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ABSTRACT

Multiferroic materials have emerged as a promising solution for antenna
miniaturization in GHz-band applications, leveraging their unique magnetoelectric
coupling properties. This dissertation explores the design, development, and performance
of multiferroic antennas. Our experimental results presented herein are among the few
existing experimental verifications in the open literature, and they represent entirely new
findings that differ significantly from existing theoretical predictions and understanding.
The key contribution of this work lies in presenting a new experimental perspective that
challenges prevailing assumptions and established conclusions, thereby paving the way
for deeper inquiry into the underlying mechanisms of radiation from multiferroic
antennas.

The thesis begins with a review of electrically small antenna (ESA) fundamentals,
including their theoretical limitations, bandwidth-efficiency constraints, and various
practical applications in biomedical telemetry and military communications. A key
challenge in ESA design is overcoming the inherent trade-off between size, bandwidth,
and radiation efficiency. To address this, a new class of mechanically actuated antennas,
known as “mechtennas,” was proposed. These antennas generate electromagnetic
radiation through mechanical motion rather than conventional current-based mechanisms,
offering a novel approach to approaching the Chu’s limit.

Yet, GHz-frequency actuation remains a challenge, necessitating alternative
strategies, such as strain-mediated antennas. The dissertation introduces bulk acoustic
wave (BAW)-driven multiferroic antennas, which utilize a piezoelectric-magnetostrictive
composite structure to achieve resonances at GHz frequencies. The design allows for

efficient electromagnetic radiation with reduced ohmic losses. Finally, our experimental
vi
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validation reveals that multiferroic antennas demonstrate fundamental differences in the
GHz band compared to the previous findings. These findings call for further investigation

into the underlying mechanism of magnetoelectric radiation in the future.

vii
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Chapter 1 Introduction

1.1 Definition of Electrically Small Antennas

Antenna miniaturization has been a central topic in antenna design and related fields.
Since early days, the demand for compact and versatile antennas has continually increased.
Today’s multifunctional systems further intensify this demand, as devices such as cell
phones, portable wireless devices, and both short- and long-range communication
modules all benefit from smaller antenna footprints. Additionally, compact antennas are
essential for data transmission and navigation systems, highlighting the ongoing
challenge for researchers to develop smaller, more functional antennas as wireless
technology advances.

Throughout the thesis, I will refer to these miniaturized designs as “electrically small
antennas” (ESAs), indicating that they are significantly smaller than the electromagnetic
wavelength of the frequency they operate at [1]. The concept of an ESA was introduced
by Wheeler and Chu, who defined it as an antenna with a maximum dimension smaller
than half a wavelength, referred to as a radian-length [2],[3]. A common definition for an
ESA is based on the condition: ka < 0.5, where k is the wavenumber 2m/A, and a is
the radius of the smallest sphere (the “Chu sphere”) that encloses the antenna, as shown

in Fig. 1.1. Typically, ESAs behave like a Hertzian dipole and exhibit radiation efficiency

doi:10.6342/NTU202501094



Antenna
structure |

Fig. 1.1. Antenna within a sphere of radius a [3].

as well as bandwidth that tend to decrease with electrical size ka length. In this chapter,
the background and motivation of ESAs research will be reviewed. The new type of ESAs,
mechanical antennas, will be introduced at the end of this chapter. Among various types
of mechanical antennas, multiferroic antennas, which are the core contribution of this
dissertation, show great potential in applications within and beyond ultra high frequency

(300 MHz to 3 GHz, UHF) band applications.

1.2 Applications for Electrically Small Antennas

The demand for antenna miniaturization is driven by diverse applications. These
applications range from very low frequency (3 kHz to 30 kHz, VLF) band to UHF band.
In this chapter, I will review applications of interest of ESAs, including biomedical
antennas and military communications.

One of the important applications of ESAs lies in the biomedical engineering. The
recent progress in microelectromechanical systems (MEMS) and microfluidics,

combined with the continual miniaturization of electronic technologies, has catalyzed
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transformative innovations. These advances have broadened the horizons of medical
practice, clinical research and wellness monitoring applications. Beyond the capacity to
monitor critical diagnostic metrics—such as endoscopic imaging, temperature, pressure,
pH, and glucose levels—state-of-the-art biotelemetry encompasses sophisticated in-body
systems, including brain-machine interfaces, visual prostheses, cardiac pacemakers,
defibrillators, precision drug delivery mechanisms, and hyperthermic therapeutic devices
[4].

Biomedical devices, particularly implantable medical devices, often operate in
frequency bands such as the Industrial, Scientific, and Medical (ISM) band and the
Medical Radio (MedRadio) band, with specific considerations for their design and
functionality. The ISM band at 2.45 GHz and the MedRadio band between 401 and 406
MHz are commonly used for medical telemetry to transmit power through biological
tissues. These frequency ranges have led to the need for heavily miniaturized antennas,
given that the free-space wavelength in the MedRadio band is approximately 74 cm, while
in the ISM band, it is around 12 cm. For implantable devices, typical dimensions range
from 1 to 10 mm in diameter and from 5 to 35 mm in length to ease surgical implantation.
Hence, this size constraint necessitates the design of electrically small antennas (ESAs)
with dimensions that are fractions of the free-space wavelength, typically Ao/30 for the
MedRadio band and Ao/5 for the ISM band [5].

In addition to the inherently electrically small characteristics, the unique
environment of implantable antennas—surrounded by biological tissue—shifts the
primary design focus from bandwidth and radiation efficiency to the power transmission
efficiency through the host body. To achieve effective performance, antenna designs must

account for the high dielectric constant of tissues, which concentrates the near field
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Fig. 1.2. Dual band spiral antenna integrated with circuitry inside a capsule. Reproduced
from [5].
around the antenna while minimizing power losses [5].

A representative implantable device consists of a cylindrical module with a 10 mm
diameter and a height of 32 mm, encapsulated in a biocompatible shell. Inside, it houses
electronic components, a power source, a sensor, and an antenna, as illustrated in Fig. 1.2.
The communication system operates on the MedRadio band (401-406 MHz) for data
transmission and the ISM band (2.45 GHz) for wake-up signals. Simulations indicate a
gain of -17.5 dB in the ISM band and -29.4 dB in the MedRadio band.

This device, incorporating a temperature sensor, was evaluated in a pig model to
monitor post-surgical temperature variations after a graft procedure using autologous
stem cells. Two implants were positioned—one just beneath the skin and another
embedded 30 mm deep within muscle tissue. The system successfully maintained
telemetry over a 10-meter range, ensuring reliable data transmission without disrupting
the medical study [5].

Radiation into lossy media, such as biological tissues, has parallels to studies in
underwater communication and communication over lossy ground. When an antenna
radiates into a lossy medium like the sea water, the radiation intensity depends on the
radial coordinate through the term exp(2ar), which a stands for attenuation constant

and 7 represents distance to the origin, making the resulting radiation pattern highly
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Fig. 1.3. The total radiated power from an electric or magnetic source positioned at the
center of a phantom, measured as it exits a spherical boundary with a radius r (radial

coordinate), is calculated at a frequency of 403 MHz. Reproduced from [6].

sensitive to the choice of the origin of the coordinate system. For implantable antennas,
defining the frequency bandwidth based solely on a low input reflection coefficient has
limited relevance because a low reflection coefficient does not guarantee effective power
radiation; much of the power could be dissipated within the host body [6]. The radiation
properties of an implantable antenna are influenced not only by the antenna itself but also
by the shape, dimensions, and composition of the host body. The critical performance
metric for such antennas is the amount of power that successfully exits the body. As
shown in Fig. 1.3, loss mechanisms in this context can be divided into three categories:
near-field losses caused by coupling with the lossy biological tissue surrounding the
implant, losses from the field propagating through the body and reflection losses at the
interface between the body and free space. While the last two are inevitable for

transmitting signals to free space, minimizing the first type of loss is crucial for
5
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optimizing antenna performance [6].

Antenna type fo (MHz) Size (mm) G (dBi) Miniaturization approach Phantom: tissue, shape, size (mm)
Microstrip 434 1T x g7 =22 Dielectric loading, A/2 SIR  Muscle, sphere, 2100

Multilayer spiral dual-band 32 x @10 —297 Stacking: four layers Muscle, cylmdt:r." 110 x &0
Multilayer helical 2450 26 x 11 —32 Stacking: three layers Muscle, cube, 100?

Loop w/ CSRR multi-band 25 x @10 —25° — Mus., ellip. cyl., 180 x @100 x 50
Assym. dipole 1400 26 x 211  —-26 Meanders Muscle, box®, 200 x 350 x 350
Assym. dipole 402 24 x #11 37 Meanders Skin, cube¥, 180°

Microstrip 434 17 x &7 —33 A/4 SIR, meanders, shorting £, = 49.6 o = 0.51, cyl., 2200
Microstrip 402 24 x 210 =30 Meanders, shorting Muscle, cube, 100?

The antenna operates in MedRadio 403 MHz and ISM 2.45 GHz bands. The gain is for 403 MHz.

The capsule is off-centered, distance to a surface =~ 10 mm.

The bandwidth covers the MedRadio 403 MHz, the ISM 434 MHz, 868 MHz, 915 MHz, and 2.45 GHz bands. The gain is for 434 MHz.
The capsule is off-centered, distance to a surface is not given.
The capsule is off-centered, distance to a surface 1s 3 mm.

Fig. 1.4. Comparison between miniaturized biomedical antennas. Reproduced from [4].

Since biological tissue significantly influences impedance matching and radiation
patterns, it is necessary for antenna designs that remain resilient to environmental
variations. For example, in [4] the author addressed this challenge by developing an
ultraminiature 434 MHz antenna designed to withstand impedance detuning caused by
the diverse electromagnetic properties of surrounding biological environments. Their
approach involved differentiating regions based on their dielectric properties and
establishing tailored matching standards. The specified impedance robustness constraints
include [S11| < —10 dB for maximum electromagnetic (EM) properties, [S11| <=3 dB for
minimum EM properties, and |S11| <—10 dB across the remaining EM range. To achieve
these specifications, they designed an antenna enclosed within a 17 mm x 7 mm insulating
capsule. This design possesses a realized gain of —22 dBi within a muscle phantom, with

comparative chart presented in Fig. 1.4 [4]. The biomedical ESAs’ show common realized
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Figure 1. General layout, Cutier Peninsula.

Fig. 1.6. Antenna configurations at Cutler Peninsula. Reproduced from [9].

gain located in the range between -20 dBi to -40 dBi.

In addition to the high-frequency commercial applications for ESAs, low-frequency
communications using ESAs are also widely discussed for military purposes. These
include various forms of low-frequency communications, such as transcontinental
communication utilizing the ionosphere. lonospheric low-frequency communication
specifically involves the use of very low-frequency (3 kHz to 30 kHz, VLF) and low-

7
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Fig. 1.7. 26 towers 850 to 1000 ft height. Reproduced from [9].

frequency (30 kHz to 300 kHz, LF) electromagnetic waves, which leverage the
ionosphere's reflective properties. This atmospheric layer, situated approximately 60 to
1,000 kilometers above the Earth's surface, contains charged particles (ions and electrons)
capable of reflecting and refracting radio waves. This characteristic enables reliable long-
distance communication without the need for satellites [7].

Another significant advantage of low-frequency electromagnetic waves is their
ability to penetrate lossy mediums such as soil, seawater, and caves. This makes them
particularly valuable for underwater communication, as shown in Fig. 1.5 [8]. For
instance, the Cutler transmitter operates at 24 kHz and facilitates one-way coded text
message communication with submarines. However, the use of low-frequency
communication comes with challenges. The large free-space wavelength necessitates
massive infrastructure; for example, the Cutler transmitter spans an entire peninsula and
consumes enormous amounts of power (see Fig. 1.6 and Fig. 1.7). These challenges have
driven ongoing efforts to develop more efficient solutions, including electrically small
antennas optimized for low-frequency communication, to reduce infrastructure size and

energy consumption [9].
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1.3  Theoretical Limits in Miniaturization Theory

This section provides an overview of fundamental theoretical limits in antenna
miniaturization. Before the end of the chapter, current state-of-the-art progress of antenna
miniaturization will also be discussed. The basic concept of emerging ESAs, mechanical

antennas as well as multiferroic antennas, will also be introduced.

Fig. 1.8. Small electric dipole resembles a capacitor, and small magnetic dipole

resembles a loop inductor. The two dipoles occupy the same volume [2].

The study of small antennas began with Wheeler's pioneering work in 1947 [2]. He
explored the fundamental constraints on small antennas by developing a simple model
that represented them using lumped capacitance or inductance alongside a radiation
resistance. To better understand the relationship between antenna size and radiation
characteristics, Wheeler introduced the concept of the radiation power factor (RPF)—the
ratio of radiated power to reactive power [2]. He observed that as antennas decrease in
size, there is an inherent limitation on bandwidth, concluding that RPF is directly
proportional to the antenna’s physical volume, as shown in Fig 1.8. This concept of RPF

was, in essence, an early version of what is now commonly referred to as Q, which is the
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inverse of the power factor in Wheeler’s model and links RPF to bandwidth for small
antennas.

However, Wheeler’s approach was an approximation that held only for very small
antennas, as it did not account for the influence of radiated spherical modes that become
more significant as antenna size increases. Despite its limitations, Wheeler's work
represented the first in-depth exploration of small antennas, inspiring numerous
researchers to investigate the fundamental principles and limitations he proposed. His
findings advanced both theoretical understanding and the practical development of small

antennas [1].

C_a a
| " nc (2n—3)c
n
5 Ay | Ay - -
[ 71 71
a a
Zo =P L= (2n—5)c !

Fig. 1.9. Equivalent circuit representing TMpo spherical mode. If n=1, the circuit
becomes a small electric dipole. With higher order modes, more energy is stored in the
capacitor and inductor, which is equivalent to the effect of more reactive near field

being stored [3].

In 1948, Chu expanded on these ideas by calculating the minimum achievable Q for
an omnidirectional antenna enclosed within a “Chu sphere” (refer to Fig. 1.1). Chu used
spherical mode wavefunction expansions outside this mathematical boundary to express
the radiated field as a sum of spherical modes. Each mode was represented through an
equivalent circuit, enabling him to determine the Q of each mode through circuit analysis.
Although Chu’s focus was on a specific type of omnidirectional antenna, his work set a

foundation for future studies that further refined these theoretical limits [3].

10
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After Chu’s work, many researchers pursue more rigorous limitations between
quality factor, Q, and electrical size of the ESAs. A generally accepted lower limit of Q

can be expressed as the following relations:

1
> _(ka)3 +E (1.1)

Q

This equation reveals that for electrical size ka << 1, the cubic term of 1/ka will
dominate the lower bound of Q. Hence, it will make Q inevitably high; while for electrical
size ka > 1, the linear term 1/ka will slowly decrease the lower bound of Q as the size
becomes larger. It basically states that ESAs will inevitably possess high quality factor
and narrow bandwidth. In 1996, McLean revisited Chu’s limit and derived it in a more

concise manner [10]. To start with, quality factor can be commonly defined as:

2w,

P ’M/e > Wm
Q=1{,"x (1.2)

2wW,,
W, > W,
Prad

, where W, is the time-average, non-propagating stored electric energy, W, is the
time-average, non-propagating stored magnetic energy, w is the radian frequency and
P,qq i1s the radiated power. This formula already excludes any form of losses with purely
real input impedance. Then, McLean writes the fields of TMo: spherical mode, which is

the same as a short electric linear dipole:

_- J
A, = —cosfe Ik (1 _E> (1.3)
S
H¢ =sinfe™/ r(m—; (1-4)
1 . 1 jk
= — 1 _]kr _——_——— [
Eg jwesmee ( ZT +kr3> (1.5)

11
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1 _jkr 1
Er=&2 cosfe <m+r_2) (1.6)

These fields are root-mean-square (RMS) values. The electric and magnetic energy

densities w, and w,, is:

w,= —€E-E”

1
= Z€ (IE, 12 + |Eg )
(1.7)

1 1 1k
= 25 lsin e<k3r6_m+r_2)

+ 4 29( ! + 1)
cos k3re kr4]

Ll i

1 o1 1
= 5h°0 (s + )

, where n; = \/% Next, we consider only propagating term Eg and Hg. They

compose propagating electric energy density, wZ%¢:

e—jkr
Hgad = —sin6 (1.9)
e—jkr
E}* = —n;sin6 (1.10)
rad _ L ragn _ME (1.11)
w, —§6|E9 | —r—zsm 0 .

We can subtract (1.7) by (1.11), which means that the total energy density subtracts
propagating energy density. This will be the term representing non-propagating energy

density w, = w, — wl%?. Then, we can integrate this term over the entire region outside
12
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the sphere. The total non-propagating stored electric energy:

. 47'[Th 1 1
¢ 3w 'k3a3 ka]

(1.12)

The total radiated power can be obtained by integrating real part of the Poynting

vector over the spherical surface:

2T T
Py = f f Re(E x H*) - @yr? sin 6 dod¢
0 0

(1.12)
8m
=3 M
Finally, the Q can be determined:
20W, 1 1
= (1.13)

P ka3 T
This equation is also called Wheeler-Chu or Chu’s limit.
In 2012, D. F. Sievenpiper gives a comprehensive review of Chu’s limit validation
[11]. He begins with the definition of bandwidth-efficiency product. The bandwidth B
can be linked to quality factor Q by the work of A. D. Yaghjian and S. R. Best in [14]:
B 1(51) (1.14)
Q\ s

, where s stands for maximum allowable voltage standing wave ratio VSWR. By

I

assuming an ideal lossless antenna, the efficiency is equal to 1. Then, inserting lower limit
Q (1.13) into (1.14) and assuming VSWR or s to be 2, the upper limit of bandwidth-

efficiency product can be described as:

-1
ol 1) (1.15)

By = E<E+ k3a3

(1.15) can also be extended to include circularly polarized or dual-mode antennas:

13
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(1.16)
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Fig. 1.10. The measured bandwidth efficicnecy product versus electrical size ka. The

upper limit is plotted by (1.15) and (1.16). Reproduced from [11].

