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Abstract 

 

Duplexer is the electronic device that allows the bi-directional 

(duplex) communication between the receiver and the transmitter. 

It is also one of the circulator-derivatives whose recent research 

subject is size miniaturization. Spin-waves are emergent 

information carrier with GHz-frequency and non-Joule heating 

dissipation. In spin-wave circuits, the magnetic nonuniformities as 

well as change in wave vector make the path of spin-wave 

improbable. In this study, the model structure of spin-wave 

duplexer is proposed and studied by micromagnetics simulation, 

which have provided the realistic modelling of spin dynamics in 

numerous spin-wave studies. Combined with the halfvortex, 

which is the topological structure formed at the edge of magnetic 

film, the proposed model structure is able to guide the spin-wave 

in a robust and reproducible way. 
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Chapter 1. Introduction 

 

1.1. Research Background 

 

It is known that the progress in electronics is tackled by many 

issues, which entail heat dissipation from a lot of origins. As faced 

by these issues, various intelligent schemes, for example, 

utilization of photon [1], phonon [2], and magnetic moment of 

electrons [3-7], have been proposed as resolution. Among them, 

using the magnetic moment of electrons is prominent, in terms of 

frequency regime (from ~0.1 to ~102 GHz), non-Joule heating 

dissipation, and easy controllability owing to its dispersive 

character [8,9]. The idea of exploiting collective excitation of the 

magnetic moment (spin-wave) had been mooted for a long time 

[3], but its experimental demonstration took more than a score of 

years alongside the advent of low-damping magnetic materials 

[10-12], realistic micromagnetics simulation [13-15], and state-of-

the-art measurement techniques [16,17]. 

In the last decades, control of magnetic topological defects 

(vortex, domain wall, skyrmion, etc.) has been explored [18-20] to 

operate magnetic devices at low energy costs [21,22]. The 

magnetic topological defects are robust and unremoved by the 

local turbulence, and this point makes them affect spin-waves 

reproducibly [23-28]. In what is following, we will see that 

presence of topological structure (Figure 1.1) in our proposed 
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model structure leads to the deflection of spin-wave in a certain 

way. Although the researches immediately about the interaction 

between spin-wave and halfvortex are limited [18,73], it can be 

deduced from the previous researches about the effect of spin 

textures on spin-waves that the presence of halfvortex affects the 

spin-wave propagation. 

Recently, the attention toward circulator-derivatives (duplexer, 

isolator, reflex amplifier, etc.) has increased [85-88]. In the thesis, 

the magnetic structure which enables spin-wave to communicate 

bi-directionally (duplex) is proposed and studied with aid of 

micromagnetics simulation. The micromagnetics simulation 

claims to accurately simulate the real spin dynamics [13,14] and 

has already proven the realistic simulation of the magnetic 

behaviors in numerous cases [46,58,59]. 
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Figure 1.1. Schematic configuration of magnetic halfvortex [18] 
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1.2. Background Concepts 

 

1.2.1. Magnetic topological defects 

 

The magnetization state of magnetic films is sometimes more 

energetically stable by containing topological defects [29,30]. In 

the last decades, the intense attention paid to the magnetic 

topological defects has led to a plethora of researches [18-28]. For 

example, the low energy cost of switching vortex states suggests 

their application in spin-based memory and logic devices [21,22]. 

Theorists [29,30,32] explain the magnetic topological defects in 

terms of order parameter. The order parameter defines the degree 

of order in materials where the magnetic topological defects shall 

exist. The theories based on order parameters leave the magnetic 

topological defects with integer or half-integer charges [33]. 

The magnetic topological defects typically have the singular core 

at which the magnetization is singular. They are classified by the 

position of this singular core into bulk defects and edge defects. 

Bulk defects have the singular core inside of the material, whereas 

edge defects have the singular core outside of the material. In fact, 

the edge defect have its singular core outside of the material by a 

certain quantity called “effective magnetic length” (Figure 1.2 (c)), 

𝛬 = 4𝜋λ2/𝑡log(𝑤/𝑡) 

(𝜆 = (2𝐴/𝜇0𝑀𝑆
2)1/2 : exchange length, w: film width, t: film 

thickness), which holds in the narrow magnetic films [18,73]. That 
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is, the core position and hence the configuration of halfvortex 

depend on the material parameters like exchange constant (A) and 

saturation magnetization (MS). 

