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Abstract

In recent years, spintronics has garnered significant attention, particularly in the
study of spin—orbit torque (SOT) and magnetic heterostructures. Among the key issues is
the role of uniaxial magnetic anisotropy in influencing the magnetization dynamics of
ferromagnetic thin films. This study aims to explore how uniaxial anisotropy in CoFeB/Pt
structures can be engineered via wedge deposition, and to analyze its impact on magnetic
behavior and dynamic properties—an essential step toward improving the performance
and stability of spintronic devices.

Two series of CoFeB/Pt samples were fabricated via magnetron sputtering: one with
uniform CoFeB thickness and the other incorporating a wedge-shaped CoFeB layer to
introduce uniaxial anisotropy. The deposition angle relative to the substrate x-axis was
varied from 0° to 180° in 30° steps. Magneto-optical Kerr effect (MOKE) and vibrating
sample magnetometry (VSM) measurements confirmed that the easy axis of the wedge-
deposited samples aligned with the wedge direction.

Subsequently, spin-torque ferromagnetic resonance (ST-FMR) frequency scans
were conducted to extract the demagnetization field (4mM,f() via Kittel fitting. In
addition, the damping constant was obtained by analyzing the frequency dependence of
the linewidth. Angular-dependent ST-FMR measurements were also performed to

iv
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analyze how the resonance field varies with magnetic field direction, enabling

quantitative evaluation of the uniaxial anisotropy strength.

To further verify the consistency of the results, ferromagnetic resonance (FMR)

measurements were conducted on the same set of samples. The comparison between the

two techniques demonstrated strong agreement in terms of trends and extracted

parameters, confirming the reliability of the experimental methods.

This study not only deepens the understanding of magnetic behavior in wedge-

deposited CoFeB/Pt structures but also provides a practical foundation for tuning uniaxial

anisotropy in magnetic heterostructures. The findings have significant implications for

the development of next-generation spintronic devices and high-efficiency magnetic

memory technologies.

Keywords: spin-torque ferromagnetic resonance, ferromagnetic resonance, uniaxial

anisotropy, wedge deposition
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l. Introduction

1-1 Magnetic Anisotropy

Magnetic anisotropy describes the directional preference in a material’s magnetic
characteristics, influencing the energy required for magnetization. This inherent property
is fundamental in shaping the magnetic behavior of materials, influencing their domain
structure, coercivity, and stability. The presence of anisotropy in a material leads to
preferential directions for magnetization, significantly affecting how a material responds
to external magnetic fields and its performance in applications like data storage[1-3],
sensors[4], and spintronic oscillators[5].

Magnetic anisotropy arises from various intrinsic and extrinsic factors, including
crystallographic structure[6, 7], sample geometry[8, 9], internal stresses[10-12], and
external magnetic or electric fields[13-16], all of which dictate the preferred
magnetization directions and influence a material’s overall magnetic response. By
adjusting these factors through strain engineering, interface modification, or external field
tuning, magnetic anisotropy can be precisely controlled to optimize material performance

for specific applications.
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While magnetic anisotropy can arise from various sources, two key factors that
strongly influence magnetization behavior are Shape Anisotropy, which originates from
the sample's geometry, and Uniaxial Anisotropy, which describes a material's tendency
to favor magnetization along a specific axis. These aspects will be discussed in the

following sections.

1-1.1 Shape Anisotropy

Shape anisotropy plays a crucial role in determining a material’s magnetization
behavior. This form of anisotropy arises purely from the geometry of a material, where
the distribution of magnetic dipoles and demagnetizing fields leads to preferred
magnetization directions.

In ferromagnetic materials, shape anisotropy is particularly significant when the
sample is not spherical. For example, in a ferromagnetic rod with elongated geometry, as
shown in Figurel. 1[3], the long axis often becomes the easy axis of magnetization due
to the minimization of magnetostatic energy. Conversely, magnetization along the shorter

axis is energetically unfavorable, defining it as the hard axis.
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Figurel. 1 lllustration of shape anisotropy in a ferromagnetic rod: (left) schematic showing the easy
(long) and hard (short) axes due to the rod’s elongated geometry; (right) corresponding M—H curves

measured along the easy and hard axes.[3]

This phenomenon is a direct consequence of the demagnetizing field, which is the
internal field generated by the sample’s own magnetization, and its magnitude can be
described as Hyemaqg = —NMs, Wherethe N is the demagnetization factor, which varies
with the sample shape[17, 18] and M, is the saturation magnetization of the material. A
larger demagnetization field opposes magnetization in certain directions, making it more
difficult to sustain magnetization along those axes. As a result, shape anisotropy plays a
critical role in designing magnetic storage devices, magnetic sensors, and spintronic

applications, where controlled magnetization behavior is essential.
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1-1.2 Uniaxial Anisotropy

Uniaxial anisotropy is characterized by a material’s preference for magnetization
along a specific axis, known as the easy axis. Magnetization can align in either of two
opposite directions (separated by 180°) along this axis, minimizing the system's energy.
Alignment along the hard axis, which is typically perpendicular to the easy axis, requires
overcoming higher energy states, making it more difficult for the magnetization to align

in this direction, as shown in the following Figurel. 2[3].

Easy axis

Hard Axis
Figurel. 2 Visualization of uniaxial anisotropy energy density for in-plane case[3]

As discussed earlier, uniaxial anisotropy can be quantified from an energy
perspective, where the energy difference between the easy axis and hard axis defines the
anisotropy strength. Alternatively, uniaxial anisotropy can also be characterized through
the anisotropy field, which will be discussed in the following section.

Uniaxial anisotropy plays a crucial role in several technologies, particularly in

magnetic memory devices like hard disk drives (HDD)[19] and magnetic random-access
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memory (MRAM)[20, 21], where the precise control of magnetization directions directly
influences data storage and retrieval. The strength of uniaxial anisotropy in these
applications determines the stability of the magnetization, which is essential for ensuring
reliable data retention over time. In HDDs, for example, having a clearly defined uniaxial
anisotropy helps maintain stable magnetization along the easy axis, reducing the risk of
data corruption caused by thermal fluctuations. In MRAM, where fast and reliable
switching between magnetic states is essential, precise control over the anisotropy enables
quick response times without sacrificing data stability.

However, stronger anisotropy is not always better. Excessively strong anisotropy
can make it difficult to switch magnetization directions, restricting the functionality of
devices that rely on magnetization switching. On the other hand, insufficient anisotropy
may lead to unstable magnetization, reducing the reliability and performance of the device.
Thus, optimizing the strength and stability of uniaxial anisotropy is essential to achieve

the desired functionality in these advanced technologies.
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1-1.3 Anisotropy Field

Anisotropy field (Hy) is also a crucial parameter that quantifies the strength of
magnetic anisotropy in a material, which can be directly measured in experiments. It
represents the external magnetic field required to align magnetization along the hard axis,
overcoming the material’s intrinsic anisotropy energy barrier. For uniaxial anisotropy, H
is related to the anisotropy energy density K and the saturation magnetization Mg by
the expression:H,, = ﬁ [22, 23] where p, is the permeability of free space. This field
provides an experimentally measurable way to characterize magnetic anisotropy,
complementing the energy-based theoretical definition discussed in the previous section.

