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ABSTRACT

M.SC.Thesis

INVESTIGATION OF THE EFFECT OF GRAPHENE
LAYERS ON MAGNON POLARITON SPECTRUM IN
MAGNETIC SUPERLATTICES

Hiba ELHARKATI

Karabik University
Institute of Graduate Program
Department of Physics

Thesis Advisor:
Prof. Dr. Rehile ASKERBEYLI
June 2024, 55 pages

This study researches into the effect of graphene layers on magnon polariton spectrum
in magnetic superlattices using Maxwell’s electromagnetic theory. The high thermal
conductivity, exceptional electron transport properties and outstanding mechanical
strength of graphene induce surface magnon-polariton modes at interfaces with
gyromagnetic media. They result in the localization and dispersion of magnon

polaritons.

Magnetic superlattices made up of alternate nanoscale thick materials have unusual
electronic, optical and magnetic responses. In particular, this study discusses how these
properties are affected by the inclusion of graphene monolayers into a system focusing

mainly on the magnon polariton spectrum.
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Key findings show that through Fermi energies, graphene can regulate the localization
as well as group velocities of magnon polaritons leading to both bulk and surface
modes in ferromagnetic crystals. This fact has major implications for developing new
spintronic devices that rely on the use of magnon polaritons for information storage

and processing.

The present research contributes to knowledge about electromagnetic interactions in
nano-scale multilayers magnetic structures as well as reveals possible ways to enhance
the functional properties of such systems with graphene. The outcomes from this
examination lead to the development of new types of material science research and

spintronic technologies.
Keywords: Graphene layers, Magnon polariton, Magnetic superlattice, Maxwell’s
Electromagnetic theory, Surface magnon-polariton modes, Fermi

energies, Electromagnetic interaction, Dispersion relation.

Science Code: 20205.



OZET

Yiiksek Lisans Tezi

MANYETIK SUPERORGULERDE GRAFEN
KATMANLARININ MAGNON POLARITON SPEKTRUMU
UZERINDEKI ETKISININ INCELENMESI

Hiba ELHARKATI

Karabiik Universitesi

Lisansiistii Egitim Enstitiisii

Fizik AnaBilim Dal

Tez Damismani:
Prof. Dr. Rehile ASKERBEYLI
Haziran 2024, 55 sayfa

Bu tezde, Maxwell'in elektromanyetik teorisini kullanarak manyetik siiperorgiilerde
grafen  katmanlarinin = magnon-polariton  spektrumu  lizerindeki  etkisini
incelenmektedir. Yiksek 1s1 iletkenligi, siiperiletken elektron tasima ozellikleri ve
grafenin siiperiletken direnci, manyetik ortamla arayiizlerde yiizey magnon-polariton
modlarmi indiikler. Bu, magnon-polaritonlarin lokalizasyonuna ve dagilmasina yol

agar.

Birka¢ nanometre kalinliginda degisen manyetik malzemelerden olusan manyetik
stiperorgiiler, olagandis1 elektronik, optik ve manyetik tepkiler sergiler. Bu ¢alisma,
esas olarak magnon-pola riton spektrumuna odaklanarak, bu 6zelliklerin grafen tek

tabakalarinin dahil edilmesinden nasil etkilendigini incelemektedir.
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Ana kesifler, Fermi enerjileri sayesinde grafenin, magnon-polaritonlarin konumunun
yani sira grup hizlarimi da diizenleye bilecegini ve manyetik kristallerde yiizey ve
hacim modlara yol agabilecegini gosteriyor. Bunun, bilginin depolanmasi ve
islenmesi i¢in magnon-polaritonlarin kullanimina dayanan yeni spintronik cihazlarin

gelistirilmesi i¢in onemli etkileri vardir.

Bu aragtirma, nano Ol¢ekli c¢ok kathh manyetik yapilardaki elektromanyetik
etkilesimlerin bilgisine katkida bulunur ve bu sistemlerin grafen ile islevsel
ozelliklerini iyilestirmenin olast yollarin1 ortaya ¢ikarir. Bu ¢alismanin sonuglari,

malzeme bilimi ve spintronik teknolojilerinde yeni arastirmalarin 6niinii agmaktadir.
Anahtar Kelimeler: =~ Graphene katmanlari, Magnon polariton spektrumu,
Elektromanyetik teori, Fermi enerjileri, Hacimsel ve

ylizeysel modlar, Manyetic etkilesimler.

Bilim Kodu: 20205.
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PART 1

INTRODUCTION

ELECTROMAGNETIC THEORY

Electromagnetic theory is a crucial aspect of modern physics that explains the basic
principles that regulate the interaction of electric and magnetic fields [1]. This theory
offers a profound comprehension of various natural phenomena, including light, radio
waves, electronics, electricity, communication, and power generation. Maxwell's
equations, established by James Clerk Maxwell in the 19th century, are the
fundamental principles of this theory. The provided equations illustrate how charges
and currents produce electric and magnetic fields, as well as their subsequent
propagation across space [2]. Maxwell's equations integrated the concepts of light,
electricity, and magnetism, providing a unified explanation for previously inexplicable
phenomena. Additionally, these equations accurately predicted the presence of
electromagnetic waves that propagate at the speed of light [3]. This revolutionary
discovery opened doors for other technological progressions, including the emergence
of wireless communication, radar, and contemporary electrical engineering [4].
Furthermore, electromagnetic theory remains essential in advanced research fields

such as quantum electrodynamics and photonics.

The following paragraphs will delve into a topic of significant interest within this field:
the effect of graphene layers on the magnetic polariton spectrum in magnetic
superlattices. My previous studies have explored this topic in detail, providing insights

into the interaction mechanisms and potential applications of this phenomenon.



Graphene layers consist of carbon atoms organised in a hexagonal honeycomb with
each layer being only one single atom thick. They are bonded together with strong sp2
bonds and exhibit unique properties like high thermal conductivity, exceptional
electron transport characteristics, and remarkable mechanical strength. Graphene is
typically produced from graphite oxide, making it hydrophilic, meaning it readily
interacts with and disperses in water. This unique material possesses extraordinary
properties and holds immense potential for various applications across diverse

fields.[5,6]

When graphene is positioned at the interface between a vacuum and a gyromagnetic
medium generates surface magnon polariton modes, these modes typically have
frequencies in the range of few (Ghz), influencing their localization and dispersion

relations.[7]

Superlattices are structures made up of alternating layers of different materials,
usually with thicknesses on the nanoscale [8]. They are designed to exhibit unique
electronic, optical, and magnetic properties that are not found in the individual
constituent materials. And used in various fields of research and technology owing
to their unique properties and potential applications [9]. Here are some key points

about superlattices:

Understanding the behavior of superlattices is important for advancing materials
science and developing new technologies [10]

Magnon-polaritons are bulk and surface modes in ferromagnetic crystals, and their
concentration and carrier velocities are affected by the presence of graphene [11].
When light interacts with a magnetic material confined between graphene sheets, it
can excite special waves called magnons. These magnons can then couple with the
light. This phenomenon has potential applications in the development of new types of
spintronic devices that use magnon-polaritons for information storage and processing
[12].



The magnon polariton spectrum in magnetic superlattices has been studied in several
papers. Liao et al. illustrate valley-selective phonon-magnon scattering in
magnetoelastic superlattices, where the lattice symmetry and magnetization control the
nonreciprocity of transmission [13]. Vasconcelos and Cottam investigate the influence
of graphene sheets on surface and bulk magnon-polaritons in magnonic crystals,
showing that the Fermi energies in graphene can control the localization and group
velocities of the modes [14]. Ta et al. also study magnetophonon polaritons in
superlattices consisting of alternating antiferromagnetic and ion-crystal components,
finding various bulk polariton bands with negative and positive refraction and various
surface polariton modes [15] Tagiyeva and Tanatar derive the general expression for
surface-guided magnetic polaritons in antiferromagnetic superlattices containing
impurity films, showing the reciprocal nature of the spectrum and the presence of both
strongly and weakly localized modes [16]. Ignatchenko and Tsikalov studied the spin-
wave spectrum in periodic superlattice of one-dimensional magnon crystals',
calculating the band gaps based on the magnetic parameter differences and layer

thickness ratios [17].