The bulk defects and the edge defects are again classified 

according to their “topological charge” (winding number). The 

definitions of topological charge [18,73] each give vortex, 

antivortex, and halfvortex the charge of +1, -1, and +1/2 or -1/2. 

These definitions lead to the conservation law of topological 

charge. The net topological charge is conserved by 1-g in a flat 

nanomagnets with g holes, 

∑ 𝑛

edge

+ ∑ 𝑛

bulk

= 1 − 𝑔. 

(n: topological charge). For example, the hole-less nanomagnet 

can have two +1/2-charged halfvortices at the opposite ends, or a 

+1-charged vortex in the center (Figure 1.3) [18,34]. The 

conservation law also explains the dynamic transformations of 

topological defects [19-22,35]. 

 

 1.2.2. Magnetic nonuniformities 

 

To implement spin-waves in circuits, the uniformity of circuit 

material’s magnetic properties should be considered. Spin-wave 

has mode characteristics that depend on the local variations in 

magnetic properties like magnetization, effective field, and 

anisotropy coefficient [3,36-47]. Therefore, spin-wave modes in 

circuit are only intact when the local magnetization and effective 
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field that spin-wave sees on its track are uniform. 

The uniform magnetization is the energetically stable state for 

magnetic wires, but the uniform effective field is hard to achieve 

and depends on geometric factors like curvature of circuit [46]. 

The possible solutions can be considered by use of materials with 

perpendicular magnetization anisotropy (PMA) [47,92], local 

generation of magnetic field [91] and use of strip-domain wall as 

spin-wave channel [92]. 

The effects of magnetic nonuniformities in spin-wave circuits are 

summarized by three points. 

1. The nonuniform dipolar field and anisotropy coefficient are 

relevant to spin-wave deflection. The equation of spin-wave 

motion resembles Schrödinger equation [48,49], and the scalar 

potential counterpart in the spin-wave equation explains the 

deflected spin-wave trajectory (as if the electrons are scattered 

by the potential barrier) [40-42,44] (Figure 1.4 (a)). 

2. The nonuniform magnetization and DMI (Dzyaloshinskii-

Moriya interaction) constant are relevant to specific 

phenomena [26-28,50]. They are the origin of the vector 

potential counterpart in the spin-wave equation, so the related 

phenomena (Aharonov-Bohm effect, Lorentz force) are also 

found for spin-waves [27,28,50-53] (Figure 1.4 (b)). 

3. The nonuniform magnetization also leads to the additional 

damping [54], which may affect the switching time of 

magnetic elements [55]. The damping term has the magnitude 

proportional to the fourth-power of spin-wave amplitude. 
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The magnetic nonuniformities in topological defects (skyrmion, 

Bloch point, domain wall) also control spin-wave, but they will 

simultaneously suffer back from the momentum of spin-wave [23-

28,56,57]. The isolated halfvortex can be expected to affect spin-

wave, but it is rarely mentioned in room-temperature experiments 

[39,41]. 

 

 1.2.3. Duplexer 

 

Spin-wave researches over the past years have proposed 

alternatives for traditional electronics [22,91,92]; they range from 

spin-wave logic gate, spin-wave filter, spin-wave splitter, spin-

wave multiplexer, and so on. 

Recently, three-port devices derived from circulator (e.g. isolator, 

duplexer, reflex amplifier) have been studied to miniaturize their 

size [85-88]. Duplexer (Figure 1.5 (a)), which is a 3-port electronic 

device required for the bi-directional (duplex) communication, 

allows both the signals from the transmitting port and the receiving 

port to share the common antenna. Inside the duplexer, the signal 

from transmitting port only goes to antenna, while the signal from 

antenna only goes to receiving port (Figure 1.5 (b)). Thereby, the 

device can protect the receiver from unwanted and potentially 

damaging high power signals. 

 

 1.2.4. Previous three-port spin-wave systems 
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Different kinds of three-port spin-wave devices, which are 

similar in the structure, but different in mechanism and function 

each other, have been researched. Recent study subjects include 

magnonic (spin-wave) beam splitter, spin-wave multiplexer, and 

paved spin-wave fiber. 

1. The magnonic beam splitter in [41] (Figure 1.6 (a)) is in form 

of a T-shaped circuit, and two different spin-wave modes 

(MSSW mode and BVMSW mode in [41]) are excited each in 

vertical and horizontal sections of the T-shaped circuit. The 

spin-wave modes are interconverted only when the 

wavenumbers of both modes are the same. 

