEMISTRY.

v-Fe;O03 NP T=300K

=9.28GHz =9.28GHz

198 K

bulk y-Fe, 053

v-Fe;03 NP

Suspended y-Fe; O3 NP

T T T T I |
50 2550 5050 7550 10050 50 2550 5050 7550 10050
(a) Magnetic field (Oe) (b) Magnetic field (O¢)

Figure 19. FMR spectra for (a) y—Fe;O3 nanoparticles at various temperatures with 9.28 Ghz
on frequency, (b) y—Fe;O3 bulk, nanoparticles, and suspended nanoparticles at 300 K. Reprinted
with permission from P. Dutta, A. Manivannan, M.S. Seehra, N. Shah and G.P. Huffman, Magnetic
properties of nearly defect-free maghemite nanocrystals, Phys. Rev. B, 70. Copyright (2004) American
Physical Society.

The FMR spectra in Figure 18 were then fitted using Gaussian curve [81] as displayed
in the inset of Figure 18a for a representative sample of ap-NCF at 300 K. The obtained
resonance field (Hy), peak-to-peak linewidth (AHpp) and g-factor are summarized in Table 2.
From Table 2, it can be noted that the values of the g-factor and linewidth are higher for the
ap-NCF samples than in an-NCF samples, unlike the resonance field, which is higher for
an-NCF nanoparticles.
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Table 2. The extracted FMR variables of ap-NCF and an-NCF nanoparticles at different temperatures
after fitting FMR curves using Gaussian model [78,81]. Table reprinted with permission from G. Datt,
C. Kotabageb and A. C. Abhyankar, Ferromagnetic resonance of NiCoFe,O, nanoparticles and mi-
crowave absorption properties of flexible NiCoFe,O4—carbon black/poly(vinyl alcohol) composites,
Phys. Chem. Chem. Phys., 19, 20699. Copyright (2017) ROYAL SOCIETY OF CHEMISTRY.

ap-NCF an-NCF
Temp (K) H; (Oe) AHpp (Oe) Seff H, (Oe) AHpp (Oe) Seff
100 1700 2700 3.78 2350 2000 3.73
150 2000 3000 3.21 2450 1820 2.62
250 1300 2300 494 2550 1400 2.51
300 1400 2900 4.59 2500 2700 2.57

To discuss these findings, it should be remembered that the FMR condition resonance
can be expressed as w = yH, ¢, where w, 7, and H,ss represent the resonance frequency,
gyromagnetic ratio, and effective magnetic field, respectively. H,¢r is composed of various
contributions, such as magnetic anisotropy field (Hg) exchange interaction field (H,y),
demagnetization field (Hp), and dipole-dipole interactions (see Section 4.2). For strongly
coercive magnets, Hp and dipole-dipole interaction effects can be ignored. AHpp, depends
on the exchange interaction and the magnetic anisotropy and can be represented by AHpp ~
HZ/H,y. Thus, this expression indicates that the magnetic anisotropy broadens AHpp
while the exchange interaction narrows it. In addition, Hk is determined by the effective
anisotropy constant, K,sr, as Hx = 2K,rr/ M;. K¢ is calculated using the diameter D of a
spherical nanoparticle and is expressed as K, s = Kj, + (6/D)Ks, where K, and K; represent
the bulk and surface anisotropy constants, respectively. This means that anisotropy is
enhanced for smaller nanoparticles due to the factor of 6/D. On the other hand, Mossbauer
studies have shown that the exchange interactions in ap-NCF nanoparticles are weaker than
those in an-NCF nanoparticles because of broken bonds at large surfaces [82]. The disorder
on the surface for ap-NCF nanoparticles results in a decrease in Hey, increasing Hyx and thus
broadening AHpp. In contrast, an-NCF nanoparticles are octahedral and arrange magnetic
domains along different facets to reduce surface anisotropy. Moreover, annealing at 1000 °C
reduces cationic disorder (which refers to the randomness or irregularity in the arrangement
of cations in a crystal structure) and enhances exchange interaction among crystallites,
consequently resulting in a decrease in the FMR linewidth for an-NCF nanoparticles.

For the resonance field, it is noteworthy that the ap-NCF nanoparticles exhibit a
significantly higher g.¢s with a significantly smaller H, up to 300 K, as per the equation:
Seff = hv/upH,, where pg is the Bohr magneton and v = 9.27 GHz, the frequency used for
recording FMR spectra.