The anisotropy field (H,) can be determined using several experimental techniques,
including Vibrating Sample Magnetometry (VSM)[24], Magneto-Optical Kerr Effect
(MOKE)[23, 25], and Ferromagnetic Resonance (FMR)[26]. These methods allow for
the precise measurement of magnetization behavior and the identification of the field
corresponding to the anisotropy strength, providing valuable insights into the material's

magnetic properties.
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1-2 Wedge Deposition

Wedge deposition is a technique that creates a thin film with a controlled thickness
gradient across the substrate, resulting in a wedge-shaped profile. This method is achieved
by oblique angle deposition, where the substrate is tilted relative to the material flux[27-
30], or using a shadow mask[31, 32], causing the thickness of the film to gradually change
from one side of the substrate to the other. By inducing this thickness gradient, it becomes
possible to manipulate factors such as strain, interface effects, and dipolar
interactions[33-35], which can significantly influence material properties like anisotropy,
coercivity, and resistivity. In particular, wedge deposition is an effective tool for inducing
or enhancing uniaxial anisotropy[28, 36, 37], making it highly valuable for the study and
optimization of thin film magnetism.

In this work, wedge deposition is achieved through oblique angle deposition, where
the substrate is tilted relative to the material flux, creating a gradual thickness gradient.
This method introduces directional strain and modifies the atomic arrangement, causing
a preferential alignment of magnetic domains. The oblique deposition angle influences
the shadowing effect and enhances the development of uniaxial anisotropy, as atoms tend
to accumulate more densely along one direction, promoting strong directional properties
in the resulting thin films. By precisely controlling the deposition angle and the thickness

7
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gradient, we were able to create a CoFeB layer with enhanced uniaxial anisotropy, crucial

for optimizing the magnetic performance of the material.

Thin Film

Substrate

Figurel. 3 Schematic of a wedged-shape sample prepared by wedge deposition, illustrating the gradual

thickness variation along the wedge direction.

Figurel. 4 Schematic of the oblique angle deposition, where material is deposited onto the substrate at a

tilted incident angle[27]
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1-3 Ferromagnetic Resonance(FMR)

1-3.1 History of FMR

Ferromagnetic Resonance (FMR) was first introduced by Charles Kittel in 1948 as
a fundamental method for studying the dynamic behavior of magnetization in
ferromagnetic materials. Kittel’s work[38] established the theoretical framework for
FMR, describing how the precession of magnetization around the effective field could be
excited by an external microwave frequency. This discovery provided a crucial tool for
investigating intrinsic magnetic properties, such as gyromagnetic ratios, damping
mechanisms, and magnetic anisotropy.

Early experimental observations of FMR were conducted using electron spin
resonance (ESR) techniques[39, 40], where a microwave field was applied to a
ferromagnetic sample under an external magnetic field. By measuring the absorption
spectrum, researchers identified a resonance condition when the microwave frequency
matched the natural precessional frequency of magnetization. These studies primarily
focused on bulk ferromagnetic materials, such as iron, nickel, and cobalt, laying the
foundation for understanding magnetic relaxation processes and spin dynamics. As

research progressed, the focus gradually shifted from ESR setups to more dedicated FMR
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systems, which offered improved sensitivity, better frequency control, and broader
applicability—particularly in thin films and nanostructures. This transition helped
establish FMR as a powerful and widely adopted tool for exploring spin dynamics,

magnetic anisotropy, and damping in modern magnetic materials.

1-3.2 Different Types of FMR

Ferromagnetic Resonance (FMR) has evolved through various measurement
techniques, each tailored to specific research needs and material systems. The earliest and
most traditional method is Cavity-based FMR[41, 42], which employs a microwave
resonant cavity to generate a uniform RF magnetic field around the sample. The sample
is placed within the cavity, and its resonance is detected by measuring changes in cavity
quality factor (Q-factor) or microwave absorption, as shown in Figurel. 5. This method
provides high sensitivity and precise linewidth measurements, making it particularly
useful for bulk materials, single crystals, and insulating magnetic materials. However,
Cavity-based FMR has limitations, including its fixed resonance frequency and relatively
large setup, which restricts flexibility in exploring frequency-dependent properties.

To overcome these limitations and adapt to modern thin-film and spintronics
research, Chip-based FMR[43-47], utilizing coplanar waveguides (CPW) or microstrip

10
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lines, has been widely adopted. This approach allows for broadband frequency

measurements by directly applying an RF signal from a VVector Network Analyzer (VNA)

or a signal generator. A schematic of a typical setup is shown in Figurel. 6. Compared

to cavity-based methods, chip-based FMR offers greater flexibility, as it does not require

a fixed resonant structure and can be easily integrated with other experimental setups.

Additionally, it helps the study of thin films, nanostructures, and patterned magnetic

devices, where sample size and geometry play a crucial role. The use of lock-in amplifiers

and advanced detection techniques further enhances measurement sensitivity, making

chip-based FMR an essential tool in modern magnetism and spintronics research.
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power
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Figurel. 5 Experimental setup of a cavity-based FMR measurement.[44]
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Figurel. 6 Schematic diagrams of (a) chip-based VNA-FMR and (b) stripline FMR setups. [43]

1-3.3 Spin-Torque Ferromagnetic Resonance(ST-FMR)

Spin-Torque Ferromagnetic Resonance (ST-FMR)[48-50] is a versatile
technique for probing magnetization dynamics using spin currents instead of external RF
magnetic fields. Unlike conventional FMR, which excites magnetization via an
oscillating field, ST-FMR relies on a microwave-frequency charge current that generates
aspin current through spin-transfer torque (STT) [51] or spin-orbit torque (SOT) [52, 53].
Consequently, this spin current interacts with the magnetization, driving resonance in the
sample. The corresponding measurement setup is illustrated in Figurel. 7

Furthermore, the precessing magnetization modulates resistance via anisotropic
magnetoresistance (AMR)[54, 55], spin Hall magnetoresistance (SMR)[56, 57], or giant

12
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magnetoresistance (GMR)[58, 59]. This resistance oscillation, mixed with the microwave
current, yields a detectable DC voltage. Analyzing this voltage as a function of field and
frequency allows extraction of key parameters such as damping, anisotropy, and torque
efficiency.

Compared to conventional FMR, ST-FMR is especially useful for studying
spintronic effects in heavy metal/ferromagnet heterostructures. It enables direct
quantification of spin-torque efficiency, playing a vital role in the optimization of

spintronic devices, including MRAM, logic circuits, and RF nano-oscillators.

Bias-Tee
' |
\ H, l LEJ_
N‘
/W Y Jc SG
HM
> | Signal
7 Gap y L el
— Lock-in

Figurel. 7 Schematic of an ST-FMR measurement setup using a lock-in amplifier and bias tee. [50]
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1-4 Theory of FMR

1-4.1 Landau-Lifshitz-Gilbert(LLG) Equation

The Landau-Lifshitz-Gilbert (LLG) equation is a fundamental equation describing
the dynamics of magnetization in a ferromagnetic system. It governs how the
magnetization vector M evolves over time in response to an effective magnetic field Her,
as shown in Figurel. 8, incorporating both precessional motion(second term) and
damping effects(first term). The LLG equation is expressed as:

dM a dM
— = —nyHeff+EMxE (1.1)
where:
e y is the gyromagnetic ratio, determining the precession frequency of the
magnetization;
e Hgy is the effective magnetic field, including external, demagnetizing, and
anisotropy contributions;
e « is the Gilbert damping parameter, describing the relaxation rate of the

magnetization toward equilibrium;

e M, isthe saturation magnetization.
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The LLG equation forms the foundation for understanding ferromagnetic resonance
(FMR). When an oscillating external field is applied perpendicular to the equilibrium
magnetization, it induces precessional motion, which can be experimentally observed as
FMR. The resonance condition and linewidth of the FMR signal are directly influenced

by the parameters in the LLG equation, particularly the damping coefficient a.