2. The spin-wave multiplexer in [91] (Figure 1.6 (b)) is in form 

of a Y-shaped circuit, and its spin configuration is controlled 

by the electrical circuit embedded beneath the spin-wave 

circuit, which in turn determines the trajectory of spin-wave. 

3. The paved spin-wave fiber in [92] (Figure 1.6 (c)) is in form 

of a Y-shaped circuit, and employs the strip-domain wall as 

the spin-wave channel. The connectivity of the strip-domain 

wall between the ports determines the trajectory of spin-wave. 
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Figure 1.2 (a) Schematic configuration of vortex and antivortex, 

and their charges [29], (b) schematic configuration of halfvortex 

of two types and their charges [18,73], (c) the position of singular 

core of vortex (bulk defect) and halfvortex (edge defect) [18,73]. 
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Figure 1.3 Two possibilities of topological charge distribution in a 

hole-less magnet (∑ 𝑛edge + ∑ 𝑛bulk = 1), a vortex (+1*1=1) or 

halfvortices (+1/2*2=1) [34]. 

 

 

 

 

 

 

Figure 1.4 (a) Spin wave tunneling and reflection by scalar-like 

potential [40], (b) spin wave scattering by vector-like potential 

from skrymionic texture [27]. 
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Figure 1.5 (a) Schematics of the electromagnetic duplexer [81], (b) 

the signal transport in duplexers (red arrow/wave: receiving signal, 

blue arrow/wave: tranmitting signal) 
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Figure 1.6 (a) Magnonic beam splitter [41], (b) spin-wave 

multiplexer [91], (c) spin-wave fiber [92] 
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1.3. Outline of thesis 

 

In the thesis we will see the magnetic structure that functions like 

a three-port spin-wave duplexer in which the spin-wave path 

entirely relies on the halfvortex-configuration inside the structure. 

The details of simulation and the magnetic structure are in Chapter 

2, the simulation results will be presented in Chapter 3, and the 

thesis will be concluded in Chapter 4. 
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Chapter 2. Research Method 

 

2.1. Micromagnetics simulation 

 

2.1.1. Problem of micromagnetics 

 

Micromagnetics is the computational method that predicts the 

magnetic behaviors and supplements experimental results in sub-

micrometer length scales. The merit of using micromagnetics is 

that when joined with Fourier transform [46] and dynamical 

matrix method [58,59], the spectral behavior of spin-wave in a 

range of frequencies is displayed at once. 

There are two types of micromagnetics problems: 

1. Calculate the ground configuration by minimizing the 

magnetic energy, 

𝐸[�⃗⃗� ] = 𝐸exch + 𝐸dipolar + 𝐸ext + 𝐸etc., 

in which 

𝐸exch = 𝐴∫|∇⃗⃗ 𝑀𝑥|
2
+ |∇⃗⃗ 𝑀𝑦|

2
+ |∇⃗⃗ 𝑀𝑧|

2
𝑑𝑉 , 

𝐸dipolar = −
𝜇0

2
∫ �⃗⃗� ⋅ �⃗⃗� dipolar𝑑𝑉 , 

𝐸ext = −𝜇0 ∫�⃗⃗� ⋅ �⃗⃗� ext𝑑𝑉 , 

(A: exchange stiffness, �⃗⃗� ext: external magnetic field) and the 

𝐸etc.  includes other contributions to the energy like 

anisotropy of crystal structure and Dzyaloshinskii-Moryia 
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interaction (DMI). 

2. Calculate the spin dynamics by solving Landau-Lifshitz-

Gilbert (LLG) equation 

𝑑�⃗⃗� 

𝑑𝑡
= −𝛾�⃗⃗� × �⃗⃗� eff +

�⃗⃗� 

𝑀S
× 𝛼

𝑑�⃗⃗� 

𝑑𝑡
 

Each term on the right accounts for precession and damping 

of spin. In fact, the effective field  �⃗⃗� eff  is the functional 

derivative of the magnetic energy density with respective to 

the magnetization. 

Because the analytical solutions for LLG equations are only 

available for a limited number of systems, solving general 

problems requires use of micromagnetics simulation packages. 

The commonly used packages are magnum.fe, OOMMF, and 

Mumax [69-71]. 