The magnetic behavior of nanoparticles is significantly influenced by the temperature
dependence of the magnetic anisotropy. Antoniak et al. [49] conducted a study where
the used both FMR and SQUID data to evaluate 73 and K, ¢f in FePt nanoparticles from
two different blocking temperatures for these methods. The analysis of the FMR data was
performed using the Kittel equation:

2
(:) = [Hyes cos(® — ) + Hg cos 20 [Hms cos(® — 0) — Hg cos® & (48)

where Hg = 2K, f7/ M; is the effective anisotropy field including the uniaxial contribution
resulting from minor deviations from a spherical shape, surface, and step anisotropies
present at the particle surface that are not averaged. Averaging of the external magnetic

field angles ¢y gives:
H 1.257 044
Hres = nges [1 - (()K) 1 (49)
Hres
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where HY,, = hiw/guopp gives g-factor as 2.054 4= 0.010 . The blocking temperature was
evaluated by analyzing the intensity versus temperature, as the intensity of the FMR line is
proportional to the magnetization. However, the blocking temperature evaluated using
this method is expected to be higher than that obtained from SQUID measurements due
to the significant difference in the time windows of the two methods; trpyr ~ 10710 g
and Tsquip ~ 10 s. By comparing the two blocking temperatures, as shown in Figure 6
and applying the Arrhenius relationship, the expression of the effective anisotropy can be
expressed in the form:

-1

Kt ((T3U1P)) ~ 2‘7/23 <TngLHD> _ <T§V1 5 (50)

where « = Hg ((TEMR))/ Ha(<T§QUID>) and Vj, is the mean volume. From this equation

and using « = 0.8 and (TfMR) = 110K, it was found that K, = (8.4 +0.9) x 10° J.m ™3 at
23 K (as shown in Figure 20) and 1p ~ 1.7 x 10712 5. The experimental data reveals that the
values of K¢ follow a Bloch law-like relationship with a power of 2.1, described as K¢
proportional to [Ms(1 — T/Tg)3/2)?1 [49]. The anisotropy in this sample was discovered to
be roughly ten times higher than that observed in the bulk.
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Figure 20. Distribution of blocking temperatures for trpr ~ 10710 s and TsQUID ~ 102 s. The size
distribution is determined from a transmission electron microscope (TEM) image of the FePt NPs,
as shown in Figure 6. Reprinted with permission from C. Antoniak and J. Lindner and M. Farle,
Magnetic anisotropy and its temperature dependence in iron-rich Fe,Pt;_, nanoparticles, Europhys.
Lett., 70, 20. Copyright (2005) IOP Publishing.

5.2. Doping Effect

The use of ferromagnetic resonance to study the effects of doping on the properties
of the magnetic nanoparticles is of great importance due to the potential applications of
these materials in various fields, such as biomedicine and data storage. Doping, which
consists of the introduction of impurities, can alter, in addition to the electrical and optical
properties, the magnetic properties of nanoparticles, including their magnetic moment,
magnetic anisotropy, etc. Indeed, magnetization is strongly dependent on the distribution
of different ions on the different sites of the crystal lattice. Thus, understanding how
different dopants affect these properties can lead to the development of more efficient and
versatile magnetic nanoparticles depending on the targeted applications.

The study of the influence of changes in chemical composition by introducing Zn con-
tent in Mg;_«Zn,Fe;O4 nanoparticles (x = 0.4, 0.5, 0.6, 0.7) were studied by Tsay et al. [83].
These nanoparticles were synthesized using the hydrothermal method. XRD data allowed
an estimation of the average nanocrystallite sizes (7.75 & 0.03) nm to (9.28 & 0.04) nm,
which was consistent (9 nm to 10.3 nm) with data extracted from TEM images as shown in
Figure 21 (left).
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Figure 21. (Left): particle size distribution of Zn-doped Mg ferrites nanoparticles extracted from TEM

images. (Right): FMR spectra at 9.8 GHz frequency for Mg; _ZnyFe,O4 nanoparticles. Reprinted

with permission from Tsay Chien-Yie, Chiu Yi-Chun and Tseng Yung-Kuan, Investigation on struc-

tural, magnetic, and FMR properties for hydrothermally-synthesized magnesium-zinc ferrite nanopar-

ticles, Physica B: Condensed Matter, 570, 29. Copyright (2019) Elsevier.