Reference [11] analyzes the theoretical performance limits of various antenna

designs using equations (1.15) and (1.16) and compares them with existing designs up to

2010, as illustrated in Figure 1.10. The antennas are categorized based on the

classification system given in [11]. Designs incorporating a ground plane, such as patch

antennas and planar inverted-F antennas (PIFAs), with a width greater than their height,

fall under the "Planar" category. Structures resembling dipoles, including those exhibiting

dipole-like modes on metal surfaces regardless of aspect ratio, are classified as "Linear."

A subset of linear antennas, labeled "Feed" antennas, consists of compact resonant

structures that excite larger ground planes, often found in mobile devices. Other notable

categories include dielectric resonator antennas (DRAs) and antennas utilizing materials

with relative permeability u>1, grouped as "Magnetic." Traditional high-performance

designs featuring intricate wire structures with near-spherical shapes are classified as

"Wire Cage," while modern antenna concepts leveraging "Fractal" or "Metamaterial”

14
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principles form another distinct category.

Key observations from Figure 1.10 regarding antenna performance include the

following:

1. No electrically small antenna has exceeded the theoretical performance limit.

2. The theoretical limit reliably predicts the maximum achievable bandwidth, even
for antennas with moderate to large electrical sizes.

3. Wire cage antennas offer a clear performance advantage for electrically small
designs.

4. Standard planar and linear antennas can approach the theoretical limit when
designed for moderate electrical sizes.

5. Dielectric resonator antennas, as expected, exhibit poor performance due to their
dependence on high-dielectric materials.

6. Magnetic antennas theoretically outperform other designs by a factor of three,
but they remain underutilized. One particular design shows promising results,
indicating a potential research opportunity if low-loss magnetic materials
become viable.

7. Despite their popularity, fractal and metamaterial-based antennas do not
demonstrate a significant performance advantage over conventional designs [11].

These observations lead to important conclusions about antenna performance and its

relationship with established design principles. High-performing wire cage designs align
with theoretical guidelines, featuring low permittivity, low aspect ratios, and evenly
distributed fields across their volume or surface. Conversely, dielectric resonator antennas
exhibit poor bandwidth performance relative to size due to the use of high-permittivity

materials. Additionally, the underwhelming performance of fractal and metamaterial

15
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designs supports the principle that antenna fields should uniformly fill the smallest
enclosing sphere. These designs often involve highly resonant structures that concentrate

fields in specific regions, thereby underutilizing the available volume.

Positive Electret Plates (+q)

<« Actuator
Attachment
Points

Linear
Velocity
(vel)

K
e )
Negative Electret Plates (-q)

Fig. 1.11. Example of linear mechtenna. Reproduced from [13].

1.4 Mechanical Antennas

Bandwidth-efficiency product improvement has been a central topic of ESAs. The
relevant discussion continues after the work of [11]. In [11], some of the emerging types
of antennas, such as magnetic antennas, are capable of boosting bandwidth-efficiency
products for ESAs. In this section, I will introduce the recently introduced new type of
antenna, mechanical antennas or mechtenna.

Mechanical antennas, often referred to as "mechtennas," are a class of antennas that
generate electromagnetic radiation through mechanical motion [13]. This concept,
introduced by Bickford et al. in 2019, encompasses three primary types: linear
mechtennas, rotational mechtennas, and body mode mechtennas. A linear mechtenna
operates by moving spatial charges in a straight-line motion, whereas a rotational
mechtenna functions as its circularly driven counterpart. The body mode mechtenna, on

the other hand, utilizes asymmetric molecular motion to create dipole moment sources.
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Several techniques enable the mechanical excitation of electromagnetic sources with
minimal damping loss. These include ball bearings, gas bearings, magnetic and
electromagnetic suspension, high-Q resonators, and flux-pinned superconductors [13].

The excitation mechanism can be integrated with a range of radiating structures.

A practical example of a linear mechtenna is depicted in Fig. 1.11. In this design,
charge is confined within layers of interleaved electret material, which moves in a
coordinated linear fashion to establish an electric dipole. While a fixed asymmetric charge
distribution in a material generates only an electrostatic field, the dynamic motion of this
structure results in charge acceleration, producing electromagnetic radiation. Since
electric current is defined as the movement of charge over time (measured in coulombs
per second), the relative motion of a dielectric material can induce both linear and loop
currents [13]. The resulting net electric dipole moment, Me, can be mathematically
expressed as follows:

M, = I,x, = QuorVe = 0,Vy, (1.17)
, where 1, is generated current, x, is the dielectric slab length, Q;,; is the total charge
and v, is linear velocity of actuating dielectric slab.

As for rotational mechtennas, the schematic representation is shown in Fig. 1.12.
The rotating electric dipole can be seen as the composition of two orthogonal Hertzian

dipoles that are 90° out-of-phase with one another. The electric dipole moment can be

17
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Fig. 1.12. Example of rotational mechtenna. Reproduced from [13].

Fig. 1.13. Example of body mode mechtenna. Reproduced from [13].

defined similarly as:
M, = —q.rfd (1.18)

, where d is the diameter of the cuboid, f is the circular motion frequency and g, is
polarized charges. The third kind of mechtenna is the body mode antenna. The schematic
representation is shown in Fig. 1.13. For example, piezoelectric materials can be excited
by applying forces onto the structure. If the structure deforms, the effective current can
be generated. The effective electric dipole moment can be defined as:

M, = A, EyemaxVom2f (1.19)
, where d, is the piezoelectric charge constant, E, is the modulus, &,,, is the
maximum strain, V,,, is the total piezoelectric material volume and f is the excitation
frequency. These electric dipole moments can be inserted into Hertzian dipole field

equation. The corresponding radiation efficiency can then be evaluated and compared, as
18
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Fig. 1.14. Compasiron of mechtenna performances. Reproduced from [13].

shown in Fig. 1.14. For low frequency applications, the rotating mechtenna possesses best
performance. However, this design will still be ultimately limited by mechanical driving
speed. For mechanical excitation method, only mechanical resonators can work in such a
high frequency range, which refers to body mode antenna. The magnetic material
responses for GHz frequency are also more complicated than kHz range. Hence, more
complicated modelling for the dipole moment should be considered when the GHz
mechtenna application is needed.

The body mode antenna or the bulk acoustic wave (BAW)-mediated antenna is first
theoretically proposed by Yao in 2015 [14]. Antenna is constructed with three layers: a
bottom piezoelectric layer, a middle magnetostrictive layer, and a top dielectric layer,
which acts as an acoustic buffer. When a voltage is applied to the bottom piezoelectric
layer via the two electrodes shown in Fig. 1.15, periodic vertical deformations are
generated. At the resonance frequency, these deformations result in BAW resonance,

creating dynamic strain that extends across all three layers [15].
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Fig. 1.15. Basic operating concept of multiferroic antenna. (a) Schematic structure and

(b) mechanisms of dynamic magnetic flux generation. Reproduced from [15].

The varying mechanical strain within the central magnetostrictive layer alters the
magnetization (M), causing it to oscillate. This oscillation generates a time-varying
magnetic field within the layer, which in turn radiates an electromagnetic (EM) wave into
free space. The strong magnetoelectric interaction between the magnetostrictive and
piezoelectric layers significantly surpasses the coupling seen in single-phase multiferroic

materials [15].

This antenna concept draws inspiration from the film bulk acoustic resonator
20
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(FBAR), a structure where a single suspended piezoelectric layer is placed between two
metallic electrodes. Like bulk acoustic wave (BAW) antennas, FBARSs operate based on
BAW resonance, which is excited by an external voltage. The demonstrated high
performance of FBARs suggests that BAW antennas can also achieve high-Q resonance,
provided that the acoustic properties of the top two layers are carefully optimized to match

those of the underlying piezoelectric layer.

Strain-mediated antennas, including BAW antennas, offer several key advantages
over conventional current-driven antennas. First, they eliminate Ohmic losses from
current conduction, leading to higher radiation efficiency. Second, since the radiation
source relies on strain-induced in-plane magnetic flux rather than electric current, these
antennas avoid platform effects—unlike traditional antennas, where conductive surfaces
cause signal cancellation, the presence of a conducting platform actually enhances
radiation in strain-mediated designs. Lastly, these antennas can be engineered with
minimal or no conductive components above the ground plane, reducing their visibility

and improving resistance to interference [14].
1.5 Dissertation Outline

This dissertation explores the design, development, and performance of multiferroic
antennas. The experimental results presented in this work are among the few existing
experimental verifications in the world, and they represent entirely new findings that
differ significantly from existing theoretical predictions and understanding. According to
previous theory, the magnetoelastic effect is considered the principal source of radiation
in multiferroic antennas. However, prior experimental studies have largely overlooked

this assumption and have not rigorously examined its validity. Most comparisons have
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been limited to multiferroic antennas and purely piezoelectric materials, without isolating
the role of the magnetoelastic effect. In contrast, our experimental investigations reveal a
novel phenomenon: even in the absence of a magnetoelastic effect, devices can still
exhibit radiation characteristics. Furthermore, these radiation behaviors vary significantly
across different frequencies, and in certain cases, even the absorption of radiated energy
is observed. These findings deviate markedly from both theoretical expectations and prior
experimental results. Consequently, the key contribution of this work lies in presenting a
new experimental perspective that challenges prevailing assumptions and established
conclusions, thereby paving the way for deeper inquiry into the underlying mechanisms

of radiation in such systems.
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Chapter 2 Theoretical Framework of Multiferroic

Antennas

Chapter 1 introduced the fundamentals of electrically small antennas and the basic
principles of multiferroic antenna operation. In this chapter, we delve further into the
material science behind piezoelectric and magnetoelastic materials. When these two
materials are combined, they can demonstrate an enhanced two-phase magnetoelectric
effect. By exploring both ferromagnetic and bulk acoustic resonances, we can establish
performance benchmarks for multiferroic antennas, providing a foundation for the

experimental designs discussed in the following chapters.

2.1 Basic Properties of Piezoelectric Materials

In this chapter, the basic theory regarding piezoelectric materials is mainly based on
[16]. Piezoelectricity, a well-established and extensively applied physical phenomenon,
derives its name from the Greek word "to press." Certain crystals exhibit piezoelectric
properties, generating charges when subjected to compression, twisting, or other
distortions, a characteristic unique to crystals lacking a center of symmetry. This chapter
begins with the basic principles of piezoelectricity, introducing the core equations
governing piezoelectric transduction. The second half provides a comparative analysis of
frequently used piezoelectric materials in electro-acoustic devices.

Piezoelectricity refers to the generation of electric polarization or charge in a
material when mechanical stress is applied. Conversely, applying an electric field to a

piezoelectric material induces mechanical deformation, as illustrated in Fig. 2.1 [16]. This
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Fig. 2.1. Schematic diagram illustrating the piezoelectric effect. This behavior is a
fundamental property of materials that lack a central symmetry in their structure.

Reproduced from [16].

phenomenon is inherent to materials with a crystallographic structure that lacks a center
of symmetry, enabling efficient conversion between electrical and mechanical oscillations.
In contrast, crystals with symmetrical structures, like cubic crystals, do not exhibit
piezoelectricity, as the net electric dipole in each unit cell remains zero regardless of
deformation. A typical experimental setup is depicted in Fig. 2.2, where voltage is applied
along one of the principal axes. The piezoelectric coefficient ei; describes the relationship
between the applied electric field and the resulting stress in the same direction, while e;
represents the coupling between the electric field and stress induced along perpendicular
axes.

When an alternating electric field is acting on a piezoelectric substrate, it triggers
mechanical vibrations, producing mechanical waves within the material. The deformation
of the crystal lattice is met with internal elastic restoring forces that work to return the

system to its original state. The combination of stored potential energy from these
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distortions and the inertia of the particles results in oscillatory motion [16].

Fig. 2.2. Assessment of piezoelectric constants: e;; associates the electric field with
stress in the same direction, while e;; links the electric field to stress in perpendicular

directions. Reproduced from [16].

In a linearly elastic material, the relationship between stress T and strain S is

described by the well-known Hooke's Law, expressed as:

T=cSorS=sT (2.1)

In this context, ¢ refers to the elastic stiffness coefficient, while s corresponds to the
elastic compliance coefficient. Both strain (S) and stress (T') are second-order tensors, yet
they each possess only six independent components. To simplify their representation, they

are often expressed as 6x1 column vectors using a condensed index notation.:

S1 $1=511
S11 S1z Si3 Sz 52=S37
_ —_ |53 S§3=533
S=|521 S22 Saz|=|g | where 5, 55 Zis., (2.2)
S31 S32 Ss3 Ss S5=28513=2531
Se Sg=2512=2571
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Ty T1=Ti1

711 712 733 T ;=T
_ _|Ts T3=T33
T =|T1 Top Toz|=|g | where g o5 Z5p (2.3)
T31 T3y Ts3| |75 T5=2Ty3=2T3,
T Te=2T1,=2T5

Physical quantity (for example, stress or strain)

Tij +— Physical quantity’s acting direction

! Tss
Actinglocation’s plane normal vector
" A3z
2(3) 3
31"
y(2) T3z
x(1) Ta1

Fig. 2.3. Schematic diagram illustrating the sign convention of the stress tensor [17].

The sign convention of strain S;; or stress T;; can be illustrated as Fig. 2.3. The
first index i refers to the vector normal of the plane location of acting stress, while the
second index j refers to the direction of acting stress. For example, T;; refers to the
acting stress to the direction x(1) onthe z(3) plane. As aresult, T3; will be the shear
stress; T3z refers to the acting stress to the direction z(3) on the z(3) plane. As a
result, T3 will be the longitudinal normal stress.

Equation (2.4) similarly describes the relationship between electric displacement D

and electric field E:
D = ¢k (2.4)

Here, where ¢ represents the permittivity. The electric field and dielectric displacement

are defined as vectors.
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Piezoelectricity results from the combined effects of Hooke's Law and the material's
electrical properties. Depending on the selected variables—mechanical stress T,
mechanical strain S, electric field E, and electric displacement D—Equation (2.5)
expresses the constitutive relations for piezoelectricity. The superscript of the constants

means that they’re measured under fixed variables. For example, sE means that

elastic compliance constant s is measured under the constant electric field.

T=cPS—hD e

E=BSD—hs °M

S=sET +dE deform

D=¢TE+dT

(2.5)

S=sPT+gD ]

E= BTD _ gT g-form

T =cFS—¢eE o-form

D=¢e5E+eS

These equations represent the same underlying phenomenon but are expressed in different
forms, each associated with a specific type of piezoelectric coefficient. The coefficients
h, d, g, and e are interrelated and can be converted between different formulations [18].
Equation (2.6) establishes these four piezoelectric coefficients in terms of stress (T'), strain

(S), electric displacement (D), and electric field (F) as follows:
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’m=—$§f=—%if

aD; as,
dy = ()" = =G
” aT, JE;
oE, as, (2.6)

L= — D — _(ZJNT

aD; T,
ey = (G5 = —Gp)°
AT JE,

The so-called e-form and d-form constitutive equations are the most widely used,
the e-form can be used when stress is mainly analyzed, which is called stress-charge form;
while d-form can be used for strain, which is called strain-charge form. The e-form can

be expressed in tensor index notation in (2.7).

_ E T
Tij = CijriSkr — exijEx

D. = S E S (2.7)
i = €ikLk — CikoKt
The full expression of (2.7) can be shown below
Ty €11 G2 C13 €14 G5 Ci6][S1 €11 €21 €31
T; Ca2 C23 Ca Cp5 Co6f[S2 €12 €22 €32 E,
T3 _ C33 C34 C35 C36|[S3| €13 €23 €33 E
Ty Caa C45 Cac||S,| €14 €24 €34 EZ
Ts Cs5 Cs6 | S5 e;s ezs eszs|L73
Ts Ces 1] Sg €16 €26 €36
(2.8)
51
g € Sa
Dy 6 &||E; €11 €1z €13 €14 €15 C16]ls
D,| = & &a||Ey|—]e21 €22 €23 €21 €35 eyl
Ds &3 | |E3 €31 €32 €33 €34 €35 €36 S4
5
Se

In the case of a piezoelectric material with hexagonal structure, such as AIN or ZnO

with c-axis-oriented columnar growth, the constitutive relation can be simplified as:
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Te CoellSq 0
o = €11 — (12
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0

(2.9)

S

0 é‘z
3

0
Sy

0 s,
Se

There are 10 independent non-zero coefficients: cl1, c12, c13, ¢33, c44, el5, e31,

e33, €l(ell), and €3(€33). For instance, the piezoelectric coefficient e31 connects the

thickness electric field to the lateral stress field. This corresponds to the shear excitation,

while e33 represents the longitudinal excitation. The displacement vector can be related

to the strain tensor through (2.10) [19].

'd 0 07
ox 00
0 oy i
0 0 OJdz|[ux
0 o9 0 U,
i oz Jy|lUz
oz 0 9
i i d0x
dy dx 0.

As for material for PZT-5H, they can be written as:
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The numerical values for AIN and PZT-5H are given in (2.12) and (2.13) respectively

[22].
[41 149 099 0 0 0
149 41 099 0 0 0
1099 099 389 0 0 0 u N
[e] = 125 o o |A07 3
125 0
1.305
0 00 0 —048 0 c (2.12)
[e] = 0 0 0 —048 0 0 (=)
—058 —058 155 0 0 ol ™
9 0 0
[e] = 9 0
9
1.27205 8.02122 8.46702 0 0 0
8.02122 1.27205 8.46702 0 0 0 ] N
_|8.46702 846702 1.17436 0 0 0 u N
[e] = 2.29885 0 I
2.29885 0
2.34742
0 0 0 0 17.0345 0 c (2.13)
[e] = 0 0 0 17.0345 0 0 (=)
—6.62281 —6.62281 232403 0 0 ol ™
17044 0 0
[e] = 17044 0
1433.6

After reviewing some of the basic theory of Piezoelectric materials, I will then
introduce some of the basic properties of piezoelectric materials. Since the discovery of
the piezoelectric effect in quartz crystals, numerous materials exhibiting piezoelectric

properties have been identified and extensively studied. Key considerations in developing
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new piezoelectric materials include high electromechanical coupling coefficients, low
electromechanical losses and integratable with CMOS processes. Two of the most used
piezoelectric materials in electro-acoustic applications will be introduced and used in this

dissertation: lead zirconium titanate and aluminum nitride [16].