Figurel. 8 Dynamics of magnetization precession with damping. [60]

1-4.2 Kittel Formula

The Kittel formula describes the resonance condition for FMR by relating the
resonance frequency f to the applied magnetic field H. It provides a key theoretical
framework for interpreting experimental FMR spectra. The general form of the Kittel

equation for a thin film with in-plane magnetization is:

f= %\/(H+Hk)(H+Hk +4nM,p) (L. 2)
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Where:

e H isthe externally applied magnetic field,;

e  H represents the uniaxial anisotropy field, 4mM, s, is the demagnetizing field for
thin films;

e y isthe gyromagnetic ratio.

This equation shows that the resonance frequency depends not only on the applied
field but also on the intrinsic magnetic properties of the material, such as saturation
magnetization and anisotropy fields. Different geometries and material conditions result
in variations of the Kittel formula. For instance, in an out-of-plane configuration or for
bulk materials, additional terms accounting for demagnetization effects and anisotropy
modifications may be included.

The Kittel equation is extensively used to extract key magnetic parameters from
FMR experiments. By measuring the resonance frequency as a function of applied field,
researchers can determine properties such as the gyromagnetic ratio, saturation
magnetization, and anisotropy fields. This makes the equation essential for characterizing
magnetic thin films and heterostructures in both fundamental research and technological

applications.
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Experiment

2-1 Magnetron Sputtering

Sputtering is a widely used physical vapor deposition (PVD) technique for

fabricating thin films. The process involves ionizing an inert gas (typically argon) to

generate plasma, which bombards the target material, ejecting atoms that then condense

onto the substrate to form a film. Magnetron sputtering enhances this process by

incorporating a magnetic field near the target, increasing ionization efficiency and

deposition rates while reducing substrate damage.

|| Anode(+)

e

Ar gas p—
(Working gas)

Sample Holder
Substrate
. L.
e ®
.

O Ar
O Ar'

L+ Electron

- Plasma

e
| Cathode (-)

Figure2. 1 Magnetron sputtering system schematic.

In this study, thin films were deposited on SiO2 substrate by using magnetron

sputtering. The substrate was rotated in 10rpm for all uniform samples, and Oblique
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Angle deposition is applied for wedged-shape samples (i.e. keep the substrate static). The

Obligue Angle for wedge deposition is about 25 degree apart from substrate normal. The

deposition conditions of different materials are summarized in the following Table2. 1

Deposition conditions for different sputtering materials.

Material Co20Fes0B2o Pt Ta
Base Pressure(Torr) 5E-7

Working Gas Ar

Working i . .
Pressure(mTorr)

Power(W) 90 30 30
Growth Rate (s/nm) 24 23 35.6
Growth Rate (nm/s) 0.0416 0.0435 0.0281

Table2. 1 Deposition conditions for different sputtering materials.

2-2 ST-FMR Device Fabrication

2-2.1 Sample Structure

To fabricate an ST-FMR device, a ferromagnetic layer and a heavy metal layer are
required. The heavy metal layer enables the Spin Hall effect[61, 62], which generates
spin-orbit torque (SOT) to drive the ferromagnetic resonance. In this study, a
CoFeB/Pt/Ta multilayer structure is used, where CoFeB serves as the ferromagnetic layer,
and Pt acts as the primary spin source due to its strong Spin Hall effect. While Ta also
contributes to the Spin Hall effect, its main role is as a capping layer.
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This work investigates two series of samples: one with a uniform CoFeB layer,
which turning the rotary on, varying its thickness from 2 nm to 10 nm in 2 nm increments,
and another exploring different wedge deposition angles relative to the x-axis. The wedge
angle is varied from 0°to 180°in 30° steps. For the wedge-deposited series, the nominal
thicknesses are defined as 6 nm and 8 nm based on the deposition time, representing the

average thickness near the center of the substrate.

(b)

CoFeB(2,4,6,8,10)

CoFeB(6,8)

Substrate

Substrate(SiO,)

Figure2. 2 Structure schematics of (a) uniform samples and (b) wedge-shaped samples used in this study.

2-2.2 Photolithography

Photolithography is a key technique for defining precise micro- and nanoscale
patterns in thin film devices. It works by coating the sample with a light-sensitive
photoresist, then exposing it to UV light through a patterned mask. The exposed regions
undergo chemical changes that allow selective removal during development. This method
enables high-resolution patterning, making it essential for applications ranging from
semiconductor circuits to spintronic devices.
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In this study, photolithography was used to define the device geometry. The process

involved spin-coating a positive photoresist, UV exposure through a designed mask, and

development to reveal the desired pattern, as detailed in the following:

1. Pre-cleaning the samples: All samples are placed in a cup of isopropyl alcohol

and subjected to ultrasonic vibration for 1 minute. Afterward, an air gun is used

to dry the samples.

2. Baking before spin coating: To remove any residual isopropyl alcohol and

moisture, all samples are baked on a hot plate at 100°C for 1 minute before spin

coating.

3. Spin Coating: A positive photoresist(PR) is dropped onto each sample. The spin

coating process follows this recipe: Step 1: 3000 rpm for 10 seconds/Step 2: 4000

rpm for 30 seconds. This results in a uniform PR thin film on all samples.

4. Soft-Baking: The samples are baked on a hot plate at 100°C for 2 minutes to dry

and solidify the PR.

5. Aligning and exposure: Each sample is placed into the aligner (SUSS MA/BAS

Gen3) along with a mask. The pattern is aligned on the sample, and UV light is

exposed for 10 seconds to transfer the mask pattern onto the PR. This step is

repeated until all samples have been exposed.
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6. Development: The exposed samples are placed in a TMAH solution and gently

agitated. The exposed PR dissolves in the solution, while the unexposed regions

remain intact on the sample.

7. Check the result: Optical microscopy (OM) is used to verify that the patterns

match the expected dimensions (e.g., length, width).

Sample |

Spin-Coating the PR on the sample Exposure Development

(a) (b) (c)

Figure2. 3 Process flow of a positive photoresist photolithography process:

(a) spin coating, (b) exposure, and (c) development.

2-2.3 lon-Beam Etching(IBE)

lon-Beam Etching (IBE), also known as lon Milling, is a physical dry etching
technique widely used in microfabrication to achieve precise material removal. Unlike
chemical etching methods, IBE relies on a directed ion beam to sputter material from the
surface of a substrate. This technique provides excellent control over etching depth and

profile, making it ideal for pattern transfer in thin-film device fabrication.
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In our process, IBE was conducted using a Kaufman-type ion gun, operating at a
beam voltage of 250V and a beam current of 0.69A, under a chamber pressure below 2E-
5Torr. A high-energy argon (Ar*) ion beam was directed at the sample with an incidence
angle of 60°, causing atomic-scale sputtering. The etching was performed for 120 seconds
to ensure that the silicon layer was reached, with the sample continuously rotated at 10
RPM to improve uniformity and minimize directional etching effects.

Furthermore, to ensure precise control over etching depth and layer transitions, we
also employed in situ Secondary lon Mass Spectrometry (SIMS) monitoring throughout
the process. By analyzing the composition of sputtered ions in real time, SIMS allowed
for accurate detection of material interfaces, ensuring well-defined pattern transfer. The

actual instrument setup is similar to the one shown in Figure2. 4.

