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ABSTRACT OF THE DISSERTATION

Propagation Characteristics of Magnetostatic Volume Waves and Tunable
Microwave Devices in Yttrium Iron Garnet-based Magnonic Metamaterials

By
Kai-Hung Chi
Doctor of Philosophy in Electrical Engineering and Computer Science
University of California, Irvine, 2014

Chancellor’s Professor Chen Shui Tsai, Chair

The so-called magnonic crystals (MCs), the new metamaterial structures
made of periodic variations in geometric parameters and/or properties of
magnetic materials, are being actively studied worldwide. In contrast to
the well-established photonic crystals (PCs), MCs possess the capability of
controlling the generation and transmission of information-carrying magne-
tostatic waves (MSWs) at microwave frequencies by a bias magnetic field.
A new theoretical approach based on Walker’s equation which is capable
of efficiently analyzing magnetostatic volume waves (MSVWs) propagation
characteristics in one-dimensional (1-D) and two-dimensional (2-D) MCs was
developed through this dissertation research. The validity of this theoretical
approach was subsequently verified by extensive experimental results with

excellent agreements.

Xiv



MC-based tunable microwave devices were also envisaged and realized. Specif-
ically, the performance characteristics of wideband tunable microwave filters
and phase shifters, and waveguides, are detailed in this dissertation. In de-
vice fabrication, both the 1-D MC consisting of periodic channels and the 2-D
MC consisting of periodic holes in square lattices were prepared by wet etch-
ing technique. The magnetically-tuned bandgaps created in the 1-D and 2-D
MCs were shown to function as tunable band stop filters (BSFs). Further-
more, the large phase shifts associated with the left and right flat passbands
of the bandgap facilitated construction of tunable wideband microwave phase
shifters. Compared to all existing magnetically-tuned phase shifters, the MC-
based phase shifters are significantly smaller in dimension and possess much
larger phase tuning rate and phase shifts. Finally, confinement of magneto-
static forward volume waves (MSFVWs) was demonstrated both theoretically

and experimentally.
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Chapter 1

Introduction

1.1 Theoretical Analysis of Magnonic Crystals and Ap-

plications

Magnonic crystals (MCs) are metamaterial structures with periodic variations
in geometrical structure and/or material property of magnetic materials. It
is a new and emerging research field actively studied in recent years [1-11].
Prof Chen S. Tsai is one of the pioneers in this research field[1-3]. MCs
has attracted a great deal of attention worldwide lately because it possesses
the capability of controlling the generation and propagation of information-
carrying magnetostatic waves (MSWs) in the microwave frequency ranges
analogous to control of light in photonic crystals (PC) in the optical fre-

quency regime. In contrast to the optical bands in the conventional PCs



[12, 13], the bandgaps of the MCs can be tuned by bias magnetic fields, and
thus tunable microwave devices such as filters, phase shifters, and waveguides
could be envisaged and constructed. Typically, there are three major types
of periodic structures in constructing the MCs: periodic structure of different
magnetic materials [14-19], periodic dots or antidots [4, 20-25], and periodic
magnetic film geometries [2, 3, 9, 26-30]. Other types of MC, e.g. using
periodic variation of bias magnetic fields was also reported [31]. Up to now,
research efforts on MCs are still concentrated on design, analysis, and veri-
fication of the bandgap and propagation characteristics. Various analytical
approaches have been employed for studying the propagation characteristics
of the MSWs in one-dimensional (1-D) [14, 15, 20, 22, 24, 27, 28], two-
dimensional (2-D) [3, 17, 21, 25] and three-dimensional (3-D) [19] MCs. For
example, the Kronig-Penny model was applied to Landau-Liftshitz equation
to analyze the periodic structures of MCs that consist of ferromagnetic mate-
rials with varying saturation magnetizations [1, 2, 16]. Plane-wave expansion
method was applied to Landau-Liftshitz equation to analyze 2-D and 3-D
MCs that are composed of various types of ferromagnetic materials [18, 19],
and the same method was also applied to Walker’s equation to analyze the
periodic structures of magnetic and non-magnetic layers [23]. In addition,
Walker’s equation [9-11] as well as the transmission-line model [26, 29, 32, 33|
were also used to analyze 1-D/2-D MCs with periodic variation in thickness

of the magnetic layer. Among these analytical approaches, only the new



approach based on Walker’s equation developed by Prof. Tsai’s group and
presented in this dissertation is capable of analyzing magnetostatic volume

waves (MSVWs) in 2-D MCs.

Microwave devices are essential in a wide variety of applications including mil-
itary, civil, long-distance communication, and signal processing systems. A
variety of MC-based microwave device applications have also been envisaged
but only a few devices e.g. filter and waveguides were reported. MC-base
devices possess the unique advantages of much smaller device dimension due
to the much shorter wavelengths of the MSWs and tunability of the propaga-
tion characteristics of the MSWs via bias magnetic fields. In this dissertation,
new wideband tunable MC-based devices such as microwave filters and phase
shifters were also realized and demonstrated with superior performance char-

acteristics.

1.2 Organization of Dissertation

In this dissertation, theoretical analysis and experimental verification of the
propagation characteristics of MSWs in magnonic crystals (MCs), and wide-

band tunable microwave filters and phase shifters are presented.

The dissertation consists of 5 chapters. Following Chapter 1, the Introduc-

tion, Chapter 2 provides an overview on the fundamental theories of MSWs



and MCs. The equation of motion of magnetization and associated Polder
permeability tensor are first derived. The derivation of Walker’s equation

and an introduction on MSWs are then presented.

In Chapter 3, the theoretical approach based on Walker’s equation is de-
rived. It is then employed to analyze 1-D and 2-D MCs. The experimental

verifications with excellent agreements are also presented.

In Chapter 4, realization and performance characteristics of MC-based mi-
crowave devices including tunable filters and phase shifters, and waveguides

are presented in detail.

Finally, a conclusion for the dissertation research is given in Chapter 5.



Chapter 2

Magnetostatic Waves and Magnonic

Metamaterials

Magnetic excitations in solids at microwave frequencies have been a subject
of continuing study, which began with the pioneering theory of spin waves
reported by Holstein and Primakoff [34], the discovery of FMR by Griffiths
[35], Kittel’s linear response theory for FMR [36], and Walker’s study on
magnetostatic modes [37]. A special class of magnetic excitations include the
uniform mode ferromagnetic resonance (FMR) and long wavelength propa-
gating magnetostatic waves (MSWs) [38, 39]. The theoretical study on both
FMR and MSWs starts with derivation of the equation of motion of mag-
netization for an electron under a dc bias magnetic field as presented in the

following section [40].



2.1 Equation of Motion of Magnetization

For a single magnetic moment, its equation of motion is described by the
Landau-Lifshitz equation with a damping term given by Eq.2.1. The preces-

sion described by this equation is shown in Fig.2.1.

A o s
M (M i ) 2.1
M X X Heyy (2.1)

S

Figure 2.1: The precession of a magnetic moment described by the Landau-Lifshitz equation

In Eq.2.1, M is the saturation magnetization of the ferromagnetic material,
H. sy is the effective magnetic field applied, A is a phenomenological constant
to describe the damping, and ~ is the gyromagnetic ratio, which is the ratio

of the magnetic moment to the angular momentum given below:

_9 o]
2m.c

(2.2)

where ¢ is Lande factor or the so-called g-factor, ej is the charge of an elec-

tron, m, is the mass of the electron at rest, c is the speed of light. The

6



effective magnetic field is the functional derivative of the free energy. The
effective magnetic field involved in this dissertation consists of anisotropic
magnetic field of the material and the bias magnetic field. As Fig.2.1 shows,

the magnetic moment would precess around the effective magnetic field.

The nature of the interaction that produces the magnetic ordering was first
explained by Heisenberg[41], who showed that it is electrostatic in origin
and is due to the quantum-mechanical exchange. For simplicity, a system of
two neighboring magnetic ions, each with one electron, is considered. The
two possible spin states are the symmetric y,—; and the antisymmetric xs—o,
where Y is the spin part of the wave functions of the electrons. When the wave
functions of the two electrons appreciably overlapped as shown in Fig. 2.2,

the corresponding interaction energy (H) can be expressed as follows:

electron 1 \ / electron 2

@ ®

proton a proton b

Figure 2.2: The hydrogen molecule consists of two protons, each with a bound electron.
The protons are sufficiently close so that the electronic wave functions overlap.

H = _j1281 ) (2.3)

in which s; and sy are the spin operators for the two electrons. The quan-
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tity J12, which depends on the overlap of the electronic wave functions, is
called exchange interaction[42, 43]. Typically the exchange interaction is
short range, and in many cases it is sufficient to consider only the nearest-
neighbor sites. A complete mathematical description of exchange interaction
is much more complicated than that described above but can be readily found
in Ref. [43] chapter 2. A perturbation of the magnetic moment in the ferro-
magnetic material would propagate via coupling to the neighboring magnetic
moment as shown in Fig.2.3. From the top view the perturbation looks like

propagation of a sine wave. This wave is called spin waves (SWs).

Phase =0 Phase = 27/11 Phase =4 /11  Phase =67/11 Phase =87m/11  Phase = 107/11

Phase = 121t/11 Phase = 147/11  Phase = 167/11 Phase = 187/11 Phase = 20m/11 Phase =0

Figure 2.3: The precession of magnetic moment propagates in the ferromagnetic material to
form the spin wave

There are different kinds of spin waves resulting from different wavelengths
and the direction of propagation relative to the direction of the saturation
magnetization. All these spin waves would be discussed in the following

section.



2.2 Walker’s Equation and Magnetostatic Waves (MSW5s)

The theory of magnetostatic modes for spheroidal specimens was first re-
ported by L. R. Walker and such modes are often called Walker Modes
[37, 44]. Roschmann and Do6tsch published a practical review on Walker
modes for spheres [45]. The theory of magnetostatic modes excited in flat
and unbounded ferromagnetic thin films was first reported by Damon and
Eshbach which served as the foundations for numerous experimental stud-
ies of magnetic excitations in thin film and slabs of ferrite materials as well
as device applications for microwave signal processing [46]. Subsequently,
Storey et al extended this work to provide quantitative results for films of

finite dimensions [47, 48].