Lead zirconate titanate (Pb[ZrTi1«]Os, 0 <x < 1), commonly referred to as PZT, is
a ferroelectric ceramic known for its exceptional piezoelectric and pyroelectric properties.
Thick PZT films can be fabricated using two primary methods: by pressing and sintering
powders at 1,350°C or through the sol-gel process. Both techniques need a poling step,
where a strong DC electric field is applied to the PZT substrate to induce polarization.
Yet, the material may lose its piezoelectric properties (de-poling) if exposed to a strong
AC field or temperatures exceeding its Curie point. Hence, it is also adjustable to the AC

field.

Since the late 1950s, PZT has been extensively utilized, particularly in medical
imaging technologies. Table 1 provides a comparison between PZT, ZnO, and AIN,
highlighting PZT’s notably high dielectric constant. One of its key advantages is its
superior piezoelectric coupling coefficient, which plays a crucial role in affecting energy
transfer efficiency. This property makes PZT especially suitable for applications requiring
significant displacements, such as ultrasound transducers and actuators. Additionally, its
voltage-dependent coupling coefficient enhances its potential for use in tunable
intermediate frequency (IF) resonators and filters. However, PZT experiences significant
losses at high frequencies, limiting its application to low-frequency systems where
maintaining a high Q is less critical. Despite these challenges, advancements in

fabrication techniques, such as the sol-gel process, have facilitated its integration into
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MEMS devices [21]-[23].

Table 1. Comparison of piezoelectric materials [24]-[26]. Reproduced from [16].

Property PZT AIN /n0
Density (kg/m?) 7600 3260 5670
Young’s Modulus (101!N/m?) 0.49 3.94 2.11
Thermal Conductivity (W/m-K) 1.8 200-320 60
Thermal Expansion (10¢/K) - 4.15 2.92
Dielectric Constant (F/m) 80-400 8.2-8.9 9.2
Longitudinal Acoustic Velocity (m/s) ~5000 ~11000 ~6350
Temperature Coefficient of Frequency
- -25 -60
or TCF(ppm/°C)
ds; piezoelectric Coefficient (10-12C/N) 200 5.6 12.4
ds; piezoelectric Coupling Coefficient k(%) ~15-35 2.6 5
d; piezoelectric Coefficient (10-12C/N) 120 2.6 5
ds, piezoelectric Coupling Coefficient k*(%) ~10 ~2.5 ~2.5
Intrinsic Loss High Very low Low
CMOS Compatibility No Yes Okay

Aluminum nitride (AIN) is a non-ferroelectric material that lacks a Curie point. Its
distinct structural characteristics enable its use across diverse applications. One of its
notable properties is exceptional thermal stability in inert environments. When exposed
to air, AIN starts to oxidize at approximately 700°C, forming a protective aluminum oxide
layer that helps preserve the material’s integrity up to temperatures as high as 1,370°C

[27], [28].

In recent years, hexagonal polycrystalline AIN thin films have gained attention for
their high-quality piezoelectric properties, particularly for acoustic wave transduction in

RF applications. AIN provides a unique combination of high acoustic phase velocity, low
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Fig. 2.4. Schematic diagram illustrating the relation between mechanical system and

electrical system. Reproduced from [16].

motional resistance, and CMOS compatibility. AIN offers nearly twice the acoustic wave
velocity compared to other materials, making it superior for high-frequency applications.
Additionally, AIN’s lower temperature coefficient of the piezoelectric layer, compared to
ZnO, minimizes thermal drift in resonators. However, AIN exhibits slightly lower
piezoelectric coupling than ZnO or LiNbQOs, limiting its use in synthesizing bandpass
filters for modern mobile communication systems that typically require 2—5% fractional
bandwidths. Nevertheless, AIN excels in narrowband filter applications for channel-select
architectures. Its excellent properties make AIN a key material for CMOS-compatible RF

resonator and filter technologies [30],[31].
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2.2 Equivalent Circuits and Design Principles of

Piezoelectric Resonators

A resonator can be described using a distributed mechanical system, which can be
further simplified into a lumped mechanical model consisting of mass, a spring, and a
damper. This mechanical representation has an electrical counterpart, where the behavior
of the system can be modeled using resistors, inductors, and capacitors, as illustrated in
Fig. 2.4. By analyzing measurement data, material properties can be extracted through
lumped parameter modeling. Two widely used equivalent models for this purpose are the

Mason model and the Butterworth Van Dyke (BVD) model.

The Mason model conceptualizes a piezoelectric material as having two acoustic
ports and one electrical port, with energy transfer occurring through an ideal
electromechanical transformer characterized by a turn ratio, I'. Fig. 2.5 presents the Mason
model for a piezoelectric layer [32]. A further reduction of the Mason model is shown in
Fig. 2.6, where impedance elements are substituted with R-L-C components. When an
AC signal is applied, the resulting electric field generates mechanical strain. If the
frequency of the applied signal coincides with the resonator’s natural frequency, the
system enters resonance, causing a distinct vibrational mode. Additionally, the structure
exhibits a static capacitance (C0) due to the dielectric properties between electrodes,

which exists in parallel with the electromechanical resonator.

The equivalent circuit in Fig. 2.6 can be further simplified into the BVD model,
illustrated in Fig. 2.7. In this representation, the resonator is characterized by a motional
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branch consisting of a motional resistor (Rm), a motional inductor (Lm), and a motional
capacitor (Cm). These elements are placed in parallel with the geometric capacitance (C0),
which is independent of vibrational behavior. The motional branch components—Rm,
Lm, and Cm—are derived from the resonator's acoustic properties. Under ideal conditions
where resistive losses are negligible (Rm=0), the system reaches infinite admittance at
the series resonance frequency (f's), commonly known as the "resonance frequency." This

frequency is governed by the motional inductance (Lm) and motional capacitance (Cm),

35

doi:10.6342/NTU202501094



Zy T/ Zys
Acoustic Acoustic
port 1 1 port 2

Mason model

Fig. 2.5. Schematic diagram of Mason model. Reproduced from [16].

1 u
— 1: F —
+ [ JVV II d +
7% CO T ||§ Ceq mcq llkeq F
Electricaldomain  Electromechanical Mechanical domain

transformer

Fig. 2.6. Schematic diagram of simplified Mason model. Reproduced from [16].
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Fig. 2.7. Schematic diagram of 1-port BVD model. Reproduced from [16].

as defined in Equation (2.14).
Wg 1 1

= 5. — 2.14
Js 2r 21 [L..Cp, (2.14)

The parallel resonance frequency (fp), often referred to as the "anti-resonance
frequency," is the point where the admittance reaches zero. This frequency is influenced
by the motional inductance (Lm), motional capacitance (Cm), and static capacitance (CO0),
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as described in Equation (2.15).

Jc + G,
fo=2n =2 1L mCmCo 5 e 1+2_co) (2P

The approximation holds true when Cm<CO0, a condition that is typically satisfied

for micromechanical resonators at most relevant frequencies.
Another important parameter is acoustic phase velocity. They can be derived from
the Christoffel matrix [16]. In the piezoelectric materials, the effective stiffness matrix

will be rewritten as:

The original phase velocity of a propagating wave is:

_w_
v == = (2.17)

(2.18)

The difference in phase velocity depends on the strength of the piezoelectric coupling and

the direction of propagation. The relation can be formulated as:

eZ
=va’1+ﬁ=va\/1+1(2 (219)
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K* =5 (2.20)

(2.20) is the piezoelectric coupling constant. It represents the enhancement of stiffness
constant for a specific propagation direction. Another term named electromechanical

coupling coefficient k? can be defined as:

K? vZ —v?
2 _ _ Yo a
ki T 1+K2 w2 (2.21)
2=
e (2.22)

It represents the conversion between mechanical and electrical energy. For most of the

case with moderate and low K?,the K? and k? are very close [19].

Once knowing the phase velocity, the relation between fundamental mode frequency

and corresponding dimensions can be written as:

Vo

fs:(’“z’l)x@d)

,n=1.2..etc (2.23)

, where d is the thickness or corresponding resonance dimensions and n the mode
number. Another important benchmark for resonator design is the mechanical quality
factor (Q). There has been a lot of discussion about detailed calculations for different Q.

The most common one is the 3dB bandwidth:

__fo
BWs3ap

Q (2.24)

For more recent and comprehensive discussion on accurate Q extraction, [33] compares
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T Te.

Fig. 2.8. mBVD model. Reproduced from [34].

and improves the relative formulas. The Time-Averaged Stored Energy (TASE) in bulk
acoustic wave (BAW) resonators is critical for calculating the Quality Factor (Q), a key
performance metric for resonators. Earlier formulations for estimating TASE based on S1;
parameters often failed in regions where spurious modes were present, leading to
inaccurate or even negative Q values. [33] addresses these limitations by proposing an
improved TASE formula derived from an extended Butterworth-Van Dyke (eBVD) model.
[34] builds on previous research, including methods by Larson, Lakin, and Feld, which
use various approaches like modified Butterworth-Van Dyke (mBVD) models and Z-
parameter analysis to estimate Q. mBVD model is the one improved from Fig. 2.7, as
shown in Fig. 2.8. It can be divided into two arms: motional branch and static branch. The
motional branch includes R,,, L,, and C,,, which corresponds to motional resistance,
inductance and capacitance. They account for series resonance frequency. The static
branch includes C,, which corresponds to static capacitance from parallel plate
capacitance. These terms comprise BVD model and additional term R; and
R, represents metal electrode and substrate losses.

In Larson’s work [34], Q can be extracted from mBVD model. One can first fit Si;
parameter into mBVD equivalent circuit model and identify the location of series and
parallel resonant frequency from the measurement data. Then, the quality factor at series

resonance (Qso) and at parallel resonance (Qpo) can be extracted by the following formula:
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—=—(1+ ),—=wsRmCm (2.25)

QSO Qs E Qs
1 w, (1 1 1 w.RyC C
_:_p(_+_)'—= 2= (2.26)
on Wg Qs Qe Qe r Cm

In another work by Lakin [35], Q can also be extracted from measured Z parameter phase

difference:
1  do¢
Qs = Efsl ar |, rs (2.27)
1  do¢
Qp = _fpl_l,fp (2.28)
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Fig. 2.9. (a) Single main resonance and (b) that including multiple spurious resonances.

Reproduced from [33].

However, only quality factor at resonance and anti-resonance can be evaluated from (2.25)
to (2.28). Feld proposed another general method of Q calculation in [36]. For low loss
resonator, the quality factor near the resonance frequency range can be calculated from
measured Si; parameter:

time averaged stored energy (TASE)

= 2.29
time averaged dissapated energy (TADE) 2.29)
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d
TASE = Pipe * |S14| -% (2.30)

1—|S;4]2
TADE = P, (L—“” (2.31)

While these methods provided insights into resonator behavior, they exhibited
deficiencies in accurately computing TASE in spurious mode regions. The proposed
method leverages the extended BVD (eBVD) model to improve on these earlier
approaches. The improved TASE formula was derived by analyzing the admittance of a
multibranch R-L-C circuit modeled after the eBVD structure. As shown in Fig. 2.9, the
one-port resonator connected to ground can be represented by a branch of R-L-C network.
The study assumes that, at any frequency, the overall admittance is dominated by a single
branch. This allows for a precise computation of TASE using S11 parameter derivatives.
The improved formula also accounts for the spurious-mode regions by decomposing
TASE into components representing phase delay and magnitude variation with frequency.
It was shown that Q is equal to:

time averaged stored energy (TASE)

_ 2.32
time averaged dissapated energy (TADE) 2.32)
dSy dgy® | (dISuly’ (233)
TASE = P [ gut{ = Pne- [fiSul- T + g |
1—151117
TADE = P, (10—11” (2.33)

After obtaining Q, the figure of merit (FOM) is defined together with effective

coupling coefficient kgff for the practical filter design based on resonator structure:
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fpz - s2

kerg ="z (2.34)
p
FOM = % o1 simply k2.0 if k2. « 1
= (1—k§ff) or simply efo it kgrp K (2.35)

The physical meaning of FOM can be interpreted as combination of energy conversion
amplification. kgff represents electrical and mechanical energy conversion efficiency

and Q represents energy amplification factor near the resonance.

Fig. 2.10. Typical hysteresis curve. Reproduced from [37].

2.3 Basic Properties of Ferromagnetic and Magneoelastic

Materials

In this section, the basic theory regarding ferromagnetic materials is reviewed based
on [38]. Ferromagnetic materials exhibit a unique characteristic where their permeability
follows hysteretic behavior. This means that instead of a simple, linear response, their
permeability depends on the specific path taken by the applied magnetic field. Several

important properties can be derived from these hysteresis curves. First, the remanent
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magnetization (Mr) represents the magnetization remaining when the external field is
removed. Second, the coercive field (Hc) indicates the strength of the applied field needed
to reduce the magnetization to zero. Third, the saturating field (Hsat) refers to the field
strength required to align all magnetic moments within the material. However, due to
thermal variations, absolute saturation is unattainable, so an approximate value is used.
Lastly, the saturation magnetization (Ms) is the magnetization level the material
approaches as the applied field increases indefinitely, though perfect measurement is

impractical due to thermal effects. Their relation can be illustrated in Fig. 2.10 [37].

Hy>0

Fig. 2.11. Gradual change inside the domain structure under an applied magnetic field

Reproduced from [37].

Inside a ferromagnetic material, individual magnetic dipoles are influenced by
random thermal fluctuations, local interactions, and external magnetic fields [38]. These
dipoles typically group together into regions called domains, as shown in Fig. 2.11. The
boundary between two domains, known as a domain wall, exhibits a gradual change in
magnetization as it transitions between the orientations of neighboring domains.

When an external magnetic field is applied, the material’s response depends on the
field strength. At low fields, changes in net magnetization are primarily driven by the
change of domain walls, as shown in Fig. 2.11(b). These walls are highly mobile, resulting
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Fig. 2.12. (a) Ferromagnetic material. (b) Ferrimagnetic material. (c) Antiferromagnetic

material. Reproduced from [37].

in large instantaneous susceptibility and contributing to the steep portions of the
hysteresis loop. At higher fields, magnetization changes occur due to the rotation of
magnetic dipoles within the remaining domains, which are often oriented perpendicular
to the applied field, as shown in Fig. 2.11(c). These changes are smaller, leading to lower
instantaneous susceptibility as the material nears saturation. Beyond saturation (Fig.
2.11(d)), all dipoles are fully aligned, and no further magnetization changes occur.
Additionally, when the material's dimensions approach the size of individual domains,
unique domain structures can form [39]-[43].

Ferrimagnetic materials are like ferromagnetic materials but consist of at least two
forms of atomic-scale magnetic dipoles aligned antiparallel to each other. As shown in
Fig. 2.12(b), these dipoles differ in magnitude, resulting in a net magnetization.
Ferrimagnetic materials are commonly used in radio frequency applications due to their
insulating nature, which eliminates eddy current losses [44]-[50]. In modeling, only net
magnetization is considered, ignoring atomic-scale variations. When the opposing dipoles
cancel out, yielding no net magnetization, as shown in Fig. 2.12(c), the material is
classified as antiferromagnetic [47]. Antiferromagnetic materials, with their unique

internal dynamics, show potential for future terahertz systems.
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Spinning
electron

4

Fig. 2.13. Spinning electron with magnetic dipole moment and angular momentum.

Reproduced from [51].

Different from the DC magnetic field response, the dynamic response to an
oscillating AC magnetic field requires additional micromagnetic modelling based on
electron spin precession [51]. To begin with general spin precession models, one should
consider the magnetic dipole moment of an electron for its spin:

qh
2m,

m = =9.27 x 1072* (A—m?) (2.36)

In this context, # represents Planck's constant divided by 2m, q is the electron charge, and
me is the electron mass. When an electron orbits around a nucleus, it contributes an
additional magnetic dipole moment. However, for most microwave ferrite materials, this
effect is relatively small compared to the electron spin itself [51]. In most solid materials,
electron spins are paired with opposite orientations, which results in a negligible overall
magnetic moment. However, in magnetic materials, a significant portion of electron spins

remain unpaired, with an imbalance between left- and right-handed spins. These spins
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typically point in random directions, leading to a small net magnetic moment. When an
external magnetic field is applied, these individual dipoles align, producing a much larger
net magnetic moment. Exchange forces can then maintain the alignment of these electron

spins even after the external field is removed, causing the material to remain magnetized

[51].

Each electron has a spin angular momentum (S), and its magnitude is related to Planck's
constant. The ratio of the spin magnetic moment (m) to the angular momentum is called

the gyromagnetic ratio, as outlined in equations (2.36) and (2.37), and illustrated in Fig.