Turbo Pump
Ion Source
Electron Source
Ion Optics )
Wafer on He cooled stage
000 K. A .
\ e
S
Gas Inlet Plasma : - +_Collimated
::: Ion Beam
o r—
i / R
o0 » >
RF Coils

SIMS End Po1nl

Figure2. 4 Schematic diagram of an ion-beam etching (IBE) system. [63]
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2-2.4 Electrode deposition

The electrodes were deposited using magnetron sputtering, with deposition
conditions as described in Table2. 1. A Ta/Pt bilayer structure was used as the electrode
for the ST-FMR device. The deposition time was 2845 s for Ta and 150 s for Pt,
corresponding to estimated thicknesses of approximately 80 nm and 6.5 nm, respectively.
The Pt layer was included to improve the measurement signal quality when probing the

device, as its high work function and surface properties facilitate better electrical contact.

2-2.5 Process Flow

The fabrication of the ST-FMR device follows a multi-step process, outlined as
follows, with corresponding schematic diagrams provided in Figure2. 6:
a. Thin Film Deposition: The process begins with the deposition of the thin films as
described in section 2-2.1 Sample Structure, forming the base material for the device.
b. First Photolithography Step (ST-FMR Bar Definition): After film deposition, the
first photolithography process is used to define the ST-FMR bar structure. The resist
is patterned to outline the desired bar shape, as illustrated in Figure2. 5.
c. Etching for ST-FMR Bar: The patterned resist is then developed, and etching is

carried out to transfer the bar shape onto the film.
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d. Second Photolithography Step (Electrode Patterning): In the second

photolithography step, the electrode patterns are defined on the film. A new layer of

resist is applied and patterned to outline the electrode shapes, as illustrated in Figure2.

e. Electrode Deposition: The Pt/Ta bilayer electrodes were deposited using magnetron

sputtering, following the same conditions as previously described.

f. Lift-off for Electrodes: After electrode deposition, the lift-off process is used to

define the electrode shapes. The resist is developed, and the unwanted metal is

removed, leaving behind the Pt/Ta electrodes in the desired pattern. In this process,

the sample was ultrasonically cleaned in acetone for 5 minutes, followed by isopropyl

alcohol(IPA) for 30 seconds to ensure complete removal of residual resist and metal.

(a) (b)

—
110pm 45um

Figure2. 5 (a) ST-FMR bar with labeled dimensions. (b) Device layout illustrating electrode shapes and

contact sizes.
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(a)

Ta
Pt

CFB

Substrate

Thin Film
(d)

PR

Ta
Pt

CFB

Substrate

2n pL

(b)

Ta

CFB
Substrate

12t PL

(e)

Electrode

CFB
Substrate Substrate

Electrode Lift-off

Figure2. 6 Fabrication process flow of the ST-FMR device, including (a) thin film deposition, (b) first

photolithography, (c) etching, (d) second photolithography, (e) electrode deposition, and (f) lift-off

process.

Finally, the completed ST-FMR device is shown in Figure2. 7

Figure2. 7 Optical image of the final ST-FMR device after fabrication.
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2-3 Laser-MOKE

The Magneto-Optical Kerr Effect (MOKE) is a widely used technique for
characterizing the magnetic properties of thin films by analyzing changes in the
polarization of reflected light. When a polarized laser beam is incident on a magnetic
material, the interaction between the light and the sample’s magnetization induces a
rotation of the polarization plane (Kerr rotation) and an intensity change (Kerr ellipticity)
in the reflected beam. These magneto-optical effects provide key insights into magnetic
anisotropy, coercivity, and hysteresis loop behavior. Depending on the relative
orientation of the magnetization and the plane of incidence, MOKE can be categorized
into longitudinal, transverse, and polar configurations, each offering different

perspectives on magnetization dynamics.

@ (b) ©)

Figure2. 8 Schematic diagrams of (a) longitudinal, (b) transverse, and (c) polar MOKE geometries.[64]

In this study, we use the longitudinal mode to measure the hysteresis loop, and a

632.8 nm He-Ne laser serves as the light source. The laser beam is initially polarized
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using a polarizer, ensuring that only a well-defined polarization state reaches the sample.

After reflection, the beam passes through an analyzer (another polarizer) set near the

extinction angle, and its intensity is detected using a photodiode.

Besides, to apply a uniform in-plane magnetic field, a pair of Helmholtz coils was

placed on either side of the sample, generating a maximum field strength of 270 Oe. The

coils are powered by a Lock-in Amplifier, which also supplies a low-frequency AC

modulation to enhance the signal-to-noise ratio by reducing low-frequency noise. The

photodiode output is fed back into the Lock-in Amplifier, enabling phase-sensitive

detection and further improving measurement sensitivity.

Additionally, the sample is mounted on a motorized rotation stage, allowing for

angle-dependent MOKE measurements. This enables precise characterization of the

anisotropic magnetic properties as a function of the in-plane field orientation, providing

deeper insights into the uniaxial anisotropy of our CoFeB films. The actual MOKE

measurement system used in our experiments is shown in Figure2. 9.
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Figure2. 9 Setup of the Laser-MOKE measurement system with labeled components.
This setup provides high-resolution, non-destructive characterization of thin-film
magnetism and is particularly well-suited for analyzing uniaxial anisotropy and hysteresis

loops in our deposited CoFeB films.

2-4 Vibrating Sample Magnetometer (VSM)

The Vibrating Sample Magnetometer (VSM) is a technique used to measure the
magnetic properties of materials by detecting changes in the induced magnetic moment
when a sample is vibrated within an external magnetic field. When the sample is exposed
to a uniform magnetic field and vibrates mechanically, the magnetization of the sample

induces a time-varying signal in nearby pickup coils. This signal is proportional to the
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magnetization of the sample, which can be analyzed to derive key magnetic parameters

such as saturation magnetization (M), coercivity (H.), and remanent magnetization(M,.).

In a typical VSM setup, the sample is placed in a uniform magnetic field, and the

sample is vibrated back and forth at a constant frequency. The resulting signal from the

pickup coils is detected, and the magnetization is measured as a function of the applied

field. This setup allows for the generation of hysteresis loops, which provide insight into

the magnetic properties of the material, such as magnetization reversal and coercivity.

Figure2. 10 Schematic diagram of the VSM measurement system.[65]
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For this study, the VSM measurements were conducted using a commercially
available system equipped with an electromagnet capable of generating a variable
external magnetic field, with the actual instrument setup being similar to the one shown
in Figure2. 10. The magnetic field was swept within the range of +80000e, allowing us
to observe the full magnetic response of the sample, including magnetization reversal and
coercivity.

In addition to standard measurements, we performed angular-dependent VSM
measurements to investigate the variation in M,./M, as the sample orientation relative to
the magnetic field was varied. This helped to explore the material's magnetic anisotropy
and the directional dependence of its magnetic properties.

Background signals arising from environmental or instrumental noise were removed
during data processing to ensure accurate measurements. All measurements were
conducted at room temperature for consistency, and multiple measurements were taken

for each sample.

2-5 ST-FMR

Inan ST-FMR experiment, an RF signal is applied through probe tips to the sample’s
electrodes, illustrated in Figure2. 11. This induces a spin current via the spin Hall effect
in the heavy metal layer, causing magnetization precession. Additionally, the RF current
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generates a weak oscillating Oersted field that further excites the precession. When the

external magnetic field satisfies the Kittel resonance condition, the resulting time-

dependent magnetoresistance change (AMR or SMR) leads to a rectified DC voltage,

which is measured to extract key resonance parameters.

Figure2. 11 Illustration of the probe tips during ST-FMR measurement, with labeled Source (S) and

Ground (G).