After establishing the significance of the magnon polariton spectrum in magnetic
superlattices in the introduction, it is crucial to delve deeper into the foundational
concepts of magnetic properties of materials and Maxwell's electromagnetic theory.
Understanding these concepts will provide essential groundwork for exploring the
interaction between magnons and electromagnetic fields in nanoscale magnetic

structures.

In this section, we will first explore the diverse magnetic behaviors exhibited by
different materials, ranging from diamagnetism and paramagnetism to ferromagnetism
and beyond. This discussion will shed light on the fundamental principles governing

magnetic interactions and the factors influencing magnetization in materials.



PART 2

MAGNETIC PROPERTIES OF MATERIALS

Materials have a wide range of magnetic 1 characteristics that can be classified based
on the way they react to magnetic fields. Diamagnetic materials show a weak tendency
to repel, paramagnetic materials present a minor inclination towards attraction while
ferromagnetic substances exhibit strong attraction and tend to retain magnetism. The
magnetism at the microscopic level is explained by quantum mechanics in terms of
electron currents creating magnetic moments that explains why there are magnets [18].
Forces can be exerted on dipoles, particle alignment, and production of magnetic
structures through the interaction between matter and magnetic fields [19].Carbon,
manganese silicon, and other impurities could affect magnetic properties such as iron,
nickel cobalt, etc., which are ferromagnetic metals. These factors determine
parameters such as hysteresis loss and permeability [5] People have known for many
years that some objects are attracted to or pushed away from others since ancient times

when man discovered stones like magnetite being the first natural magnets [20].

2.1. VARIOUS SUBSTANCES EXHIBIT SEVERAL TYPES OF MAGNETIC
BEHAVIOR. HERE ARE THE MAIN ONES

2.1.1. Diamagnetism

Diamagnetic substances include noble gases, ionic compounds, and semiconductors
with robust covalent bonding. Electrical charges in all such substances tend to protect
the internal regions of the body from magnetic fields. Hence, it has a small negative
value and is referred to as susceptibility (Figure 2.1). The phenomenon arises due to

the precession



of electronic orbits around the direction of the applied magnetic field. The precession

is against the external field induction causing slightly negative susceptibility [21,22].

Magnetization vs. Applied Field for a Diamagnetic Material
Magnetization (M)

 Avplied Field ()

Fig. 2. 1. Magnetisation versus applied field for a diamagnetic material

The unique type of diamagnets that have y = —1 are ideal superconducting materials.

Therefore, they push away magnetic fluxes in their state of superconductivity.

Diamagnetism is a property that can be observed in every molecule or atom in every
case. Nevertheless, this effect is very weak and cannot be seen because it is always
negligible compared to how atomic magnetic moments behave when faced with an

external field on other materials [23,24].

2.1.2. Paramagnetism

If we take a group of individual atoms and see them. We will find that each of them
has a magnetic moment, and between them the interaction is minimal, Their minimal
interaction classifies them as atomic magnets. They possess the liberty to align
themselves in any direction they choose. At room temperature, thermal energy causes

the orientations of these magnetic atoms to become randomized.



Thus, when there is no external magnetic field, the overall magnetization is equal to
zero, represented as: M = Xm = 0

However, upon applying an external magnetic field, In the presence of a magnetic
field, certain atomic magnetic moments rotate and align themselves along the direction
of the field. This alignment leads to a slight net magnetization and positive
susceptibility (). As the applied field strength increases, a greater number of atomic
moments align themselves with the external field. This results in a proportional
increase in M, while chi remains constant. If the magnetic field remains constant as
the temperature increases, the increase in thermal agitation leads to a decrease in M
(magnetization) and (magnetic susceptibility). The relationship shown in Figure 1.2
demonstrates that susceptibility and temperature are inversely related, which is
referred to as the Curie's law of paramagnetism.
Paramagnetism in metals, such as aluminum, is generally feeble and similar to the
typical diamagnetic properties. Practical measurements have difficulties due to the
presence of even small amounts of ferromagnetic contaminants, such as iron in parts

per million, which can lead to inaccurate results[25].

X =

1.0

0.8

0.6

0.4

0.2

DI{}_I i i 1 1 1 i i L i 1 1 i " 1 1 i i i 'l"

Fig. 2. 2. X vs T illustrates the Cruie law of



2.1.3. Ferromagnetism

In ferromagnetism, individual atoms possess a net magnetic moment. This is enhanced
by a strong but short-range interaction between neighboring atoms, causing their
magnetic moments to align positively in parallel. This alignment can be either in the

11 or —— direction [26,27].

This is not the same as dipolar forces; it's a stronger, shorter-range effect called
exchange that comes from quantum physics [28]. Within uniform magnetization zones,
magnetic moments automatically align to establish a net magnetization. Subsequently,

they orient in a manner that minimizes the net magnetization of the material[29].

The way these substances react to outside magnetic fields is not linear (see Figure.
2.3), and they show hysteresis. This means that their behavior is affected by their

magnetic past as well as their microstructural and extrinsic properties.

M 4

M.

Fig. 2.3. The initial magnetization of a ferromagnet varies with the applied magnetic
field and temperature.

In fact, if the direction of the magnetic field is reversed, the magnetization does not
follow the same path as the dependence on the field, which means( M is not a one-

valued function H).This hysteresis is a characteristic feature of ferromagnetic and



ferromagnetic materials. When a strong external magnetic field is applied, the
magnetic moments in all fields align in the same direction, which causes the material
to become fully magnetized in the direction of the applied field. Saturation
magnetization, represented by MS, is the maximum magnetization that a material can

achieve when exposed to strong magnetic fields [30].

As temperature rises, the hysteresis behavior remains consistent, but the saturation
magnetization decreases until reaching a critical threshold. At this point, thermal
energy overcomes the strong interaction between neighboring magnetic moments. At
the Curie temperature (T,), the material's saturation magnetization drops to zero. The
Curie temperature reflects the strength of interaction between atomic magnetic
moments. When the temperature (T) exceeds T,, the material exhibits paramagnetic
properties and follows the Curie-Weiss law of ferromagnetism (see Figure 2.4).

c

X =77 2.1

The magnetic susceptibility, y, exhibits an infinite increase as the temperature nears to

the temperature of Curie, T,. It exhibits paramagnetic behaviour. However, caution is

necessary. For a ferromagnet, The applied magnetic field H,,, minus the
demagnetizing field NyM. is used to find the internal magnetic field, H;,
Hy, = Happ — NgM (2.2)

The intrinsic susceptibility of the material, x,,4:, diverges at the critical temperature,
Tc. The magnetic susceptibility of a material is equal to the ratio of its magnetization

(M) to its internal magnetic field H;,.

Xmat = M/H;y, (2.3)



M A

\/:; \ T M, — tx

T RARN i ’
R :
T l Spontaneously
T T T T magnetized
T=>Tc T, 'F
T<Tc :

Fig. 2.4. Variation of magnetization in a ferromagnet concerning temperature beyond
the Curie temperature, T,

When susceptibility is tested in an experiment, it depends on the sample,

Xsampte = M/H g, and is directly associated with x4, as

Xsample = Xmat/(l + NgXmat )
When T, is approached from above, the experimentally observed susceptibility (y) of
the sample rises by just 1/N4

2.1.4. Antiferromagnetism

In antiferromagnetic materials, atoms display significant magnetic properties while
also experiencing strong repulsive interactions. As a result, adjacent magnetic
moments typically align in opposite directions. Additionally, the crystal structure
features a unique magnetic component that is evenly distributed across two interlinked
but opposing lattices. It also ensures that there is no overall or spontaneous
magnetization when the magnetic moments are properly oriented [31].