2.13.
h

_ = 2.37
s=5 (2.37)

m q
Yy =—=—=1759 x 10! (C/kg) (2.38)

s m,
m=—v§ (2.39)

When an additional magnetic bias field H, = ZH, is present, it will exert a torque onto

magnetic dipole:

T = poim X Hy = —pioy5 X Hy (2.40)

a5 M e umxHy 241

dt_ ,ydt_‘[_l'l'om 0 (' )
dm _

(2.42) is called the equation of motion of magnetic dipole moment and it can be

decomposed into scalar form:
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It = —uoymy]-[o (243)
dm
_dty = UoYmyHy (2}#7)
d
C’;Z =0 (2.45)

Then use both (2.43) and (2.44), we have:

d*m
T+ wfmy = 0 (2.46)
d*m,
ozt wim, =0 (2.47)
wo = HoYHy (2.48)

and wg is called Larmor or precession frequency. This phenomenon, known as electron
spin resonance (ESR), occurs when the applied magnetic field resonates with the atom's
net magnetic moment, which typically arises solely from electron spin. One of the
solutions to (2.46) and (2.47) are:

m, = Acoswyt (2.49)

m,, = Asinwgt (2.50)

(2.49) and (2.50) indicate that the magnetic dipole moment is circling around the z axis.
In the real world, the additional damping term needs to be considered. So, a DC bias field
magnetization will ultimately cause spin gradually aligned with its direction instead of
precession indefinitely. Now consider in the bulk materials with a total magnetization M

and a total amount of N spins,
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M = Nm (2.51)

dM _
i —uoYyM X H, (2.52)

It should be noted that all these operations are assumed to be under saturated state.
Otherwise, the ferrite materials are too lossy for RF signals to interact effectively. The
saturated magnetization is 4mwMg = 300 — 5000 Gauss [51]. If we apply AC signal

perturbation H in addition to DC bias magnetic field H, with H < H,. M is the DC

. . = . o = .. d
s saturation magnetization and M is the AC magnetization affected by H with ;ths =

0:
E = ZH, + H (2.53)
dM _
—p = ~HoYM x Ho (2.54)
M, =:M,+ M (2.55)
dM,
dt = _MOVMy(HO + Hy) + .uoyHy(Ms + M,) (2.56)
dMy
7 = UoYMy(Ho + H,) — poyH(Ms + M,,) (2.57)
dM
dtZ = —HoYMyHy + oy My H, (2.58)

Then considering |H| < H,, by applying that |M||H| < |M|H, and |M||H| < M,|H|

with wy = UoyHo and wpm = poyMs,

aM
% = —woM,, + wnpH, (2.59)
dt
dM
—2 = WM, — Wy H, (2.60)
dt
dM,
= 2.61
7 (2.61)
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Solving (2.59) and (2.60) we have:

d*M dH

dtzx + wiM, = wmd—ty + wow, Hy (2.62)
d*M dH

dtzy + wiM, = —wmd—tx + wowmH, (2.63)

Consider AC field H in e/“? time-harmonic form, we can transform (2.62) and (2.63)

into steady state AC phasor form:
(2.62)

(w§ — WMy = jwwnHy + wowyH,y
(2.63)

(w§ — w)M,, = —jww,Hy + wownH,

From (2.62) and (2.63), it can be observed that z component of H will not affect

magnetic dipole moment. They can be rewritten into matrix form with a susceptibility

tensor [x]:
B [ Xxy 0]
M=1[xIH=\xyx xyy O|H (2.64)
0 0 0
Wo W
Xxx = Xyy = m (2.65)
Jwwn
Xxy = “Xyx = m (2.66)
Susceptibility can be related to permeability with:
B = po(M + H) = [ulH (2.67)
uo je 0
] = uo (U] + [xD) = [—jK U 0] with Z bias (2.68)
0 0 o
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[ RYD))
1= o(1+ xex) = to(1+ xyy) = Ho (1 + —’”) (2.69)

wé — w?
] ) )
K = —jUoXxy = JHoXyx = Mo <—w2 _72)2> (2.70)
0

Permeability tensors in (2.68) form is called gyrotropic. It can also be biased in X or ¥

directions:
1o O 0]
[u] =10 U jk| with X bias (2.71)
[0 —jk ul
U 0 Jk
ul=| 0 uy Of with § bias (2.72)
| —jk 0wl

It should be noted that magnetization M is typically measured in gauss (1 gauss [G]
= 10"* weber/m?) and field strength H is measured in oersted (4w X107 oersted [Oe] = 1

A/m). B will have the same numerical values as H only in a nonmagnetic material with

G . C
Uo = 1[—]. Hence, saturation magnetization is expressed as 4mM;s gauss. The Larmor
Oe

MHz MHz

frequency is fo = 22 =“L0 = 2 =] x Ho[Oe]; f, = 22 = L2 = 28] ]

bid 21 Oe 21 2T

4ntMs|[G].

Now we can consider the effect of damping loss on the spin precession. In (2.65)
and (2.66), susceptibility will increase infinitely if the frequency is equal to Larmor
frequency. This is known as gyromagnetic resonance. Loss can be included by making
the Larmor frequency complex with a damping factor a:

Wy — Wy +ja (2.73)

Then insert (2.73) into (2.65) and (2.66):
50

doi:10.6342/NTU202501094



1.0 15 2.0 wg/w 0.5 1.0 1.5 2.0 wylw

(@)

Xo Xy

| /\4 //\\4
wm 15 20  wyo 05 10 15 20  wyw

(b)

Fig. 2.14. Typical frequency response of (2.77), (2.78), (2.79) and (2.80). Reproduced

from [51].
Wy < Wy +ja (2.74)
Xxx = Xxx _j)(:cx (2.75)
Axy = XJ,C)/ +jX;cy (2.76)
Wowm (w3 — w?) + wow,w?a?
X),CX — g m(ZO ) 0 m2 _ (2.77)
[wf — w?(1+ a?)]? + 4dwfw?a
. awwy, [w3 + w?(1 + a?
fon = wOmlah + @2(1+ 0] o)
[wf — w?(1+ a?)]? + dwiw?a?
Wy [w3 — w?(1 + a?
Xry == "zl[ 0 — @ ( 2)] (2.79)
[wf — w?(1+ a?)]? + dwfw?a?
. 2Wowmwa
= 2.80
Xy [wE — w2(1 + a?)]? + 4wiw?a? (2.80)
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Fig. 2.15. Definition of linewidth AH. Reproduced from [51].
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Fig. 2.16. Schematic graph of demagnetizing effect. Reproduced from [51].

The damping factor « is related to the linewidth AH, which represents the susceptibility
behavior near gyromagnetic resonance. If we plot (2.78) with magnetic bias field H,, we
will have different Larmor frequency since wy = poyHy. If the frequency w is fixed,
then the relation between (2.78) and H, is shown in Fig. 2.15. AH can be defined as
the width of the magnetic field when the maximum y,, decreases the to the half. If we

assume that damping factor a << 1 and use (2.78), then Awy = 2aw. Since w, =

UovHy, then Awy = poyyAH, and AH = % = ia—;:) The bandwidth of ferromagnetic
0 0

resonance (FMR) can be obtained from magnetic linewidth and depends on the material
properties, particularly magnetic damping (o), and the geometry of the sample. For
example, FeCoN thin film gives frequency linewidth or bandwidth around hundreds of
MHz at around 2 GHz [52]. In addition, the typical bandwidth of a FBAR depends on its

design, material stack, and application frequency. For example, AIN thin film gives
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around 70 MHz bandwidth at 2.7 GHz for a single resonator [53]. Ideally, we want both
bandwidths to be as narrow as possible, which means low losses. We only want the

radiation loss to be the main source of bandwidth widening.

Shape N, Ny N,
Thin disk or 0 0 1
plate
x
Thin rod - % % 0
Sphere — 1 1 1
x 3 3 3

Fig. 2.17. Demagnetizing factors for different shapes. Reproduced from [51].

Another important factor should also be considered when mentioning resonance
behaviors. Considering a thin plate with external magnetic bias field applied, it will
respond differently to the parallel and perpendicular direction, as shown in Fig. 2.16. This
is due to the continuity of magnetic field. It can be formulated as:

H=H,—NM (2.81)
where N = Ny, Ny or N,. N is called the demagnetizing factor. They are defined as
Nx+Ny+N,=1. Demagnetizing factors for different shapes are shown in Fig. 2.17. Now if

we assume the magnetic field is biased and saturated in the z axis,

H, = Hy, — N M, (2.82)
H, = Hy, — N, M, (2.83)
H, = H, — N, M, (2.84)

where H,, and H,. is the external AC magnetic field and H, is the external bias

magnetic field. By using (2.64), (2.82) and (2.83), we have
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Mx = Xxxer + XxyHye - XxxNxMx - XxyNyMy (2-85)
My = nyer + nyHye - nyNxMx - nyNyMy (2-86)

Solve (2.85) and (2.86) to find Mx and My, we have

M, = Ko (1 + XyyNy) = Xy Xyl o+ 520, (2.87)
D D
1+ N,) — N
My _ @er +ny( Xxx x) XyxXxy xHye (2.88)
D D
D=1+ XxxNx)(l + )(nyy) - ny)(xnyNy (2.89)

The resonance condition can be achieved when set (2.89) = 0. Using (2.65) and (2.66)

into (2.89), we have

Wow Wow w?wp,?
D=<1+%N><1+&Ny> ——— N, N,,

w:— w2 wé — w? (02 — w?)? (2.90)
=0
Rearrange (2.90) and one can obtain resonance frequency to be
W= w, = \/(wo + Wy Ny) (wo + 0y Ny) (2.91)
By using wy = poyHo=poy(H, — N,Ms) and w,, = oy M, finally we have
Wy = #OV\/[(Ha + (Nx - NZ)MS] [(Ha + (Ny - Nz)Ms] (2.92)
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Fig. 2.18. Categories of micro-magnetic interactions in amorphous ferromagnetic

materials. Reproduced from [37].

This is the famous Kittel s equation for deciding ferromagnetic resonance (FMR).
Ferromagnetic resonance in metallic ferromagnets is complicated by the effects of eddy
currents. If we use the demagnetizing factor of thin plate in Fig. 2.17 with an out-of-plane

z-axis directed bias magnetic field, (2.92) can be reduced to:

Wy = UpgY+/ (Hy — Ms)z = oY (Hyg — Ms) = uoyHy (2.93)

So far, the effect of a magnetic field on a single spin is considered. However, various
micro-magnetic interactions can influence spin dynamics, as shown in Fig. 2.18. Each
interaction generates its own torque on the magnetic dipole. The concept of an effective
field is introduced to calculate the torque for each interaction. This method utilizes the
energy densities of micro interactions to derive an equivalent magnetic field [54]-[56].
For instance, an effective field caused by strain in a magnetostrictive material can reorient
spins within the material but will not influence external spins. External spins only respond
to the real magnetic fields generated by the material, which arise from the spins
themselves. By combining the sum of DC internal and external applied fields and the sum
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of internal and external AC magnetic fields, the magnetization dynamics of the system

can be accounted for by a new equation of motion. There will be equivalent local inertial

term, restoring force term and driving force term in the second order differential equation

[37].

Three kinds of microscopic interactions that should be considered, namely dipolar

interactions, exchange interactions, and magneto-elastic interactions. In a magnetic

material, each spin acts as a magnetic dipole, producing its own magnetic field. The field

interacts with every other spin in the system. These fields are referred to as dipolar

interaction. For the specific case of a uniformly magnetized ellipsoid, the dipolar field

can be described by a simple expression of demagnetizing factor, as shown in Fig. 2.17.

This interaction has also been called shape anisotropy.

External
Stimuli
Uniform
@ Modes
= L~
— B | ¥
= § N
% = Nonuniform
b 3 | Modes
s
Magnetic
System

Charge
Carriers

Lattice

lons With
Strong

Spin-Orbital

Coupling

Fig. 2.19. Schematic illustrating the different mechanisms within a magnetic material.

Reproduced from [55].

Electrons obey the Pauli Exclusion Principle [57]. This principle is a purely quantum

mechanical phenomenon with no macro-scale equivalent. Consequently, neighboring

electrons will act "force" on each other, ensuring their quantum states remain distinct.
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This interaction, known as the exchange interaction, determines the magnetic
classification of a material, as shown in Fig. 2.12. In ferromagnetic materials, the

exchange interaction energy is minimized when each dipole is aligned [38].

Quasi-Static Cut-Off Spin Precession
A Domain Wall
Relaxation

Q
©
: -
"é' Ferromagnetic
oo Resonance
©

~500 MHz ~1GHz Frequency

Fig. 2.20. Trend of the instantaneous susceptibility for an arbitrary magnetic material,
divided into three zones based on frequency: quasi-static, cut-off, and spin precession.

Reproduced from [37].

The exchange interactions discussed along depend on the relative spacing between
spins within the material. If these spacings are altered, such as through crystal lattice
strain, the equilibrium magnetization must adjust to account for the resulting changes in
internal interactions. This phenomenon forms the basis of magneto-elastic interaction.
When an external magnetic field is applied, the magnetization rotates, causing the
material to deform. It is important to note that magnetostrictive stress, and the resulting
strain, will saturate with increasing magnetic field. When the magnetic field strengthens,
magnetization aligns with it, leading to an increase in strain along that direction. However,
once the material reaches its saturation magnetization, the magnetostrictive strain also

saturates at a value known as saturation magnetostriction, As. By considering all the
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micromagnetic interactions as well as damping effect, magnetization dynamics can be
summarized in Fig. 2.19.

As seen previously, the dynamics of magnetization strongly depend on both
frequency and magnetic structure [58]. The frequency response typically follows the trend
in Fig. 2.20, which can be categorized into three regions. At lower frequencies,
susceptibility remains constant, matching the DC value. It is identified as quasi-static
zone, mostly driven by domain wall motion. Domain walls have a cut-off frequency,
usually in the hundreds of MHz, beyond which they can no longer change with the field.
It is identified as the cut-off zone, where the domain wall effect becomes negligible. As
the frequency goes higher, around 1 GHz or above, susceptibility is primarily influenced
by spin precession. This behavior is low until it peaks near ferromagnetic resonance
(FMR) frequency, after which it drops again to near zero. However, above the FMR
frequency, spin waves can be driven, and domain wall motion no longer contributes when
the material is fully saturated. To summarize, dynamic magnetization can be grouped into
six categories based on the three zones including quasi-static, cut-off, or spin precession
and the two internal states including single domain or multi-domain. It’s crucial to note
that the dynamics characterized in one regime may not apply to others. Therefore, when
analyzing a magnetic system, it is essential to characterize it within the category it will
operate in, as measurements from one category may not predict performance accurately

in another [37].

2.4 Non-magnetostrictive Materials

As discussed in the previous section, the dynamics of magnetization are significantly

influenced by the magnetic structure, operating frequency, and electron spin dynamics. A
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more well-known manifestation of magnetoelastic coupling is the magnetostrictive effect,
which is generally observed at lower frequencies. This phenomenon occurs when a
material experiences a change in its dimensions upon exposure to a magnetic field, a
behavior known as magnetostriction. First identified by Joule in 1842, magnetostriction
was observed when an iron rod increased in length when subjected to a weak magnetic
field along its length. The fractional change in length, denoted as A = Al/l, where Al is the
change in length and 1 is the original length, represents strain and distinguishes it from
mechanical stress-induced strain. The value of A at magnetic saturation is referred to as
saturation magnetostriction, As, which is commonly implied when "magnetostriction" is

mentioned without further clarification [59].

Magnetostriction is a fundamental property in pure materials, but even in highly magnetic
substances, the effect tends to be relatively small, with As typically on the order of 107°.
To provide perspective, for materials like iron or steel, which have a Young’s modulus
around 30%10¢ lb/in%, a strain of 10~° corresponds to an applied stress of approximately
300 Ib/in* (about 2 MPa or 0.2 kg/mm?). When comparing magnetostrictive strain to
thermal expansion, metals and alloys often exhibit thermal expansion coefficients around
20x107¢ per K. In weaker magnetic materials, the magnetostrictive effect is about two
orders of magnitude smaller and is only noticeable under very strong magnetic fields. Our
discussion will concentrate on strongly magnetic materials, as the magnetostrictive effect

in weak magnetic substances is minimal [59].

The saturation longitudinal magnetostriction (As) can vary, being positive, negative, or, in
certain alloys at specific temperatures, zero. The value of A is dependent on the

magnetization level and, consequently, the applied magnetic field (H). As shown in Fig.
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2.22, A typically changes with H for materials exhibiting positive magnetostriction.
Magnetization occurs through two mechanisms: domain-wall motion and domain rotation,

with most magnetostrictive effects arising from domain rotation.

At technical saturation, where the material becomes a single-domain magnet aligned with
the field, any further increase in H results in only a slight additional strain. This gradual
change in A with H is known as forced magnetostriction. The logarithmic scale of H in
Fig. 2.21 emphasizes the strong field strengths required for this effect to be noticeable.
Forced magnetostriction arises from an increased level of spin order that can be achieved

under very high fields, a process known as the paraprocess.

¥

—
Forced
magnetostriction

" Saturation

0 1 1 1 |
1 10 100 1000 10,000 Oe

Fig. 2.21. Schematic illustrating the relationship between magnetostriction and magnetic

field, with the magnetic field scale shown logarithmically. Reproduced from [59].

The ideal saturation magnetostriction, A, of a cubic crystal, measured from its ideal
demagnetized state, varies along a direction defined by the direction cosines B, B2, B3 in
relation to the crystal axes. As the crystal approaches saturation, the magnetization along
a direction characterized by direction cosines o, 02, a3 relative to the crystal axes can be

expressed using the following formula:

60

doi:10.6342/NTU202501094



3 22 2p2 202 L
Asi = s Aoo(a@iBi + azBs+asPs — =) + 311 (a8, B,
2 3 (2.94)

+ aya3B,B3+asaB3f1)

Here, Moo and A1 represent the saturation magnetostrictions measured when the
crystal is magnetized and the strain is evaluated along the <100> and <111> directions,
respectively. This equation applies to crystals with <100> or <111> as easy magnetization
directions. Typically, when the strain is measured in the same direction as the

magnetization, Bi, B2, B3 = au, 02, a3, and the equation simplifies to:

3 1
Asi = 5/1100 (af + az+az — §) +3411(afad + afal + ajaf) (2.95)

This can be further reduced to:

Asi = Moo + 3(Mi11 — o) (afai + ajai + azaf) (2.96)

(2.96) is referred to as the two-constant equation for magnetostriction. The common
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Fig. 2.22. Magnetostriction of Cubic Substances (Units of 10%). Reproduced from [59].
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Above T, magnetostriction
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\ Field-induced
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Fig. 2.23. Schematic illustrating the magnetostriction mechanism. Reproduced from [59].

magnetostriction constants for cubic materials are summarized in Fig.2.22.
If the magnetostriction of a material is isotropic, we can set Aig0 = A111 = Ag,

simplifying the equation from (2.94) to:
3 1
Ao = E/lsi(cosz 0 — 5) (2.97)

Ag refers to the saturation magnetostriction at an angle 0 relative to the direction of
magnetization, as determined from the ideal demagnetized state. 0 is the angle between

two directions defined by cosines and cos 8 = a3, + @B, + a3f;

Magnetostriction primarily results from spin-orbit coupling, a mechanism also
responsible for crystal anisotropy. While spin-orbit coupling itself is relatively weak, it
can be influenced by magnetic fields as small as a few hundred oersteds. These fields are
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enough to cause spins to shift from their preferred orientation. The connection between
magnetostriction and spin-orbit coupling can be illustrated through Fig. 2.23, which
shows a sequence of atoms within a crystal lattice. In this diagram, black dots represent
atomic nuclei, arrows indicate the net magnetic moment per atom, and oval shapes depict

the non-spherical electron clouds around each nucleus [59].