The FMR spectra of the Mg-Zn ferrite nanoparticles are plotted in Figure 21, from
which the values of resonance field (H,) g-factor and linewidth are obtained and given in
Table 3. For these nanoparticles, the g-factor and resonance field varied independently of
the Zn content, unlike the linewidth, which increases as a function of Zn content up to x =
0.6 before significantly decreasing to 265 Oe for x = 0.7. On closer inspection, it is observed
that the FMR line is not symmetrical (particularly for x = 0.4, 0.5, and 0.6), which could also
distort the measurements of the linewidth. However, these linewidth values compared
to other ferrite nanoparticles are narrower, suggesting a lower magnetic loss and a better
magnetic field homogeneity [84].

Table 3. FMR characteristics of Mg;_,Zn,Fe,O4 nanoparticles. Reprinted with permission from
Tsay Chien-Yie, Chiu Yi-Chun and Tseng Yung-Kuan, Investigation on structural, magnetic, and
FMR properties for hydrothermally-synthesized magnesium-zinc ferrite nanoparticles, Physica B:
Condensed Matter, 570, 29. Copyright (2019) Elsevier.

Zn Content (x) H, (Oe) AH (Oe) G-Factor
x=04 3295 350 2.14
x=0.5 3166 350 2.23
x=0.6 3317 435 2.13
x=0.7 3418 265 2.06

The doping of nonmagnetic ions in Mg-Zn ferrite nanoparticles such as scandium
(Sc) was investigated for the first time by Angadi et al. [85]. They synthesized Sc3*-
doped Mn 5Zng 55cxFer_ Oy (x = 0.00, 0.01, 0.03, and 0.05) nanoparticles using solution
combustion method.

Dynamic magnetic properties have been investigated using FMR at 9.1 GHz, where
the obtained spectra are represented in Figure 22. The value of H;, AHy),, and g-factor
are summarized in Table 4. While the resonance field shows no correlation with the Sc
composition, the peak-to-peak linewidth decreases with increasing Sc. Note that the values
of AHp,, for x = 0.00 and x = 0.01 are very close, as it is also the case for x = 0.03 and x = 0.05.
Moreover, considering the FMR lines in Figure 22, it appears that it is composed of two
resonances very close to each other (x = 0.00 and x = 0.01), which merge from x = 0.03. This
can also explain the drop of AH),, between x = 0.01 and x = 0.03 and the broadening of the
FMR line for these two samples.
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Figure 22. FMR spectra of Mg;_,Zn,Fe,O, nanoparticles recorded at microwave frequency of
9.1 GHz. Reprinted with permission from V. Jagdeesha Angadi et al., Structural, electrical and
magnetic properties of Sc3t doped Mn-Zn ferrite nanoparticles, Journal of Magnetism and Magnetic
Materials, 424, 1-11. Copyright Elsevier (2017).

Table 4. Effect of the Sc-doped Mn-Zn ferrite nanoparticles on the resonance field (H,), peak-to-peak
FMR linewidth AHp, and g-factor. Reprinted with permission from V. Jagdeesha Angadi et al.,
Structural, electrical and magnetic properties of Sc>*-doped Mn-Zn ferrite nanoparticles, Journal of
Magnetism and Magnetic Materials, 424, 1-11. Copyright Elsevier (2017).

Sc Content (x) H, (Oe) AHpp (Oe) G-Factor
x =0.00 3211 987 2.25
x =0.01 3265 936 2.19
x =0.03 3211 670 2.11
x = 0.05 3211 603 2.05

FMR can also be employed to investigate how the use of multiple dopants affects the
magnetic properties of nanoparticles. For this purpose Sharma et al. [86] prepared a series
of samples based on barium hexaferrite nanoparticles doped with cobalt (Co), samarium
(Sm), and neodymium (Nd). The obtained samples are identified as S1 (BaFe;,019), S2
(BaCog5Fe11.5019), S3 (BaCop 5Ndg.3Fe112019), and 54 (BaCop 55mg 3Fe11.2019).