SWs can be generally divided into three regions, namely exchange region,
dipole-exchange region, and magnetostatic region, based on the wave num-
bers or wavelengths as shown in Table 2.1. The effect of exchange interaction
reduces as the wavelengths increase. In this study, due to the long characteris-
tic wavelengths involved the exchange interaction is neglected, and thus only
the magnetostatic waves (MSWs) are considered. The two classes of MSWs
are magnetostatic volume waves (MSVWs) and magnetostatic surface waves
(MSSWs). Furthermore, there are two types of MSVWs, magnetostatic for-
ward volume waves (MSFVWs) and magnetostatic backward volume waves

(MSBVWs). The relative directions of bias magnetic field and propagation

9



vector involved in these three types of MSWs are shown in Fig.2.4.

Table 2.1: The different regions of SWs in terms of wave numbers k£ in ferromagnetic
materials[42].

Region Wave number range
Exchange region k> 10% cm™t
Dipole-exchange region 10° cm™! > k& > 10° cm™
Magnetostatic region 10° ecm™ >k > 30 cm ™!

1

2.2.1 Magnetization in Maxwell’s Equations

Magnetization is defined as magnetic moment per unit volume. The four

Maxwell’s equations in CGS units are as follows:

108 .
VXE+-—=0 V-B=0

f(‘% 4 (24)
v i 10D Aty V. D= 4rp

c Ot c

The field quantities are defined as follows:

H is the magnetic field intensity:

E is the electric field intensity;

B is the magnetic flux density;

D is the electric flux density;

J is the electric volume current density;

p is the electric volume charge density.

10



M,
k o >
Y
d
X
(a) In FVMSW, k L My | ito.
Z A
kM ‘
Y
d
X
(b) In BVMSW, k || Mo L .
ZA
k o >
Y
0
d
X

(c) In MSSW, k L M, L .

Figure 2.4: The relative directions of propagation constant k and steady magnetization M,
of three types of magnetostatic waves, and ng is a unit vector normal to the plane.
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where

+
(2.5)
_|_

in which P is the dielectric polarization, and M is the magnetization. And

the boundary conditions are

N N — R — - 47'(-—»‘
Ey x1g— FEy x1g=0 Hy X 1nig — Hy X 1y = —J

c (2.6)
Dl-ﬁo—DQ'ﬁ():él?Tps Bl-ﬁO—BQ'ﬁOZO

where p; and fs are surface densities, respectively, of electric charge and
current. The subscription 1 and 2 represent the H , E, é, and D in two
different media separated by the boundary. The magnetic field consists of

—

steady and ac components. Here we assume that the ac components, h, € 5,

d_: Pa, and f, are small compared to the steady components, H , E, é, ﬁ, 0,

and J. The set of equations relating the ac components are as follows:

12



(2.7)

—

V x &+ ikob =0 V-b=0
v

-d = 4mp,

Now consider the following material equations in which d depends only on €,

and b depends only on h:

d=ée, b= jih (2.8)

where € and [i are the permittivity tensor and the Polder permeability tensor,
respectively. In this study, the permittivity tensor is treated as a scalar for
the ferromagnetic material yttrium iron garnet (YIG) involved, while the
permeability tensor is to be determined as follows. In the Landau-Lifshitz
equation without a damping term, Eq.2.9, M and H are terms containing
the steady components, Mo and Ijlo, and the ac components, m and E, as

Eq.2.10 shows.

=AM xH (2.9)
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M=My+m <M,

(2.10)
H() + h h < H()

aul
I

When magnetization is saturated, MO is parallel to ﬁo, and Eq.2.9 can be

written as follows:

om
ot !

:—7<M()Xﬁ0—|—]\_jo><ﬁ+m><ﬁo+mx}_i>

(3 + ) < (o + ) -

Since MO and ﬁo are in the same direction, M() X ﬁo is equal to zero. And
the term 1 X h is negligible because m < My and h < Hy. Eq.2.11 can be

further simplified as follows:

o B .
a—T i x Hy = —yMy % I (2.12)

This equation can also be decomposed into the following three equations:

14



iwmy + yHom, = yMyh,
—vHomg, + wm, = vyMyh, (2.13)

wm, =0

The solution for Eq.2.13 is as follows:

My = Xhe + 1Xahy my = —iXaha + Xhy m, =0 (2.14)
where
yMowg v Mow
= - = 2.15
X w¥ — w? X w¥ — w? (2.15)

The notation wy will be used through out in this dissertation, which is

wi = vHy (2.16)

Finally, Eq.2.14 can be written in a tensor form

(2.17)

S
I
<1
=>4



where the ac (high-frequency) magnetic susceptibility y is a non-symmetric

second-rank tensor:

=
I

From the relationships b = h + 4mm and b = ,&E,

X
_iXa
0

1Xa 0
x 0

0 0

fi=1+4ny

(2.18)

(2.19)

In which I is a unit tensor. By combining Eq.2.18 and Eq.2.19, the following

Polder permeability tensor fi is obtained:

0
IEL: _Z’ILLQ
0
where
wy (wg +w — w?
w=14+4ry = H( H2 M)

— 2
Wi W
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J
0 1

L = 47‘(‘Xa =

(2.20)

WWpr
—_— 2.21
w¥ — w? ( )



where

Wy = ’}/47TMO (222)

There is a peculiar point that the diagonal component p is negative when the
applied magnetic field from Hy to % The antiresonance field Hs, at which

w=0,1s

Hy = \/ <$)2 (27 My)? — 27 M, (2.23)

The condition of antiresonance can be written also as w = w; where

wi = v wi (W + wyr) (2.24)

2.2.2 Walker’s Equation

The non-exchange magnetostatic waves (MSWs) in a bounded ferromagnetic
material is discussed in this section. For the non-exchange MSWs, the prop-
agation constant k is much larger than the propagation constant ky = w/c in
free space, so we can use magnetostatic approximation to analyze these waves

and neglect the ikocfterm in Eq.2.7. In the problem we deal with, j..; = 0,
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SO

V% h=0 v-(gﬁ):o (2.25)

Again, as mentioned previously, the exchange interaction can be neglected
for the non-exchange magnetostatic waves because of the large wavelength
involved. There are two types of MSWs: volume type waves and surface type
waves. The volume waves may take the form of forward waves or backward
waves. The magnetostatic potential ¢ inside a ferromagnetic plate in the
direction normal to the plate surface is of trigonometric functions. For the
surface waves, 1 inside the ferromagnetic plate in the direction normal to
the plate surface is of hyperbolic function. The relative directions of the
quantities involved are shown in Fig.2.4. Treatment for the magnetostatic

waves begins with introduction of the magnetostatic potential ¢ so that

h= Vi (2.26)

Substituting Eq.2.26 into Eq.2.25, we obtain the equation

V- (V) =0 (2.27)

18



Assuming that the z-axis is normal to the boundary surface the boundary

conditions for ¢ are as follows:

O _ e O _ 0%

or ~or  op oy (V). =iV, (2.28)

where the subscripts 1 and 2 designate the two media separating the bound-
ary. From Eq.2.27 and the /i given by Eq.2.20, we have the following equation

for the magnetostatic potential in the bounded ferromagnetic medium:

o O\ O
M(@‘f—ﬁ—?ﬂ)—f‘——o (2.29)

2.3 Magnetostatic Waves

2.3.1 Magnetostatic Forward Volume Waves (MSFVWs)

For the forward volume wave case, the solution of Eq.2.29 takes the following

form:

Y = (Acos(k,z) + Bsin(k.z)) exp(—iky) (2.30)
For simplicity, we assume that perfect conductors are placed on the bound-

19



aries z = 0 and z = d, namely,

(V) - iy = 0 g—:f _ 0 (2.31)

o _ 0% _

9. (— Ak, cos(k,z) + Bk, sin(k,z)) exp(—iky) =0 (2.32)

By matching the boundary conditions on z = 0 and z = d, we obtain B =0

and

kod = nm = k, = % (2.33)

where n is an integer that designates the modes for the forward volume waves.

By substituting Eq.2.30 into Eq.2.29 the following relation is obtained:

k2 = —pk? (2.34)

It is seen from Eq.2.34 that the propagating waves exist only for u < 0,

and u < 0 falls in the frequency range of wy < w < w, in which w, =

Vwr (Wi + wyy) is given by Eq. 2.24. Finally, substituting p given in Eq.2.21

into Eq.2.34, the following dispersion relation is obtained:

20



(2.35)

where Z,, = nm. The plots for the dispersion relation for a number of modes

are shown in Fig.2.5.

9

M ,/2n

k (cm™)

Figure 2.5: The dispersion relations of the forward volume waves, with M, = 139G, Hy =
23000e, and d = 10pum. The lower frequency limit is wy /27, and the higher frequency limit
is w, /2.

For the YIG film with d = 10pum and n =1, (vy,), .~ 2.5x 10° ¢cm/s, which

is 4-order lower than the velocity of electromagnetic waves in a dielectric.
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2.3.2 Magnetostatic Backward Volume Waves (MSBVWs)

In the case of magnetostatic backward volume waves, in contrast to the special
case shown in Fig.2.4(b), the general case shown in Fig.2.6, in which the k
and M, have an angle 0 between them is analyzed first. Note that for this

purpose the coordinate system is also altered to make M lies on the z-axis.

N

X

=0
N v

Y

Figure 2.6: The relative direction of k and M,.

The corresponding magnetostatic potential 1 is

Y = (Acos(kyx) + Bsin(k,x)) exp(—ikyy — ik,2) (2.36)

By substituting Eq.2.36 into Eq.2.29 we obtain

p(k2+ k) =k (2.37)
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Similarly, assuming perfect conductors on the boundaries + = 0 and x = d
and applying the boundary condition (ZV)-7y = 0 with fi given by Eq.2.20,

the following equation is obtained:

W il (2.38)

Matching of the boundary conditions on the planes x = 0 and x = d lead to

Eq.2.39 and Eq.2.40, respectively:

Akt + Bhyjt = 0 (2.39)

Alpaky cos(kyd) — pky sin(kyd)] + B [pky cos(kzd) + poky sin(kyd)] = 0
(2.40)

For a solution to exist the determinant constructed from the coefficients of A

and B in Eq.2.39 and Eq.2.40 must vanish, i.e.

Eylta K
det y,u H =0

faky cos(kyd) — pky sin(k,d)  pky cos(kyd) + poky sin(k,d)
(2.41)
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After expansion of Eq.2.41, the following equation is obtained:

(nek: + p?k3) sin(k,d) = 0 (2.42)

For the volume waves, k, is assumed to be real. Thus, the solution for Eq.2.42
is k,d = nm = X,,. By putting this solution back to Eq.2.37, the following

dispersion relation is obtained:

wy (wg + wy) — w?
_ wn Z8 MQ) [(Xn/d)2 - kﬂ = K
2 Whr
W = WaAWE T e n (2.43)
X2+E2d2

— WM
p— (,(JH CUH —|— 1 COS2 Hk
+ X2 /k2d2+sin® Oy,

For the special case with 6, = 0, the w-k plots for the dispersion relations are

shown in Fig.2.7.