In the upper row of the figure, atoms are depicted in a paramagnetic state above the critical
temperature (Tc). If spin-orbit coupling were exceptionally strong, below Tc, spontaneous
magnetization would align the spins and electron clouds in a direction determined by the
crystal’s anisotropy (e.g., from left to right). This alignment would push the nuclei further
apart, leading to spontaneous magnetostriction, shown as AL'/L'. When a strong vertical
magnetic field is applied, the spins and electron clouds rotate by 90 degrees, causing the
domain to undergo magnetostrictive strain, represented by AL/L. Although the strains
shown in the diagram are significant, about 0.3, the actual magnetostrictive strain
experienced in crystals or domains during magnetization changes is usually much smaller,

typically on the order of 107>
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Fig. 2.24. Iron-nickel alloys: Variations in saturation magnetostriction with changes in

nickel content. Reproduced from [59].
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Fig. 2.25. Peak permeabilities of iron-nickel alloys under different heat treatments.

Reproduced from [59].

Rare-earth metals, however, behave differently from other materials. Many of these
metals exhibit ferromagnetism at temperatures significantly below room temperature and
show pronounced spin-orbit coupling due to their unquenched orbital moments. Moreover,
their electron clouds are notably non-spherical. When a magnetic field is applied, the
rotation of spins causes substantial distortion due to the orbital motion. For example, at
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22K, dysprosium (Dy) has a saturation magnetostriction of approximately 4.5x1073 in its
basal plane, which is nearly 100 times greater than that observed in typical metals and
alloys. Additionally, some rare-earth compounds, particularly those with transition metals
like Fe, Ni, and Co, exhibit Curie points above room temperature and display

exceptionally large magnetostriction values.

Furthermore, Permalloys are a type of nickel-iron alloy, typically composed of either 50%
or 80% nickel, with the numerical prefix in their name indicating the proportion of nickel.
These alloys are well known for their high magnetic permeability at low magnetic fields,
minimal energy loss, and ability to be processed into extremely thin sheets. Permalloys
are often used in applications where exceptional magnetic properties are required, and
cost is less of a concern. Originally developed for use in the telephone system between
1913 and 1921, Permalloys continue to be widely employed in a variety of industries.
Modern applications of Permalloy include magnetic shielding, stepping motors, current
sensors, and torque sensors. As shown in Fig. 2.24, the alloy’s low magnetostriction and
high permeability are key features. The high permeability of Permalloy is linked to its
low values of magneto-crystalline anisotropy (K) and magnetostriction (A). A reduced K
value lowers domain-wall energy and increases domain-wall thickness, allowing less
resistance to domain-wall movement. Likewise, a small A value reduces the impact of
micro-stresses. As depicted in Fig. 2.25, both K1 and A111 approach zero when the nickel
content is just below 80%, and A100 remains relatively small, which is typical of 78

Permalloy.
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Fig. 2.26. An electric current is applied to the electrodes on either side of the bottom
piezoelectric layer, initiating BAW resonance via the converse piezoelectric effect.

Reproduced from [14].

2.5 Modelling on Multiferroic Antenna

For more comprehensive modelling on multiferroic antenna, there are mainly
numerical and analytical efforts. The first work on numerical modelling is proposed by
Yao [14], [15], [60] and later work by Cai [62]. The work on analytical modelling is done
by Domann [63] and then by Ippet-Letembet [64]. In this section, I will only go through

the assumptions and conclusions drawn so far by Yao.
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Fig. 2.27. From left to right: Standing wave distribution of the vertical stress field for the
first three BAW resonant modes. Time-dependent stress profiles across the BAW
structure. Third column: Normalized aperture electric field. (a) f=1.03 GHz (b) f=2.28

GHz (c) f=3.17 GHz. Reproduced from [14].

In [14], the idea of using bulk acoustic wave (BAW) technology to create
multiferroic antennas is introduced for the first time. These antennas differ from
conventional designs by utilizing dynamic electric flux (displacement current) or
magnetic flux to generate radiation, rather than relying on conductive current. This is
achieved by inducing dynamic strain in a thin piezoelectric or piezomagnetic material,
which produces a dynamic flux density. This flux density, in turn, creates the aperture
field on the surface of the material. Strain-mediated antennas provide several benefits
over traditional antennas based on conductive current. They eliminate the Ohmic losses
typically associated with current conduction, leading to improved radiation efficiency.

Furthermore, by using strain-induced magnetic flux as the radiation source, these
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antennas can reduce platform effects, as the image effect from the conductive platform
amplifies, rather than diminishes, the radiation. Additionally, these antennas can be
designed with little or no conductive elements above the ground plane, which results in

reduced visibility and enhanced resistance to strong interference.

The analysis uses the linear form of constitutive equations based on the coupling
between piezomagnetic and piezoelectric materials. From this, the lower bound of the
quality factor for a single magnetostrictive layer is derived as:

WTotal _ WB/kIZ-I _ 1 1

= w
Prad Prad k,%, .urkoh

Qbouna = (2.98)

,where Qpouna 15 the lower bound of the radiation Q factor for the antenna when the
stored energy in the magnetostrictive layer is the only primary form of the stored energy.
It can be observed that the quality factor can be improved by enhancing the permeability
of and mechanical-to-magnetic coupling coefficient. For more practical lower bound,
additional structure should be considered with the excitation source from piezoelectric
layer as shown in Fig. 2.26. There will be additional mechanical energy stored in the

piezoelectric layer in addition to magneostrictive layer. The topmost layer is intended to
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Fig. 2.28. Simulated Q factor versus analytical Q factor. Reproduced from [14].

adjust the maximum amplitude of resonant stress to be overlapped with magnetostrictive
layer. With proper rescaling, the radiation quality factor of the BAW structure is derived
as 3 times of (2.98).

After initial investigation of lower bound of quality factor, the one-dimensional (1D)
finite difference time domain (FDTD) technique is applied. In the simulated structure, the

electrical flux density with the form of Gaussian modulated pulse D(t) =

—(t=tg)?
e 212 cos (2rft) as the excitation source is given between the bottom piezoelectric

layer. Then, the stress profile of the middle of magnetostrictive layer and the aperture
electric field is shown in Fig. 2.27. Several observations can be made from Fig. 2.27. First,
the slowly decaying behavior of stress profile indicates the damping effect of
magnetostrictive layer. Since the simulation is assumed to be lossless, the only possible

damping loss is radiation loss. Also, in the second mode of 2.28 GHz, the aperture electric
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field is minimized due to the inverse phase distribution of magnetostrictive layer. This
indicates that the radiation is mainly due to the magnetostrictive layer. When the radiation
source is with the distribution of opposite phase, the radiation will disappear. In the last
part of this work, the simulated Q factor is compared to the analytical Q factor (2.98), as
shown in Fig. 2.28. The simulated one from 1-D FDTD code agrees well with the

analytical lower bound of such antenna. It also predicts a potential radiated power per

noHg i _ . .
square to be Prgqg =%- 1076 =0.3W/mm? . To summarize, this work

represents a first pilot study into the feasibility of multiferroic antenna. Although this
work is done under lossless, isotropic, 1-D and linearized assumptions, it shows the
potential to implement such an antenna. The radiation can be enhanced by increasing
permeability as well as magnetic-to-mechanical coupling constant of magnetostrictive
materials.

In 2020, Yao continued the work to further include Landau-Lifshitz—Gilbert (LLG)
equation which is coupled into Maxwell’s equations for electromagnetic (EM) wave
propagation and Newton’s law for acoustic behavior [60]. In fact, all the current
commercially available solver cannot predict non-linear magnetic material response
together with coupled physics. For example, the traditional EM or mechanical solver can
only have predefined permeability tensors. The radiation characteristics with multiferroic
antenna cannot be predicted. Hence, this work deals with the fundamental challenge of
three coupled physics with three equations by implementing unconditionally stable finite-

difference time-domain (FDTD) method with alternating direction implicit (ADI)

algorithm:
OM o  x H i1 M (2.99)
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Fig. 2.29. Simulated BAW-mediated antenna. Reproduced from [60].

9 _ 4D
VXxE=—-—, VX H=0E +— (2.100)
ot ot
v S
T — 5= e 2.101
VT =po Vst = 2.101)

, where T is the stress field tensor in N/m?, S is the strain field tensor without the unit,

p is the mass density of the material in N/m? and ¥ is the particle velocity in m/s. Here,

E1l
E and D are written in vector form, which is equivalent to matrix form E = [E2| and
E3
D1
D = [D2|in the previous part. In this work, only longitudinal mode is considered without
D3

full tensor form of Newton’s law.

Like previous work in [14], the structure of multiferroic composite based on
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Fig. 2.30. Simulated BAW-mediated antenna. Reproduced from [60].
piezoelectric/magnetostrictive layer is shown in Fig. 2.29. The basic working principle of
LLG equation indicates that when ferrite and ferromagnetic materials are exposed to an
external magnetic field, the magnetization gradually aligns with the effective field. It

will rotate until it reaches equilibrium, where the magnetic spin experiences minimal

energy. In this work, only three terms of effective magnetic field are considered:
H+H,+H (2.102)

(2.103)

,where H is the dynamic magnetic field of the EM wave, H, is the magnetic bias field,
H,, is the equivalent magnetic field induced by stress and dj is the piezomagnetic strain

constant tensor. The exchange field H,,; and anisotropy field H, are ignored under

saturated and isotropic ferromagnetic material assumptions.
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Fig. 2.31. Simulated results with on/off piezomagnetic coupling compared with

COMSOL pure mechanical simulation. Reproduced from [60].

The composite under simulation is formed by AIN, FeGaB and Al,O3 with the thickness
of 500, 400 and 400 nm respectively. The planar dimensions are 100 ym X 100 um
with a total thickness of 1300 nm. Again, the current source is set as the modulated
Gaussian pulse in 50 ohms. The simulated structure and equivalent circuit are shown in
Fig. 2.30. The results are validated by comparing the on/off state of piezomagnetic
coupling, as shown in Fig. 2.31. When the piezomagnetic coupling is turned off and set
to zero, the stress field corresponds well to the COMSOL pure mechanical simulation.
Also, the field decays slowly only due to the mechanical damping. When the

piezomagnetic coupling is turned on, the stress field decays fast due to radiation loss and

Gilbert damping loss. The radiation efficiency is defined as 71,44 = Prad » 100%. The
w

Ppa

radiation efficiency is increased up from the planar dimension of 100 um X 100 um to
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Fig. 2.32. Simulated radiation efficiency versus bias field. Reproduced from [60].
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Fig. 2.33. Simulated radiation efficiency versus magnetic linewidth. Reproduced from
[60].

the planar dimension of 5000 um X 5000 pum. In Fig. 2.32, it can be found that the
FMR frequency shifts from 1.98 GHz to 2.51 GHz as the magnetic DC bias field increases
from 50 Oe to 80 Oe. At a magnetic bias of 60 Oe, the FMR frequency aligns with the
BAW resonance frequency, resulting in a peak radiation efficiency of 49% for the BAW
antenna. If there’s no magnetic bias, then the spins won’t align in the same direction.
Hence, the total radiation will be close to zero. In Fig. 2.33, the relation between Gilbert
damping coefficient a or the magnetic linewidth AH and radiation efficiency is shown.
As anticipated, a larger linewidth leads to reduced radiation efficiency. To achieve optimal
performance, minimizing magnetic losses and aligning the FMR with the BAW resonance
is essential.

Additionally, when conductive materials are subjected to time-varying magnetic
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fields, they naturally develop internal circulating currents, commonly referred to as eddy
currents. These currents can lead to significant power loss, particularly in high-
permeability ferromagnetic materials, which are also typically good electrical conductors.
This issue is addressed in [59], where the suppression of eddy current losses is analyzed

in a specific setup.

The study begins with a theoretical model involving an infinite sheet of uniform current
positioned above an ideal perfect electric conductor (PEC) ground plane. A ferromagnetic
substrate is placed in between as the intermediary material. In the scenario where this
substrate is considered non-conductive (i.e., its electrical conductivity is set to zero), the
system achieves a radiation efficiency of about 25%. However, once the ferromagnetic
material is assumed to have realistic conductive properties, significant eddy currents are
induced within it, severely degrading radiation efficiency to approximately 2.2%, as

illustrated in Fig. 2.34.

To address this efficiency drop, the study explores a practical solution: segmenting the
ferromagnetic bulk into multiple thin laminations. This layered approach effectively
interrupts the formation of large eddy current loops, thereby reducing conductive losses.
Results indicate that using 10 layers can raise the radiation efficiency from 2.2% to 11.8%,

as shown in Fig. 2.35.

75

doi:10.6342/NTU202501094



Radiation efficiency (%)

single layer substrate, Ho =60 Oe

30
\ /0/‘0—0\0\_4\/—
257 \ i
*analytical
201 simulated gn_aoytlca
3 0=0 -
T3 151
10 simulated analytical
0=5x10°S/m 0=5x10°S/m
5f 4 1
evessernseaQpranesaes nom'm.mo"""."om"""".o'"""’/"'0""---~-»-o--........'._o_',_“
0 b Py & ¥ B g ¥
21 22 23 2.4 2.5 2.6 2.7
Frequency (GHz) simulated,
no ferromagnet
substrate

Fig. 2.34. Simulated and analytical radiation efficiency by comparing three cases. One

with the ferromagnetic material without conductivity, one with the ferromagnetic material

with conductivity and without ferromagnetic material. It is shown that the eddy current

loss will greatly downgrade the radiation enhancement from FMR. Reproduced from

[59].

§0q (%)

——'m

Radiation efficiency (%)

o =5x10° (8/m), H, = 60 Oe

~&- no substrate, i.¢. air filled

1 e N=1, t =2.56um
—0—N=3,t_=0.8um, t_ =0.08;m
-4 N=8, tm=0.3,1m. ta"=0,02,zm

—»—N=10, t_=0.24;m, t_ =0.02m

t

m
—em-N=12,t_=0.2um, t_=0.02um |
m air
wneee: N=22,t_=0.1pm, t_ =0.02m
m air
——N=24,t_=0.1um, 1 =0.01um

>

14
[ e
12 ¥
T TN .
10- T
[ S
8
number of layers: N
6
4
2
0 =
2:1 2.2

2.3 24 25 2.6 2.7
Frequency (GHz)

Fig. 2.35. The ferromagnetic layer is cut into thin layers to break down the eddy current

loops. It is shown that the radiation efficiency can be optimized around the layer of 10.

Reproduced from [59].

76

doi:10.6342/NTU202501094



Chapter 3 Review Work Regarding Experimental

Proof of Multiferroic Antenna

Chapter 2 covers the material fundamentals, operating principles, and theoretical
modeling of multiferroic antennas. In this chapter, we focus on experimental validation
of multiferroic antennas. Since early research in this field has been largely theoretical,
several fundamental questions regarding experimental mechanisms remain unanswered.
Accordingly, this chapter provides a review of relevant experimental evidence, focusing
on magnetoelectric-coupled antennas, sensors based on the delta-E effect, and the
phenomenon of acoustic wave-excited ferromagnetic resonance (FMR). These
phenomena are potentially related to our experimental approach and may offer valuable

insights for interpreting our results.
3.1 Magnetoelectric Antennas

The first experimental demonstration of a multiferroic antenna was conducted by
Nan et al. in 2017 [65]. While they referred to it as “magnetoelectric,” the device shared
the same composite structure as a multiferroic antenna. Magnetoelectric (ME) coupling
describes the interaction between magnetic and electric fields, a fundamental concept,
whereas multiferroic coupling specifically involves multiple ferroic materials, such as

ferromagnetic and ferroelectric materials.

Their study began with a 60.68 MHz nanoplate resonator (NPR), comparing FeGaB/AIN
structures with non-magnetic Cu/AIN counterparts. The measurement setup is shown in
Fig. 3.1. During reception, the FeGaB magnetic layer in the ME antenna detects the H-

component of EM waves, inducing oscillating strain and generating a piezoelectric
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Fig. 3.2. Magnetoelectric (ME) coupling coefficient of NPR under various bias

magnetic fields. Reproduced from [65].

voltage output at the electromechanical resonance frequency. The signal is then amplified

using a UHF lock-in amplifier. While both magnetostrictive and non-magnetic structures

exhibit similar resonance frequency behavior, their receiving voltage differs significantly,

confirming that FeGaB effectively enhances signal detection through magnetoelectric
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Reproduced from [65].

Notably, this test was conducted without any DC bias magnetic field, indicating that the
radiation enhancement is independent of ferromagnetic resonance. Additionally, they
examined the NPR under a bias magnetic field ranging from -5 to 5 mT, as shown in Fig.
3.2. The observed variations in receiving voltage are attributed to the delta-E effect, a
phenomenon further explored in Chapter 3.3. The delta-E effect occurs when changes in
the bias magnetic field alter the Young’s modulus of the magnetostrictive layer, thereby
shifting the resonance frequency of the resonator. Consequently, the peak of the ME
coupling coefficient also shifts, with its maximum occurring at zero bias field. They
explain this behavior using an edge curling wall effect, proposing a so-called self-bias
condition. Building upon these receiving test results, the study extended its investigation

into high-frequency magnetoelectric antennas.
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The 2.53 GHz ME antenna is also based on a FeGaB/AIN structure, while the non-
magnetic counterpart utilizes Cu/AIN, as shown in Fig. 3.3. The effect of ME coupling
was validated by comparing the |S»i| transmission coefficients of the FeGaB/AIN
structure to those of the non-magnetic Cu/AIN sample. However, several critical aspects
remain unaddressed in their tests. First, they did not conduct bias magnetic field tests for
the 2.53 GHz antenna. Given that magnetic properties vary significantly from the MHz
to GHz range, it is essential to test and distinguish different effects at higher frequencies.
Additionally, their comparison was based on non-magnetic samples, despite the
assumption that radiation is driven by the magnetostrictive effect. A more appropriate
comparison would be between magnetostrictive and non-magnetostrictive samples rather
than between magnetostrictive and non-magnetic ones. This approach would provide
more direct evidence to confirm the fundamental mechanism behind multiferroic or
magnetoelectric antennas. Lastly, none of the experimental setups are shown in this work.