At standard temperatures, Several of these materials demonstrate paramagnetic
characteristics. Nevertheless, when the temperature drops below a certain level, called
the Néel temperature (Ty), these materials show a sudden and marked change in their
susceptibility. Moreover, the susceptibility of the material below the Ty is affected by
its orientation and depends on when the magnetic field is applied perpendicular (H )

or parallel (H) to the chosen spin-lattice direction,as illustrated in (Figure 2.5).



Theoretically, the susceptibility ¥y  of an antiferromagnet for T > Ty is Defined in

mathematical terms as :

c c
X = 77g ~ T4y (2.4)
Here: 8 = - Ty is the intercept of 1/y when extrapolated to dhe temperature axis for
T > Ty.

2.1.5.Ferrimagnetism

This phenomenon, frequently seen in several substances such as oxides, involves
multiple magnetic species on distinct sub-lattices, each with a unique magnetic
moment. These sub-lattices interact strongly and antagonistically, causing their
magnetic moments to align in opposite directions [31]. Unlike antiferromagnets,
Ferrimagnets exhibit inherent magnetism below the Curie temperature (T,) when the

sub-lattices are organised in a certain sequence.[32] (Figure 2.5).

M

Fig. 2.5. The interaction between magnetism and temperature in a ferrimagnetism.
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2.1.5. Hysteresis

Ultimately, we conduct a concise examination of the response of magnetization and
magnetic induction seen in both ferromagnetic and ferrimagnetic materials. Although
a block of ferromagnetic material naturally possesses magnetism, the magnetization of
the material can be disturbed by the existence of magnetic domains. These domains
correspond to distinct areas within the material, each having its own magnetic
properties defined by the magnetization value (Ms). N nevertheless, their diverse

orientations result in minimal contribution to the overall net magnetism.

When exposed to a positive magnetic field and subsequently reduced, the material's
magnetization does not go back to its original state. Hysteresis is the phenomena where
a sequence of "minor" loops are created by gradually increasing and then reversing the
applied magnetic fields. (Figure 2.6)a illustrates the hysteresis curve, which is the
broadest range that includes all minor loops for the ferromagnetic material. This curve
arises when the material becomes fully saturated in the presence of a sufficiently
powerful magnetic field. The saturation magnetization symbol (Ms) represents the
highest achievable level of magnetization [33]. Furthermore,, the maximum value of
Ms, referred to as MO, is fofoundt the temperatur of absolute zero (0 K), taking into

account the influence of temperature.

11



Barkhausen steps

Fig. 2.6. a) A sequence of smaller loops achieved by progressively raising the
maximum applied field. The hysteresis curve represents the envelope of these
tiny loops. (b) A typical hysteresis loop for a ferromagnet illustrating key
areas of interest.

22.MAXWELL EQUATIONS

Maxwell formulated the relationship between electricity and magnetism in

mathematical terms, describing the inter-relationship between the electric field, (E ),

the magnetic induction, (ﬁ), the charge density, p, and the current density, (D

In free space, with permittivity, &,, the first of his four equations is :

v-E=2 (2.2.1)

This is a reformulation of the Coulomb law and states that every line of electric field
originates on (or diverges from) a positive charge and ends on (or converges into) a

negative charge.

The second equation:

V-B=0 (2.2.2)

12



The second equation is given by the divergence of the magnetic field, indicating that,
Unlike electric charge, magnetic fields do not have discrete sources or sinks. Only
currents can generate magnetic fields. In essence, this implies that magnetic
monopoles are non-existent; the magnetic field lines must form unbroken loops and
cannot initiate or terminate at any location. In contrast, electric fields have the ability
to both originate from and terminate at electric charges.

The third and fourth equations of Maxwell's equations address the flow of electric
fields and the generation of magnetic induction. Faraday's law of electromagnetic
induction states that electric fields form closed loops around regions with a varying

magnetic field, which can be mathematically represented as:
VXE= —= (2.2.3)

Recall the Ampere law, which states that in the absence of a changing electric field
(0E/0t = 0), loops of the magnetic field are formed around an electrical current.
Maxwell generalized this in his fourth equation, including the permeability of free

space, U, as :

-

- - OE
V X B= ,u()] +‘Ll0€0¥ (224)

Note that gy = , where ¢ is the velocity of light. These equations describe

1
2
electromagnetic fields in free space. Once we include matter, we have to distinguish
between currents that we can measure, J 7., and microscopic bound currents, Jpouna-

due to circulating electrons in atoms that, in principle, give rise to atomic magnetic

moments. The total current is the sum:
] = ]free + Jbound (2.2.5)

Moreover, the bound currents are related to the magnetization, (IW ) as:

13



VXM= Jpouna (2.2.6)

Similarly, (2.2), can be written for the magnetic field (ﬁ ), as:
V-H=-V-M (2.2.7)

This shows that H is different to B, for it is not divergence-free. Materials may also

. . . = . . . g
have an electric polarization, P, so we write the general electric displacement, D, as a

sum of the electric field and the polarization, as:
D =¢E+P (2.2.8)

Therefore, we can present Maxwell’s four equations, modified for the presence of

matter, distinguishing between bound and free charges as:

V-D = prree (2.2.9)
V-B=0 (2.2.10)
VxE=-2 2.2.11)
VX H = Jrree + 5 (2.2.12)
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PART 3

MAGNETIC POLARITON AND MAGNETIC SUPERLATTICE

The dispersion equations for bulk and surface magnetism in N-layered superlattices
are obtained using the 'transfer matrix' method, this method is utilized for the scenarios
where.N = 2 and N = 3, which correspond to distinct magnetic layers in a basic unit.
It is assumed that the layers are magnetized in a way that is parallel to both the planes
of the film and to each other. The work provides precise formulations for the ‘transfer
matrix' and the dispersion equations of bulk and surface modes in the Voigt
configuration. The wave spectrum of various superlattices composed of ferromagnetic,
antiferromagnetic, and non-magnetic materials is demonstrated through the use of
multiple numerical examples. The study of collective excitation in magnetic
superlattices has gained great attention in recent years. The structures analyzed usually
consist of a series of magnetic films separated by a non-magnetic material. Within
these structures, spin waves may interact in separate magnetic layers through the long-
distance dipole field generated by the motion of the spins. The eigenstates that appear
as a result are subsequently organized into teams, representing the collective excitation

of the entire SuperNet.The user text is.[34].
3.1. MAGNETIC POLARITONS IN THE MAGNETIC SUPERLATTICES
Magnetic polaritons are a type of collective oscillations that arise from the interaction

between electromagnetic waves and magnetic moments within a material. These

excitations can manifest in diverse systems, such as superlattices comprised of distinct
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magnetic materials. The dispersion equations for bulk and surface in superlattices
provide a clear understanding of the properties and interactions of magnetic polaritons

inside these complex structures [35].

In the context of superlattices:

A magnetic superlattice is a periodic structure composed of alternating layers of
different magnetic materials. These materials can be ferromagnetic, antiferromagnetic,
or non-magnetic, creating a tailored magnetic configuration within the superlattice

[36].

In the structure of the superlattice, the layers are usually magnetized in a parallel

manner from the film planes and also parallel to each other.

3.2. FERROMAGNETIC SUPERLATTICE

A ferromagnetic superlattice is a periodic structure composed of alternating layers of
ferromagnetic materials. These materials exhibit spontaneous magnetization and retain

their magnetization even in the absence of an external magnetic field[37].

Ferromagnetic superlattices have a collective magnetic behavior where neighboring
magnetic moments align parallel to each other. The magnetic interactions between
ferromagnetic layers can lead to phenomena like exchange coupling and magnons,

influencing the overall magnetic properties of the superlattice [38].