 

2.1.2. Two types of micromagnetics simulation packages 

 

 There are two types of micromagnetics simulation packages, 

according to their method to evaluate the dipolar field [60]. 

1. The first type of packages (FEMME, magnum.fe) solve the 

magnetic Gauss’s law on discretized domains (V) [61,62], 

∇2𝜙 = { ∇⃗⃗ ⋅ �⃗⃗� , in 𝑉
0, outside 𝑉

 

𝜙outside = 𝜙inside, on ∂𝑉 

(
∂𝜙

∂𝑛
)
outside

= (
∂𝜙

∂𝑛
)
inside

− �⃗⃗� ⋅ �̂�, on ∂𝑉 
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(�⃗⃗� dipolar = −∇⃗⃗ 𝜙) in which 𝜙 is magnetic scalar potential, 

and discretization is whether finite difference mesh (FD mesh) 

or finite element mesh (FE mesh) consisting of discrete 

polygonal subdomains. 

The problem of solving above equation is lack of the 

boundary condition in exterior of material; it was 

hypothesized that the proper calculation requires the meshing 

to be extended over the material surface as thick as five times 

the size of material [63]. To overcome this difficulty, various 

techniques have been proposed: 

a. to reduce the size of the external mesh, using an asymptotic 

boundary condition [64] and mapping of exterior domain 

into parallelepiped shells [61,65]. 

b. to avoid a discretization of the exterior space, by use of 

hybrid FE/BE (finite element-boundary element) methods 

[62]. 

2. The second type of packages (OOMMF, Mumax) make use of 

the Green function solution of above problem [66-68], 

�⃗⃗� dipolar = ∫ ∇⃗⃗ 𝑟 ∇⃗⃗ 𝑟′
1

|𝑟 ′ − 𝑟 |
⋅ �⃗⃗� (𝑟 ′)𝑑𝑉′ , 

which is numerically evaluated by using fast Fourier transform 

(FFT). However, evaluation by fast Fourier transform requires 

the uniform Cartesian grid as the FD mesh. The material 

surface in this method is approximated along the grid lines in 

the shape of a staircase. Such approximation is only 

appropriate for rectangular-shape materials and only there, the 
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boundary conditions (∂�⃗⃗� / ∂�̂� = 0, 𝜕𝜙/𝜕�̂� = 0) are evaluated 

correctly [60] (Figure 2.1). 

 

2.1.3. Finite Element MicroMagnEtics (FEMME) 

 

For accurate calculation in curved magnetic structure, the finite 

element (FE) method software should be employed. Finite 

Element MicroMagnEtics (FEMME) package implements the 

preconditioned time integration, hybrid FE/BE method, nudged 

elastic band method, and finite temperature simulation1 . Basic 

procedures of using FEMME are described in the manual. The 

results of simulation are visualized by any linear interpolation 

software programs (Paraview, MATLAB, etc.). 

 

2.1.4. Ring-down method 

 

Ring-down method [69,70] is employed to efficiently determine 

the spin-wave spectral behavior, providing reliable solutions 

comparable to eigenvalue calculation [71]. The method is 

comprised of three steps: 

1. Find the equilibrium magnetization state, often starting from 

a trial high-energy state. The robust way to find the stable state 

is free relaxation, which is the relaxation with raised damping 

parameter. Also available is the conjugate gradient method 

                                            
1 FEMME webpage (http://suessco.com/simulations/solutions/femme-software/) 

http://suessco.com/simulations/solutions/femme-software/
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supported in some packages, which however tends to fail on 

very high energy states [72]. 

2. Apply a short-lived and sufficiently weak field. In fact, the 

resultant excitation consists of spin-wave components each 

oscillating at different frequencies.2 

3. Analyze the spin-wave components by performing FFT. In 

what is following, the stable magnetization lies within the film. 

Then we can make use of the Mz component as the spin-wave 

excitation. The spin-wave component at each frequency is 

calculated from [69] 

𝑆𝑧(𝑟 , 𝑓) = |𝐹𝑧(𝑟 , 𝑓)|2, 

𝐹𝑧(𝑟 , 𝑓) = ∑ 𝑀𝑧(𝑟 , 𝑡𝑘)𝑒
−2𝜋𝑖𝑓𝑡𝑘

𝑁

𝑘=1

 

(N: time step number), in which Mz is numerical magnetization 

data at predefined grids. 