All subsequent experimental studies have built upon this work, with no additional
tests conducted, aside from my own research, which represents a key contribution.

Nonetheless, I will summarize several further tests performed in other magnetoelectric
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antenna studies at around UHF and SHF bands.

Agilent E8346A VNA

Probe Station

Fig. 3.5. Measurement setup for SMR ME antenna. Reproduced from [67].

In a subsequent study by Yun et al. in 2022 [66], a method for bandwidth
enhancement was proposed. They achieved this by arranging resonators in parallel with
different stack configurations, as shown in Fig. 3.4. Due to variations in thickness, the
three regions (R1, R2, and R3) exhibited distinct yet closely spaced resonance frequencies.
The approach was validated through measurements using a horn antenna and a network
analyzer, followed by additional testing with a signal generator and a spectrum analyzer.
However, this study did not include further validation of the underlying mechanisms.
Following the initial work by Nan et al., Prof. Nian X. Sun’s team continued exploring
the design of solid-mounted resonators (SMR) and antenna arrays for ME antennas [67],

[68].

SMR technology is widely used in BAW resonator designs, employing a Bragg
reflector to replicate the boundary conditions of air cavities. The advantages of SMR

include improved power handling due to enhanced heat dissipation and a more
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Fig. 3.6. ME antenna array. Reproduced from [68].
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Fig. 3.7. ME antenna array measurement results. Reproduced from [68].

mechanically robust structure. In this study, the full measurement setup was finally
presented in the supplementary information, as shown in Fig. 3.5. A custom-made plastic
probe station was used to minimize electromagnetic interference. However, no additional

validation was provided to further explain the underlying mechanisms of the device.

Another study extended ME antennas into an array configuration, as illustrated in

Fig. 3.6, with the corresponding results shown in Fig. 3.7. However, for optimal
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Fig. 3.8. ME sensor and measurement results. Reproduced from [70].

electromagnetic wave performance, the antenna array spacing should be designed in
relation to free-space wavelengths. This study did not specify the array spacing, raising
concerns about its impact on performance. Theoretically, if the spacing is too small, the
array functions as a continuous structure rather than a discrete antenna array, limiting its
ability to enhance gain significantly. As a result, the findings in Fig. 3.7 remain
questionable regarding the claimed benefits of the array design.

The highest-frequency ME antenna design to date has been developed for 5G
applications [69]. This study also utilizes an SMR design targeting 4.97 GHz operation.
However, the validation approach remains the same, comparing a non-magnetic structure
(Al/W/AIN) with a magnetostrictive one (FeGaB/SiO2/AIN). Aside from the shift to a

higher frequency band, the work does not introduce any new mechanisms nor insights.
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3.2 Magnetic Sensors

Before the development of magnetoelectric (ME) antennas, research within the
community primarily focused on magnetic sensors, particularly magnetoelectric sensors
utilizing the delta-E effect. This phenomenon appears to be closely related to the results
observed during our DC magnetic field response experiments. Fundamentally, the
response of the device to the magnetic field is governed by the same structural
configuration, and the variation of the reflection coefficient with respect to the magnetic
field is examined. Nonetheless, whether the magnetoelectric (ME) antenna primarily
functions as an antenna or as a sensor—and the underlying mechanisms that differentiate
these roles—remains an open question. As such, this section will also briefly discuss
relevant works concerning magnetic field sensors. I will summarize two key papers that

represent significant contributions to magnetic sensor technology [70], [71].

The first study, conducted prior to the ME antenna work in [65], demonstrated a 215 MHz
nano-plate resonator with a DC magnetic field detection limit of approximately 300
picoTesla. The admittance curve was measured using an RF probe connected to a network
analyzer, as shown in Fig. 3.8. The device monitors changes in DC bias magnetic field by
detecting shifts in resonance frequency. For instance, the resonance frequency varied as
the magnetic field changed from 0 Oe to 15 Oe and then to 60 Oe. Continuous magnetic

field sweeps are recorded in Fig. 3.8(d).

For sensitivity and linearity measurements, the ME sensor was placed under a fixed 5 Oe
DC bias magnetic field while small variations in the magnetic field were introduced. As

shown in Fig. 3.9, the sensor exhibited good linearity in the range of 50 picoTesla to 4
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nanoTesla. However, measurement values for the admittance amplitude began to diverge

below 300 picoTesla, indicating a sensitivity limit at this level.
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Fig. 3.9. ME sensor and sensitivity measurement. Reproduced from [70].

(b)

192 um

Fig. 3.10. Schematic graph of biaxial magnetic field sensors. Reproduced from [71].

A more recent study also utilized the delta-E effect. In this work, the magnetic sensor
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exhibited a resonant frequency shift of 1.03 MHz under a 567 Oe in-plane magnetic field
and 0.2 MHz under a 720 Oe out-of-plane magnetic field, with corresponding S11
variations of 30.2 dB and 0.92 dB, respectively, as shown in Fig. 3.10 and Fig. 3.11 [71].
However, it is important to note that the observed frequency shift is relatively small.
Specifically, the center frequency of approximately 2.47 GHz shifted by only 1.03 MHz
when the magnetic field increased from 0 Oe to 630 Oe, corresponding to just a 4%

fractional bandwidth.

In [72], the authors examined the frequency dependence of the delta-E effect and found
that its magnitude either continuously decreases with increasing frequency or peaks just
below the ferromagnetic resonance (FMR) frequency, depending on the damping factors.
Therefore, when monitoring such small frequency shifts, careful consideration is

necessary.
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Fig. 3.12. Schematic of ADFMR experiment. Reproduced from [73].
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Fig. 3.13. Power absorption behavior for ADFMR. Reproduced from [73].

3.3 Acoustically Driven Ferromagnetic Resonances

A well-documented experimental phenomenon closely linked to multiferroic
antennas is acoustically driven ferromagnetic resonance (ADFMR). This effect is
investigated using surface acoustic waves (SAWs) as the driving mechanism. The setup
consists of interdigitated transducers (IDTs) fabricated on a piezoelectric substrate, with

a magnetostrictive ferromagnetic layer placed between them. When an alternating
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Fig. 3.14. Power absorption behavior for ADFMR compared to the device length and

thickness. Reproduced from [73].
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Fig. 3.15. Schematic of experimental measurement setup. Reproduced from [74].

I

voltage—typically in the gigahertz range—is applied to one of the IDTs, it generates a
coherent elastic wave that propagates along the piezoelectric surface. This SAW interacts
with the ferromagnetic layer through magnetoelastic coupling, effectively supplying an
RF excitation field that triggers ferromagnetic resonance (FMR), as illustrated in Fig. 3.12
[73]. When the SAW frequency aligns with the magnet’s intrinsic FMR frequency, energy
is efficiently transferred via magnetoelastic interactions, resulting in resonance. By
measuring the power transfer function |S»i|> between the input and output terminals, the

magnitude of this interaction can be quantified.

Experimental observations reveal that power absorption depends on the angle
relative to the SAW propagation direction, as depicted in Fig. 3.13(a). The highest
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Fig. 3.16. Relation between Nickel film thickness and absorption. Reproduced from

absorption occurs around 40°. This optimal angle is then used to examine the relationship
between applied magnetic field and power absorption at three distinct frequencies (857
MHz, 1424 MHz, and 1992 MHz, from top to bottom), as shown in Fig. 3.13(b). The
results confirm that power absorption increases with frequency, consistent with standard
ferromagnetic resonance behavior. Further analysis, shown in Fig. 3.14, investigates how
absorption varies with the length and thickness of the Nickel layer. Thicker films exhibit

faster attenuation as length increases, and each thickness follows an exponential decay

In summary, ADFMR presents a highly effective approach for antenna applications,

as SAW devices achieve efficiency levels above 90%, while FMR reaches efficiencies
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1430 MHz 2000 MHz 2565 MHz

10nm 1.88 1.78 1.83
20nm 2.05 2.04 L.75
30nm 1.94 1.78 1.64
40nm 1.98 1.80 1.46
50nm 1.89 1.81 1.46

Fig. 3.17. Relation between Nickel film thickness and magnetoelastic coefficients

(MJ/m?). Reproduced from [74].

exceeding 99.9%.
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Fig. 3.18. Experimental setup and mechanism of combining ADFMR with NV

diamonds. Reproduced from [75].

Again, it uses similar experimental setups as previous work, which is shown in Fig.
3.15 [75]. This work following previous one focuses on more film thickness variation
analysis, which is shown in Fig. 3.16. Similarly, the maximums of the relative angle of
power absorption are selected and plotted against the film thickness. The frequency
corresponds to 1430 MHz (green), 2000 MHz (blue) and 2565 MHz (black). It is found
that the damping parameter increases as a function of thickness of the Ni film beyond 20
nm and then saturate when it becomes thicker. Yet, the magnetoelastic coefficient is
shown to be independent of excitation frequency and film thickness, as shown in Fig.

3.16.
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Reproduced from [75].
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Fig. 3.20. Correlation between power absorption and NV PL change with different

frequencies and bias magnetic fields for Cobalt and Nickel. Reproduced from [75].

This study expands on previous work by integrating optical detection of acoustically
driven ferromagnetic resonance (ADFMR) through the use of nitrogen-vacancy (NV)
centers in nanodiamonds. The experimental setup, illustrated in Fig. 3.18, consists of an
ADFMR device where microfabricated resonant interdigitated transducers (IDTs)
generate surface acoustic waves (SAWs) on a piezoelectric lithium niobate (LiNbOs)
substrate when driven by a microwave signal. A 20 nm-thick ferromagnetic layer,

composed of either cobalt or nickel, is placed atop the substrate. Nanodiamonds
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containing NV centers are then dispersed across multiple locations on the ferromagnetic
film, enabling spatially resolved optical detection of the ADFMR effect. These NV-doped

regions appear as dark circular spots in the optical image.

By analyzing photoluminescence (PL) modulation, a direct correlation between
ADFMR power absorption and the percentage change in NV PL intensity can be
established. As depicted in Fig. 3.19(a), the peak NV PL change precisely coincides with
the frequency at which ADFMR power absorption is maximized, demonstrating a direct
optical recording of the resonance phenomenon. Additionally, Fig. 3.19(b) illustrates how
the power attenuates as the SAW propagates toward the second port, with a corresponding
decrease in NV PL change. This further confirms the direct relationship between ADFMR

and NV PL response.

A comprehensive comparison of power absorption and NV PL change for both nickel
and cobalt across various frequencies and applied magnetic field strengths is presented in
Fig. 3.20. The results indicate that cobalt exhibits stronger coupling between ADFMR
and NV centers than nickel. Despite nickel displaying higher ADFMR power absorption,
the resulting NV PL change remains comparable to that of cobalt, highlighting differences

in coupling efficiency between the two materials.
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Chapter 4 Multiferroic Antenna Validation by

Composite Comparisons

In this chapter, the polarization control design based on lateral electrode excitation
for the whole device is simulated, fabricated and measured. It will be shown that Nickel,
a magnetoelastic material, consistently demonstrates magnetically induced radiation at
both resonance frequencies. However, Permalloy (NizsFe22), which has significantly
weaker magnetoelastic effects, exhibits similar transmission behavior at 3.67 GHz and
enhanced power absorption at 6.42 GHz. Our findings suggest that the dynamic response
of magnetoelastic materials in the GHz range differs from their behavior at MHz and
lower frequencies. This evidence highlights the need for further investigation into the

underlying mechanisms of magnetoelectric radiation.

4.1 Multiferroic Antenna Based on Lateral Electrodes

Excitation

Polarization plays a vital role in antenna design, and circularly polarized antennas
have been extensively studied due to their numerous benefits, including enhanced signal
integrity, increased channel capacity in communication systems, and simplified
installation. Traditional excitation methods primarily rely on the thickness-extensional
mode using d33 excitation. However, achieving polarization control requires the

introduction of additional excitations with specific phase differences.

In recent years, film bulk acoustic resonators (FBARs) have gained significant

attention, especially in high-frequency filtering and sensing applications, where they
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Fig. 4.1. The schematic of the AIN-based solidly mounted resonator operating in

thickness-shear mode waves. Reproduced from [77].

B 1710200008

=

Fig. 4.2. The electric field distribution generated by electrode geometries with gap

sizes of 1 um and 10 pm. Reproduced from [77].

typically operate in the longitudinal mode. For liquid-based mass-loading sensors,
thickness-shear modes (TSM) offer a higher quality factor compared to longitudinal
modes. Consequently, research into TSM behavior in FBARs has been increasing, as

illustrated in Fig. 4.1 and Fig. 4.2 [76], [77].

TSM waves propagate along the thickness direction of piezoelectric films but feature
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Fig. 4.3. Electric and magnetic sources and their image currents. Reproduced from

[78].

particle displacement parallel to the film surface. This unique property allows TSM waves

to support two orthogonal in-plane modes, making them an excellent candidate for

generating circular polarization.

Additionally, because shear mode excitation occurs within an in-plane structure, it
can enhance radiation instead of suppressing it when placed above a conductive surface.

This is due to the unidirectional image magnetic current, as depicted in Fig. 4.3, making

it more advantageous than the traditionally used longitudinal mode.

Various techniques exist for exciting TSM waves, including interdigitated electrodes

(IDE) and lateral electrodes, both of which have been explored in previous studies.

Among these, lateral excitation is often preferred due to its simpler implementation [78].
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By leveraging lateral field excitation in bulk acoustic wave (BAW)-based multiferroic

antennas, polarization states can be dynamically tuned by adjusting the control voltage.

In order to demonstrate the polarization control based on lateral electrode excitation,
the modeled design of the BAW-based multiferroic antenna is illustrated in Fig. 4.4 and
Fig. 4.5. It comprises three distinct material layers: a piezoelectric layer, a
magnetostrictive layer, and an acoustic buffer. The piezoelectric component converts an
applied AC voltage into mechanical stress waves, which then interact with the
magnetostrictive material, inducing oscillatory magnetization and ultimately generating

electromagnetic radiation.

In this configuration, stress fields are created using lateral electrodes. As depicted in
Fig. 4.4, instead of placing electrodes on both the top and bottom surfaces, two sets of
electrodes are positioned at the bottom of the structure. By applying AC voltages with a
90-degree phase difference to these electrode sets, a circularly polarized shear wave is
produced, propagating along the z-axis. This wave drives circularly polarized
magnetization in the magnetostrictive layer, leading to the formation of a circularly

polarized magnetic current—the key source of the antenna’s circularly polarized radiation.
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Electrodes

Fig. 4.4. External voltage sources with a 90-degree phase difference are applied to
electrodes, generating a circularly polarized electric field at the bottom. Reproduced

from [79].

Acoustic Buffer —
Magnetostrictive —

Piezoelectric —

m
Magnitude of stress

Fig. 4.5. The simulated structure of the BAW-mediated multiferroic antenna.

Reproduced from [79].

Based on the analysis in [77], the presence of the TSM wave induced by lateral field
excitation can be confirmed by deriving the Christoftel equation. The acoustic velocity of

the thickness shear mode is given by:

Cas + €2 /5
v, = s teis/€1q @D
p

In this context, c44 represents a stiffness tensor component, el5 corresponds to a
piezoelectric coupling tensor component, €11 denotes a permittivity tensor component,

and p signifies the material's volume density. The calculated wave velocity is

98

doi:10.6342/NTU202501094



approximately 6333 m/s. For a fundamental mode resonance at 2.5 GHz, the required

thickness of the piezoelectric layer is around 1 pm.

Additionally, when a thickness-shear mode (TSM) wave propagates along the third
axis, the stress component T'xz is directly generated through excitation along the first axis,
while Tyz arises from excitation along the second axis. By introducing a 90-degree phase
shift between Txz and Tyz, the two orthogonal TSM waves combine to create a circularly
polarized shear stress field. Since both the nickel layer and the buffer material exhibit
isotropic properties, this shear wave forms a standing sinusoidal wave pattern along the

Z-axis.

COMSOL is a finite-element based solver that provides streamlined workflows for

simulating multiphysics phenomena. We use COMSOL to model acoustic-mechanical
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Fig. 4.6. Displacement animation at 250 MHz (with length units in pm) are shown.

The frames correspond to different time instances: t=T/4 (Top-left), t=T/2 (Top-

right), t=3T/4 (Bottom-left), and t=T (Bottom-right). A counterclockwise circularly

polarized displacement, as viewed from the top, is clearly observed. Reproduced

from [79].
resonance in a BAW-mediated multiferroic antenna, simultaneously calculating the
coupling between stress and the electric field. By leveraging COMSOL, we first identify
the eigenmodes of the TSM. Table 2 outlines the details of the simulation environment.
Fig. 4.6 illustrates the circular motion of the BAW-mediated multiferroic device. As
depicted in Fig. 4.6, the circular displacement induced by the bottom electrodes is most
effective at a frequency of 250 MHz. Hence, lateral electrode excitation can not only
enable radiation enhancement above conductive ground plane but also allow polarization

control design for multiferroic antennas.
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Table 2. Basic parameters of COMSOL simulation. Reproduced from [79].

Boundary
Layer Materials Study Applied voltage condition (others
are free)
Set 1: 1 (volt) ~ Set 2: 1li|N/A
Electrodes Platinum | Electrostatics
(volt)
Piezoelectri | Aluminum | Piezoelectric Top: form union
¢ N/A
Nitride Effect Bottom: u=0
Magnetotric Solid Top: form union
tive Nickel N/A
mechanics Bottom: form union
Acoustic Silicon Solid Top: UZ:()
buffer N/A
Nitride mechanics Bottom: form union
4.2 Device Simulation

The antenna utilizes a three-layer configuration, as illustrated in Fig. 4.7 and 4.8,

which provide a schematic representation and a cross-sectional view, respectively.