FMR measurements were performed in field sweep mode as shown in Figure 23a
for sample S3. The extracted H, values were then plotted as a function of frequency as
illustrated in Figure 23b, where it can be inferred that the Sm-doped hexaferrite (54) exhibits
the highest resonance field at a specific frequency, whereas sample S2 (without Nd or Sm
substitution) shows the lowest resonance field. The experimental data in Figure 23b can
be fit using a spherical nanoparticle model where the effective magnetic field and the
resonance field are given by:

Heff = Hp+ H,+ Hjy; (51)

w 2nf
Hy = = —Hppf = —= — 52
 ~Hepr == eff (52)

where H;,; is the interparticle interaction field and w = 27rf the Larmor precession fre-
quency. The author did not give more details on the fitting parameters, nor on the de-
duced values ofH,, for example. However, the measurement of the linewidth (shown in
Figure 24) has been well developed. The experimental data of AH Vs. frequency was first
fitted using the Landau-Lifshitz—Gilbert (LLG) damping model:

AH = AHy + 2 (47
V3 o

) (53)
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where « is the Gilbert damping parameter and AHj is the inhomogeneous contribution
to the linewidth. The application of Equation (53) yields a linear relationship between
linewidth and frequency (dotted lines in Figure 24). However, upon careful examination
of experimental AH values, it was observed that the high-frequency values exhibit a
downward curvature. In order to explain this behavior in the high-frequency region, a
nonlinear model proposed by Bastrukov et al. [87] was used to fit the data points (solid
lines in Figure 24). Thus, the modified LLG model:

47 / / ()M
s =T g (2, 69

7 Ho nf
where & is the intrinsic contribution to damping (the Gilbert parameter), and B represents
the overall extrinsic contributions to damping such as defects or inhomogeneities in the

nanoparticles system. Table 5 shows the obtained FMR parameters after fitting data in
Figure 24 by Equation (53) and (54).
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Figure 23. (a) FMR spectra of sample S3(BaCogs5Ndg3Fe;1,019) at the different frequencies.
(b) Variation of magnetic resonance field versus the applied frequency for doped samples, dots
represent the experimental data points while the solid line is the theoretical fitting. Reprinted from V.
Sharma, S. Kumari and B. K. Kuanr, Rare earth doped M-type hexaferrites; ferromagnetic resonance
and magnetization dynamics, AIP Advances, 8, 056232. Open access (2018) AIP Publishing . Creative
Commons Attribution (CC BY) license, https:/ /creativecommons.org/licenses/by/4.0/.
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Figure 24. FMR linewidth versus the applied frequency. Dots represent the experimental data points,
while the dotted lines and solid lines represent the LLG and modified LLG models, respectively.
Reprinted from V. Sharma, S. Kumari and B. K. Kuanr, Rare earth doped M-type hexaferrites;
ferromagnetic resonance and magnetization dynamics, AIP Advances, 8, 056232. Open access (2018)

AIP Publishing. Creative Commons Attribution (CC BY) license, https:/ /creativecommons.org/
licenses/by/4.0/.
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Table 5. FMR Linewidth parameters using LLG (Equation (53)) and LLG modified
(Equation (54)) model [86]. Reprinted from V. Sharma, S. Kumari, and B. K. Kuanr, Rare earth-
doped M-type hexaferrites; ferromagnetic resonance and magnetization dynamics, AIP Advances,
8, 056232. Open access (2018) AIP Publishing. Creative Commons Attribution (CC BY) license,
https:/ /creativecommons.org/licenses/by/4.0/.

LLG Model Modified LLG Model
Sample AHy (kOe) a(x1072) 7 (GHz/kOe) &' (x1072) B (x1072) 7" (GHz/kOe)
BaCoq5Fe 15019 1.53 3.48 2.89 1.76 2.58 2.79
BaC00,5Nd043Fe11.2019 0.76 5.56 2.86 1.36 6.11 2.84
BaCoOV5SmOV3Fe11.2019 4.32 7.61 291 6.14 3.45 2.90

From the Table 5, the LLG model reveals that the highest AHy was measured for
sample 54, where a increases from 3.48 x 102 for sample 52 to 7.61 x 102 for sample 54.
Indeed, the steepness of the line for 54 in Figure 24 is due to the slope of (« /) being 0.026
for S4, whereas it is half this value (0.012) for S2. The value of 7y remains unchanged by
doping. In the same way, using the modified LLG model, o' Gilbert damping was found to
increase from 1.76 x 102 for sample S2 to 6.14 x 10~2 for sample S4, while the extrinsic
damping coefficient (8') was highest for sample S3 (6.11 x 10~2) and lowest for the sample
S2 (2.58 x 1072). These observations allow us to conclude that Nd or Sm ion substitution in
Barium hexaferrite induces an increase in the Gilbert damping parameter.