3.3.1. Applications Of Ferromagnetic Superlattice

Ferromagnetic superlattices are utilized in spintronics, magnetic storage devices, and
magnetic sensors due to their tunable magnetic properties. The controlled
manipulation of magnetization in ferromagnetic superlattices enables the development
of novel magnetic devices with tailored functionalities. Studies have investigated the
spin wave dispersion and magnetostatic modes in ferromagnetic superlattices to

understand their magnetic behavior and potential applications [34].
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For ferromagnetic materials, the magnetic permeabilities ¢; and p, be utilized in

the following form:

0o Om

He=1+220 (3.1)
D w
e = =2 (3.2)

Here 0, is the frequency of the uniform bulk mode, 2, = guyyo(Hy + Ha) , where
g, Ha and p,, represent the Lande factor, the uniaxial magnetic anisotropy field and
the magnetic permeability of the vacuum, respectively. and y, is defined as y, =
e/2m (e and m represent the charge and mass, respectively, of an electron with (e >

0)). Furthermore the symbole 2,, is defined as

0 = gUoYoM,y, where M represents the spontaneous magnetisation of the substance.

3.3. ANTIFERROMAGNETIC UNIAXIAL MATERIALS

0q Om 0q Om
22—(w+guoYoHo)?  02%2—(w—gpoYoHo)?

=1+ (3.3)

24 0m _ 24 0m (3.4)

22—(w+gpovoHo)?  02%2—(w—goYoHo)?

My

where 2, is the frequency of antiferromagnetic resonance when there is no field
applied

1
2

21 = gpoyo [Ha(Hg + 2H,)]
Where Ha is the anisotropy field and Herepresents the exchange field. The formula

(3.5)

for £2,, is the same as for ferromagnetic systems but M, is the sublattice magnetization.

Ithe end, £2, is defined as:

0q = gloYoHa- 3.6)
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3.4. TYPE OF SUPERLATTICE

Antiferromagnetic-non-magnetic (AF-N) superlattices

are characterized by the presence of repeated layers of antiferromagnetic and non-
magnetic materials. In these structures, magnetic moments in the antiferromagnetic
layers are opposed to each other while those in the non-magnetic layers do not have
any magnetic properties. As a result, there is a unique manifestation of their magnetic

properties and spin wave dispersion within superlattice.[39].

The occurrence of surface modes on AF/NM interfaces that are not observed in the

bulk material is one such consequence [34].

Antiferromagnetic-antiferromagnetic (AF-AF) superlattices

consist of alternating layers where different antiferromagnets are used. Special
features in the wave spectrum arise from coupling between surface modes in two
neighboring antiferromagnets [40]. For example, this interaction can lead to multiple
bands of magnetostatic mode and surface mode when anti-ferro-resonance frequency
close [41]. The interplay has significant implications for its static and dynamic

magnetization properties[34].

Ferromagnetic-ferromagnetic (F-F) superlattices:
are composed of alternated ferromagnetic material and have unique characteristics of

the wave spectrum [42].

The wave spectrum usually contains two bands for bulk waves associated with surface
modes in a ferromagnetic film. These bands differ in frequency range and propagation
properties. This interaction between surface modes in the ferromagnetic layers
modifies wave properties and by extension, the entire wave spectrum of a superlattice

structure [43]
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PART 4

EFFECTIVE-MEDIUM APPROXIMATION FOR MAGNETIC
SUPERLATTIVE

4.1. OVERVIEW OF FERROMAGNETIC AND ANTIFERROMAGNETIC
RESONANCE FREQUENCIES

Ferromagnetic resonance frequencies often reside inside the microwave range, while
antiferromagnetic resonance is frequently found inside the far infrared area. Within
this region characterized by high-frequency dispersion, which is of considerable
importance, the wavelength in free space is substantially greater than the period of the
superlattice L = a + b,where a and b represent the measurements of the thicknesses

of the magnetic superlattice layers [44].

Superlattice Structure

Layer

Position

Fig. 4.1. This is a diagram showing the structure of the superlattice. The alternate
layers of material A (magnified in blue) and B (highlighted in red) manifest
the periodic arrangement characteristic to a superlattice.
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4.2. HIGH-FREQUENCY DISPERSION IN SUPERLATTICES

This implies that with the exception of extremely short frequency gaps near resonance,
the wave numbers k in the dispersion equations are significantly less than the inverse
of L=1 .When faced with such situations, an antiferromagnetic superlattice can be
simplified and treated as a uniform anisotropic medium, as explained by Agranovich
and Kravtsov [44].

4.3. ELECTROMAGNETIC FIELD ANALYSIS IN SUPPERLATICES

In the superlattice shown in (Fig. 4.1). we are examining an rf magnetic field that is
oriented in the x-y plane. The wavelength of this field is much longer than the period
of the superlattice and is referred to as L. Then as a result, the magnetic field B and
the intensity of the magnetic field H are identical in successive layers of Component

1 and successive layers of Component 2.

As one known, the surface magnetic polaritons exist only for transverse electric modes

(TE). Thus, for the TE modes in the considered geometry the electric fields E=(0,0,E,
)

in the antiferromagnetic layer i(i=1,2) can be written in the following form:
EP = (ADelloy 4 cWethyY)eikex (4.1)
4.3.1. Surface Magnetic Polaritons

Here the index k,, = ik is real for guided modes and imaginary for surface modes.

Firstly, using the Amper’s law for each SL magnetic medium, we find:
- 1 —
B = —rot E 4.2)

E =(00,E)
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= - -
X y zZ
= a 0 a dE. dE.
rotE =|— — —|=xX—“2-y—=
dx dy dz dy ax
0

0 E,
rotE = ik, (Ae™Y — Ce=vY)elx* — jik, (AetyY + Ce~thyY)

After some algebra one can derive the expressions for B:
(4.3)

B,Si) _ ’;_J’(Aeikyy _ Ce—ikyy)eikxx
4.4

B(i) — _Q(Aeikyy + Ce—ikyy)eikxx
y 1)

4.3.2. Effective Medium Permeability Tensor

Then, consider the equation B = ,uo,uﬁ , one can written the expressions for Hx and Hy

In each layers:
(4.5)

H, = #,Lw(/l_eikyy +A+Ce—ikyy)eikyy piwt
(4.6)

Hy = === (A_e™ + 4, Ce Mo Yelkny g-iot
4.7)

Where Ay = tkyy — ifyyky
(4.8)

, 2
w = (.uxy) — HxxHyy

4.3.3. Dispersion Relations For Magnetic Polaritons In Effective Medium

In the context of of effective -medium approximation, and applying the

electromagnetic boundary conditions for antiferromagnetic superlattice, we have :
(4.9)
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(B,) = B"” = By (4.10)

It is well-known that ferromagnetic resonance frequencies often be within the
microwave frequency range, while antiferromagnetic resonance frequencies are
frequently found in the far infrared region. Now we are considering an RF (radio
frequency) magnetic field that is situated in the x-y axis of the superlattice with the
wavelength of the RF magnetic field is significantly bigger than the period of the
superlattice. This means that over the scale of one period, the fields can be assumed to
be approximately constant. The boundary conditions for the magnetic field (H,) and

the magnetic induction (B,) must be consistent throughout the interfaces between

layers. Thus, these components can be regarded as their layer-average values (H ( ) and

(By) [44].

aBM+pBP
(Bx) = 2T @.11)
(€8] (2)
_ aHy +bHy
(Hy) =22 (4.12)

consider the equations (4.4-4.6) and the reorganized gives relations in terms of the

effective -medium permeability tensor:

(BX> .uxx Uxy <Hx>

I(By>l '“yx :“yy] [ l *.13)

(Bo) = (L4 L5) (1) + (2 £, + 2227, ) () (4.14)
(Hy) = #f_i + :_?Zc] (By) + (fa l;;: * /o l:g:) (Hx) (4.15)

Here f, = ﬁ and  f, = a%

And
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_ falﬂ)lcy.u)zcx"'fblﬂ)zcyﬂ)lcx

(”Xy) - falﬂ;%x"’fblﬂ)%x (416)
ﬂ)lcxﬂazcy+fa1fb1[(ﬂalcx_ﬂazcx)z_(ﬂalcy_ﬂyzcy)z]
= 4.17
(‘uxx) farlEx+Fb1lxx ( )
_ #chx.“v)zcx
(.uyy) N falﬂazcx+fb1ﬂalcx (418)

Obtaining the dispersion equation for wave propagation in a material by utilizing the

permeability tensor is a straightforward operation.