Fig.2.7 shows that the group velocity v, = dw/0k is negative and antiparallel
to the phase velocity v,,. This is the reason why such waves are called
backward waves. For the case with 6 # 0 or # 7/2, the slopes of the
plots for the dispersion relation are still negative, but not antiparallel to the

phase velocity. Note that the direction of v, is usually determined by the
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4.5

Wy2n 4

3.50 5 g

Figure 2.7: The dispersion relation of magnetostatic backward volume waves, where M, =
90G, Hy = 13500e,and d = 10um. The lower frequency limit is wy /27, and the higher
frequency limit is w, /2.
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orientation of the microstrip conductor.

2.3.3 Magnetostatic Surface Waves (MSSWs)

For treatment of magnetostatic surface waves, we consider the geometry in
which the ferromagnetic plate is situated between dielectrics, rather than
perfect conductors, as shown in Fig.2.4(c). The corresponding magnetostatic

potential in the ferromagnetic plate is as follows:

Y = [Aexp(—krz) + Bexp(kz — kd)| exp(—iky) (2.44)

where A and B are constants to be determined. The magnetostatic potential

outside the ferromagnetic plate is

Cexp(koz + iky) z <0
Yo = (2.45)
D exp(—koz + kod — iky) z >d

where C and D are constants to be determined.

Now the boundary conditions are matched in the same manner as in the
magnetostatic forward volume waves. The resulting dispersion relation is

given by Eq.2.46 and the corresponding w-k plots are shown in Fig.2.8.
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w? = (wH + W—M>2 — (w—M)Z exp(—2kd) (2.46)

55

W,/21 54
0 0.5 1 1.5 2 25 3
k (10°cm™)

Figure 2.8: The dispersion relation of surface waves, where My = 139G, Hy = 12500e¢,and d

is shown in the figure. The lower frequency limit is w; /27, and the higher frequency limit
is (wH + %WM) /27T.

Finally, the group velocity v, = Ow/0k is obtained from the dispersion

relation as follows:

d 2
Vgr = Z’f exp(—2kd) (2.47)

The frequency range for the MSSW to propagate is w;, < w < wgy + %wM,
which is adjoint with the frequency range for the propagation of the volume
waves, wg < w < w).
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The following advantages of magnetostatic waves in ferromagnetic films should

be emphasized:

1. Large range of operation frequency (about 1 — 50 GHz).
2. Possibility of tuning by variation of the DC-bias magnetic field.

3. The large range of propagation constants (30 — 10° cm™!) at a given
frequency can be facilitated by tuning the DC bias magnetic field and,

thus, convenient for various applications.
4. Low group velocity controllable by the DC bias magnetic field.

5. Possibility to change the dispersion relation in simple manners, e.g., by

the choice of the wave type and the thickness of ferromagnetic layers.
6. Relatively low propagation losses, and

7. Efficient excitation by microstrip transducers of simple design.

2.4 Magnonic Crystals

Magnonic Crystals (MCs) are magnetic metamaterials resulting from periodic
variations in geometrical structure and/or material properties. It possesses
interesting features such as controllable generation and propagation of the

magnetostatic waves (MSWs) /spin waves (SWs) and tunable bandgaps. The
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SWs propagating in MCs are analogous to electromagnetic waves propagat-
ing in photonic crystals (PCs). PC-based devices are made in the size of
the wavelengths, so devices for visible or infrared regions are small and in
nanometer range, but devices for RF frequencies are relatively large, i.e. cen-
timeter to meter range. On the other hand, the wavelengths for spin waves
are much shorter than electromagnetic waves at the same frequency, so minia-
ture (micrometer range) MC-based RF devices are achievable. In addition,
the characteristics of MCs can be easily controlled by external bias magnetic
field because ferromagnetic materials are highly sensitive to the bias field.
Planar, miniature, and tunable devices with the aforementioned advantages
can be realized by utilizing the MSWs in the magnonic crystals. The concept
and the superior performance of MC-based devices have been successfully
demonstrated by Prof. Chen S. Tsai’s group and presented in Chapter 4. It
is very challenging to model and simulate MC-based structures and devices.
Because the wavelengths of MSWs are very short in comparison to that of the
ordinary electromagnetic waves, it takes the commercial softwares like HF'SS
a long time, i.e. days, to accurately analyze the characteristics of MCs. A
numbers of theoretical approaches and numerical methods have been pro-
posed to model the characteristics of MCs. We proposed, for the first time, a
new theoretical approach using Walker’s equation presented in section 2.2.2
to analyze MCs with periodic variation in thickness of the ferromagnetic

substrate such as YIG. This approach is capable of efficiently analyzing the
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MCs and significantly reducing the simulation time to minutes. The detailed

derivations and experimental verifications are presented in the Chapter 3.
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Chapter 3

Theoretical Analysis and
Experimental Verification of MSVWs

in Magnonic Metamaterials

In Chapter 2, equation of motion of magnetization and the associated Polder
permeability tensor were introduced. Walker’s equation was employed to ana-
lyze the propagation characteristics of magnetostatic volume waves (MSVWs)
in one-dimensional (1-D) and two-dimensional (2-D) magnonic crystals (MCs)
with the eigenvalue equations derived in matrix form by Professor Chen S.
Tsai’s group[9-11] . By solving the eigenvalue equations, the band structures
associated with MSVWS in 1-D and 2-D MCs at normal and oblique inci-
dence have been found and verified experimentally, and are presented in this

chapter.
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3.1 Walker Equation-Based Theoretical Approach

Various analytical approaches have been employed for studying the propa-
gation characteristics of the magnetostatic waves (MSWs) in 1-D, 2-D, and
three-dimensional (3-D) MCs. Among these studies, Ref. [3] was the only
report on 2-D MCs with periodic variation of layer thickness heretofore. In
that work, the theoretical results were obtained with one component of the
wave number fixed and the other component of the wave number varied,
and the experiments were focused on studying the relationship between the
etching depth of the YIG film and the decay of magnetostatic surface waves
(MSSWs). The theoretical approach based on Walker’s equation proposed by
Prof. Tsai’s group was the first one to calculate the propagation characteris-
tics of MSVWs in 1-D and 2-D MCs with periodic variation in ferromagnetic
film thickness. The theoretical analysis begins with Walker’s equation and
Polder permeability tensor given by Eq.2.27 and Eq.2.20, respectively. The

frequency-dependent parameters i and pu, in Eq.2.20 are defined in Eq.2.21.

In the case of MSFVWs propagation in the X-Y plane in a ferromagnetic

layer with thickness d in the Z-direction, the Walker’s equation is expanded

o b\ 0%
V- (iVY) = o (m)*ay (uay)+@ (3.1)

By assuming the top and bottom boundaries of the magnetic layer as perfect

as follows:

32



conductor, v is readily found to take the following form:
Y = Asin(k.z) exp [—i (kzx + kyy)] (3.2)

where A is a constant, k, and k, are the wave number of the MSFVWs in X-
and Y-direction, respectively, and k, is the wave number in the Z-direction
which is equal to nm/d, in which n is an integer and d is the thickness of the
magnetic layer. Substituting i and 1 into Eq.3.1 an eigenvalue equation for
the MSFVW is obtained as Eq.3.3. Similarly, the eigenvalue equation for the

MSBVW is obtained as Eq.3.4.

(Das + Dyp — k2) " [(4nM,Hy + H2) (Dyy + Dyp) — H2K2 b = =) (3.3)

(Daz + Dys — k2) ™" [Ho (Ho + 47 M,) (—k?) + HZ (Dya + Dy)] b = ‘;_¢

where

o 0 o 0

Do = —k? — 2ik,— + —: D,y = —k?> — 2ik,— + — 3.5
2 z 8a:+(9x2’ v2 4 Zy8y+6y2 (35)

and M, and Hj are saturation magnetization and bias magnetic field, respec-
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tively. Now, using a finite-difference method the eigenvalue equations are
presented in the following matrix form:

MU = (%)2\11 (3.6)

where U is the magnetic vector potential, and M is a matrix that includes
the parameters of wave numbers, ferromagnetic material properties, and fer-
romagnetic film geometry, namely, k,, k,, My, Hy, and k.. Therefore, the fre-
quency w of the MSVWs can be found by solving the eigenvalue of Eq. (3.6).
The correctness of this approach has been verified by experiments presented

in the following sections.

Subsequently, the theoretical approach was further improved to calculate
complex wave numbers as eigenvalues with given frequencies. Imaginary parts
of the calculated complex wave numbers are absorption levels for MSWs
propagating in MCs. When bias magnetic field is applied in Z-direction,
Walker’s equation is expanded as shown in Eq 3.1. In the case of MSFVWs
propagating in the X-Y plane in a ferromagnetic layer with thickness d in the
Z-direction, Eq. (3.1) is expanded and organized in the following polynomial

equation:
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In the case of MSBVWs propagating in Z-direction, which is parallel to the
bias magnetic file, in a ferromagnetic layer with thickness d in the X-direction,

the following polynomial equation is obtained:

R —22‘3 k) + | —uk? + a_2+a_2 =0 (3.8)
p 5 ) R “ayz 5.2 :

in which k,, k,, and £, are the wave numbers in the X-, Y-, and Z-direction,
respectively, and k, and k, are 2nm/d in the case of MSFVWs and MSBVWs,

respectively, as mentioned previously.

Both Eq. 3.7 and 3.8 are then generalized in the following form of non-linear

eigenvalue equation:

AN+ A + Agh = 0 (3.9)

By assuming & = M), Eq. 3.9 is presented a matrix as follow:

—Ap 0 (0 _ Ay A (0 (3.10)

0 I]|]c¢ I 0 ||¢

For MSFVWs,
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For MSBVWs,

0
Al = —2ipu—
1 Way
0> 0?
Ay = p=—s + = — k?
0 Max2+uay2 z
A=k,
Ay =—1
0
Al = —21—
! Z@z
) 2 82
Ap = —pk2 + pr—s + —
A=k,

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)
(3.16)
(3.17)

(3.18)

in which ¢ is magnetic potential, u is previously defined in Eq. 2.21 con-

sisting of frequency w, saturation magnetization M, and bias magnetic field

Hy. Finite difference method is now utilized to solve the eigenvalue problem

and the complex wave numbers can be obtained with given frequencies and

material properties. The significance of this improved method is that the

absorption levels of the MSVWs in the frequency ranges of bandgaps can be
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calculated efficiently. There is no available theoretical method that is able
to calculate the absorption in 2-D MCs to the best of our knowledge. The
validity of this method is verified by comparing with the experimental results

presented in the following sections.