 

 

 

 

 

                                            
2 The LLG equation is sum of equations on the single-frequency (monochromatic) spin-

wave (�⃗⃗� (𝑟 , 𝑡)~𝑒𝑖𝜔𝑡) oscillating at 𝜔. With negligible amplitude of spin-wave it is in form 

of 

𝑑�⃗⃗� 

𝑑𝑡
= −𝛾(�⃗⃗� × �⃗⃗� 0 + �⃗⃗� 0 × ℎ⃗ ) ~ 𝑒𝑖𝜔𝑡  

(�⃗⃗� 0(𝑟 ): an equilibrium configuration, �⃗⃗� 0(𝑟 ) = �⃗⃗� eff[�⃗⃗� 0(𝑟 )], �⃗⃗� (𝑟 , 𝑡) = �⃗⃗� (𝑟 , 𝑡) − �⃗⃗� 0(𝑟 ), 

ℎ⃗ (𝑟 , t) = �⃗⃗� eff(𝑟 , 𝑡) − �⃗⃗� 0(𝑟 )), in which the equilibrium condition �⃗⃗� 0(𝑟 ) × �⃗⃗� eff[�⃗⃗� 0(𝑟 )] =

0, and the second-order term (�⃗⃗� × ℎ⃗ ) and the damping term are negligible, 
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Figure 2.1. Staircase approximation for a curved boundary [60] 
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2.2. Proposal of spin-wave duplexing system 

 

2.2.1. Geometry and material parameters 

 

The model system proposed for spin-wave duplexer is comprised 

of three magnetic nanowires (MNWs) in triple symmetry and a 

ring at the center (Figure 2.2 (a)). Both MNWs and the ring have 

the width w=50nm and thickness t=10nm. Simulation parameter 

of bulk Permalloy (Py, Ni0.8Fe0.2) is used, also recognizing that a 

few tens of nanometer is considered thick for Py to involve nano-

effects [76]. 

The geometrical dimensions are larger than the exchange length, 

𝜆 = (2𝐴/𝜇0𝑀𝑆)
1/2 

(A: exchange stiffness, μ0: vacuum permeability, MS: saturation 

magnetization), which is 5.29 nm for Permalloy. The exchange 

length has two meanings. First, it represents the minimum size of 

magnetic particle that assures the uniform magnetization reversal 

[93]. Second, its square number is directly proportional to the 

exchange interaction strength. This enables exchange-dominated 

spin-waves to have the wavelength proportional to the exchange 

length. 

In the micromagnetics simulation, the numerical data of 

magnetization is interpolated on tetrahedral meshes, so the size of 

meshes should be under the exchange length for more accurate 

calculation results. The smallest wavelength of spin-wave excited 

in the following simulation is about λmin=25nm at the Nyquist 
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frequency 50GHz, well exceeding the exchange length. Keeping 

this, the size of tetrahedral mesh used in the simulation is set to 

range around double of the exchange length (Figure 2.2 (b)). 

Also, it is assumed that no spin-wave is excited in the thickness 

direction because the wavelength in this direction should be less 

than 10nm, which is much lower than λmin. 

 

2.2.2. Possible ground states 

 

Stable magnetization state in MNWs tends to direct in the axial 

direction in order to minimize the surface magnetic charge (shape 

anisotropy). This should allow 16 spin configurations 

(2*2*2*2=16) in the proposed model system (Figure 2.3), but 

considering the three-fold symmetry of the structure of the model, 

only 4 configurations are distinguishable. Further, the 

manipulation of the LLG equation shows that spin-wave 

excitations in the inverse magnetization configuration (−�⃗⃗� 0(𝑟 ) and 

�⃗⃗� 0(𝑟 )) rotate in the opposite direction but equal in magnitude. 

Therefore, the consideration of only two spin configurations 

(model A, B) is enough in the simulation; model A has inward 

magnetization in all the MNWs and counter-clockwise 

magnetization in the ring, while model B has inward 

magnetization in one of the MNWs, outward magnetization in the 

other MNWs, and counter-clockwise magnetization in the ring. 

 

2.2.3. Halfvortices in the model system 
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Because the model structure bears a hole, the net topological 

charges of all the defects present in the structure should sum to 1-

1=0. First, the halfvortices with positive charge +1/2 necessarily 

exist at each end of the MNWs. This leaves the missing charge of 

-3/2. Second, three halfvortices with negative charges of -1/2 exist 

in the ring, but their distribution depends on the spin configuration 

of the MNWs. For model A, the distribution of -1/2-halfvortices 

are symmetric, while for model B, the distribution is asymmetric 

(Figure 2.4 (a)). It is found from calculation that demagnetizing 

field around the halfvortices is nonuniform (Figure 2.4 (b)), and 

therefore presence of halfvortices will result in not only the 

nonuniform magnetization but also the nonuniform effective field. 