In another study, Pessoa et al. [14] used different synthesis techniques to produce
iron-based mixed cubic ferrites Coq_yNixFe,O4 (x = 0.0, 0.4 and 1.0). These nanoparticles
were synthesized by hydrothermal (HT), forced hydrolysis (FH), and combustion (C)
methods [14]. From the X-ray measurements, a large difference in the average grain size
was observed depending on the synthesis method. The FH method, for example, resulted
in nanoparticles with a lower degree of crystallinity and average grain size below 10 nm as
shown in Table 6.

Table 6. Parameters obtained from FMR spectra fitting using the model proposed by
Tsay et al. [14,65]. Reprinted with permission from M.S. Pessoa, P.S. Moscon, R.S. Melo, A.Jr.
Franco, and P.C. Morais, A comprehensive study of Coj_4NixFe;O4 nanoparticles fabricated via
three different synthetic methods, Mater. Res. Express, 6, 125068. Copyright (2019) IOP Publishing.

D (nm) G-Factor Hyg (Oe) AHpp (Oe)
X C HT FH C HT FH C HT FH C HT FH

0.0 52 16 8.9 1.5 325 265 —4600 —2445 2165 7660 4075 3610
0.4 35 36 93 335 340 265 —1968 —1620 —1660 3280 2700 2765
1.0 33 80 55 262 232 219 747 —769 —252 1245 1282 420

FMR measurements were carried out at room temperature for all the samples in order
to investigate their magnetic anisotropy. The measured FMR spectra are shown in Figure 25,
where the solid lines represent experimental data whereas the dotted lines represent the
fits using the model proposed by Tsay et al. [65]. Table 6 summarizes the resulting values
of the peak-to-peak linewidth (AHpp), the magnetic anisotropy field (Hg), and the g-factor.
For the same synthesis method, Figure 25 shows an increase in the FMR spectra symmetry
as a function of increasing x, which allows a better fit.


https://creativecommons.org/licenses/by/4.0/

Magnetochemistry 2023, 9, 191

32 of 39

Combustion x=0.0 (7 Hydrothermal - x = 0.0 Hydrolysis x=0.0

—— Experiment

Hydrothermal x=0.4 Hydrolysis x=0.4

Intensity (a.u.)

Combustion x=1.0 Hydrothermal x=1.0 Hydrolysis x=1.0

Y

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Applied Field (kOe)

>

Figure 25. FMR spectra (solid lines) and the resulting theoretical fitting (dashed lines) using the
model proposed by Tsay et al. [14,65]. Reprinted with permission from M.S. Pessoa, P.S. Moscon,
R.S. Melo, A Jr. Franco, and P.C. Morais, A comprehensive study of Co;_NixFe;O4 nanoparticles
fabricated via three different synthetic methods, Mater. Res. Express, 6, 125068. Copyright (2019)
IOP Publishing.

Table 6 highlights a noteworthy trend, where the peak-to-peak linewidth decreases
with the increase in nickel content (x). This is in good agreement with a better fit of the
FMR lines for x = 1. It also aligns with the fact that nickel ferrites (x = 1) have a smaller
absolute value of crystalline anisotropy than cobalt ferrites (x = 0), as shown by the extracted
magnetocrystalline anisotropy field in Table 6. Indeed, as the magnetocrystalline anisotropy
field value increases, the external magnetic field becomes stronger and able to sweep the
anisotropy from the [111] direction to the [100] direction, which corresponds to the larger
(positive) and smaller (negative) crystalline anisotropy, respectively [64]. It should also be
noted that the FH method gives samples with the lowest Hx and AHpp values.

g-factor was also extracted from FMR line fitting, and did not show any dependence on
x, but gave the lowest values with the FH technique. However, the g-factor values shown
in table 6 are very unusual. Indeed, the model proposed by Tsay et al. only considers
the magnetocrystalline anisotropy field [65]. Consequently, other contributions to the
magnetic effective field, such as shape anisotropy, dipolar, and stress are included in the
g-factor, which is employed as a fitting parameter, responsible for horizontally shifting the
fitting curve.