1,2 2 )2 2 )2 1 )2 1 )2
k2(a + b)? + k2 [az +b?— [2“’”"” _ k) +uhy) (k) +(ty) ab] =

12 1 2 1 2
HxxMxx HxxUxx HxxUxx

© [ha + 1Eb)(era + b)) (4.19)

The product [(ula + u2b)(e,a + €,b)] represents the effective medium's response,
combining the contributions of the permeabilities and permittivities of the two
materials.

The equation (4.19) is a dispersion relation equation that describes the propagation of
electromagnetic waves in a superlattice treated as an effective homogeneous
anisotropic medium. It shows how the wavevector components kx and ky relate to the
frequency w of the waves, considering the combined effects of the magnetic and

electric properties of the materials that make up the superlattice.

4.4. DISPERSION RELATION FOR SURFACE MAGNETIC POLARITON IN
EFFECTIVE MEDIUM

In this special case, When the second layer is non-magnetic, the effective-medium
description of this particular superlattice may be deduced directly from equation

(4.16)-(4.18) as u2, = 1, and other magnetic contributions are zerou,zcy = 0. the

permeability tensor.will be as

1
(ﬂxy) = St (4.20)

fa1 +fb1ﬂ915x
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fa1fp1 [(ﬂ)%x_ 1)? _(/ialcy)z]

(.uxx) - fal"‘fbll‘)%x (421)
(tyy) = = (4.22)
'uyy fa1+fb1ﬂ915x ’

The propagation equation for an effective medium, where a nonmagnetic component

is present, can be expressed as:

2
ky(a+b)* + kZ[a® + b*(uy + “—jlcx)ab] = 2)—2 (ula + b)(e,a + €,b) (4.23)
For damping waves k32, = —B?% and the expression (4.23) can be rewritten in the

following form:

B2 = K22 + 17 + (Wb + =) falh) = % (W fat fy) @1 furtfo€2) (4.24)
In conclusion, the effective-medium theory for magnetic superlattices at long
wavelengths is derived in terms of expansion and continuity arguments, giving a
general description of the system. By introducing a new Brillouin-zone edge into the
superlattice structure, it can be interpreted how the elementary excitation spectrum is
modified. This helps the analysis of long-wavelength excitations in the system.

Two magnetic media with gyro tropic permeability tensors are considered by this
theory so that the behavior of the system may be understood as an anisotropic bulk

medium in the limit of long wavelengths.
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PART 5

THE EFFECT OF AN EXTERNAL MAGNETIC FIELD ON THE SPECTRA
OF MAGNETIC POLARITONS

This chapter is essential for comprehending the manner in which the magnetic
characteristics of the system interact with external influences, such as magnetic fields,
and how these interactions impact the spectra of polaritons and waves [45].

5.1. LOCALIZED MAGNETIC POLARITONS AT THE BOUNDARY

The objective of the study is to investigate the localized magnetic polaritons that arise
at the interface between two antiferromagnetic superlattices. The superlattices are
connected together by an anti-ferromagnetic layer and exposed to an external magnetic
field. The surface-determined localized magnetic polariton modes are obtained by
solving Maxwell's equations. while ensuring that the electromagnetic boundary
conditions are met at the interface with an anti-ferromagnetic layer.. Within this
framework, we apply effective medium theory to describe the behavior of

antiferromagnetic superlattice as an anisotropic bulk medium [45].

Numerical studies were undertaken to investigate how the spectrum of surface-guided
polaritons changes under influence of an external magnetic field and its relation to the
physical characteristics of a contact film in different antiferromagnetic systems. Its
technical applications, including waveguide devices, would benefit from this study’s

results.
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5.2. MAGNETIC POLARITONS AND THEIR APPLICATIONS

The magnetic polariton is a well-known phenomenon that serves as a connection
between electromagnetic waves (photons) and elementary excitations like magnons.
The system comprises both surficial mode and massive bulk magnetopolaritons, which
can be excited in ferromagnets, antiferromagnets, magnetic superlattices, and other
magnetically ordered media. This coupling leads to an increase in the intensity of
electromagnetic fields that is very useful for nanotechnology such as biosensing,
waveguide applications of nano-devices, and antennas. Most publications are
concerned with surface magnetic polaritons that are sustained by magnetic materials.
Thin films can exhibit both surface polaritons, which are confined to the surface, and
guided modes, which are defined by standing wave-like excitation within the
film[46,47]. The study of these specific electromagnetic modes, known as retarded
electromagnetic modes or magnetic polaritons, has been thoroughly examined in many

finite systems, primarily focusing on thin film and other planar geometries [35,46].

5.3 THEORETICAL AND EXPERIMENTAL BACKGROUND

The most recent research has concentrated on examining the surface magnetic poles in
antimagnetic superlattices using both theoretical and experimental methods[48—50].
There is a growing interest in studying spin wave excitations in long magnetic
nanowires and nanotubes. This interest is backed by both practical and theoretical
research [51,52]. Prior studies have also examined surface and magnetic polaritons in
two-dimensional nano slab-aligned multilayer devices [53,54]. Theoretical
investigations have extensively examined several antiferromagnetic-based
superstructures, analyzing the properties of both bulk and surface excitations in these
systems [50,55,56].

Antiferromagnetic superlattices are highly significant in the field of communications
and signal processing technologies, particularly for devices that operate at infrared
wavelengths[57,58]. The objective of this work is to determine the dispersion relation
for magnetic polaritons that arise at the boundary between an antiferromagnetic film

and two antiferromagnetic superlattices. The research utilizes the effective-medium

26



approximation in the Voigt configuration, employing macroscopic theory and taking

into account the existence of an external magnetic field.

5.4. APPLICATION OF EFFECTIVE-MEDIUM THEORY TO
ANTIFERROMAGNETIC SUPERLATTICES

The effective-medium hypothesis is suitable for antiferromagnetic superlattices due to
their resonance frequencies being within the far infrared region, and these superlattices

displaying features that are typical of an anisotropic bulk medium[46,50,59].

In this framework, the dielectric tensor and permeability tensor components are
defined as spatial averages of the dielectric and permeability constants across the
individual magnetic layers that compose the superlattice. The study focuses on a
system comprising two antiferromagnetic superlattices (SL) with periods L1 = al +
bl and L2 = a2 + b2 connected to a thin antiferromagnetic film with a thickness of

d.

5.5 CALCULATION OF EFFECTIVE-MEDIUM PERMEABILITY

The effective medium is defined by the effective-medium permeability tensor, which

may be calculated using its constituent components:

_ (a+b)?ui pf+ab[(ui-u)*=(uz-u3)?
(bx) = (a+b)(ad+bul) 61)
_ apzpi+bulpy
_ (a+b) pi uf
(yy) = au%+b;; (5.3)

5.5.1. Dielectric Tensors For Te Mode
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The essential dielectric tensor component for the TE mode in the effective-medium
description is:

SL __ agq1+bey
Exx — W (54)

Where €;(i = 1, 2) represents the dielectric constant of the i-th component of the

superlattice.

the terms, p¢ and p’ represent the non-vanishing element of the frequency-dependent

magnetic permeability tensor which depends on the frequency we have:

® V)

_ pyoo gyt O
Al = |0 O (5.5)
0 0 1

and for an antiferromagnet /i (w) are defined by:

2q0m 2a0m

(w)=1+ rol + Y (5.6)
240m  240m
pa(w) =1+ Piwl  0-w? 6.7

where (2, and (2,,, are parameters related to the magnetic properties of the superlattice,

they are expressed in terms of the magnetization Myand external field H :

.Qm: ]/47TMO and ‘QO :)/HO

the antiferromagnetic resonance frequency (2, is divided into two different
frequencies, denote as w4 = w + (), by the magnetization Mo. Antiferromagnetic
resonance frequency (2;is determined by the anisotropy field H,, and exchange field

H,, as:
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1
0, = V[Han(ZHex + Han)]2 (5.8)

These expressions define the behavior of the magnetic permeability tensor for the TE

mode in an antiferromagnetic system.