 

2.2.4. Exciting spin-waves in the system 

 

 As the procedure of ring-down method, the ground magnetization 

state is firstly found from free relaxation. Secondly, the spin-wave 

is excited at the edge of MNWs by a sine-cardinal function (Figure 

2.5 (a)), 

�⃗⃗� = 𝐻0

sin2𝜋𝑓(𝑡 − 𝑡0)

2𝜋𝑓(𝑡 − 𝑡0)
𝑥, 

(H0=100Oe, f=50GHz, t0=0.1ns, 𝑥: in transverse direction of the 

MNW). The excitation of spin-wave at the edge of one of the 

MNWs will represent the inflow of spin-wave into that MNW. To 

simulate the inflow of spin-wave into all the MNWs, the spin-
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wave is repeatedly excited at all three edges of the MNWs. 

However, as for model A, it is enough to excite the spin-wave at 

the edge of only one MNW since the magnetization and the 

effective field in model A is in triple symmetry. 

Total simulation time of 10 ns and time discretization of 0.01 ns 

are used, resulting in frequency resolution of 0.1 GHz and Nyquist 

frequency of 50 GHz. The smallest wavelength in the simulation 

is about 25nm at 50GHz, well covering the typical size of 

tetrahedral meshes (5nm). 

As the external magnetic field is applied on the edge of MNWs, 

the spin-wave is excited all over the model structure (Figure 2.5 

(b)). By Fourier transform the spin-wave contribution at specific 

frequency can be extracted (ring-down method), and from the data 

of spin-wave contribution we can predict where the imported spin-

wave of specific frequency will propagate. 

In fact, the spin-wave data at each frequency is composed of 

39440(number of nodes)*1001(number of time steps)=4000000 

numbers. Rather than showing all these data time by time, it is 

sufficient to show the Fourier transform data at given frequency 

(Figure 2.5 (c)) which is double of the sinusoidal spin-wave 

amplitude. The spatial Fourier transform data at each frequency 

can be visualized by using interpolation tools (Paraview, Matlab). 

Further, instead of showing the spatial spin-wave data at all the 

frequencies, the spatial Fourier transform at each frequency can be 

summarized by taking the Fourier transform data along the lines 

that penetrate the center of cross-section of MNWs and ring 
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(Figure 2.5 (d)). Now the Fourier transform data at each frequency 

is presented in a 1*N row data (N: number of grids along the 

penetrating line), and the whole data over all the frequencies 

(number of frequency step is 501) will be in a 501*N matrix data. 

Such matrix data are obtained from five segments (Figure 2.6) that 

represents the spin-wave transmission in MNWs and ring; the 

MNW where the spin-wave flows in, the other MNWs where the 

spin-wave flows out, and the segments of the ring that connects 

between the MNWs. 
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Figure 2.2 (a) The geometry of model system, (b) the distribution 

of mesh sizes 
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Figure 2.3 16 spin configurations are all possible for the model 

system, but only 4 of them are distinguishable due to symmetry, 

and only 2 of them have distinguishable solutions to LLG equation 
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Figure 2.4 (a) Spin configuration for model system A and B, (b) 

intensity of demagnetizing field for model system A and B 
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Figure 2.5 (a) Region of magnetic field application and magnetic 

field profile, (b) spin-wave data in time domain, (c) spin-wave data 

at 15 GHz in time domain and in frequency domain, (d) spin-wave 

data at 15 GHz in frequency domain taken at the center line 
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Figure 2.6 The five segments (Inlet MNW, Outlet MNW 1, Outlet 

MNW 2, Ring segment 1, Ring segment 2) from which the Fourier 

transform data is interpolated. 
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Chapter 3. Simulation Results 

 

3.1. Spin-wave propagation in model system A 

and B 

 

To examine the propagation behavior of spin-waves that are 

imported into the MNWs as well as their subsequent wave 

behaviors in model system A and B, the mode spectra in the 

frequency (f) domain were plotted along the axis penetrating the 

center of cross-section of the five segments (inlet MNW, outlet 

MNW 1, outlet MNW 2, ring segment 1, and ring segment 2) (A-

Figure 3.1; B-Figure 3.2). As for the model system B, the mode 

spectra in f domain were obtained by exciting spin-waves at each 

end of three MNWs. Figure 3.2 (a1)-(e1), Figure 3.2 (a2)-(e2), and 

Figure 3.2 (a3)-(e3) are the mode spectra for the model system B 

which were obtained by spin-wave excitation at the end of bottom 

MNW, top-left MNW, and top-right MNW. 