Additionally, a top-down microscope image is displayed in Fig. 4.9. To ensure optimal

performance in high-frequency applications, aluminum nitride (AIN) is selected as the

piezoelectric component due to its superior acoustic velocity, minimal material loss, and

exceptional thermal conductivity. A thin 400 nm AIN film is applied to a silicon substrate

and remains suspended over a precisely etched air cavity.

Beneath the AIN layer, two pairs of 50 nm-thick in-plane bilateral electrodes made

of platinum (Pt) are positioned perpendicular to each other. This configuration allows for
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Magnetostrict'\\le

Fig. 4.7. Multiferroic antenna schematic graph. Reproduced from [80].

Etching release hole g +t,m electrodes

Contact via

Outer top electrodes Magnetostrictive

Piezoelectric layer

Silicon substrate

Fig. 4.8. Multiferroic antenna cross-sectional view. Reproduced from [80].

independent and symmetric excitation of the antenna, enabling polarization control. In all
experiments presented, only one electrode pair is activated, while the other remains open.
These in-plane bilateral electrodes excite thickness-shear modes and are connected to the
outer electrodes via metallic vias. The applied input electric field induces dynamic stress,

which is crucial for the subsequent coupling stage.
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Fig. 4.9. Top-view optical microscope image of 200-pum-radius Ni test piece.

Reproduced from [80].

Above the piezoelectric layer, a 300 nm-thick nickel (Ni) magnetostrictive layer is
deposited in a disk shape with a 200 pm radius. This layer facilitates the coupling between
dynamic stress and magnetization, serving as the expected source of electromagnetic
radiation. A buffer layer of aluminum oxide (Al.Os) with the same disk geometry is then
placed over the Ni layer to optimize the maximum amplitude within the Ni layer and
provide oxidation protection.

The simulated structure for the fabricated device is shown in Fig. 4.10 and Fig. 4.11.
Their difference is that Fig. 4.10 is rescaled in the thickness direction to show the layer
composite structure better. The structure is based on FBAR design with 2 orthogonal sets
of lateral Platinum electrodes for polarization control. The magnetostrictive layer Ni is
sandwiched between piezoelectric layer AIN and acoustic buffer layer Al,O3. The etched

cavity is made of half sphere structure below the AIN layer. The boundary conditions for
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2 7(-500
V\L' x

Fig. 4.10. The simulated structure of fabricated devices without rescaling.

Pt electrodes

Fig. 4.11. The simulated structure of fabricated devices rescaled.

the full structures are shown in Fig. 4.12. One set of electrodes is connected to the signal
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Fig. 4.12. Boundary conditions of simulated structure. |

With floating potential condition applied, there are only four modes(3.2/6.5/10.7/17.8) below 20 GHz.
300

—— COMSOL full 3D w/ floating potential
250 -

200 -
150 |
100

50 |

o o
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Frequency (GHz)

Magnitude of impedance (ohm)
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Fig. 4.13. Impedance response of the simulated structure with floating potential.

and ground. The other set of electrodes r¢ggains open and floating. In addition to the
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Without floating potential condition, there are seven modes (2.3/4.4/6.6/7.7/9/11.2/20) below 20 GHz.

3.0x10°
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Fig. 4.14. Impedance response of the simulated structure without floating potential.

3.22 GHz, 1st

6.54 GHz, 2 10.68 GHz, 3

17.82 GHz, 4t

Fig. 4.15. Mode shape of the simulated structure without floating potential.

floating potential from the electrodes, since magnetostrictive layer Nikel is also metallic,

it should also be considered as floating layer. The bottom surface will be attached to the

PCB for the later measurement. It will be set as a fixed boundary condition. Except for
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2.34 GHz, 1st 4.38 GHz, 2" mixed 6.58 GHz, 3rd 7.7 GHz, 4t radial

8.98 GHz, 5th 11.16 GHz, 7 19.94 GHz, 8"

Fig. 4.16. Mode shape of the simulated structure without floating potential.

these surfaces, all other structures are free. The impedance response of the simulated
structure is shown in Fig. 4.13. There will be four resonance peaks around 3.2 GHz, 6.5
GHz, 10.7 GHz and 17.8 GHz. If we choose to ignore the metallic surface effect if
magnetostrictive layer, the impedance response is shown in Fig. 4.14. It can be found that
the impedance magnitude increases from 100 to 1000000 for the fundamental mode.
Hence, it’s likely that all signals are reflected from a 50-ohm transmission line.
Additionally, the resonant modes under 20 GHz becomes 7 modes with fundamental
mode around 2.3 GHz. These observations lead to the conclusion that the presence of
floating electrodes will mess up the electric field distribution around the excitation source.
The current lateral electrodes are placed too far away, and the impedance is too high. As
shown in Fig. 4.15 and Fig. 4.16, if we check the fundamental mode shape for both cases,
it shows that ideal thickness shear modes can be excited only if the floating potential

condition 1is eliminated. This further confirms that the metallic structure of
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magnetostrictive layer Nickel should be considered.

4.3 Fabrication Process

The step-by-step fabrication procedure is depicted in Fig. 4.18, with a breakdown of
the material layers provided in Table 3. The process starts by depositing a 50 nm platinum
layer onto a silicon substrate with a (100) orientation and a resistivity exceeding 104
Q-cm. This is achieved using a CHA solution electron beam evaporator, and the platinum
layer functions as the bottom electrode, patterned through a lift-off technique. Following
this, a 400 nm aluminum nitride (AIN) thin film is deposited via reactive sputtering using
a Tegal AMS AIN sputtering system. To create electrical connections to the bottom
electrodes, the AIN layer undergoes selective wet etching using AZ 300 MIF developer

and a KMPR 1005 mask.

Subsequently, a 100 nm aluminum layer is applied through evaporation with a CHA
Mark 40 system to form the top electrodes and via contacts, followed by patterning
through a lift-off process. A 300 nm nickel layer is then deposited using the same CHA
Mark 40 system, serving as the magnetostrictive component, and is also patterned via lift-
off. In certain experiments, the nickel layer is substituted with a 200 nm Permalloy (NiFe)
layer, which offers distinct material properties. To improve adhesion and mitigate
oxidation, a 400 nm aluminum oxide (Al2Os) buffer layer is incorporated. The final device
geometry is shaped by plasma etching with chlorine gas, utilizing a Unaxis SLR770 ICP

system and a KMPR 1005 mask.

Once fabrication is complete, the wafer is diced into individual components, and
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devices are released at the die level through isotropic silicon etching with XeF- gas in a

custom system. Due to manufacturing constraints, the device radius was set at 200, 500,

and 1000 pm, rather than the 9 um specified in Chapter 4, as illustrated in Fig. 4.18 to

Fig. 4.20. Additionally, an alternative version was produced using NiFe instead of Ni.

This variation serves as a reference material due to its well-documented characteristics

and near-zero magnetostriction, aiding in the evaluation of radiation effects.

1) Blank {100) Si substrate with p >
10kOhmecm

4) Wet etching of AIN for bottom
electrode vias

7) Deposition of 400 nm of Al203

. . Aluminum
. Silicon . Platinum Nitride

2) Deposition of 100 nm of Pt for
bottom electrode

5) Deposition of 200 nm of Al for top
electrode and via contacts

8) Plasma etching of AIN release vents
for access to Si substrate

Aluminum .

3) Deposition of 400 nm of AIN for
piezoelectric

6) Deposition of magnetic material

—

[\ . A

9) Release of device by isotropic
etching of Si through AIN release vents

Magntf:tlc . Alumina

Fig. 4.17. Fabrication process of BAW antenna. Reproduced from [37].

109

doi:10.6342/NTU202501094



Table 3. Fabrication process of BAW antenna for each layer and action. Reproduced

from [76].
Layer number Name Corresponding step Action in fab
0 Si substrate 1 Blank Si substrate
1 Pt bottom electrode 2 100 nm Pt for bottom electrode
2 AlN piezoelectric 3 400 nm AIN piezoelectric
Wet etching of AIN for bottom
3 Al via 4

electrode vias

300 nm Ni magnetic material/200 nm
Ni magnetic material/NiFe non-
4 6 NiFe non- magnetoelastic testing
magnetoelastic testing material

material
5 Alumia buffer material 7 400 nm Al,O4
6 Al top electrode 5 200 nm Al top electrode

1300 nm (thickness of bottom
electrode, piezoelectric, magnetic
7 Release vents inside resonator 8,9

material and alumia) plasma etching +

isotropic etching for release vents

700 nm (thickness of bottom electrode,
piezoelectric, and alumia) plasma
8 Release vents outside resonator 8,9

etching + isotropic etching for release

vents
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Fig. 4.18. Layout of the 200 pum circularly polarized BAW antenna. Reproduced

from [79].

Fig. 4.19. 500 pm circularly polarized BAW antenna. Reproduced from [79].

111

doi:10.6342/NTU202501094



Fig. 4.20. Layout of 1000 pm CP BAW antenna. Reproduced from [79].
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Fig. 4.21. The magnetic properties of the deposited 300 nm Ni film. Reproduced

from [37].

The magnetic properties of the deposited 300 nm Ni film are characterized using a

superconducting quantum interference device (SQUID). The measured hysteresis loop,
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shown in Fig. 4.21, indicates that the Ni film reaches saturation in fields exceeding
approximately 2000 Oe.

A post-fabrication analysis of the material composition of the test pieces was
conducted at the Semiconductor Fabrication Lab of the Consortia of Key Technologies
and the Nano-Electro-Mechanical-System Research Center, National Taiwan University.
Laser scanning optical images of the test pieces were captured using the KEYENCE VK-
X200 series 3D laser scanning microscope, which provides 3D imaging capabilities for
examining the structural details of the fabricated devices. To analyze the atomic
composition, the Hitachi S-4800 scanning electron microscope (SEM) combined with the
HORIBA EMAX x-act energy-dispersive X-ray spectroscopy (EDS) was used. The
atomic composition at designated areas of each test piece was quantitatively extracted by
comparing spectral data.

The analysis of a 500-um-radius Ni test piece, with its optical image shown in Fig.
4.22, yielded the results presented in Fig. 4.23. The analysis spot, labeled “Spectrum 13,”
revealed that the primary atomic elements were oxygen (57.31%), aluminum (32.8%),
nickel (9.02%), and silver (0.87%). The aluminum and oxygen originated from the Al>Os

acoustic buffer layer, while nickel constituted the middle magnetostrictive layer.

Similarly, a 500-um-radius permalloy test piece, with its optical image shown in Fig.
4.24, was analyzed, and the results are displayed in Fig. 4.25. The analysis spot, labeled
“Spectrum 9,” indicated that the major atomic elements were oxygen (57.70%),
aluminum (30.51%), nickel (8.35%), iron (2.46%), and silver (0.98%). As in the Ni test
piece, aluminum and oxygen were attributed to the Al-Os buffer layer, while nickel and
iron comprised the middle layer. The Ni-to-Fe atomic ratio was approximately 77:23,

closely matching the composition of standard NizsFez> or NisoFe2o permalloy.
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Fig. 4.22. Optical figure of 500-um-radius Ni test piece. Reproduced from [80].
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Fig. 4.23. SEM-EDS results of 500-um-radius Ni test piece. Reproduced from [80].
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Fig. 4.24. Optical figure of 500-pm-radius NiFe test piece. Reproduced from [80].
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Fig. 4.25. SEM-EDS results of 500-um-radius NiFe test piece. Reproduced from

[80].
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/>/
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Fig. 4.26. Antenna mounted onto a printed circuit board (PCB) sample holder.

Reproduced from [80].

4.4 Measurements Setup

The antenna is secured onto a printed circuit board (PCB) fixture, as shown in Fig.
4.26. To establish electrical connections, aluminum bond wires link the outer electrodes
to the PCB’s copper microstrip traces. One of these microstrip traces extends to an SMA
connector for signal transmission, while the other is grounded by copper vias that connect

it to the bottom ground plane.
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Fig. 4.27. Photograph of the experimental setup. Reproduced from [80].
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Fig. 4.28. Impedance measurement before de-embedding. Reproduced from [80].

In addition to analyzing the simulated md@de shapes in the previous chapter by device
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Fig. 4.29. Impedance measurement after de-embedding. Reproduced from [80].

simulation, we also employed the standard through-reflect-line (TRL) calibration
technique for de-embedding to confirm the presence of mechanical resonances. A
photograph of the experimental setup is shown in Fig. 4.27. The TRL calibration kits were

designed to eliminate the influence of microstrip lines on the PCB sample holder.

The input impedance of the prototype antenna was measured using the TRL
calibration method with the Keysight 2-port VNA P5004A, referred to as the "after de-
embedding" measurement. For comparison, we also conducted an input impedance
measurement using the conventional 2-port short-open-load-through (SOLT) calibration
under the same setup, referred to as "before de-embedding." In this case, the measurement
included the effect of the microstrip lines on the PCB sample holder. The measured results

before and after de-embedding are presented in Fig. 4.28 and Fig. 4.29, respectively.
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While the two mechanical resonances remained at the same frequencies, parasitic
resonances were effectively removed in the “after de-embedding” measurement,
demonstrating the successful elimination of the microstrip line effects on the PCB.

After comfirming the existence of mechanical resonance, we can move on to
measure the radiation performance of the antenna-under-test (AUT). All measurements
in this study were conducted using the two-port Keysight P5004A Streamline USB Vector
Network Analyzer (VNA). The intermediate frequency (IF) bandwidth and output power
of the VNA were set to 1 kHz and —10 dBm, respectively. The frequency range spanned
from 2 to 8 GHz, with a total of 6001 frequency points and a frequency step of 1 MHz.
The standard two-port Short-Open-Load-Through (SOLT) calibration was performed

using the Agilent 85052D mechanical calibration kit.

A linearly polarized double-ridged broadband horn antenna (WavePro Inc.
DRHO118) was selected due to its 10—12 dBi gain across the 2—-8 GHz band. The antenna
under test (AUT) and the horn antenna were connected to the VNA using GORE
PHASEFLEX 2.92 mm RF cables. The horn antenna had a maximum linear dimension
of 28.7 cm, while the shortest free-space wavelength in the measurement band was 3.75

cm at 8 GHz. Accordingly, the minimum radiating near-field distance for the horn antenna

was calculated as 49.2 cm using the formula 0.62 \/%.

For the AUT, considering the 200-pm-radius Ni case, the maximum resonating area
was 400 um—significantly smaller than the shortest wavelength (3.75 cm at 8 GHz). As

a result, the AUT qualified as an electrically small antenna, with a far-field distance
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Fig. 4.30. Photographs of the experimental setup. Reproduced from [80].

approximated as /1’2”% = 2.4 cm, where Anae = 15 cm (corresponding to 2 GHz). Even

when including the PCB sample holder, the minimum radiating near-field distance for the

AUT was estimated at 0.62 \/D;s = 5.4 cm, and the far-field distance was approximately

2
17 cm using 20"~ 17 cm, where the PCB’s maximum dimension was 5.66 cm. To

Amin
ensure both near-field and far-field conditions were met, the spacing between the AUT

and the horn antenna was set to 130 cm—well beyond the required distances.

Measurements of the reflection and transmission coefficients (|Si1| and [S21]) were
performed inside the microwave anechoic chamber at National Taiwan University.
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Fig. 4.31. Photographs of the experimental setup. Reproduced from [80].

Photographs of the experimental setup are provided in Fig. 4.30 and Fig. 4.31. The
receiving horn antenna was mounted on a non-metallic tripod, while the AUT, acting as
the transmitting antenna, was placed on microwave absorbers to minimize floor
reflections. The AUT-horn antenna spacing was fixed at 130 cm. The common two-port
SOLT calibration was performed, with reference planes set at the connectors of both the
horn antenna and the AUT. To measure the co-polarized (co-pol) transmission coefficient
|S21], the polarization of the horn antenna and AUT was aligned. Cross-polarization (x-
pol) measurements were taken by rotating the AUT 90°. To assess the environmental
noise level, the AUT was replaced with a broadband matched load, as depicted in Fig.

4.32. This load absorbed the incident VNA signal, resulting in a transmission coefficient
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Fig. 4.32. Photographs of the experimental setup. Reproduced from [80].

—— Meas. |S4|, broadband load
-60 | —— Meas. [S,,|, broadband load, co-pol
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Frequency (GHz)

Fig. 4.33. Photographs of the experimental setup. Reproduced from [80].

|S21| overwhelmed by noise, as shown in Fig. 4.33. The |S21| responses for both co-pol and
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Fig. 4.35. Photographs of the experimental setup. Reproduced from [80].

x-pol configurations were similar, both showing a noise floor of approximately -100 dB.

To measure the bias static magnetic field applied during the experiments, a Lutron
MG-3003SD magnetic meter was used. A Hall sensor probe was fixed near the multi-
layered disk region of the AUT to continuously monitor and record the applied static

magnetic field for each test. The bias field was supplied by a magnetoelectric unipolar
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Fig. 4.36. The measured scattering parameters. Reproduced from [80].

adjustable magnetic field generator from Changchun Yingpu Magnetoelectric Technology
Development Co., Ltd., which allowed for precise adjustment of the field strength.
Photographs of the experimental setup for bias static magnetic field measurement
are shown in Fig. 4.34 and Fig. 4.35. The applied static magnetic field was adjusted by
rotating the handle of the unipolar magnetic field generator. The Hall sensor probe was
initially placed near the AUT to record the applied field and then removed before
measurement to prevent interference. Once the static magnetic field was set and recorded,
the reflection coefficient [S11| of the AUT under the applied field was measured using the

VNA.
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4.5 Results and Discussions

Fig. 4.37. 500-um multiferroic disk. Reproduced from [80].

Fig. 4.36 presents the measured scattering parameters, with insets depicting the
mode shapes of two distinct mechanical resonances. Consistent with previous findings,
the co-polarized transmission |S»i| exhibits peaks at 3.459 GHz and 5.768 GHz, which
align with the narrow-band mechanical resonances identified by dips in the reflection [S1].
Notably, no external static magnetic field is applied to induce or amplify radiation. A
comparison between co-polarized and cross-polarized transmission responses reveals that
the dominant radiation from the antenna under test (AUT) is linearly polarized along the
electrode pair responsible for excitation. The gain from the AUT can be estimated by the
Friis equation. We know that the distance is 1.3 m, the freqnecy is 3.462 GHz, |Sz1] is -
52.43 dB and the gain from SGA is 10.07 dBi. The cable losses have already been
calibrated so they don’t need to be considered. Finally, the gain is estimated to be -17.03

dBi.
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The analysis then shifts to the magnetostrictive layer. In low- frequency apphcatlens

NigoFezo or NizgFez (Permalloy) is commonly used due to its negligible magn foﬁ{i tlon

| 71 Ay

Fig. 4.39. 500-um NiFe multiferroic disk. Reproduced from [77].