5.6. DYNAMICS OF THE MAGNETIC FIELD IN MAGNETIC SYSTEMS

In this context, the dynamic magnetic field ﬁ(?, t) obeys the subsequent equation,

which is obtained by removing E(F, t) fromthe curl equations derived from Maxwell's

equations:

- e e d £ 62 — s
V2h = V(Vh) — - (h + 4mii) = 0 (5.8)
This equation governs the behavior of the dynamic magnetic field in the presence of

the magnetization field 7 In the context of antiferromagnetic superlattices. It can be

expressed in the following form:

For the first superlattice (SL1) where y < 0:
hl = ((H3), (H}))ePry eilkx—wt) (5.9)

For the second superlattice (SL2) where y > 0:

Concerning the contact film located in the region 0 < y < d:

h® = [(HYy, HY, )e®Y + (HSy, HY), )e 0¥ |eltkx—wt) (5.11)
These expressions describe the behavior of the magnetic field components in different
regions of the superlattice system. By applying boundary conditions and solving
Maxwell’s equations, we can determine the specific modes of localized magnetic
polaritons. This study facilitates comprehension of the spread and interaction of
magnetic polaritons and magnetostatic waves in the presence of an external magnetic
field, which is essential for the design and development of advanced waveguide

devices and other technological applications.
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5.7. BOUNDARY CONDITIONS AND DISPERSION RELATION

In the region where the contact film is located, 0 <y < d, the following conditions

apply:
we have:

2 .
Bf = —k3 and af = k* — = u.

In this context (H.,),(B},), represent the average values of H., and B ,in the
superlattice. The parameter « in the final equation might have either a real value (for
surface modes) or an imaginary value (for guided modes). In order to guarantee
bounded excitation, it is crucial for the wave vector f3; to possess both real and positive
values. In order to get the dispersion relation for surface-guided magnetic polaritons
(SGP), we utilize electromagnetic boundary conditions at the surfaces of the contact
film, especially at y = 0 and y = d. These requirements ensure that the tangential
component of the magnetic field vector h and the normal component of the vector b
remain continuous. After conducting many algebraic operations, the following

outcome is derived:

2 {18 o cos @ [(1yiz + Basidy) (225 3y = k) = (iid = Boti3y) (2 2 by —
k2] sinCaod) [ (Kub + Bushy) { ki (2 % 183y = k2) = (ke3) -
Bat3) (o ‘f—fui’ - kz)} + (& f—fub — k?) {k W (k (u3) — Pauzy) —
8 (e riy = 2) )]} = 0
(5.12)

a7 = (e iy — 12) (22 %43y — 12) (20 2 1 — ) (5.13)

The expression is a complicated polynomial equation in terms of (k)and (w), This
defines the dispersion relation for surface-guided polaritons. The roots of this equation
will give the possible values of (k) and (w) for which these surface-guided polaritons

can exist.
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The parameter f3; represents the decay rate of the magnetic polaritons in the i-th
superlattice, indicating the damping along the axis of the SL. Specifically, B;
corresponds to the damping when y approaches positive infinity ( §; for y — +00),

and when y approaches negative infinity ( §; for y » —)

The term (Ref;)~! > 0 represents the penetration depth of the magnetic polaritons
into the i-th superlattice. The parameterf; may be derived from the dispersion relation

for bulk magnetic polaritons in the effective medium.[3]

Where:

aj
a;+b;

b;
a;+b;

fai = s foi =

1(i)/i1(i)+ﬂ2(i)lti(i) 2(i)H§(i)]

2 2 u +2u w? i
.Bi = k? [fazi b fbi + faifbi s ;i(i)ﬂi(i) = IR C_z(faiei +

NP y
fored) (fatn? + foutiz®) (5.14)

The frequency of the localized magnetic polaritons in a system composed of two semi-
infinite antiferromagnetic superlattices connected by an antiferromagnetic film in the
effective-medium description are determined by equation (5.13) and equation (5.14).
The provided equation represents the overall dispersion relation for surface-localized
magnetic polaritons that travel in the same direction as the contact film, perpendicular
to the magnetic moments and the external magnetic field (in VVoigt geometry). This

equation is applicable to both ferromagnetic and antiferromagnetic systems.

Thin contact films exhibit both surface polaritons, which are localized excitations at
the surface, and guided modes, which have a standing wave-like nature within the film.
Hence, the parameter a, in equation (12) can now take on either a purely real value
(indicating surface modes) or a wholly imaginary value (indicating guided modes). To

ensure a bounded excitation, the wave vector ; must be both real and positive.
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5.8. NUMERICAL CALCULATIONS

We present our analyses for the antiferromagnetic superlattice SL(MnF2/ZnF2) and

antiferromagnetic superlattice SL(2 * MnF2/ZnF?2 ) with antiferromagnetic contact

film FeFZ.

Here we assume the thickness of contact film d = 0.0005cm. The magnetic polariton
spectra can be seen in the subsequent figures, illustrating the decreased frequency.

w . ck
w" = —gmrzy against the wavevector k™ = —gr7y.
'Qm 'Qm

The various symbols, such as open and solid squares, triangles, and dots, represent the
surface (SM) and guided (GM) components. Here, we utilize the subsequent

parameters.

for MnF,:
e MO0=0.754T,
e Hex=55T,
e H,, =0.787,
e y=45,
e =55,
and FeF, :
e MO0 =0.624T,
e Hex=54T,
e H,,=20T,
e y =105,
e c£=2755

the non -magnetic material has a value of ¢ = 8.
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Fig. 5.1. Shows the dispersion relation for surface polaritons and bulk in FeF,
antiferromagnetic film with a magnetic field of zero H =0, f, =1, f) =
0 [8].
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Fig. 5.2. Presents the dispersion relation for bulk and surface (directed) polaritons in a
bulk MnF, antiferromagnetic film with a magnetic field of zero H = 0, f,

=1, fp = 0.[8]

The figures (Figs.5.1-5.2) display the findings of the system with two bulk
antiferromagnets connected to the antiferromagnetic film, under the conditions fa =
1 and fb = 0, with no external field applied. When there is no external magnetic field,
we see two frequency areas that indicate the collective vibrations of the material and
five distinct branches of magnetic polaritons that are confined to the surface or led
along it, for each direction of k*. There are two high-frequency surface modes that
occur between the bulk bands of F,F,. These modes start at a finite value of the
wavevector and have an antiferromagnetic resonance frequency of wEF ef2)” =
15,6576in the absence of an external magnetic field, as indicated by Equation (5.8).