3.2 Sample Preparation and Experiment Setup

Magnonic crystals used the experimental verifications were fabricated on yt-
trium iron garnet (YIG) thin films with gadolinium gallium garnet (GGQ)
substrate[49-52]. The experimental setup was also carefully designed and
constructed in order to eliminate interference and correctly identify the magnonic

bandgaps.

3.2.1 Sample Preparation

The samples were prepared by photolithography and wet-etching techniques
using orthophosphoric acid on a 100um YIG/GGG thin film. The important

fabrication steps are listed as follows:

1. Properly clean the YIG sample and avoid direct contact to the mask in

order to ensure its surface quality.
2. Deposit 400nm SiOy on the surface of the YIG thin film as the mask.
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Note that SiOs has good resistance over high temperature etching and

is able to maintain its integrity:.
3. Apply standard photolithographic technique upon the YIG sample.

4. Preheat orthophosphoric acid for 3 hours to 146°C with temperature

variation controlled within 1°C.

5. Gently soak the sample into the acid and maintain the temperature at

146°C during etching.

6. Etching time was set at 120 minutes. The etched depth was close to 21.6

pm. The calculated etching rate was 0.1725-0.15 pym/min.

7. Complete the etching and clean the sample for measurements.

Note that the etching rate was greatly affected by the temperature, namely,

around 20% increase with a 1°C temperature increment.

3.2.2 MSVWs in a Non-structured YIG Thin Film

The frequency response of the MSVWs excited in a non-structured ferromag-
netic YIG thin film was measured and compared with the simulated results.
A square YIG/GGG thin film with dimension of 8mmx 8mm x 100um was
used for the purpose. The bias magnetic fields were generated by a pair of Nd-

Fe-B permanent magnets (0.75” in diameter and 0.5” in thickness) attached
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to an iron yoke to complete the magnetic circuit as reported in Ref.[53-56].
Both types of MSVWs, namely forward volume waves and backward volume

waves, were excited by setting the directions of the magnetic fields as shown

in Fig. 2.4.

(b)

Figure 3.1: MSVWs excited in a non-structured YIG/GGG thin film sample of a (a) rect-
angular, and (b) parallelogram shape.

The measured and simulated frequency responses of the MSWs are compared
in Fig. 3.2 with a close agreement clearly seen. The simulation was carried
out using Ansoft HFSS software and the model shown in Fig. 3.1(a). Note
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that both simulated and measured results show many fluctuating absorption
peaks, which were caused by the destructive/constructive interferences of the
reflected MSWs from the edges of the YIG thin film samples. A YIG thin film
sample of parallelogram shape as shown in Fig. 3.1(b) was prepared to replace
the original sample of rectangular shape [57]. As shown in Fig. 3.3(a) and
Fig. 3.3(b), both simulation and experimental results showed that the YIG
sample of parallelogram shape was capable of eliminating the undesirable
fluctuations. Thus, YIG samples of parallelogram shape were utilized in

subsequent 1-D and 2-D MCs experiments.
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Figure 3.2: Comparison of frequency response of MSVWs propagating in YIG thin film
samples between HF'SS simulation and experiment results. They have very good agreements.
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Figure 3.3: The comparison of the MSBVWs excited in a non-structured rectangular and a
parallelogram YIG thin film with (a). simulated, (b) experimental results.
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3.3 Propagation Characteristics of MSV Ws in 1-D Magnonic

Crystal with Normal Incidence

The above-mentioned analytical approach based on Walker’s equation|9] was
used to calculate the band structures of the MSVWs in 1-D MC at normal
incidence. The calculated results were then verified experimentally. The va-
lidity of the analytical approach in determining and identifying the bandgaps
of MSVWs in structures with periodic variation in YIG thin film thickness

was demonstrated.

3.3.1 Band Structures Calculation and Verification

Fig. 3.5 shows the calculated band structure of the MSFVW by using the
theoretical approach reported in Ref. [9] of a 1-D MC with geometrical pa-

rameters: dy = 10 um, do = 5 pm, a; = 5 pum, and as = 5 um, where dy,

d; >

a2

aj

Figure 3.4: Unit cell in a 1-D MC. d; and ds are the thicknesses of non-etched and etched
magnetic layer, respectively. a; and as are the widths of non-etched and etched layers, and
the lattice constant a = a; + as.
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Figure 3.5: Band structure of a 1-D magnonic crystal for MSFVW with parameters of
My =140 G, Hy = 1850 Oe, n =2, d; = 10 pym, dy =5 pm, a; = 5 pm, and ay = 5 pm.

ds, a1, and ao are defined in Fig. 3.4. The band structure clearly shows the

bandgaps expected in a MC.

As mentioned previously, the 1-D MC was designed and fabricated using
standard photolithographic technique. To suppress unwanted fluctuations
due to the reflections from sample edges, a parallelogram shape was etched
on a square YIG thin film sample and the periodic channel structure was
thereafter fabricated. The schematic of the designed 1-D MC is shown in
Fig. 3.6(a). The dimension of a unit cell is illustrated in Fig. 3.4. The period

length of the unit cell a is 200 pym, with the etched channel width as of 50
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Figure 3.6: (a). The 3-D model of the 1-D MC sample; (b). the SEM image of the 1-D MC
structure.
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pm , and height of the etched channel dy of 65 pum after etching off 35 um.

The SEM image is shown in Fig. 3.6(b).

The MSWs were excited and received by mounting the 1-D MC upon a delay
line structure. The arrangement for excitation and reception of the MSFVWs
and MSBVWs is shown in Fig. 3.7, in which K represents the wave vector
and Hj the direction of the external bias fields generated from the permanent

magnet pairs.

The analytical results were first compared with the early results for band gaps
reported by others [29]. In [29], the experimental results suggest that the
bandgaps fall approximately at 7.160, 7.120, 7.070, and 7.030 GHz. Fig. 3.8
shows the bandgaps (circled frequencies) predicted using our method, namely,

7.157, 7.133, 7.091, and 7.024 GHz. Clearly, the results calculated by our

method are in good agreement with that reported in [29].

A series of experiments at different bias magnetic fields were also carried out
on MSBVWs and MSFVWs. They consistently showed very good agreement
between the experimental and the calculated results. The effect of magnonic
bandgaps on the MSBVW is shown in Fig. 3.9. The 20 unit cells MC used
was fabricated using photolithography and wet etching. A pair of 50 €2 trans-
mission lines with 5 mm separation was used as a transceiver. The measured
spectrum of Fig. 3.9(a) obtained at the bias field of 1,650 Oe clearly shows

the three bandgaps, A, B, and C, created by the MC.
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(b)

Figure 3.7: Experimental setup for (a) MSFVWs, and (b) MSBVWs excitation and bandgap
tunability test.

47



7.25

72F

A7.1§2 1
2 (

O I |
- 7.1 C)
5 7,051 :
7.

2 —D

N I —

6.9 ‘ ‘ ‘
0 0.1 O.Zky (2n/a)0'3 0.4 0.5

Figure 3.8: The band structure calculated by our approach with the geometry and material
parameters presented in [29].

The calculated band structure of the MC with nearly identical parame-
ters presented in Fig. 3.9(b) clearly shows the existence of bandgaps. The
bandgaps A’, B’, and C’ are the first three calculated bandgaps corresponding
to the measured bandgaps A, B, and C, respectively, in Fig. 3.9(a). Table 3.1
lists the frequencies of the first three magnonic bandgaps. Clearly, an excel-

lent agreement between the experimental and calculated results was obtained.

Experiments were also conducted to excite MSFVWs in 1-D MC. The mea-

sured spectrum of MSFVWs at a bias field of 1,350 Oe is shown in Fig. 3.10(a).

A comparison between Fig. 3.10(a) and the calculated band structure shown
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(b) Theoretical result of 1-D MC with bias magnetic field of 1650 Oe.

Figure 3.9: (a) Measured spectrum of MSBVW in a MC with the following parameters:
M, = 140 G, Hy = 1650 Oe, d; = 100 um, dy ~ 80 pum, a; ~ 85 um, and ay, ~ 75 pum.
(b) Calculated band structure of MSBVW in the 1-D MC with the following parameters:
M, =140 G, Hy = 1650 Oe, n = 2, dy = 100 pym, dy = 80 pum, a; = 85 um, and ay = 75 pm.
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Table 3.1: Comparison of the first two bandgap frequencies between experimental and the-
oretical results with bias magnetic field Hy of 1,650 Oe.

Mid-gap Frequency (GHz)
Experimetal A:6.565 | B: 6.14 C: 5.935
Calculated A’ 6.516 | B: 6.216 | C”: 5.893
Difference (%) | 0.75% 1.23% 0.71%

Table 3.2: Comparison of the first two bandgap frequencies between experimental and the-
oretical results with bias magnetic field Hy of 1,350 Oe.

Mid-gap Frequency (GHz)
Experimetal A:3.94 B: 4.29
Calculated A’: 3.9545 | B”: 4.3235
Difference (%) | 0.37% 0.78%

in Fig. 3.10(b) as listed in Table 3.2 also shows a close agreement between

the two.