To systematically study the sample’s magnetic properties, the ST-FMR experiment

is conducted in two measurement series: frequency-dependent and angle-dependent

measurements

a. Frequency Dependence Measurement

For frequency-dependent ST-FMR measurements, a sinusoidal RF signal (6-15 GHz,

20 dBm) is injected into the device through GSG-configured probe tips. After probing,

the sample resistance is measured, typically ranging from 0.8 to 1.1 kQ for a 10 pm-wide

ST-FMR bar.
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The external magnetic field is generated using an electromagnet, sweeping from
+4000 Oe to -4000 Oe. The lock-in amplifier powers the electromagnet and enhances the
signal-to-noise ratio via frequency modulation at 3388 Hz, with a sensitivity setting of 50
uV and a detection range of £150 pV.

Additionally, to investigate wedge-dependent anisotropy, measurements are
performed with the wedge direction varied from 0°to 180° in 30° steps, while keeping a
fixed external magnetic field.

By analyzing the frequency-dependent rectified voltage, key parameters such as the

effective magnetization (4wM,f) and Gilbert damping constant (o) can be extracted.

Bias T

Computer SG
Lock-in oone
— . = .
Sample
Magnet Magnet
Kepco

Figure2. 12 ST-FMR measurement setup for frequency dependence.

b. Angle Dependence Measurement

For angle-dependent measurements, the only difference from frequency-dependent

measurements is the use of a GMW vector magnet instead of the electromagnet, along
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with a different field sweeping range and angle steps. The same modulation settings (3388

Hz) and resistance measurements (0.8 to 1.1 kQ) are used.

The external magnetic field is varied between 2000 Oe, with its direction swept

from 0° to 360° in 10° steps. These measurements provide insight into the uniaxial

anisotropy field (H,,) and its angular dependence.

Bias T

Computer SG

Lock-in
Amplifier

Figure2. 13 ST-FMR measurement setup for angle dependence.

2-6 FMR

Ferromagnetic resonance (FMR) is a widely used technique for characterizing the
dynamic properties of magnetic materials by analyzing the precessional motion of
magnetization under an applied RF field. In this experiment, the FMR system consists of
a coplanar waveguide (CPW) for RF excitation, field modulation for enhanced signal-to-
noise ratio, and a detection setup using a lock-in amplifier. The RF magnetic field
generated by the CPW is applied perpendicular to a static external field, driving the
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magnetization into precession. When the applied field satisfies the Kittel resonance
condition, maximum energy absorption occurs.

The experiment was conducted on CoFeB thin films, including wedge-deposited
CoFeB (6 nm) and uniform CoFeB (6 nm and 8 nm), all placed face-down on the
waveguide to ensure direct coupling between the RF magnetic field and the thin film. The
RF excitation frequency ranged from 8 to 16 GHz, while the external magnetic field was
swept only within the resonance field range, with the field always applied in the positive
direction and swept from higher to lower values. Besides, to investigate the angular
dependence of resonance, the applied field angle was varied from 0°to 180°in 30° steps.

By analyzing the field-dependent resonance response, key magnetic parameters such
as the effective magnetization (4mM,sf) and Gilbert damping constant (o) were extracted,

providing insights into the sample’s anisotropy and damping behavior.

p Modulation Coils
Y,
/
y:
! l.
| Magnet

FMR ,
.

Magnet

Figure2. 14 Schematic diagram of the FMR measurement setup.
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11l. Results and Discussion

3-1 Laser-MOKE

3-1.1 Uniform Samples Thickness Dependence

To investigate the thickness dependence of magnetic properties, we performed
Laser-MOKE measurements on uniform CoFeB samples with varying thicknesses. The
MOKE hysteresis loops and the extracted coercivity (H.) as a function of CoFeB
thickness(Figure 3. 1) reveal a clear trend: H_. increases with thickness, reaching a
maximum at 8 nm, before slightly decreasing at 10 nm This behavior is consistent with
previous studies[66]. Additionally, the MOKE signal intensity grows with increasing
thickness, peaking at 8 nm, which suggests enhanced magneto-optical response due to
greater light absorption and interaction with the magnetic film.

The observed decrease in H. for the 10 nm sample may result from strain
relaxation[67], changes in domain structures[68, 69], or a transition from interface-
dominated behavior to bulk-like properties. In thinner films, interfacial effects and
substrate-induced strain can enhance magnetic anisotropy, increasing H.. However, as

thickness increases, strain may partially relax, reducing magnetic anisotropy and leading
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to a lower coercivity. Additionally, thinner samples often exhibit stronger domain pinning
effects due to rougher interfaces, whereas thicker films can develop more continuous

domain structures, facilitating easier magnetization reversal.

(a) Laser-MOKE: CoFeB Thickness Dependence
CoFeB(Uniform)(t)/Pt(3)/Ta(3)
11.5 4 —9— CoFeB 10nm(Uniform)
~—y— CoFeB 8nm(Uniform)
|—&— CoFeB 6nm(Uniform

( )
11.0 | —®— CoFeB 4nm(Uniform) CoFeB 10 nm(Uniform
—&— CoFeB 2nm(Uniform)

10.5

CoFeB 8 nm(Uniform

10.0
9.5 B 6 nm(Uniform
9.0 CoFeB 4 nm(Uniform

Offset Laser-MOKE Signal (a.u.)
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8.5 (
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(b) Laser-MOKE: CoFeB Thickness Dependence
CoFeB(Uniform)(t)/Pt(3)/Ta(3)
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Figure 3. 1 Laser-MOKE results of uniform CoFeB samples: (a) hysteresis loops and (b) coercivity (H,)

as a function of CoFeB thickness.
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This thickness-dependent study serves as a control experiment to establish reference
samples for further investigations. Based on these results, the 6 nm and 8 nm samples
were selected for subsequent experiments, as they exhibit well-defined magnetic

properties suitable for further characterization.

3-1.2 Uniform Samples Angle Dependence

To further investigate the magnetic behavior of uniform samples, we performed
angle-dependent MOKE measurements on CoFeB 6 nm (Uniform) and CoFeB 8 nm
(Uniform) samples. The extracted coercivity (H.) and remanent magnetization ratio
(M,./ M) were plotted as polar diagrams (Figure 3. 2). Ideally, for a completely uniform
thin film, both H, and M, /M, should exhibit isotropic behavior, forming perfect
circles in the polar plots. However, our results show a weak uniaxial anisotropy, where
the H. variation follows an elliptical shape, while M,./M, exhibits a butterfly-like or

dumbbell-shaped distribution.
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Figure 3. 2 Polar diagrams of coercivity (H,) and squareness ratio (M,./M) for (a)(b) CoFeB 6nm

(uniform) and (c)(d) CoFeB 8nm (uniform) samples.

This unexpected uniaxial anisotropy is likely due to residual stress introduced during

the sputtering process[70-72]. Even though rotary motion was enabled during deposition

to enhance uniformity, slight non-uniformities could still result in directional strain,

influencing the magnetic anisotropy[73, 74]. Another possible origin is the substrate

effect—since no seed layer was used, the film grew directly on the substrate, making it

more susceptible to surface-induced strain[75, 76] or texture effects[77]. The sample

shape might also contribute, as elongated or asymmetrical shapes can introduce form-

induced anisotropy. However, this anisotropy does not exhibit a consistent preferred
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direction across different samples, suggesting that the effect is subtle and not driven by
an external alignment field.