Rather than replacing the magnetostrictive layer with a non-magnetic metal, Permalloy—
a magnetic but non-magnetoelastic material—is selected to assess its radiation
characteristics. For consistency, both the experimental and control devices utilize the
same three-layer structure. The only modification is an increase in the central multiferroic

disk radius from 200 pm to 500 pm, as illustrated in Fig. 4.37.
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Fig. 4.40. 500-um measured scattering parameters at lower resonance. Reproduced

from [80].
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Fig. 4.41. 500-um measured scattering parameters at higher resonance. Reproduced

from [80].

For the device with a 500-um-radius Ni layer, the consistency of mechanical
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resonance frequencies suggests that thickness plays a dominant role in defining resonant
modes, particularly for thickness-shear vibrations. In the fabricated multiferroic devices,
the Ni layer is 300 nm thick, whereas in the experimental 500-um-radius permalloy
device, the permalloy layer is reduced to 200 nm to compensate for its lower Young’s
modulus. This adjustment ensures that the resonant frequencies remain as close as
possible to those of the control device. Microscope images comparing the control device
and the experimental non-magnetoelastic magnetic device are provided in Fig. 4.38 and
Fig. 4.39. The atomic composition analysis indicates that the device in Fig. 4.38 has a Ni-
to-Fe ratio of approximately 77:23, while the control device in Fig. 4.39 contains no
detectable Fe. Both devices are mounted on a PCB fixture, and their transmission and

reflection responses are measured using an identical setup.

Fig. 4.40 and Fig. 4.41 compare the transmission characteristics of three devices—
200-pm-radius Ni, 500-um-radius Ni, and 500-pm-radius permalloy—at resonance
frequencies near 3.5 GHz and 6 GHz. Several key observations emerge from the data.
First, the mechanical resonance strength is lower in both 500-pm-radius Ni and permalloy
devices compared to the 200-um-radius Ni device. Second, the thinner permalloy layer
in the 500-um-radius NiFe device leads to a slight increase in resonant frequency.
However, the resonant frequencies of the 200-um and 500-um-radius Ni devices remain
relatively close, reinforcing the idea that device thickness, rather than lateral dimensions,
primarily dictates resonance behavior. Third, all three configurations successfully operate
as transmitting devices. This confirms that Ni, as a magnetoelastic material, consistently
produces magnetically induced radiation at the 3.5-GHz resonance. Interestingly, despite
its significantly weaker magnetoelastic properties, permalloy exhibits a comparable

behavior at the lower resonance frequency.
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Fig. 4.42. Measurement setup for bias magnetic field test. Reproduced from [80].

For the higher resonant frequency at around 6 GHz, as shown in Fig. 4.41, the Ni
devices again exhibit magnetically induced radiation, while the permalloy case
demonstrates damped power absorption behavior. The distinct behavior of the 500-um-
radius Ni and permalloy cases at this higher frequency suggests that the observed
radiation is influenced by the magnetoelastic properties rather than parasitic resonances,

as the two devices are otherwise identical except for their magnetic layers.

To further verify this behavior, the effect of an external bias static magnetic field on
all three devices is examined. An adjustable permanent magnet is used to provide the bias
static magnetic field. Due to the thin-film nature of the devices, the out-of-plane
demagnetizing field component is dominant. Thus, the focus is on applying the bias static
magnetic field along the in-plane direction, which allows for easier magnetization of the
magnetic layer (Ni or permalloy). The measurement setup is schematically depicted in
Fig. 4.42.
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Fig. 4.43. Bias magnetic field test for lower resonance. Reproduced from [80].
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Fig. 4.44. Bias magnetic field test for lower resonance. Reproduced from [80].

During testing, the antenna under test (AUT)—whether the 200-pum-radius Ni, 500-

um-radius Ni, or 500-um-radius permalloy device—is connected to port one of the vector
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Fig. 4.45. Bias magnetic field test for lower resonance. Reproduced from [80].

network analyzer (VNA) and placed above an adjustable permanent magnet. This setup
ensures that the applied static magnetic field aligns parallel to the in-plane direction of
the thin-film magnetic layer. A Hall sensor probe is positioned close to the AUT to
measure the static magnetic field strength, which is then removed before capturing the
reflection coefficient [Sii| responses under various field conditions. The |[Si]
measurements corresponding to the lower resonance frequency are displayed in Fig. 4.43
through Fig. 4.45, while those for the higher resonance frequency are provided in Fig.
4.46 through Fig. 4.48.

It is important to note that for all devices, the measured responses remain unchanged
when the applied magnetic field exceeds 100 mT, and thus, data beyond this range are

omitted for clarity. For fields ranging from 10 to 100 mT, the Ni test pieces (200-um and
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Fig. 4.46. Bias magnetic field test for higher resonance. Reproduced from [80].
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Fig. 4.47. Bias magnetic field test for higher resonance. Reproduced from [80 ].

500-um radius) exhibit distinct behavior compared to the 500-pm-radius permalloy

device. As expected, the mechanical resonance of the permalloy device remains
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Fig. 4.48. Bias magnetic field test for higher resonance. Reproduced from [80].
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Fig. 4.49. Bias magnetic field test for lower resonance. Reproduced from [80].

unaffected by variations in the bias static magnetic field, owing to its non-magnetoelastic

nature.
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Fig. 4.50. Bias magnetic field test for higher resonance. Reproduced from [80].

To investigate how the devices respond to different bias static magnetic fields, the
minimum |S11| value from each curve in Fig. 4.43 to Fig. 4.48 is extracted and converted
into a power absorption rate using the formula 1—|Sy;|>. To facilitate comparison, these
values are normalized relative to their measurements at 10 mT. The resulting normalized
power absorption rates, plotted against the bias static magnetic field, are shown in Fig.

4.49 and Fig. 4.20 for the lower and higher resonance frequencies, respectively.

As illustrated in Fig. 4.49, both the 200-um and 500-pum-radius Ni devices exhibit a
similar trend at the lower resonance frequency near 3.5 GHz. Their power absorption rates
initially decline as the bias field increases from 10 to 30 mT, then steadily rise beyond 30
mT before reaching saturation around 100 mT. In contrast, the 500-pum-radius permalloy
device shows little to no change in power absorption across the entire range of applied
magnetic fields. A comparable trend is observed at the higher resonance frequency near

6 GHz, though the Ni devices exhibit a less pronounced variation in power absorption.
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The minimal response of the permalloy device is attributed to the nearly zero
magnetostriction of NizsFez, which results in negligible mechanical strain variations
under the applied bias field. Consequently, unlike the Ni-based devices, the permalloy
structure exhibits only slight fluctuations in power absorption. These distinct |Si]
variations highlight the fundamental differences in dynamic behavior between
magnetoelastic materials like Ni, which exhibit field-induced mechanical coupling, and
non-magnetoelastic materials like permalloy, which remain largely unaffected by external

magnetic fields.
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Chapter S Multiferroic Materials for Antenna

Application at GHz Band

Chapter 5 covers the experimental validation of multiferroic antenna. We also test
multiferroic antenna power absorption behavior under bias magnetic field. In this chapter,
a more comprehensive device test will be proposed. By adjusting the layer thickness and
layer composition, related effects can be investigated more thoroughly. Due to the
fabrication process constraint, the FBAR structure based on PZT materials will be

considered.

5.1 Device Simulation

The multiferroic antenna is designed as a three-layer structure, with its 2D enlarged
view shown in Fig. 5.1 and real scale shown in Fig. 5.2. The device simulation begins
with 2D simulation to optimize the stress integration. Here the lateral size of silicon
substrate is selected to the real value. The only boundary condition is the fixed one at the
bottome of the susbstrate. The terminal with 1 volt is applied at the bottom of the Pt
layer and ground is assigned to the Al metal. In Fig. 5.3, the simulation sweep is shown.
We know that the total radiaded power of a magnetic dipole is from its magnetic moment.
Since the total radiated power is propotional to the integral of magnetization over the
entire Ni volume, we can optimize the radiated power by selecting maximum intetral of
z-component of stress tensor, supposing that the z componenet of stress tensor T3z is
also propotional to the magnetization M, and z-component of stress tensor is much

larger than x- and y-component.

4
Ho W
rad = 3 373 mo|? (6.1)
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Fig. 5.1. 2D simulation model of multiferroic antenna with enlarged vertical scale.
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Fig. 5.2. 2D simulation model of multiferroic antenna.

From (6.1), we need to maximize the magnetic moment by maximizing the stress
tensor in z-directions. At the same time, the larger the frequency the stronger the radiaed
power will be. Hence, we need to select the case with highest stress integration value as
well as higher resonances.

The thickness of PZT is fixed at 3 um due to fabricaiton process limit. We sweep
different combinations of Ni and buffer layer both in the range of [0.2 pm, 4 um] at the

step size of 0.2 um with the frequency range of [0.1 GHz, 2 GHz] at th step size of 10
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PZT (um) Ni (um) Buffer (um) Resonant Stress
frequency integration
(MHz)

3 4 1.4 610 4.78906
3 3.8 1.8 610 4.63508
3 3.8 0.4 670 4.4345
3 24 310 3.86302
3 3 1 730 3.7712
3 2.6 1.8 730 3.64955
3 2.6 1.2 770 3.41173
3 2.4 1.6 770 3.18331
3 2 3.4 690 2.55448

Fig. 5.3. Thickness sweep from 0.2 pm to 4 pm.
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Fig. 5.4. Modal response of 730 MHz with the thickness combination of 1/3/3 pm.

MHz. Then, the peak integral results of z-component of stress tensor is identified for its
mode shape, as shown in Fig. 5.3. The fifth high combinations with Buffer/Ni/PZT is 1
pm/3 pm/3 pm to resonate at 730 MHz. The modal response is shown in Fig. 5.4. This
mode is the first harmonic of thickness extensional mode. It can be observed that indeed
the stress is conentrated in the Ni layer to the highest stress intetration. This layer ratio is
selected for its acceptable frequency and high stress integration value.

Next, we will also do the 3D simulation to validate the modal response. The

simulated 3D structure is shown in Fig. 5.5 and Fig. 5.6. The symmetric boundary
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Fig. 5.6. Simulated full 3D structure in enlarged scale.

%10’ um
.. 0.5

N

/

0.5

o x10° m

Fig. 5.7. Simulated one-fourth 3D structure in real scale.

conditions are applied at x and y plane cut. Hence, the device can be simulated in one-
fourth structure to save computation resources, as shown in Fig. 5.7. The impedance

respose of its magnitude and phase is shown in Fig. 5.8 and corresponding stress profile
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in Fig. 5.9. Indeed, the stress accumulation behavior as 2D case can be observed in 3D

simulation.

- - ) )
5} o S &
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Frequency (GHz)
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Fig. 5.8. The impedance magnitude and phase of simulated one-fourth 3D structure.

Fig. 5.9. The stress response of simulated one-fourth 3D structure.
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Fig. 5.11. All the testing device layout on a 4-inch wafer.

5.2 Fabrication Process

The lateral plot of resonator schematic is shown in Fig. 5.10. The pink ring is
connected to GSG electrodes. The central signal is extended into top electrodes made by
Pt. The ground is shorted to the grey bottom electrodes made by Pt. The light blue
indicates the PZT layer and below the PZT layer indicated by the red dashed line will be

the air cavity to release the device. On top of the top electrode layer will be Ni and
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Fig. 5.12. 200 um DUT with alignment key. The green line is the PZT layer with

extra tail to prevent short circuit between signal and bottom electrode.

Fig. 5.13. 200 um DUT with exterior boundary being indicated. 500 um spacing is

reserved for border identification for later mask alignment.

acoustic buffer AIoO3. There will be 3 versions of lateral sizes including diameters of 200
um, 400 pum and 800 pum. The chip layout is prepared by using AutoCAD. There are
several design rules to follow:

1. Misalignment uncertainty requires an extra 10 pum spacing between layers

2. Alignment key needs to be placed at four corners

3. 300 pum spacing for chip dicing
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Lift-off process

Exposed PR

Cleaning with acetone v
Hot plate drying p-PR Exposure with UV light [ PR Mﬂ] PR
|
Spin coat photoresist Si Time depends on PR Si
metal, PZT etc.
PR selection:
develop [ PR] _ [PR] 1813 (thin) > 150112.63= 11,875 EPeam [PR 3 PR
TMAH Si 2. AZP4620 (thick)-> 800/12.63 = 63.34s  Sputter Si

Lift-off with Acetone
sy

Repeat for all layers | Si |

Aerosol

Fig. 5.14. Schematic of overall fabrication process.

4. Release via hole is reserved for possible cavity etching

5. Be careful about possible electrodes shorting contact

6. 500 pum spacing for bare silicon border identification

7. Mainly using substrate bonding for cavity formation

The finished chip on a four-inch wafer is shown in Fig. 5.11. There are 12 200-um

devices, 12 400-pum devices and 16 800-um devices.

The overall fabrication process is based on lift-off process. The basic concept of lift-

off process is shown in Fig. 5.14. The detailed process is summarized in Table 4.

Table 4. The whole lift-off process flows

# Process step Notes
Put 4-inch wafer into
acetone and use ultrasonic
1 Wafer cleaning (Acetone)
cleaner to clean for 5
minutes
Dehydration with N2 air Make sure there is no
2
gun residual water
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Dehydration on hotplate

100 degrees Celsius in 2-3

minutes

Spin coating with S1813
2U (recipe number 73) or
AZP4620 10U (recipe

number 77)

Use thinner photoresist for
thinner deposited layer and
thicker one for thicker
deposited layer; the
quantity of photoresist
needs to cover at least 1/3

of overall areas

Soft bake the photoresist
on hotplate in 110 degrees
Celsius (90 seconds for
S18132U and 3 minutes

for AZP462010U0)

Attach the plastic mask

and load the substrate

Align and expose
S1813(2u) with 12
seconds and
AZP4620(10u) with 63

seconds

Put the exposed dies into
TAMH developer. Rinse

the substrate.

S1813(2u) with 30
seconds and

AZP4620(10u) with 150
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seconds
Clean with DI water and
9
dehydrate with N2 air gun
Hard bake 3 minutes in 80
10
degrees Celsius
Use Ebeam or Sputter to
11
deposit metals
Use Acetone to do lift-off
12
process
13 Repeat for the next layer

Initially, the Pt is deposited onto the photoresist and later the Ti using S1813(2u).
There are two issues found, as shown in Fig. 5.15. The Pt will crack during lift-off process
due to unequal heat expansion. Also, there will be photoresist residue onto silicon
substrate. Hence, the thicker AZP4620(10u) needs to be used. An additional Ti layer to
connect the photoresist and Pt is needed. After applying both treatments, there will be
clean and nice bottom electrode left, as shown in Fig. 5.16. Then, the Inductively Coupled
Plasma Etching (ICP-RIE) will be used to etch the silicon substrate first. Additional
thicker silicon will be bonded to the etched cavity, as shown in Fig. 5.17. In this way, the

release via hole for the cavity etching can be prevented.
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Fig. 5.15. The cracked bottom electrodes and photoresist residue.

Successful lift-off with perfect bottom Ti/Pt/Ti electrodes

Fig. 5.16. The successful lift-off process.
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Fig. 5.17. The wafer bonding process.
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5.3 Measurements

After the fabrication of multiferroic resonator, each die will be cut from silicon
substrate. There will be 5 kinds of tests to be performed. First, we need to take 3D laser
confocal microscope to check 3D structures. Second, SEM-EDS instruments will be
performed. The composition of Ni and Permalloy will be examined again. Third, the
magnetic hysterisis curve of Ni and Permalloy layer will be measured by using SQUID.
We need to make sure both layers exhibit ferromagnetic behavior. Fourth, the RF probing
will be used to record S parameter response with minimal parasitic effect. Finally, the
DUT will be bondwired to the assembled PCB to measure the radiation pattern and its

respose to the bias magnetic field.

147

doi:10.6342/NTU202501094



Chapter 6 Conclusions and Future Works

The effects of replacing the magnetoelastic layer with a non-magnetoelastic (but still
magnetic) material provide key insights into the fundamental mechanism of multiferroic
antenna. At 3.67 GHz, the transmission characteristics remain largely unchanged,
whereas at 6.42 GHz, the power absorption is noticeably reduced. Since the only
structural modification is the substitution of the magnetostrictive layer, this change at 6.42

GHz can be directly attributed to the absence of magnetoelastic coupling.

If magnetoelastic interactions were the sole driver of magnetoelectric (ME) radiation,
the 500-pum-radius permalloy device would not exhibit comparable transmission behavior
at 3.67 GHz. This observation implies that ME radiation is influenced by factors beyond
just magnetoelastic effects, though the real mechanisms require further study.
Additionally, the permalloy-based device remains unaffected by variations in the applied
static magnetic field, in contrast to its Ni-based counterparts. These findings suggest that
the GHz-range dynamic response of magnetoelastic materials may deviate significantly
from their behavior at lower frequencies. This highlights the need for deeper investigation
into the fundamental mechanisms governing magnetoelectric radiation in high-frequency
regimes.

The fundamental mechanism of multiferroic antenna or magnetoelectric antenna

should be clarified. Fig. 6.1 illustrates the schematic of fundamental material stacking

Ni Permalloy
- o - s

Fig. 6.1. Materials stacking combinations.
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combinations currently under investigation. By adjusting the thickness, similar resonant
frequencies can be achieved. This approach allows for distinguishing the effects of
magnetic enhancement, parasitic influences, multiferroic radiation, and piezoelectric
radiation by analyzing their transmission and reflection characteristics.

Beyond material stacking, additional factors such as electrode configuration, array
design, feed-in method, and resonant modes should also be considered in future device

design optimization.
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