The tunability of the MSBVWs and that of the MSFVWs were studied subse-
quently. As shown in Fig. 3.11(a), by increasing the bias magnetic field from
1,150 Oe to 2,030 Oe, three bandgaps of the MSFVWs marked A, B and C,
respectively, were identified. The tunability of the bandgaps toward a higher
frequency with the increase of the bias magnetic field was also clearly demon-
strated. Similarly, the tunability of the bandgaps marked D-G of the MSB-
VWs in a MC under different bias magnetic fields is shown in Fig. 3.11(b).
The comparison between the experimental and theoretical results is presented
in Table 3.3 and a good agreement between the two results was achieved, sug-
gesting the validity of the approach biased on Walker’s equation in bandgaps

calculation at normal incidence.
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Figure 3.10: The experimental and theoretical results of MSFVW propagating in 1-D MC

with bias magnetic field, Hy, of 1350 Oe.
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Figure 3.11: Measured bandgaps under different magnetic fields of (a). MSFVW, bandgaps
marked as A-C and (b). MSBVWs, bandgaps marked as D-G.
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Table 3.3: Comparison between measured MSFVWs and MSBVWs in a 1-D MC with ana-
lytically calculated Results. UNIT:[GHz|

MSFVWs Mid-gap Freq. MSBVWs Mid-gap Freq.
Experimetal A:3.73 | B:498 | C:6.23 | D:4.33 | E:5.45 | F:5.64 | G:6.05
Calculated A’:3.76 | B:489 | C:623| D"4.21 | E:5.11 | F:5.71 | G’:5.99
Difference (%) | 0.93% 1.82% 1.08% 2.8% 1.08% | 1.19% | 0.93%

In conclusion, the validity of the eigenvalue equations derived from Walker’s
equation for analysis of the propagation characteristics of MSVWS in 1-D
MC with periodic variation in magnetic layer thickness has been established.
An excellent agreement between the calculated bandgaps for the MSVWs
using the proposed approach and the experimental results has been achieved.
Tuning of the bandgaps in MSFVWs and MSBVWs via a bias magnetic field

has also been demonstrated.

53



3.4 Propagation Characteristics of MSVWs in 1-D MC

with Oblique Incidence

In the last Section, the results of theoretical and experimental studies on the
bandgaps of MSVWs in 1-D MC with periodic variation in YIG/GGG layer
thickness at normal incidence [9] are presented. The results of subsequent
theoretical and experimental studies for the case of oblique incidence [10] are

presented in this Section.

3.4.1 Bandgaps Calculation and Verification

The relative propagation direction of the incident MSVWs with respect to
the y-oriented 1-D MC is shown in Fig. 3.12 in which k£ and 8 are the wave
number and the incident angle of the MSVWs, respectively. The bias mag-
netic field Hy is applied along the y or the z direction to excite the MSFVWs

or MSBVWs, respectively.

The bandgaps of the MSVWS in a 1-D MC at oblique incidence were cal-

culated by using the approach reported in [10]. In order to elucidate the
propagation characteristics at different incident angles, 2-D band structures
were constructed to present the calculated results. Fig. 3.13 and Fig. 3.14 are
such 2-D band structures for the MSFVWs and the MSBVWs, respectively,

with the incident angle ranging from -45° to 45° in the 1-D MC with unit cell
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Figure 3.12: Oblique incidence of MSVWs upon a 1-D MC, when k is the wave number of
the MSVWs and @ is the incident angle.

dimensions of a; = 50 um,as = 50 pm, a = 100 pm , d; = 100 pm, and dy =

80 pum as shown in Fig. 3.4.

The theoretical approach enabled efficient calculation of the band structures
at different 6 together with the corresponding bandgap information clearly
demonstrated on the 2-D band structures. For example, from Fig. 3.13 for
the MSFVWs, the first band (in blue to green) can be readily found to be
from 5.531 GHz to 6.453 GHz at 8 = 0° and from 5.531 GHz to 6.804 GHz
at 6 = 45°, respectively. Similarly, the second band (in green to orange) are
readily found to be from 6.597 GHz to 7.152 GHz at # = 0° and from 6.935

GHz to 7.152 GHz at 6 = 45°, respectively. Furthermore, Fig. 3.15(a) and
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Figure 3.13: 2-D band structure of the MSFVWs in a 1-D MC. The range of incident angle
6 is from -45° to 45°. The dimensions of the unit cell are a; = 50 pym, as = 50 pum, a =
100 pm , d; = 100 pm, and dy = 80 pum as shown in Fig. 3.4. The saturation magnetization
4mM,is 1760 G. The bias magnetic field is 1975 Oe.

3.15(b) clearly show the variation of bandgaps at versus the incident angle
for the MSFVWs and the MSBVWs, respectively. The mid-gap frequency
of the bandgap increases as the incident angle increases. Experiments were

thereafter conducted to verify the correctness of the calculated results [10].

3.4.2 MSFVWs, Incident Angle 6§ = 0°, 14°, and 25°; Bias mag-

netic field Hy,=16500e

Experiments were first carried out to verify the calculated bandgaps of the

MSVWs propagating in the 1-D MC as shown in Fig. 3.16(a) with oblique
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Figure 3.14: 2-D band structure of the MSBVWs in a 1-D MC. The range of incident angle
0 is from -45° to 45°. The dimensions of the unit cell, the saturation magnetization, and the
bias magnetic field are given in the caption of Fig. 3.13.

incidence using the same measurement setup as the one used previously [9].
The periodic channels of the 1-D MC sample was formed by wet etching
upon the YIG/GGG thin-film with a thickness of 100 ym. The unit cell of
the periodic structure has the dimensions of a; = 90um, as = 70um, d; = 100
pm, and do = 80pum . Variation of the incident angle was accomplished by
rotating the 1-D MC sample while maintaining the position of the microstrip
transducers and the direction of the bias magnetic field (see Fig. 3.16(b)).
As shown in Figs. 3.17 (a), (c), and (e), the circled dips marked with letters
A to D are the measured bandgaps of the MSFVWs with the incident angles

of 0°, 14°, and 25°, respectively, at the bias magnetic field of 1,650 Oe. The
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Variation of bandgaps with the incident angle:(a) MSFVWs,(b) MSBVWs.

The mid-gap frequency of the bandgap increases as the incident angle increases, while the
width of the bandgap decreases as the incident angle increases.
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Figure 3.16: (a) The unit cell of a 1-D MC with periodic variation in layer thickness. a4
and ag, and dy and d, are, respectively, the width and the thickness of unetched and etched
parts of the YIG film. (b) Geometry of a 1-D MC and microstrip transducers.

corresponding calculated band structures are shown in Figs. 3.17 (b), (d), and
(f), respectively, with the bandgaps marked A’ to D’. A comparison between
the experimental and the theoretical results is presented in Table 3.4. Note

that a very slight difference (<1%) between the two results was observed.

3.4.3 MSBVWs, Incident Angle ¢ = 0°, 14°, and 25°; Bias mag-

netic field Hy= 1,385 Oe

Similarly, experiments were carried out to measure the bandgaps of the MS-
BVWs at the incident angles of 0°, 14°, and 25°, and the bias magnetic field
of 1,385 Oe. Variation of the incident angle was also accomplished in the

same manner as in the experiments with the MSFVWs. Fig. 3.18(a) shows

59



' ' 6.5
=25 A MSFVW
2 1=0
=30+ H_=16500e s
1)) =
2 )
3-35 s
g =
g g
£ 40 Z ]
= 45
44 46 48 50 352 01 02 03 04 05
Frequency (GHz) k, (2n/a)
(a) (b)
=20 . : ; . .
L B MSFOVW 6.5
8 a5l 1=14 ]
2 \l, H =16500e
= I g 6f
5300 ! 5
2 | 55
£ 2
S 40 = s
= |
45t —— 45
4.4 4.6 4.8 5.0 5.2 0
Frequency (GHz)
(c)
i MSFYW ¢
20+
) D =25’
<3 H,=16500¢

o
i

Frequency (GHz)

(3

Insertion Loss S
A
(=]

46 48 50 52 54 01 02 03 04 os

Frequency (GHz) k, (2n/a)
(e) (f)

Figure 3.17: Experimental and calculated results of the MSFVWs propagating in a 1-D MC
with incident angle (a), (b):0 = 0°; (c), (d):0 = 14° ; (e), (f):0 = 25° under a bias magnetic
field of 1,650 Oe. (a) Experimental Resutls,0 = 0°; (b) Calculated Results 8 = 0° ; (c)
Experimental Resutls,§ = 14° ; (d) Calculated Results 6 = 14° ; (e) Experimental Resutls,
= 25°; (f)Calculated Results 6 = 25°.
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Table 3.4: Calculated and Measured MSFVWS Bandgaps Comparison

Mid-gap Frequency(GHz)
f=14° 0=25°
B:4.83 | C:4.81 | D:5.01
B:482 | C: 4.78 | D:4.98
0.20% 0.62% 0.60%

0 =0°
A: 4.82
A’ 4.80
0.40%

Incident Angle
Experimetal
Calculated
Difference (%)

the measured bandgaps of the MSBVWs with the incident angle of 0° and
the bias magnetic field of 1,385 Oe. The calculated band structures and
bandgaps are shown in Fig. 3.18 (b). The measured and calculated bandgaps
of the MSBVWs with the incident angle of 14°, and 25° are shown in Fig. 3.18
(c) and (e), and (d) and (f), respectively. Again, as shown in Table 3.5, an

excellent agreement between the experimental and the theoretical results was

achieved.

Table 3.5: Calculated and Measured MSBVWS Bandgaps Comparison

(a) 8 =0°
Angle Mid-gap Frequency(GHz)
Experimetal A:4.620 | B: 4.99 C: 5.172 | D:5.461 | E:5.761
Calculated A’ 4721 | B: 4891 | C’: 5.162 | D:5.482 | E’:5.760
Difference (%) | 2.16% 2.00% 0.19% 0.36% 0%
(b) 6 = 14°
Angle 0 = 14°, Mid-gap Frequency(GHz)
Experimetal F:5.044 | G:5.243 | H: 5436 | [:5.723 | J:5.787
Calculated F’: 5.043 | G’: 5.242 | H’: 5.446 | I":5.656 | J:5.804
Difference (%) | 0.02% 0.02% 0.18% 1.17% | 0.29%
(c) 6 = 25°
Angle 0 = 14°, Mid-gap Frequency(GHz)
Experimetal K:5.04 | L:5.24 | M: 5.36 | N:5.36 | O:5.68 | P:5.84
Calculated K:513 | L': 529 | M": 5.43 | N:5.59 | O:5.72 | P’=5.81
Difference (%) | 1.78% 1.00% 1.30% 0.54% | 0.70% | 0.51%
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Figure 3.18: Experimental and calculated results of the MSBVWs propagating in a 1-D MC
with incident angle (a), (b):0 = 0°; (c), (d):0 = 14° ; (e), (f):0 = 25° under a bias magnetic
field of 1,385 Oe. (a) Experimental Resutls, = 0°; (b) Calculated Results 8 = 0° ; (c)
Experimental Resutls,f = 14° ; (d) Calculated Results 6 = 14° ; (e) Experimental Resutls,
= 25°; (f)Calculated Results 6 = 25°.
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In summary, as shown in Tables 3.4 and 3.5, the measured bandgaps of
the MSFVWs and the MSBVWs at the three incident angles of 0°, 14°,
and 25° are all in excellent agreement with the calculated results using the
approach reported in Ref. [10]. One additional bandgap was created as the
incident angle was increased from 14°, and 25°. Thus, the capability of the
new analytical approach for calculation of the bandgaps of both types of the

MSVWs at oblique incidence in the 1-D MCs has been clearly demonstrated.