5.3. Other Effects

Self-assembly (regular arrays) of monodisperse Co FCC nanocrystals, with a diameter
of 12 nm, were studied by Spasova et al. [88] using FMR. The effective magnetic resonance
field was measured as a function of the orientation of the externally applied field with in-
plane (azimuthal) and out-of-plane (polar) directions. For the interpretation of the angular
dependencies of the resonance field (H,), the authors considered the effective magnetic
anisotropy of the individual particles (shape, volume, and surface contributions) and the
shape anisotropy caused by the stripes and the magnetic anisotropy due to the particle
interaction inside the stripe.
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The in-plane resonance field could be obtained by introducing a cubic symmetry,
in-plane uniaxial anisotropy, and the small in-plane shape anisotropy (Nx, Ny << N, ~ 1)
as commonly used in thin films:

2
(w) = [Hr + ZH;i” cosdgp — HIZJ| cos2(¢ — qvu)]

Y (55)

X [Hr + Hege + HIiHI (2 — sin? 2(p) —H12<H cos? (¢ — <pu)] .

where @, is the angle of the applied external magnetic field with respect to the axis of

in-plane uniaxial anisotropy. H12<H and Hﬁ” are the effective uniaxial and four-fold in-
plane magnetic anisotropy, respectively. The effective anisotropy field can be written as
Hegt = (—2Ky, /M) + 4mpMs, where Kj | is the perpendicular anisotropy energy and p
the volumetric filling factor of the obtained stripes.

The fit of the experimental data using Equation (55) is shown (solid line) in Figure 26a

and is in good agreement with the experiment. This fit gave H12<H =0.037 T, HI4<H = 0 (only
uniaxial anisotropy is present) and Hoi = 0.127 T.
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Figure 26. Dependence of the external applied magnetic field for Co nanocrystals in: (a) in-plane
and (b) out-of-plane field direction, respectively. Reprinted with permission from M. Spasova, U.
Wiedwald, R. Ramchal, M. Farle, M. Hilgendorff and M. Giersig, Magnetic properties of arrays
of interacting Co nanocrystals, Journal of Magnetism and Magnetic Materials, 240, 40. Copyright
(2002) Elsevier.

For the polar dependence of the applied magnetic field, the equation for the
resonance gives:

2
<‘;J) =[H; cos(® — 0) — Hegs cos 26)] (56)

X {Hr cos(® — ) — Heg cos® ¢ + Hﬁ”}

the fit of the experimental data with the above equation (see Figure 26b) gives, once

again, H12<H = 0.037 T and He = 0.13 T, without the requirement of incorporating
fourth-order contributions. This particular uniaxial anisotropy is attributed to the shape
anisotropy of the stripes and the potential alignment of the crystalline anisotropy axes of the
individual crystals.

The FMR technique has also made it possible to study the effect of the dipole—dipole
interaction in superparamagnetic nanoparticles. Slay et al. [23] have experimentally
investigated iron-oxide (Fe3O4) nanoparticles with an average diameter of (10 £ 1) nm.
They developed a theoretical model that allowed them to fit the obtained FMR spectra in
order to interpret these experimental results. For this, they considered contributions from
the externally applied magnetic field, magnetocrystalline anisotropy, and shape anisotropy,
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which includes dipole—dipole interactions. The angle dependence of the resonance field at
fixed frequency gives [23]:

2
<i‘;) =o{H[cos ¥ cos 0 + cos(¢ — ¢) sin ¥ sin 0]
+ (Huyni + 2Hyp ) cos 26
1
— ~Hew (7 4¢)(1 + 2 cos 26) sin 6
5 cub (7 + cos4¢) (1 + 2 cos 20) sin 6 } 57)
x {H[cos ¥ cos 0 + cos(¢ — ¢) sin & sin 6]
+ (Huni + 2Heyp ) cos 62
1
- EHCUb [4 cos ¢ — cos 62(7 4 cos 44))} sin 62 }
where H.,, = Kj/Ms is the cubic magnetocrystalline anisotropy field and Hyni = NegMs

is the effective field due to dipolar interaction, with Nggg = N; — N | is the effective
demagnetizing tensor. Indeed, as it is not possible to explicitly calculate the dipole—dipole
interactions for a group of particles, the authors represented the particle interactions as an
effective anisotropy field called Hyp;.