The low-frequency SM branches, shown in Figure 5.2), begin at the resonance
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(M F>)*

frequency w, = 12.384 and k=75 and k=75, and approach the frequency
w,%"F 2" = 12.4261 .The frequency a)%”F 2) represents the magnetostatic frequency

in M, F,, as well as in the semi-infinite antiferromagnet. Aside from the surface modes,
there is a single guided mode that branches out from the photon lineat K = 12.5 (w* =
12.484). This guided mode persists within a limited range of k*, but as the absolute
value of |k*|increases, it transitions into the surface mode at (w* = 12.519). The
frequency of the surface (guided) mode is independent of the wave vector's sign,
indicating that the surface modes are reciprocal.
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PART 6

MAGNON POLARITONS AT THE JUNCTION OF TWO
ANTIFERROMAGNETIC SUPERLATTICES WITH GRAPHENE AT THE
CONTACT INTERFACES

6.1 THE PHYSICAL PROPERTIES OF GRAPHENE

It is well recognized that nowadays the focus of the literature is mostly on the physical
characteristics of graphene. The study in [60] examined the characteristics of Plasmon
modes in monolayer graphene on a substrate. The analysis considered the thickness of
both the graphene layer and the substrate material layer when evaluating the Coulomb
potential. The study demonstrated that the plasmon mode in monolayer graphene
exhibits a linear dispersion, unlike multilayer graphene, particularly in the long-
wavelength limit. The gradient of the plasmon spectrum is dictated by the substrate's
thickness and dielectric constant.

In a study done with[61], the impact of electron density on the electron-phonon
interaction and Coulomb pseudopotential in graphene was analyzed. Additionally, the
factor of isotopic shifting in a graphene monolayer on a substrate was determined.

Polaritons in quasi-2D materials may be excited throughout a wide range of the
electromagnetic spectrum, spanning from microwave to ultraviolet wavelengths.
Within this extensive range, notable research has been conducted on the elementary
excitations in structures that incorporate a graphene layer at the material interfaces.
The presence of graphene is crucial in generating unique polariton properties[16,62],

facilitating the
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propagation of light waves[63], and influencing the thermal properties of multilayered
systems [64]. Specifically, when examining a stacked arrangement consisting of
graphene and an insulating antiferromagnet, with a dielectric layer separating them
that is approximately 500 nm thick, there are additional phenomena to consider. These
include the interaction between antiferromagnetic surface polariton modes and the
plasmon-polariton of the graphene sheet [65]. This research discovered the presence
of two distinct forms of polariton modes: a surface magnon plasmon polariton, which
occurs at specific carrier densities in graphene, and a surface plasmon magnon
polariton, which is created by the interaction between the graphene surface plasmon
and the antiferromagnetic magnon mode. This research has the potential to generate
distinct characteristics of these collective forms. In this study, we focus on examining
the transmission of magnon-polaritons in a gyromagnetic system. The system consists
of a graphene sheet positioned at the boundary of two infinite media. One of these
media can be either ferromagnetic or antiferromagnetic, while the other is

nonmagnetic. The user's text is [14].

6.2. THE JUNCTION OF TWO ANTIFERROMAGNETIC SUPERLATTICES
WITH GRAPHENE AT THE CONTACT INTERFACES

6.2.1. Dispersion Relation For Surface Magnetic Polaritons At The Junction Of
Two Antiferromagnetic Superlattices With Graphene At The Contact

Interfaces

The aim of our study is to investigate the behavior of surface magnon-polaritons —
quasiparticles that result from the interaction between magnons (spin waves) and
photons at the interface of two antiferromagnetic superlattices separated by an
antiferromagnetic slab with graphene layers at the interfaces. The present research
mainly deals with how changing the Fermi energy in graphene, through different
electronic doping levels, can affect the spectrum of surface magnon-polariton modes

and to investigate the mode localization effects.
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It is essentially that although graphene itself is neither ferromagnetic nor
antiferromagnetic, that it may have a strong influence on the magnetic modes (e.g.),
on their dispersion and reciprocal/nonreciprocal propagation properties). The Fermi
energies in the graphene can be varied by employing different electronic doping levels,
resulting in a strong influence exerted by the presence of graphene on the surface
magnon-polariton modes. Fermi energies in graphene can be varied using different
levels of electronic doping. This is caused by a strong effect exerted on the surface
magnon-polariton modes of graphene surfaces. These effects include localization of
modes and control of group velocities of modes as the Fermi energies of graphene
sheets change, as well as an important role of phenomenological damping in graphene

sheets.

Firstly, we describe the system under consideration. As one can see from Fig. 6.1

Contact layer

Graphene layer 1 Graphene layer 2

Fig. 6.1. Two Antiferromagnetic Superlattices Separated by a Contact Layer with
Graphene Layers at Interfaces

The superstructure is composed of two antiferromagnetic

superlattices(antiferromagnetic materials and nonmagnetic spacers), with a defined
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geometry and coordinate axes. divided by the contact slab filling the region 0<y<d.
At the planar interfaces y=0 and y=d, there is a 2D graphene sheet present. In this case,
we examine a system consisting of two antiferromagnetic superlattices (SL) with the
corresponding periods L1 = al + b1 and L2 = a2 + b2. These superlattices are
also connected to a thin antiferromagnetic film with a thickness of d. The variables
a;, b;(i = 1,2) represent the thickness of the superlattice components, respectively.
A static magnetic field, denoted as Ho, is provided parallel to the interface and aligned
with the z-axis, which is also parallel to the static magnetization, denoted as Mo, in the
gyromagnetic medium. The computations are performed for the propagation wave

vector k in the +x directions (Voigt geometry).

When a static magnetic field is applied parallel to the 2D graphene sheet, the electrical
conductivity of the graphene sheet at optical frequencies remains unaltered. This is in
contrast to the effect of a perpendicular applied field. The selection of conductivity is
based on the random-phase approximation and may be accurately characterized for
low frequencies and extensively doped graphene using the Drude-like formula [66],
which is as follows:

_ 4mie?Ey
° = 7o +16)

In this context, e represents the electronic charge, Planck's constant is denoted as A,
Er Standsfor the Fermi energy, o is the angular frequency, and G is the
phenomenological damping associated with electron scattering. Surface magnetic
polaritons are exclusively present in the situation of s-polarization, namely for

transverse electric (TE) modes, due to the realisation of mode localization [12].

The calculation of surface magnon-polariton modes entails solving Maxwell's
electromagnetic equations separately in each of the three regions (Superlattice 1,
contact layer, and Superlattice 2) and implementing electromagnetic boundary
conditions at the interfaces, where the graphene layers are situated.
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At the long-wavelength limit, the antiferromagnetic superlattice exhibits similar
behavior to an anisotropic bulk medium, allowing us to utilize the effective-medium

approximation.

The electric field in medium 1 (antiferromagnetic Superlattice 1) and medium 3

(antiferromagnetic Superlattice 2) for the TE- modes may be expressed as:

<Ez>0GLD = <Az>WeBly gilkx-wD) 4, < ; (6.1)
<Ez>012) = <Az>012)e=B2y pilkx=—wt) > (. (6.2)
For the contact layer in ( 0<y<d):

Ez©® = (A e%0Y + Ce™%0¥)ilkx—wh) (6.3)

By applying Ampere's law, we may express the magnetic field components in each

medium. Next, by utilizing the Ampere's law:

B = (1/iw)V x E; (6.4)

we can convey the magnetic field components in each medium using the following

format:

for SL1:

<B>6LD = [(1/iw) (B, % — iky)] <Ez>ED (6.5)
for SL2:

<B>012) = [(=1/iw)(B,% + iky)] <Ez>C1D (6.6)

For the magnetic slab:

E’(O) =—i(4 @0y _ Ce—aOy)ei(kx—wt) (6.7)
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for the magnetic fields components H in each medium obtained from the equation

B =jH
So after some algebra the equations (6.5) (6.7) can be written as the follows:

() = [ By (i) = () (BS) (68)

lw(u

(H51) = s 1B ) — ik () (B 6.9)

For the contact layer

HO — _,L[A_ — Ae%oY + A Ce_aOY]ei(kx_wt) 610)
X +

How
Where : A =i (+a0u§g,) /,tx)k)
SL2 2 (2) SL2
(HS2) = e | = Bo (U5)) — (W (ES™2) (6.11)
SL2 2) ) SL2
(HS'2) = | =i (W3 — ik (uED|(ES?)