The mode spectra of the spin-waves injected into the inlet MNW 

(Figure 3.1 (a), Figure 3.2 (a1), (a2), (a3)) show a forbidden band 

for f < fp, Py = 11 GHz, the value of which corresponds to the 

minimum f of the spin-waves that are allowed to propagate through 

the Py nanowire of the given dimension. By contrast, spin-waves 

of f > fp,Py = 11 GHz propagate well through the entire length of 

the MNW and approach its end. The gap fp,Py has an exchange-

dipolar origin which can be calculated from the approximate 
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dispersion relation for the exchange-dipolar spin-wave [36, 89, 90] 

for very thin slab (t/w≪1) and cylinder (t/w=1). Our numerically 

calculated value fp,Py = 11 GHz, with thickness t=10 nm and w=50 

nm (t/w=0.2), enters between the analytically calculated values for 

the thin slab case (14.1 GHz) and the cylinder case (6.9 GHz). 

Next, in the mode spectra of the spin-waves injected into both 

ring segments (Figure 3.1 (b), (d), Figure 3.2 (b1), (d1), (b2), (d2), 

(b3), (d3)), we find that the forward traveling spin-waves are split 

into both directions. This should be attributed to the nonuniform 

magnetization and effective field that are relevant to the complex 

magnetization, but the closer understanding into why the spin-

wave on complex magnetization should split in that way is very 

complicated [39]. In [39], the whole procedure of determining the 

propagation direction of split spin-waves is discussed in the case 

of micrometer-sized magnetic structure (>5μm). Our case, with 

sub-micrometer dimensions, is more complicated due to limited 

resolution in �⃗�  domain and pinning on the lateral edges that 

unpredictably distorts the spin-wave dispersion relation. 

Finally, the spin-waves in the ring segments escape into the outlet 

MNWs (Figure 3.1 (c), (e), Figure 3.2 (c1), (e1), (c2), (e2), (c3), 

(e3)), and the splitting of spin-waves in this procedure should also 

be attributed to the nonuniform magnetization and the effective 

field. 
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Figure 3.1 The mode spectra in f domain for model system A, 

along (a) inlet MNW, (b) ring segment 1, (c) outlet MNW 1, (d) 

ring segment 2, (e) outlet MNW 2 
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Figure 3.2 The mode spectra in f domain for model system B, 

along (a) inlet MNW, (b) ring segment 1, (c) outlet MNW 1, (d) 

ring segment 2, (e) outlet MNW 2.  
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3.2. Spin-wave dispersion in model system A 

and B 

 

The ripple patterns in the mode spectra imply that the spin-waves 

were reflected backwards from the end and subsequently 

combined with the forward traveling spin-waves. To see the 

reflection of forward spin-waves, the dispersion relations for 

model system B are shown in Figure 3.3 (a)-(e) in the case of 

exciting spin-waves at the edge of bottom MNW. These contour 

graphs show the strong dispersion between f and kl, the 

longitudinal component of the spin-wave wave vector �⃗� =

(𝑘𝑙 , 𝑘𝑡) for the spin-waves traveling within the MNWs and the 

ring segments (kt is the transverse component of the wave vector). 

The cases kl > 0 and kl < 0 correspond to the forward and backward 

spin-wave, respectively. From the dispersion relation for inlet 

MNW (Figure 3.3 (a)), the backward spin-wave that was reflected 

from the edge is now identified. 

In fact, in all of the dispersion relations, three distinct modes are 

observed as indicated by the three different-colored circles in 

Figure 3.3 (a). In the region of f > fp,Py = 11 GHz, two different 

concave-up curves (marked as the red and green circles) appear. In 

[44, 46], it is shown that each concave-up curve represents the 

spin-wave modes which have different number of nodes in its 

mode profile in the width direction. For example, the inverse 

Fourier transform at 30.0 GHz on each concave shows mode 
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profiles with zero and two nodes, respectively (Figure 3.4 (a)-(b)). 