The resonance field Hy(9, ¢) was then computed from Equation (57) to produce
individual FMR spectra for all ¢ and ¢ directions. This procedure was then repeated for
a distribution of the particle sizes. The shape of each FMR spectrum can be described as
a Gaussian derivative, which corresponds to the derivative of the imaginary part of the
susceptibility x”:

dx" 2[H — H;(8, ¢)] _{H—Hr(e,(mr
— 9 i A N ) AH, 58
R A Y

In this context, the weight function p(¢) = sin ¢#/47 is used to project the contribution
of each resonance onto the field axis. It is assumed that the particle axes are uniformly
distributed in orientation. Additionally, AH4 represents the linewidth distribution, and
the parameter aq scales the contribution of each particle size, which is assumed to follow a
normal distribution:

_ L (R
a, - \/ﬂe (59)
where dy = 10 nm is the average particle diameter, and o represents the particle size
distribution, i.e., the deviation from d;. More details on the theoretical model and the
expression of the linewidth distribution are available on [23].

FMR measurements of suspended (in toluene) and dried commercial Fe30O4 nanoparti-
cles have been carried out as shown in Figure 27. A difference is clearly visible between the
FMR spectra for the particles in suspension and after drying. In suspension, the spectrum
is asymmetric with a resonance field of poH; = 323 mT. Additionally, sharp paramagnetic
resonances are observed at 170 and 338 mT corresponding to g ~ 4 and 2, respectively, in
addition to the broad ferromagnetic spectrum. However, these features disappear upon
drying, and the spectrum becomes symmetric with a resonance field of = yoH; 294 mT.
Slay et al. [23] deducted that these sharp features are due to surface effects caused by sur-
factants (specifically, oleic acid) because they disappear once the surfactants are neutralized.
Thus, the peak with g ~ 4 was attributed to Fe** in a rhombohedrally distorted ligand
field, and the peak with g ~ 2 to OH™ radicals, as has already been demonstrated for a
similar sample [89].
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Figure 27. The FMR spectra exhibited a significant difference between (a) before and (b) after drying.
The theoretical model from Equation (58) was used to fit the spectra and extract the anisotropy fields.
A calculation was conducted without accounting for the distribution of particle sizes, represented by
the dashed-dotted line. Another calculation was performed with a size (and linewidth) distribution
with ¢ = 0.75, represented by the dashed line. The fit was improved by considering the distribution.
Reprinted with permission from D. Slay, D. Cao, E. C. Ferre and M. Charilaou, Ferromagnetic
resonance of superparamagnetic nanoparticles: The effect of dipole-dipole interactions, JAP, 130,
113902. Copyright (2021) AIP Publishing.

The fits with the developed model, yielded to ygHyni = 63 mT and poHyp = —3 mT (us-
ing g = 211) for the nanoparticles in suspension, and pgHun = —50 mT and
uoHeup = —4 mT (using g = 2.24) for dried nanoparticles. Note that in comparing the
two fits, with or without the distribution (¢), the parameters (g, Huni, Hoyp and AH ) varies
only about 2% between these two situations. Therefore, it is possible to fit these spectra with
or without taking the distribution into consideration. However, by taking the distribution
into account, the fit was significantly improved with high fidelity.

The puoHyun = 63 mT for the suspension, indicated an easy-axis symmetry with
Negt = 0.11, which corresponds to an average elongation of c/a ~ 1.3 for the prolate
ellipsoid. Despite the uniformly shaped particles with nearly spherical symmetry as ob-
served in the TEM images [23], the value of Hyp; is not a result of particle shape, but rather
dipolar interactions between the particles. This assumption is supported by the change of
sign of the dipolar field upon drying (from positive to negative), as it is the configuration
of the nanoparticles that changes and not their shape. Indeed, in the dried state, when
the nanoparticles cluster together, the anisotropy changes to easy-plane (negative uniaxial
field). Thus, this modification in the magnetic properties illustrates the impact of dipole—
dipole interactions in short timeframes since it is measurable within the FMR experiments
with a 10719 s time window.

6. Conclusions

Ferromagnetic resonance remains a powerful technique to investigate the magnetic
properties of magnetic oxide nanoparticle assemblies. It has been demonstrated through
several studies shown in this review that FMR is very useful to study the effect of tempera-
ture or doping on the magnetic properties of these nanoparticles. A variation in the FMR
linewidth as a function of temperature or doping was observed. Therefore, we can conclude
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that magnetic damping (and its intrinsic or extrinsic contributions) is highly sensitive to
the variation of these parameters. FMR has also made it possible to demonstrate the effect
of the synthesis method on the magnetocrystalline anisotropy for the same nanoparticle.
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