3.5 Propagation Characteristics of MSV Ws in 2-D Magnonic

Crystal

In Sections 3.3 and 3.4, the propagation characteristics of the MSVWs in the
1-D MC at normal and oblique incidence [9, 10] are presented. The research
was further extended to the propagation characteristics of the MSVWs in
2-D MCs, at normal and oblique incidence and the findings are presented in

this Section.

3.5.1 Bandgaps Calculation and Verification

The theoretical approach based on Walker’s equation [11] was again em-
ployed to analyze the 2-D MC band structure. Fig. 3.19 (a) and (b) show

the geometrical profile of the 2-D MCs in square lattice used in the numerical
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Figure 3.19: (a) Geometry and reduced first Brillouin zone in 2-D MCs of square lattice

calculation, in which a is the lattice constant, R is the radius of the etched
hole, d; and ds are the thicknesses of unetched and etched YIG layer, re-
spectively. The resulting band structure is presented along the first reduced
Brillouin zone, I'-X-M, as shown in Fig. 3.19(c), in which I': k, =0, k, = 0,
X: ky=n/a, k,=0,and M: k, = 7/a, k,= 7/a.

Figs. 3.20(a)-(d) are the calculated band structures for MSVWs which show
the first three passbands (PBs) and the first bandgap obtained with Hy =
1,650 Oe, Mg = 1,750 Gauss for a YIG layer, with the geometric parame-
ters: a = 200 pm, R = 0.32a, and d; = 100pum, and ds = 55 and 35 pm.
Specifically, the colored lines represent the passbands in which the MSVWs
can propagate through the periodic structure at different frequencies. The
horizontal darkened bands designate the bandgaps in which the MSVWs can-
not propagate in the MCs due to the destructive interference. Besides, the

dispersion relations of the passbands are also readily obtained. As clearly
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Figure 3.20: Calculated band structures of MSVWs in a 2-D MC at Hy = 1650 Oe, Mg =
1750 Gauss, and the geometric parameters:a = 200 um, R = 0.32a, and d; = 100pm, and
the corresponding wave numbers:I': k, =0, k, = 0; X: k, = 0.5(27/a) = 157.08 cm™ )k, =
0; M: k, =k, =0.5(27/a) = 157.08 cm™': (a) MSFVWs, dy = 55um, (b) MSFVWs, dy =
35um, (¢) MSBVWs, dy = 55um, (d) MSBVWs, dy = 35um.



seen from Figs. 3.20, the mid-gap frequency and the bandgap width change
drastically as dy was varied from 55 to 35 um. Therefore, the thickness vari-
ation achieved by varying ds is an important parameter to obtain the band

structures desired.

Fig. 3.21(a) and (b) show the calculated bandgaps versus the incidence angle
for the MSVWs. The blue line and the green line are for the first and the
second bands, respectively. The area in between corresponds to the bandgap
at respective incidence angle. It shows that at all incidence angles (-45° to
45° ) a bandgap exists from 8.844 to 8.853 GHz for the MSFVWs and 5.891
to 5.935 GHz for the MSBVWs. This is in stark contrast to the case with the
1-D MCs. For example, at 6.5 GHz, the bandgap only ranges from -15° to
15° of incidence angle as shown in Fig. 3.21(c) for the MSFVWs in the 1-D

MCs.

The approach based on Walker’s equation has thus again demonstrated its ca-
pability for fast calculation and design of the desired band structure through
a joint setting of the bias magnetic field Hy and the periodic geometric pa-

rameters, e.g. dy. Its correctness was thereafter verified experimentally.
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H, for
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Figure 3.22: The optical image of the 2-D MC sample with square lattice (a) and the setup
for experiments (b).

3.5.2 MSFVWs in a 2-D MC

Experiments were conducted to verify the calculated bandgaps of the MSVWs
propagating in the 2-D MCs. Again, the samples were prepared by pho-
tolithography and wet-etching techniques on a 100pum YIG/GGG thin film
sample as shown in Fig. 3.22(a). The 2-D periodic etched holes of square lat-

tice has the dimensions of a = 200 ym, R = 0.32a, d; = 100 um, and dy = 52
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Table 3.6: Comparison of mid-gap frequency and bandgap width at I'-X and M-I" between
experimental results and calculated results for MSFVWs.

Mid-gap Freq./Bandgap width(GHz)
Hy(Oe) 3000 3125 3250
Experimetal | A: 8.50/0.022 | B: 8.88/0.020 | C: 9.28/0.025
Calculated | A”:8.49/0.009 | B:8.85/0.011 | C’: 9.28/0.009

pm with reference to Fig. 3.19(a) and Fig. 3.19(b). Note that the hexagonal
shape of the etched holes was due to preferential etching. The MSVWs were

excited and received by a pair of 50 copper microstrip transmission lines as

shown in Fig. 3.22(b).

Firstly, the MSFVWs were excited by applying a bias magnetic field Hy in
the direction perpendicular to both the wave propagation direction and the
sample plane, namely, the Z-axis. Measurements of the insertion losses were
carried out to determine the bandgaps of the MSFVWs at H of 3,000, 3,125,
and 3,250 Oe. As shown in Fig. 3.23, the corresponding bandgaps A, B,
and C of 8.50, 8.88, and 9.28 GHz, respectively, are clearly seen. These
measured values are in a very good agreement with the calculated results
designated in the colored areas A’, B’, and C’ in Fig. 3.24 with the mid-gap
frequencies of 8.49, 8.85, and 9.28 GHz, respectively. A comparison between
the experimental results and the calculated bandgaps at the three values of

Hy are shown in Table 3.6, and it shows a very good agreement.
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Figure 3.23: Comparison between experimental results and calculated results of MSFVWs

at three Hy: 3,000, 3,125, and 3,250 Oe. The passband and bandgaps could be adjusted by
tuning the H,.

3.5.3 MSBVWs in a 2-D MC

Subsequently, the MSBVWs were excited by applying Hj in parallel direction
to the propagation direction as shown in Fig. 3.22(b). Fig. 3.25 shows the
measured bandgaps A, B, and C at Hy = 1,160, 1,375, and 1,600 Oe, respec-
tively. As shown in Fig. 3.26, the calculated bandgaps marked A’, B’ and
C’ with the corresponding mid-gap frequencies of 5.61, 6.25, and 6.91 GHz,
respectively, are in a very good agreement with the measured values. Table
3.7 lists both the measured and calculated bandgaps and bandgap widths at
the three values of H,. Clearly, the tunibility of the pass and stop bands by

the bias magnetic field has been demonstrated.

70



Frequency (GHz)

8.7 [ [ g
sqpp | Ho=3000 Oc
2nd PB 7 n-8.49 GHz
1st PB
8.3
0.1 |
3r d op | Hi=31250¢
8.9‘/B’: 8.85 GHz
P
Q.7 ISt PB
9.5
3rd PB H0=3250 Oe
‘_2‘1‘1 PBN. 7 (. 928 GHz
9.3 <
lst PB
9.1 '
I X M I

Figure 3.24: Calculated band structures of the MSFVWs at three Hy: 3,000, 3,125, and

3,250 Oe.
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Figure 3.25: Comparison between measured and calculated results of the MSBVWs at three
values of Hy: 1,160, 1,375, and 1,600 Oe. The passband and bandgaps were tuned by varying
the Ho.

Experiments were also carried out to measure the angular dependence of the
bandgap associated with the 2-D MCs. The variation of incidence angles
of the MSBVWs was facilitated by rotating the 2-D MC sample around the

Z-axis as depicted in Fig. 3.27.

As shown in Fig. 3.28, the bandgaps A, B, C, and D are clearly seen in the
measured insertion losses of the MSBVWs propagating in the 2-D MC sample
at the incidence angle of 0°, 10°, 20°, and 30°, respectively, at Hy = 1,600 Oe.
Table 3.8 shows the mid-gap frequency of each bandgap and a high degree
of consistency across different incidence angles was observed. In other words,
the bandgap of MSBVWs in the 2-D MCs at a given frequency exists in a

much larger range of incidence angle than in the 1-D MCs [9, 10]..
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Figure 3.27: Relative direction of incident MSBVWs and the 2-D MC. The incidence angle
of the MSBVWs () was varied by rotating the sample around the Z-axis.

Table 3.7: Comparison of Mid-gap frequency and bandgap width at I'-X and M-I" between
experimental results and calculated results for MSFVWs.

Mid-gap Freq./Bandgap width(GHz)
Ho(Oc) 1,160 1375 1,600
Experimetal | A: 5.55/0.035 | B: 6.19/0.020 | C: 6.89/0.040
Calculated | A”:5.61/0.025 | B:6.25/0.021 | C’: 6.91/0.031

Table 3.8: Mid-gap Frequencies of the Bandgaps of MSBVWs versus the Incidence Angle

Mid-gap Frequency (GHz)
Incident Angle | #=0° 0=10° | 6=20° | 6=30°
Experimental | A: 6.90 | B: 6.90 | C: 6.92 | D:6.88
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In conclusion, the analytical approach based on Walker’s equation was em-

ployed to study the propagation characteristics versus the bias magnetic field

for both types of the MSVWs in 2-D MCs made of periodic thickness varia-

tion of square lattice in an YIG layer. Experiments were conducted to verify

the calculated results, and very good agreements between the measured and

calculated results were obtained.
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Figure 3.28: Insertion loss measurement of MSBVWs in the 2-D MC sample at the incidence
angles of 0°, 10°, 20°, and 30°, and Hy=1,600 Oe.
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3.6 Absorption Level Calculation in Bandgaps

As mentioned previously in section 3.1, the theoretical approach was devel-
oped to calculate complex wave numbers with given frequencies. As known,
the imaginary parts of the wave numbers indicate the absorption levels of
bandgaps of the MSVWs propagating in the MCs. The calculation of ab-
sorption level in 1-D MCs was reported in Ref. [29] while the calculation of
absorption level in 2-D MCs has not been reported heretofore. Prof. Tsai’s
group is the first in developing this approach. The absorption level is calcu-
lated by utilizing the imaginary part of wave numbers obtained from Eq. 3.10

and convert to decibel unit as follow for comparison.