It is important to note that the purpose of this experiment was not to study the
intrinsic anisotropy of uniform CoFeB films but rather to establish these samples as
control references for later comparisons. The presence of weak anisotropy in the uniform
samples serves as a baseline, allowing us to more clearly assess the enhanced anisotropy

observed in the wedge samples, which will be discussed in the following sections.

3-1.3 Wedged-Shape Samples Angle Dependence

Field direction

@(0° to 360°)

Wedge direction

Figure 3. 3 Measurement geometry of MOKE angle scan
In the Laser-MOKE angle-dependent measurements of CoFeB 6nm(Wedge) and
CoFeB 8nm(Wedge) samples, a strong uniaxial anisotropy was observed, with the easy
axis aligning with the deposition direction, confirming that Wedge Deposition induces
significant anisotropy[28, 29]. Compared to uniform samples, the H. and M, /M,
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variations were much more pronounced, with H. changes exceeding 100 Oe.

Furthermore, H. was consistently higher in the CoFeB 8nm(Wedge sample) than in the

6 nm one, following the same trend observed in the thickness dependence study.

Additionally, H. increased as the field angle approached the hard axis (perpendicular to

the wedge direction). Interestingly, the measured coercivity shows a clear angular

dependence following an H, « sec(¢ ) behavior, where ¢ is the angle between the

applied field and the easy axis. This trend deviates from the typical prediction of the

coherent rotation model[78, 79], which expects the lowest H. near the hard axis. A

possible explanation is that, under our measurement conditions, magnetization reversal is

constrained along the easy axis[80, 81]. Since the Laser-MOKE setup operates at

relatively low field strengths—and the observed H. is much smaller than the anisotropy

field (as later confirmed by ST-FMR and FMR results)—the applied field is insufficient

to significantly tilt the magnetization away from its preferred axis. As a result, reversal

likely occurs when the projection of the external field onto the easy axis reaches a critical

value. However, due to the limited field strength of the MOKE system, the component of

the applied field along the easy axis becomes insufficient near the hard axis, preventing

full magnetization reversal at these angles. This explains the absence of switching at 90°
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and 270° for the CoFeB 6nm(Wedge) sample, and the broader angular ranges (60-120°

and 250-290°) for the CoFeB 8nm(Wedge) sample.

Consequently, the M,. /M, values approach zero at these angles, resulting in a more

pronounced “butterfly” shape in the M, /M, polar plot and a sharper angular variation in

H,. compared to the uniform samples.
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Figure 3. 4 Polar diagrams of coercivity (H_) and squareness ratio (M,./M) for (a) CoFeB 6nm

(Wedged) and (b) CoFeB 8nm (Wedged).
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3-2 VSM

For the Uniform samples, the VSM results were consistent with MOKE, with weak
magnetic anisotropy, as shown in Figure 3. 5. The VSM measurements of CoFeB 6nm
and 8nm Wedge samples (Wedge deposition angle = 0°) confirmed that the easy-axis
hysteresis loop appears at 0°, while the hard-axis behavior is observed at 90° (Figure 3.
5). Further angular-dependent measurements of M, /M, at 30° intervals (Figure 3. 5)
revealed a trend consistent with the MOKE results. However, unlike in MOKE, the
coercivity (H.) did not exhibit significant angular dependence in VSM measurements.

This difference likely originates from the higher magnetic field range used in VSM
(£8000 Oe), which exceeds the anisotropy field of the samples (as will be shown in the
FMR and ST-FMR results). Under such strong fields, magnetization reversal is no longer
restricted to occur along the easy axis, and the switching mechanism may transition to
domain wall motion[82]. This could effectively mask the angular dependence of H.,.

Nevertheless, both the M,./M; trend and the hysteresis loop shapes confirm that the
easy axis aligns with the wedge deposition direction—consistent with MOKE results.
This confirms that wedge deposition induces a well-defined uniaxial anisotropy in the

films.
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Figure 3. 5 VSM results of (a) CoFeB 6nm(Uniform), (b) CoFeB 8nm(Unifrom), (c) CoFeB 6nm

(Wedge) and (d) CoFeB 8nm (Wedge) measured along the easy and hard axes, and (e) angular

dependence of the squareness ratio (M,./M,).
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3-3 ST-FMR: Frequency Dependence

ST-FMR measurements were performed to extract the effective demagnetization
field (4mMefr) and damping constant («). The results are analyzed separately for Uniform
and Wedged samples to examine the impact of Wedge deposition on these magnetic

properties.

Hx

Figure 3. 6 Measurement configuration of ST-FMR frequency dependence.
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3-3.1 Uniform Samples

ST-FMR measurements were conducted on uniform CoFeB samples with different
thicknesses, and the results were analyzed using Kittel formula fitting (Figure 3. 7) and
damping constant fitting (Figure 3. 7). The extracted demagnetization field (4M, )
and damping constant («) are further plotted as a function of CoFeB thickness in Figure
3.7.

The results show that the demagnetization field increases with CoFeB thickness, but
the rate of increase slows as the thickness grows, which is consistent with previous
studies[83, 84]. This trend is consistent with the behavior observed in MOKE hysteresis
loops, where thicker CoFeB samples exhibited higher coercivity (H.). The increase in
4mM, s, can be attributed to the larger magnetization volume, while the diminishing rate

of change suggests an increasing influence of internal demagnetization effects.
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Figure 3. 7 ST-FMR analysis of Uniform CoFeB samples, including (a) Kittel formula fitting, (b)
damping constant fitting, and (c) extracted demagnetization field and damping constant.

For the damping constant, we observe a non-monotonic trend: o first decreases with
increasing thickness, reaching a minimum at 4 nm, and then increases as the film becomes
thicker. The initial decrease can be attributed to strong interface-related effects, such as
spin-pumping[85, 86] and scattering at rough interfaces[87], which contribute more
significantly to damping in thinner films due to their larger surface-to-volume ratio. As
the film thickness increases, these interface effects diminish, while bulk-related
mechanisms, including eddy-current losses[88] and two-magnon scattering[89, 90] from

volume defects, become more prominent. The eddy-current contribution, which scales
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approximately with the square of the film thickness, and the enhanced magnon scattering
within the film volume collectively leading to an increase in o at larger thicknesses. This
thickness-dependent damping behavior has also been reported in other metallic

ferromagnetic thin film systems[88].

3-3.2 Wedge-shaped Samples

ST-FMR measurements were performed on wedged CoFeB samples with different
deposition angles to investigate the effects of wedge-induced anisotropy on the resonance
behavior. The results are shown in Figure 3. 9, where Kittel formula fitting is presented

in Figure 3. 9, and damping constant fitting is shown in Figure 3. 9.

Wedge direction

135°
\6(0° to 180°)
e > X

Figure 3. 8 Measurement configuration of ST-FMR frequency dependence for wedge samples.
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(a) ST-FMR: Kittel Formula fitting
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Figure 3. 9 Kittel formula and damping constant fitting for (a)(b) CoFeB 6nm(Wedge) and (c)(d)CoFeB

8nm(Wedge).

Compared to uniform samples, fitting the experimental data using Kittel formula((1.

2)) requires the inclusion of an anisotropy field term (H,) to accurately describe the

resonance condition. This indicates that wedge deposition significantly enhances uniaxial

anisotropy, making H, much larger than that of uniform samples. This result is

consistent with the MOKE and VSM findings, which also revealed strong anisotropic

behavior in wedged samples. The increased anisotropy once again originates from the
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wedge deposition process, which induces a preferential in-plane anisotropy aligned with
the wedge direction.