Here (1) = (W) (u$D) — (uH)?,
(i- SL’s number) and
0 0 0
= (1)~ uQu (6.12)

Using the electromagnetic boundary conditions at the interfaces located at y=0 and

y=d in the presence of graphene,

we have:
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<Ez>CM | oy =Ez() ]y (6.13)

H,© — <H 0]y =0 = ] = 6WEZO®_ for y=0 (6.14)
Ez©@ | y=d =<Ez®L?>|y=d (6.15)
(<HxS25 — HxO)ly =d = 6@ (EZ)S2) for y=d. (6.16)

Here j-electric current density , 0(is the conductivity for a graphene sheet for low

frequencies can be written using a Drude —like formula :

iegc8mER
137h(w+iG)

(6.17)

Where Ep is Fermi enerji, G represents the phenomenological damping related to

electron,

B:(i = 1,2) represents the decay constant and (Ref;)~! > 0 denotes the penetration
depth of the polaritons into the i-superlattice. By applying algebraic techniques, we
can express the dispersion relation for the surface magnon-polariton modes. These
modes propagate specifically at the junction where two antiferromagnetic superlattices

meet, with graphene present at the contact surfaces.

(P1+i%6" D 4y (P2 +ie’ P -2
—2a0d — Hy ud
) T (P1+i%0" Vil (pa4ier @ Lty (6.18)
¢ ulo) c Q)
v v

NON . 1
——» 1=1,2; c-vacuum light speed, and &, = —
0

Where: a’(i) =

P1= (B tug)) =k ) ()
P2= (B2 (S K a8 (D)

Ly =i o (1, 9) -i k 1, ©);
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L_=iao (uﬂgfg) - ik u“g (6.19)

The decay constant of the i-th superlattice, denoted as S;(i = 1,2), is calculated using
the formulae (4.19-4.24) as explained in Part 4.

By considering equation (6.19) while solving equation (6.18), we can determine the
frequencies of the localized surface magnetic polaritons. These polaritons propagate

at the junction of two antiferromagnetic superlattices, separated by the antiferromagnet

slab with the graphene layer on the interfaces. I n the limit (,u%?) =1 and (,u,%,))ZO

,(u§,2y)) =1 and </,¢§fy))=o he equation (6.18) is converted into the dispersion relation

for surface magnetic polaritons in the gyromagnetic slab with graphene sheets at the

interfaces, as discussed in the previous study[14].

6.3. NUMERICAL CALCULATIONS

For numerical calculations antiferromagnetic superlattice SL(MnF2/ZnF2) and
antiferromagnetic superlattice SL(2 * MnF2/ZnF2 ) with antiferromagnetic contact
film FeF, are used. Here we assume the thickness of contact film d = 0.0005 cm. As
well as in Part 5, in the following figures we present the magnetic polariton spectra

through a plot of the reduced frequency

x . . K .
w" = % against the wavevector k* = W The different symbols (open and
m m

solid squares, triangles, dots) denote the surface (SM) corresponding various value of
Fermi Energy. The following parameters for MnF, are used:

e MO0=0.754T,

e Hex=55T,
e H,, =0.787 ,
o y=45,
e g£=55,
and FeF, :

o sMO0O=0.624T,
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e Hex=54T,

e H,,=20T,
e y=1.05,
e £=55.

For the non -magnetic material we have ¢ = 8.

Fig 6.2 displays the outcomes of the numerical computations. Regarding the
calculations, we have made some assumptions. The conductivity in equation (6.17) for

a graphene sheet may be restated as follows:

iegc8mER
137h(w+iG)

We apply the concept of the fine structure constant to express e2/(2e,hc) = 1/137.
We select Er = 0.5eV (or about wgr/2m = 121 THz for the Fermi frequency)
and I'/2m = 0.318 THz s mentioned in reference [15]. It is seen that the values of
the parameters w,, and w,for the magnetic material are consistently much lower than
wpg, his condition is necessary for the use of equation (6.17) to calculate the
conductivity of graphene. It is important to mention that we do not consider the
influence of the local magnetic field produced by the electric current on the surface of

the graphene sheet.
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Fig. 6.2. Dispersion relation for surface magnetic polariton modes at the junction of
two antiferromagnetic superlattices with graphene at the contact
interfaces H = 0

Fig6.2. displays the dispersion curves of the surface magnon-polaritons for three
different cases. (a) The arrangement consists of graphene at both interfaces in an
asymmetric manner, with Ef) =0.1eV and Ef? = 0.5 eV. This arrangement is
represented by red points for high-frequency modes and solid black points for lower-
frequency modes. (b) Both interfaces have a graphene sheet with the same doping
level, which corresponds to Er) = Er® = 0.5 eV. This is indicated by the navy blue
and green lines. (c) Both interfaces have a graphene sheet with Ef") =1eV and E¢® =
leV, represented by the blue points. The correlation between the Er values and the

conductivity of the graphene sheet(s) remains consistent with earlier assumptions.

In the absence of graphene layers, when Ef) =0.eV and Ef® = 0. e, a comparable
result is seen. In this situation, there are two surface modes for both positive and
negative values of k: high-frequency modes and low-frequency modes. It is evident
that the curves exhibit symmetry with respect to positive and negative k-wavevectors.
Additionally, there are two unique modes present in each example, characterized by
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lower and higher frequencies, which may be attributed to the presence of two

interfaces.

In Part 5, it was demonstrated that when graphene layers are not present, the low-

frequency SM branches begin at the resonance frequency w,SlM"F 2* = 12.384 and

(Mp F2)x

k*=75 and approach to wy, (MyF2)

my

= 12.4261, here w represents the

magnetostatic frequency in MnF,, as well as in the semi-infinite antiferromagnet.
Doping graphene at the interfaces results in a notable upward shift for the pair of
modes. These modes are present within a specific and limited range of frequencies,
denoted as w *= 12.468 — 12.4711.

The gap between lower- and higher-frequency modes normally decreases as the
wavevector k increases. We have also shown that all curves converge to a common
value when k approaches positive or negative infinity. Figure 6.2 demonstrates that the
group velocity of the surface lower frequencies modes is significantly greater than the
group velocity of the surface higher frequencies modes, as shown by the slope of the
curves. Graphene can manipulate the localization and group velocities of magnon-
polaritons. This manipulation results in the emergence of both surface and bulk modes
in the magnetic heterostructure being studied. The manipulation is achieved by
controlling the Fermi energies. Therefore, this necessitates the presence of a certain
characteristic in future spintronic devices that employ magnon-polaritons as a way of

storing or processing information.
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PART 7

SUMMARY

The purpose of the present thesis is to investigate the influence of Graphene’s presence
on the magnon polariton spectrum in(superlattices) magnetic superlattices based on
Maxwell’s electromagnetic theory. Indeed, graphene exhibits unique features such as
high thermal conductivity, exceptional electron transport capabilities, and remarkable
mechanical strength, which enable it to form surface magnon-polariton modes at its
interface with gyromagnetic media. These modes eventuate in confinement and

dispersion of magnon-polaritons.

The study explores incorporating graphene monolayers into magnetic superlattices
involving alternating nanoscale materials to examine their electronic, optical, and
magnetic properties. The main discovery was that the Fermi energies in graphene allow
for bulk and surface modes of magnon polaritons within ferromagnetic crystals by
either regulating their localization or group velocities. This regulation has critical
implications for devising different spintronic devices that use the magnon-polaritons

for information storage and processing.

This study builds upon existing theoretical frameworks and computational models to
construct dispersion equations for both bulk and surface magnetostatic modes in
layered superlattices. These equations explain how magnetic polaritons behave in
structures made from ferromagnetic, antiferromagnetic, or non-magnetic materials.
The inclusion of Graphene notably improves the functional properties of these

systems.
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Additionally, this thesis investigates how external magnetic fields affect the spectra of
magnetic polaritons and magnetostatic waves.. As a result, this research helps to gain
more insight into electromagnetic interaction in nanoscale magnetic structures thus

leading to new directions in materials science and spintronics.
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