IL = 20log(exp(Im[k] X lery)) (3.19)

where Im[k] is the imaginary part of the complex wave number and [.ss is
the effective length of the 2-D MCs, which is 0.4cm in this case. As shown
in Fig. 3.29, the calculated bandgap is between 8.524 and 8.557GHz and the
maximum absorption level is -14.2dB as the red line shows. A close agreement

with the experimental results is clearly seen from Fig. 3.29.

Note that the experimental result in Fig. 3.29 is normalized by subtracting

the IL of MSFVWs in 2-D MCs by the IL in non-structured YIG thin film
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as shown in Fig. 3.30. The measured bandgap is between 8.533 and 8.576
GHz, and the maximum absorption level is -12.18dB. The measurements
were conducted with the setup shown in Fig. 3.22(b) with the same 2-D MCs

sample used in section 3.5.
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Figure 3.29: The comparison of absorption level in the theoretical and experimental results
at the bandgap.
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Figure 3.30: The experimental results of MSFVWs in a non-structured YIG thin film
and 2-D MCs with bias magnetic filed Hy 3010 Oe. Blue line is the MSFVWs in a
non-structured YIG thin film and red line is the MSFVWs in 2-D MCs.
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Chapter 4

Magnonic Crystal-Based Tunable

Microwave Devices

In this chapter the applications of 1-D and 2-D MCs for realization of mag-

netically tunable wideband microwave filters and phase shifters are presented.

4.1 MC-Based Tunable Microwave Filter

By applying a bias magnetic field (Hy) of 1,200 Oe on the 1-D MC as shown in
Fig. 4.1, the MSBVW excited is seen to function as a band-pass filter (BPF)
as shown in Fig. 4.2(a)(in black). Furthermore, the bandgap arising from
the periodic structure of the MC facilitates filtering function of a band-stop
filter (BSF) at a center frequency of 4.95 GHz with a 3 dB BW of 100 MHz.

By slightly decreasing the bias magnetic field from 1,200 Oe to 1,180 Oe or
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slightly increasing the field from 1,200 Oe to 1,250 Oe, the center frequency
of the BSF was tuned to 4.875 GHz and 5.05 GHz, respectively, as shown in
Fig. 4.2(a). Similar results were also obtained in the 2-D MC. Specifically, by
setting the bias magnetic field at 1,265 Oe, a BSF embedded in a BPF with
a center frequency of 4.90 GHz and a 3 dB BW of 90 MHz was measured
as shown in Fig. 4.2(b), a small variation of the fields by £+ 15 Oe centered
at 1,265 Oe, the BSF’s center frequencies were tuned to 4.9 and 4.975 GHz,
respectively, with the corresponding 3 dB BW remained at 90 MHz.

50 Q Microstrip
Transducers

Microwave Input

Microwave Output

Figure 4.1: The arrangement for excitation and measurement of the MSBVWs in the 1-D
and 2-D MCs
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10- '~ ——1-D MC, 1,180 Oe applied
——1-D MC, 1,200 Oe applied
——1-D MC, 1,250 Oe applied
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4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8
Frequency (GHz)
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' —— 2D MC 1,2500e¢ ; 2D MC 1,2650e;
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(b)
Figure 4.2: Excitation of MSBVWs to function as a tunable BPF with a BSF embedded in

(a) 1-D MC with 1,180, 1,200 and 1,250 Oe applied, and (b) 2-D MC with 1,250 Oe, 1,265

Oe and 1,280 Oe applied, respectively.
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4.2 MC-Based Tunable Phase Shifters

Tunable microwave phase shifters that utilize the tunable phase characteris-
tics of the MSBVWs in YIG/GGG thin film-based 1-D and 2-D MCs on a
delay line structure were first reported by Prof. Chen S. Tsai’s group in Ref.
[58]. The theoretical approach based on Walker’s equation mentioned previ-
ously in section 3.1, namely Eq. 3.4 and Eq. 3.6, was employed to calculate
the phase shifts of MSBVWs in the 1-D and 2-D MCs with the bias magnetic
field as a parameter. The geometrical profiles of the 1-D and 2-D MCs used

in the numerical calculation are shown in Figs. 4.3 (a)-(d).

For the configuration with the MSBVWs propagating along the Y-direction
as shown in Fig. 4.1, we have k, = 0, and Eq. 3.6 is rearranged into the

following form:

(M’ — K') ¥ = 0, (4.1)

where

M’ = (w? — HZ) ™' [(4nM,Hy + H2) (—k?) + K2w?] (4.2)
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Figure 4.3: he scanning electron microscope (SEM) images of the 1-D MC with etched
parallel channels (a), and the 2-D MC with etched circular wells (b). The profiles of the unit
cell of 1-D MC with a;=245 pm, ay= 75 pm, d;= 100 pm, and de= 80 pm (c), and of 2-D
MC with a;=200um, R=64 pm, d;= 100 pum, and do= 52 pm (d).

0 0? 0?
r_— 2 A I I
K = (k:y + zkygy) + (aﬁ + 3y2) : (4.3)

Now, by setting the determinant of the matrix (M’ — K’) equal to zero and
specifying the eigen frequency w, M’ in Eq. 4.2 is determined and the only
unknown quantity, wave number £, are solved. The differential phase shift

(A¢) obtained by varying the bias magnetic field from Hy to H; at the eigen
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frequency wyp in the MCs is thus given by Eq. 4.4:

D Blosy = logs % (), = )| (4.4)

W=wy

where [t is the effective length of the microwave transducers structure (4 mm
in this study) used to excite and receive the MSBVWs. Figs. 4.4(a) and (b)
are the calculated phase shifts (¢) in the 1-D and 2-D MCs obtained utilizing
the theoretical approach presented above. Specifically, the calculated A¢ at
4.82 GHz in the 1-D MC are 169.2° /cm ( or 67.7° in total) as Hy was tuned
from 1,185 to 1,200 Oe and 643.2°/cm (or 257.3° in total) as Hy was tuned
from 1,200 to 1,250 Oe. Similarly, the calculated A¢ at 4.82 GHz in the 2-D
MC are 459.4°/cm ( or 183.8° in total) as Hjy was tuned from 1,245 to 1,265
Oe and 726.7°/cm ( or 290.7° in total) as Hy was tuned from 1,265 to 1,290

Oe.

The MSBVWs were excited and received by mounting the MC samples upon a
pair of 50 2 microwave transducers with 4 mm separation fabricated upon the
RT /Duroid 6010 substrate as shown in Fig. 4.1. The insertion loss (Ss;)and
the unwrapped phase of the MSBVWs in the 1-D and 2-D MCs were measured

by using Vector Network Analyzer (HP-8510C) at a step size of 6.25 MHz.

Fig. 4.5(a) shows the measured Sy; in the 1-D MC at the bias field Hy of

1,185, 1,200 and 1,250 Oe, depicting tuning of the bandgaps from A to B and
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Figure 4.4: The calculated phase shifts in the 1-D MC at Hy of 1,185, 1,200 and 1,250 Oe

(a), and in the 2-D MC at Hj of 1,245, 12,65 and 1,290 Oe (b).
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to C. When H{ was tuned from 1,185 to 1,200 Oe, the A¢ was measured in
the left passband from 4.73 to 4.83 GHz of the bandgap where the insertion
loss variation (/ASs;) was relatively small. As shown in Fig. 4.6(a), an average
differential phase shift (A¢g.g) of 80.9° and an average insertion loss variation
(AS21)avg of 2.08 dB/cm were measured. Further increase in the bias field by
50 Oe to 1,250 Oe produced a Adqy, as large as 259.3° and a (ASa1)awg a8
low as 0.78 dB/cm for the frequency range from 4.80 to 4.91 GHz as shown
in Fig. 4.6(b). The corresponding phase tuning rates are 13.48°/(Oe-cm) and

12.97°/(Oe-cm), respectively.

Similarly, Fig. 4.5(b) shows the measured So; in the 2-D MC at Hj of 1,245,
1,265, and 1,290 Oe as well as the frequency ranges in which the phase shifts
were measured. Specifically, as shown in Fig. 4.6(c), by biasing the 2-D MC
at 1,265 Oe and lowering the bias field by 20 Oe to 1,245 Oe, a Agg,, of
198.4" and a (AS21)awg of 1.85 dB/cm were measured from 4.76 to 4.85 GHz
in the left passband of the bandgap D. By increasing Hy further by 25 Oe to
1,290 Oe, a A¢gpg of 255.4° and a (AS21)avg of 1.49 dB/cm were obtained in
the frequency range from 4.82 to 4.90 GHz. The corresponding phase tuning
rates are 24.8 and 25.54 */(Oe-cm), respectively. The measured Adg,, and
(ASa1)avg in the right passband of the bandgap E is shown in Fig. 4.6(d). It
shows the A¢q,y and (ASs1)ayg values of 207.2" and 0.97 dB/cm, respectively,
from 4.99 to 5.09 GHz when tuning Hj from 1,245 to 1,265 Oe. Further tuning
of Hy to 1,290 Oe resulted in a Agg,, of 258.3" together with a (ASa1)aug of
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Figure 4.6: The measured phase shifts of the 1-D MC:(a) at Hy of 1,185 and 1,200 Oe, (b)
at Hy of 1,200 and 1,250 Oe in the left passband; and of the 2-D MC: (c) left passband, and
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1.43 dB/cm from 5.04 to 5.14 GHz in the right passband of the bandgap F.
The corresponding phase tuning rates are 25.9 °/(Oe-cm) and 25.83°/(Oe-

cm), respectively.
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Figure 4.7: Comparison between the calculated and measured A¢y,, in the 1-D MC: (a)
from 1,185 to 1,200 Oe and (b) from 1,200 to 1,250 Oe; and in the 2-D MC: (c¢) from 1,245
to 1,265 Oe , and (d) from 1,265 to 1,290 Oe.

The measured and calculated Agg,,, for the 1-D MC are shown in Figs. 4.7(a)
and (b). Specifically, 80.9° versus 78.7° from 4.73 to 4.83 GHz was obtained by

tuning Hy, from 1,185 to 1,200 Oe. Further increase of Hy by 50 Oe to 1,250
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Oe resulted in much larger measured A¢,,, of 259.3° verus the calculated

value of 260.7° from 4.80 to 4.91 GHz.