For the linewidth fitting, the frequency dependence in wedged samples deviates from
the linear behavior typically expected from Gilbert damping. This irregular trend may
result from multiple overlapping factors, including the strong uniaxial anisotropy induced
by wedge deposition, the presence of a thickness gradient, and the shape anisotropy
introduced during device patterning. These factors collectively complicate the
magnetization dynamics and hinder the accurate extraction of intrinsic damping. Given
the current experimental design, a precise analysis of the linewidth behavior remains
challenging. Further investigation, such as angle-resolved FMR or micromagnetic
simulations, would be required to disentangle these effects and clarify the underlying
mechanisms.

To further examine the influence of wedge deposition on magnetic properties, the
effective demagnetization field (4mM,fr) extracted from Kittel formula fitting was
plotted against wedge angle. As shown in Figure 3. 10, the values of 4mM,; remain
relatively constant across different wedge angles and are comparable to those of uniform
samples. In both the CoFeB 6nm(Wedge) and CoFeB 8nm(Wedge) series, the 8 nm
samples exhibit slightly higher 4mM,(;, consistent with the thickness-dependent trend
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observed in Figure 3. 7. This suggests that the wedge geometry primarily affects the in-

plane anisotropy, while the demagnetization field remains largely unaffected.

ST-FMR: Wedge Angle Dependence
H vs Wedge Angle

5-0 demag
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Figure 3. 10 Demagnetization field for different wedge angles and uniform samples.

To further analyze the in-plane anisotropy induced by wedge deposition, the

anisotropy field H, extracted from Kittel formula fitting was plotted as a function of

wedge angle. The data were fitted using the empirical expression:
Hy = Hyo + Hycos2(60 — @gy) (3.1)

where H,, is the represents the baseline anisotropy field, H, is the magnitude of

uniaxial anisotropy, and ¢z, corresponds to the easy-axis direction. As shown in Figure

3.11
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, the fitting results reveal a clear uniaxial anisotropy, with H, larger in the CoFeB

8nm(Wedge) sample compared to the 6 nm sample—consistent with the MOKE

measurements. A summary of the fitting parameters is provided in Table 3. 1.

ST-FMR: Wedge Angle Dependence
H_vs Wedge Angle
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Figure 3. 11 H, fitting based on Kittel formula for different wedge angles, with fitting using the

expression H, = Hyo + H,cos2(60 — @ga)

Sample Hio (Oe) Hy, (Ge) Pea(’)
CoFeB 6nm(Wedge) 253.46761 452.26635 1.08033
CoFeB 8nm(Wedge) 332.43126 664.9812 -1.74553

Table 3. 1 Fitting Parameters for Different Wedge Angles Based on Eq.3.1.

Interestingly, the fitted values of Hy, show a non-zero offset: 253.5 Oe for CoFeB

6 nm and 332.4 O¢ for CoFeB 8 nm. Since the angle-dependent ST-FMR measurements

are performed on samples with fixed thickness, this shift in H;'s baseline is unlikely to

be caused by wedge-induced anisotropy alone. A more plausible explanation is the

presence of shape anisotropy introduced during device fabrication. Specifically, the
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lithographically defined device geometry may introduce an additional directional
anisotropy or cause a misalignment between the device axis and the actual wedge

direction, leading to a systematic offset in Hy.

3-4 ST-FMR: Angle Scan

To further investigate the angular dependence of resonance behavior, we performed
ST-FMR angle scans on both uniform and wedged series samples. For the uniform
samples (only 6 nm and 8 nm), the external magnetic field was rotated in 30° steps over
a full 360°range. In contrast, for the wedged samples (with a wedge angle of 0°), the field

was scanned in finer 10° steps to capture detailed angular variations.

A Field direction

¢(0° to 360°)

o >x
Wedge direction

6=0°

Figure 3. 12 Measurement configuration of ST-FMR Angle Scan.

The extracted resonance fields (H,.s) are shown in Figure 3. 13 for the uniform

samples and Figure 3. 14 for the CoFeB 6nm(Wedge) and CoFeB 8nm(Wedge) sample,

respectively.
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ST-FMR : Angle Scan
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Figure 3. 13 Resonant Field vs. Field Angle for Uniform Series Samples at 8 GHz.
As shown in Figure 3. 13, the resonance fields of the uniform samples remain nearly
constant with respect to field angle, consistent with the weak or negligible anisotropy
observed earlier. In contrast, the wedged samples exhibit a clear angular dependence that

follows a cos2(6 — @g,) trend, consistent with a strong uniaxial anisotropy. This

behavior is well described by the fitting function[28, 83]:
Hyes(6) = Ho — Hycos2(6 — @ga) (.2)

Here, H,., isthe measured resonance field, H, represents the baseline resonance field
due to the film's intrinsic properties, H,,. is the contribution from the uniaxial anisotropy
field, and @y, denotes the angle of the easy axis. It is important to note the difference in
the physical context between the Kittel formula fitting ((3. 1)) and the angular scan fitting.
In (3. 1), the extracted anisotropy field H, represents the component of the anisotropy
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field along the direction of the applied field (x-axis). As a result, H; reaches its

maximum when the wedge direction (i.e., the easy axis) is aligned with the external field

direction, justifying the use of a positive sign in (3. 1). In contrast, the angular scan

measures how the resonance field varies with the angle of the applied field. This variation

arises from the interplay between the applied field and the anisotropy field. When the

field is aligned with the easy axis, the resonance condition is satisfied with a smaller

external field due to the alignment of the magnetization and anisotropy field. Near the

hard axis, a stronger external field is required to overcome the anisotropy and rotate the

magnetization away from the easy axis, resulting in a higher resonance field. To reflect

this behavior, the fitting formula adopts a negative sign in (3. 2) This convention ensures

that the extracted H, remains positive and physically meaningful.

(a) ST-FMR : Angle Scan (b) ST-FMR : Angle Scan
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Figure 3. 14 Resonant Field vs. Angle for wedge series samples measured by ST-FMR Angle Scan, with

fitting using Eqg3.2
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The fitting parameters are summarized in Table 3. 2 The extracted H, values are

consistent with earlier results, again confirming that CoFeB 8 nm exhibits a stronger

anisotropy than 6 nm. Moreover, the fitted easy axis directions align well with the

deposition direction, further supporting that the anisotropy originates from the wedge

deposition process.

Sample frequency H,y(Oe) H,,(Oe) ©a(®)
9Ghz 320.07731 412.86241 -5.81196
CoFeB 6nm(Wedge) | 10.5Ghz 597.23041 474.8802 0.26702
11Ghz 653.20343 474.04091 -2.42019
10.5Ghz 419.69371 563.33438 -2.88534
CoFeB 8nm(Wedge)
11Ghz 542.78332 618.0541 -2.18566

Table 3. 2 Fitting Parameters from Resonant Field vs. Angle Data

The ST-FMR angle scan measurements primarily serve to quantify the magnitude of

the wedge-induced anisotropy. The observed directional variation in H,.,, well described

by a cos2(80 — ¢g4) dependence, enables the extraction of the uniaxial anisotropy field

H,,. Theincreasing H,, values with CoFeB thickness are consistent with trends observed

in earlier MOKE and ST-FMR wedge angle dependence results, providing

complementary quantitative insight into the anisotropy strength.
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3-5 FMR: Frequency Dependence

To further verify the consistency of our observations, we performed frequency-
dependent ferromagnetic resonance (FMR) measurements on unpatterned CoFeB
samples (6 nm and 8 nm, both uniform and wedged). The magnetic field was applied at
various in-plane angles from 0° to 180° in 30° steps to examine whether the frequency
response varies with field orientation. From these measurements, the effective
demagnetization field (4mM,sf), damping constant (o), and anisotropy field (Hy) were
extracted and analyzed, serving as a complementary validation to the previous ST-FMR
results.