The flat branches in the region of f <fp,Py = 11 GHz are relevant to 

the localized mode at the end of MNWs [89]. The inverse Fourier 

transform at 2.6 GHz demonstrates the edge-localized mode 

(Figure 3.4 (c)). 
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Figure 3.3 The dispersion curve in (a) inlet MNW (red circle: 

primary concave, green circle: secondary concave, blue: flat 

branches), (b) outlet MNW 1, (c) outlet MNW 2 
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Figure 3.4 (a) Inverse Fourier transform at 30.0 GHz on both 

concaves and (b) their width profile, (c) inverse Fourier transform 

at 2.6 GHz 
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3.3. Spin-wave duplex in model system A and B 

 

After the spin-waves travel through all the segments, the resultant 

spin-wave amplitude in both outlet MNWs should show the signal 

transmission behavior similar to that of the duplexer: the signal 

entered in one MNW should be sent to the neighboring MNW, and 

the signal entered in this MNW should be sent to the next 

neighboring MNW. The mode spectra in outlet MNWs were 

averaged in the longitudinal direction (Figure 3.5 (a), (b1), (b2), 

(b3)), showing that in model system A, the spin-wave entering any 

MNWs will be sent to the other MNWs evenly. 

However, in model system B, the spin-wave may show the signal 

transmission akin to that of duplexer at some frequencies. For 

example, from the Figure 3.5 (b1)-(b3), in model system B, the 

13.8 GHz signal is sent from top-left MNW to the bottom MNW, 

and the 15.0 GHz signal is sent from bottom MNW to the top-right 

MNW. The signal transmissions at 13.8 GHz and 15.0 GHz are 

summarized in the corresponding inverse Fourier transform data 

over the whole system (Figure 3.6). 
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Figure 3.5 The average mode spectra along the longitudinal 

direction, which summarized the spin-wave propagation inside (a) 

spin-wave system A, (b1-3) spin-wave system B 
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Figure 3.6 Inverse Fourier transform for (a) 15.0 GHz spin-wave 

entering from bottom MNW, (b) 13.8 GHz spin-wave entering 

from top-left MNW 
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Chapter 4. Conclusion 
 

In this thesis the model system of spin-wave duplexer which is 

composed of three magnetic nanowires (MNWs) and the ring is 

proposed and studied with micromagnetics simulation. The model 

is made of Permalloy and may have 16 spin configurations, but 

according to the LLG equation which governs the micromagnetics 

simulation, it is expected that the simulation in two spin 

configurations is enough to cover all other possibilities of spin 

configuration. The spin-wave propagation behavior in the 

proposed model can be simulated by exciting spin-wave at each 

end of the MNWs, and it turns out that the signal transport 

behavior similar to duplexer is displayed in one of the two spin 

configurations. In the spin configuration, halfvortices which are 

barely visited topological defect are asymmetrically distributed, 

and the combined effect of nonuniform magnetization and 

nonuniform effective field, and abrupt change in wave vector 

direction leads to the deflection of propagating spin-waves. 

As one of the derivatives of the three-port circulator, which have 

gained lots of attentions recently with regard to its miniaturization, 

the spin-wave duplexer, when realized, would mark one step 

forward to the relevant studies. 
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Abstract 

 

듀플렉서는 송/수신자 사이의 쌍방향 통신을 위한 

전자소자로 최근 소형화에 대한 연구가 진행 중인 

써큘레이터로부터 파생되는 소자이다. 최근에 알려진 

스핀파는 GHz대의 가동 주파수와 줄열이 아닌 에너지 

손실 메커니즘을 가진 정보 전달 매체이나, 스핀파 

회로를 제작한다면 회로 물질의 물성상의 불균일함과 

스핀파 파수벡터의 잦은 변화가 스핀파의 진행 경로를 

예측하기 어렵게 만든다는 문제가 있다. 아래 연구에서는 

스핀파 듀플렉서의 모델 구조가 제안되고 이미 많은 

스핀파 연구에서 스핀동역학의 사실적인 모델링을 

제공해온 미소자기전산모사를 통해 연구된다. 제안되는 

모델 구조에서는 하프보텍스라 불리는 위상학적 구조가 

존재하여 스핀파의 진행 경로가 원활하고 재현 가능한 

양상으로 제어될 수 있다. 
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