Similarly, the experimental results for the left passband of the 2-D MC in
comparison to the calculated A¢g,, are shown in Figs. 4.7 (¢) and (d). The
measured and calculated Agg,, from 4.76 to 4.85 GHz are 194.7° and 198.4°,
respectively, by tuning Hj from 1,245 to 1,265 Oe, while the corresponding
A¢ayg are 252.3° and 257.4° when tuning Hy from 1,265 to 1,290 Oe in the

frequency range from 4.82 to 4.90 GHz.

In short, the A¢,,, obtained in the left passband of the 1-D MC together with
that obtained in both left and right passbands of the 2-D MC are summarized
in Table 4.2 and Table 4.2, showing an excellent agreement between the

experimental and calculated results.

Table 4.1: Comparison of A¢g,,(°)/phase tuning rate (°/Oe-cm) between measured and
calculated results in the case of 1-D MCs.

MC Type 1-D MC
Location Left Passband
Hy(Oe) 1185-1200 | 1200-1250
Freq (GHz) 4.73-4.83 | 4.80-4.91
Calc(°/(°/Oe-cm)) | 78.7/13.12 | 260.7/13.1
Meas (°/(°/Oe-cm)) | 80.9/13.48 | 259.3/12.97

Table 4.2: Comparison of A¢g,(°)/phase tuning rate (°/Oe-cm) between measured and

calculated results in the case of 2-D MCs.
MC Type 2-D MC
Location Left Passband Right Passband
Hy(Oe) 1245-1265 | 1265-1290 | 1245-1265 | 1265-1290
Freq (GHz) 4.76-4.85 4.82-4.90 4.99-5.09 5.04-5.14
Calc(°/(°/Oe-cm)) | 194.7/24.3 | 252.3/25.23 | 204.1/25.5 | 260.4/26.04
Meas (°/(°/Oe-cm)) | 198.4/24.8 | 255.4/25.54 | 207.2/25.9 | 258.3/25.83
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comparing to the conventional phase shifters reported earlier [59-70] the MC-
based phase shifters presented above have demonstrated simultaneously a
much larger phase tuning rate in unit degree/(Oe-cm) and a significantly
smaller variation in insertion loss (dB/cm). Specifically, comparing to the
best non-MC-based microwave phase shifter recently reported in Ref.[27][70],
the MCs-based phase shifter was better than one order of magnitude in phase
tuning rate (25.9 vs. 0.32 °/(Oe-cm)), figure of merit (26.7 vs. 0.72 °/(dB-
Oe) ), and much shorter propagation path (4 vs. 97.1 mm). The superior
performances of the MC-based phase shifter are attributable to the larger
wave numbers of the MSWs/SWs in MCs and the much shorter corresponding
wavelengths (in the order of ~ 10~* ¢cm) than the corresponding wavelength of
the propagating microwaves (in the order of ~ 107! c¢m) in the conventional
phase shifters [43]. Thus, agile phase shifts are more easily achieved with

short propagation path in the MCs-based phase shifters.

4.3 MC-based MSFV Ws waveguides

The defect-free MCs have been extensively studied both theoretically and
experimentally and presented in previous sections. However, reports on de-
fective MCs are much less frequent. The additional modes created by the
local defects confine the waves in designated regions and are therefore essen-

tial for the devices based on periodic structures such as the PC-based optical
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waveguides. A complete theoretical analysis of the confinement of magne-
tostatic forward volume waves (MSFVWs) in the line-defect region of 2-D
MCs with periodic variation in thickness in a YIG layer and the experimen-
tal verification were presented in Ref. [71] and this section. As MSFVWs
possess isotropic dispersion relation in the YIG layers, the complexity in the
analysis is significantly reduced and the effect of line defects can be studied.
The theoretical approach based on Walker’s equation previously mentioned

is employed in the analysis, namely Eq. 3.3 and 3.6.

In a defect-free 2-D MCs, the domain of calculation covers one unit cell with
periodic boundary conditions as previously shown in Fig. 3.19(b). For the
defective 2-D MCs the domain of calculation covers multiple unit cells in order
to include the local irregularity. For example, the 2-D MCs under study is
based on a 100pm thick YIG layer with the dimensions shown in Fig. (4.8).
The domain of calculation covers five unit cells with a defect at the center.
The grey areas are the unetched YIG layer, and the white circle represents
the etched hole to create the periodic variation in thickness. The defect at

the center of the domain of calculation is created by replacing the etched hole

by the unetched YIG layer.

The eigen-frequencies w and the corresponding eigenvectors W calculated from
Eq. (3.6) are utilized to construct the band diagrams and the mode patterns,

respectively. The band diagrams are obtained from the relationship between
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Figure 4.8: The domain of calculation of the 2-D MC with line defects. The lattice constant
a is 200 pm, and the radius of the etched hole R is 0.32a.

the wave numbers £ and the eigen-frequecies w. Each element in the eigenvec-
tor W represents the magnetic potential at one point in the discrete domain of
calculation and can be used to construct the mode pattern of the MSFVWs
by arranging them in the domain of calculation in a correct order. Fig. (4.9)
shows the calculated band diagram and selected mode patterns of the MS-
FVWs propagation in the defective 2-D MCs with the geometric parameters
shown in Fig. (4.8). In the band diagram on the left of Fig. (4.9) the grey
areas represent the pass band, meaning that the MSFVWs can propagate
freely within the band. The corresponding mode pattern on the right sup-
ports this observation as it clearly shows the MSFVWs with high amplitude
in the structured region. In contrast, the defect mode designated by the
red line in the band diagram shows that the MSFVWs are confined within
the defective region and decay as they propagate into the periodic structure.
The confinement of the MSFVWs provides the basis for construction of useful

devices such as waveguides.

Experiments were carried out to verify the theoretical predictions of the de-
fect modes associated with the line defects. The periodic structures were
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Figure 4.9: The calculated band diagram (left) and corresponding mode patterns (right)
of the 2-D MCs with dimensions shown in Fig. (4.8), bias magnetic field Hy = 3000 Oe,

and n = 2. The grey areas and the red line represent the pass bands and the defect mode,
respectively, in the 2-D MC.

fabricated by photolithography and subsequent wet-etching in a 100um-thick
YIG/GGG layer. The defect-free MC and the MC with line defects were
prepared simultaneously to ensure a meaningful comparison as shown in Fig.
4.10(a) and Fig. 4.10(b), respectively. The 2-D MCs fabricated have the fol-
lowing dimensions: lattice constant a = 200 pum, radius of etched holes R =
0.32a, thickness of unetched YIG layer d; = 100 um and thickness of etched
YIG layer dy = 55 um. The bias magnetic field was applied in the direction
perpendicular to the YIG layer. A pair of 502 microstrips were utilized to
excite and receive the MSFVWs propagating in the X-Y plane of the YIG

layer.

Specifically, by applying a bias magnetic field of 30000e, the MSFVWs were

excited at the frequency range from 8.34 to 8.64GHz. Note that the cal-
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Figure 4.10: The scanning electron microscope (SEM) pictures of (a) the defect-free MC and
(b) the MC with line-defects; (c¢) A pair of 5082 microstrip transducers for the excitation and
reception of the MSFVWs. The bias magnetic field was applied in the direction perpendicular
to the YIG layer, and the MSFVWs propagated in the X-Y plane of the YIG layer.
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culated bandgap of the MSFVWs in the defect-free MC using Eq. (3.6) is
between 8.44 and 8.48GHz, which is in a good agreement with the measured
bandgap from 8.46 to 8.50GHz as clearly shown in Fig. 4.11(a). The same
good agreement was also obtained by applying a bias magnetic field of 32750e¢
as Fig. 4.11(b) shows. As the theoretical band diagram shown in Fig. 4.9,
the 2-D MC with line defects exhibited a defect mode in the bandgap range
of the defect-free 2-D MC. Fig. 4.11(c) and (d) shows the normalized differ-
ential insertion loss obtained from Fig. 4.11(a) and (b), respectively, at the
frequency range of the bandgap. Clearly, at 8.46 and 9.28GHz, the transmit-
ted power of the MSFVWs in the 2-D MC with line defects was higher than
in the defect-free 2-D MC by 6.25 and 13.46dB, respectively. This experi-
mental result has verified and demonstrated the guiding mode resulted from

confinement of the MSFVWs in the 2-D MC with line defects.

4.4 Discussion

As presented in the previous sections, MC-based devices exhibit good fre-
quency selectivity in microwave filters and superior performance in microwave
phase shifters. Specifically, the tuning rates in the above-mentioned devices
were demonstrated to be much larger compared to other magnetically-tuned
microwave filters and phase shifters. Finally, confinement of MSFVWs in 2-D

MCs by utilizing line defects, which is essential for development of guided-
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Figure 4.11: Measured insertion loss of the defect-free 2-D MC and the 2-D MC with line de-
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insertion loss in the bandgap regions are shown in (c) and (d), respectively.
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MSW devices, was clearly demonstrated.
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Chapter 5

Conclusion

The research of magnonic metamaterials is a new and emerging field. The
MSVWs propagating in MCs possess the characteristics of short wavelengths
(3 orders smaller than microwaves) and sensitive to bias magnetic fields.
Therefore planar, miniature, and magnetically tunable devices are envisioned
and constructed. In order to efficiently analyze the propagation character-
istics of MSVWs in MCs, a new theoretical approach based on Walker’s
equation was developed and verified by experiments conducted on 1-D and
2-D MCs in YIG/GGG thin films. Excellent agreements between the theo-
retical and experimental results were obtained. Compared to the commercial
softwares, e.g. HFSS, the simulation time required by this new theoretical
approach to search for magnonic bandgaps is significantly reduced from days

to minutes.
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Tunable wideband microwave filters and phase shifters utilizing the 1-D and
2-D MCs in YIG/GGG thin films were explored subsequently. The bandgap
arising from the periodic structure of the MC facilitates filtering function of
a band stop filter (BSF) with good frequency selectivity. Thus the tunable
band pass filter (BPF) with embedded BSF is realized based on the MCs.
Large phase shifts at the frequency range close to bandgaps are predicted
by the theoretical approach. Miniature and magnetically tunable microwave
phase shifters were subsequently constructed. Superior phase tuning rate
and phase shifts compared to other magnetically tuned phase shifters were
demonstrated. The confinement of MSFVWs in line defects in 2-D MCs was
clearly shown in the calculation and verified in the experiments. Note that
confinement of the MSFVWs is the basis for other MC-based devices such as

waveguides and resonators.

The complete theoretical analysis and demonstration of MC-based microwave
devices as well as the device fabrication techniques established in the dis-
sertation study should provide a valuable resource for further research and

development in the new field on magnonic metamaterials.
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