Figure 3. 15 shows the Kittel formula fitting results. Similar to the ST-FMR results,
the uniform samples exhibit negligible angular dependence of the fitted parameters. In
contrast, the wedged samples show significant angle-dependent behavior, indicating the

presence of strong uniaxial anisotropy.
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Figure 3. 16 Damping constant fitting for (a)(b) uniform samples and (c)(d) wedge-shape samples.
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The linewidth vs. frequency fitting results are presented in Figure 3. 16. For the

uniform samples, the linewidths remain linearly dependent on frequency across all angles,

with little variation in the extracted damping constants. In contrast, the wedged samples

show more pronounced angular dependence. This angular dependence of linewidth is

likely related to the strong uniaxial anisotropy introduced by wedge deposition, which

affects precession dynamics and complicates the linewidth behavior.

A more detailed comparison of the angular dependence is summarized below.
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Figure 3. 17 Fitting parameters of FMR: (a) Demagnetization Field,(b) Damping Constant,(c)H,
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Figure 3. 17 summarizes the extracted fitting parameters. In panel (a), the
demagnetization fields are plotted, showing consistent trends with the ST-FMR results.
The CoFeB 8nm samples consistently exhibit slightly larger 4mM,.r values than
CoFeB 6nm samples. Furthermore, the wedge samples exhibit only slight angular
variation, and the values remain close to 1T, suggesting minimal influence from the
wedge on the demagnetization field. Panel (b) shows the damping constants in different
field angle. The uniform samples again display stable values across angles, while the
wedge samples show more fluctuation. Notably, damping values near the easy (0°, 180°)
and hard (90°) axes tend to be more stable and closer to those of uniform films, while
values at intermediate angles can deviate significantly—consistent with the drag effect
[91-93], where strong uniaxial anisotropy causes the precession dynamics to become
more complex specifically when the applied field is not aligned with the anisotropy axes.
In these off-axis conditions, the resonance linewidth often exhibits a nonlinear
dependence on frequency, leading to unreliable damping extraction from linear fits.
Therefore, only the damping values measured along the easy and hard axes are considered
reliable and physically meaningful. Finally, panel (c) presents the fitted H, values. As
with the ST-FMR analysis, the uniform samples yield H, values centered around zero
with negligible angular dependence. In the wedged samples, H, varies with angle,
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though unlike the ST-FMR results, the angular dependence does not closely follow a clear

cos(20) trend. This discrepancy may be due to the lack of lithographic patterning in the

FMR samples, meaning that their overall magnetic anisotropy is still influenced by the

macroscopic sample shape. Nonetheless, by comparing the range (maximum-minimum)

of H,, we still observe that the 8 nm samples consistently show stronger anisotropy than

the 6 nm samples.

Moreover, in contrast to the ST-FMR data, the FMR results do not show any offset

in the angular dependence of H;, —the variation is symmetric about 0°. This supports

the hypothesis that the offset observed in ST-FMR (i.e., non-zero H,,) originates from

additional anisotropy induced by device patterning, such as shape anisotropy introduced

during microfabrication.
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3-6 FMR: Angle Dependence

In this section, we analyze the angular dependence of the resonance field (H,.;) for
both Uniform and Wedge samples, with the measurement configuration shown in Figure

3. 18.

Field direction

@(0° to 180°)

Wedge direction

Figure 3. 18 Measurement configuration of FMR angle dependence.

The Uniform samples were measured at four different frequencies (8, 10, 12, and 14

GHz), with the results presented in Figure 3. 19. The Wedge samples were measured at

slightly higher frequencies: Figure 3. 19 shows the data for the 6 nm sample (measured

at 10, 12, 14, and 16 GHz), and Figure 3. 19 presents the 8 nm sample (measured at 12,

14, and 16 GHz).
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FMR:Angle Scan
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Figure 3. 19 FMR Angle Scan Results: (a) Uniform Samples, (b) CoFeB 6nm (Wedge), (c) CoFeB 8nm

(Wedge).

For all samples, the extracted resonance fields (H,.s) were fitted using the same fitting

model applied in the ST-FMR angle scan section((3. 2)) The fitted values of H,' are

summarized in Table 3. 3.

Sample frequency Hy(Oe) H,,(Oe) ©ea(®)
10 Ghz 691.44609 520.84612 2.90971
12 Ghz 1147.98093 | 557.77712 3.70627
CoFeB 6nm(Wedge)
14 Ghz 1609.59946 | 570.01394 4.15125
16 Ghz 2094.17303 | 572.28378 4.39563
12 Ghz 785.2505 595.73711 2.2489
CoFeB 8nm(Wedge) 14 Ghz 1252.37122 | 626.07334 3.16222
16 Ghz 1736.05091 | 640.42956 3.57072

Table 3. 3 Fitting Parameters from FMR Angle Scan
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For the uniform samples, the resonance field showed minimal angular dependence,

consistent with the ST-FMR angle scan results. Consistent with earlier ST-FMR results,

the wedge samples displayed clear angular dependence in the resonance field. The

extracted H, values were higher in the 8 nm samples, indicating stronger anisotropy

with increasing thickness.

The extracted H, values exhibited an increasing trend with frequency for both

CoFeB 6 nm and 8 nm wedge samples, but this trend gradually saturated at higher

frequencies. This apparent frequency dependence is primarily attributed to fitting

sensitivity rather than a genuine change in anisotropy. At lower frequencies, the H,. is

closer in magnitude to the anisotropy field, which reduces the angular sensitivity of the

resonance condition due to the nonlinear square-root dependence in the Kittel equation.

As a result, angular modulation in H,..; becomes less pronounced, leading to increased

uncertainty in the extraction of H,. In contrast, at higher frequencies where H,..; is

significantly larger than the anisotropy field, the angle-dependent variation of H,..

becomes more apparent, enabling more reliable fitting of H,,. These observations are

consistent with ST-FMR results, reinforcing the understanding that H,, itself remains

frequency-independent.
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The fitted easy axis angles (¢g,) for the Wedge samples were centered around 0°,
consistent with the measurement geometry, as the samples were aligned such that the
wedge direction lay along the 0° axis.

In summary, these observations confirm that the angular dependence of the
resonance field reflects the influence of the wedge-induced anisotropy, with H,, values
following the expected trend of increasing with frequency and showing consistent

behavior with both the angular and frequency-dependent measurements.
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3-7 Comparison between FMR and ST-FMR

One of the key differences between FMR and ST-FMR lies in the sample preparation
process. ST-FMR requires patterning the films into well-defined devices (ST-FMR bars).
While this approach helps reduce sample-to-sample variation and enhances signal quality,
it also introduces additional shape anisotropy. This can lead to slight distortion in the
extracted magnetic properties—for instance, the fitted H, valuesin ST-FMR often show
a shift (offset), likely due to this added anisotropy from the patterned geometry.

In contrast, FMR measurements can be performed without any patterning. This
offers several advantages: the fabrication process is simpler and more cost-effective, and
since the sample remains unaltered during measurement, it can be reused for other
experiments or fabrication steps. However, in this work, our FMR measurements were
performed on unpatterned sample fragments without controlled shape. As a result, some
degree of shape anisotropy was still observed during the measurement. This could be
improved in the future by designing and fixing the sample geometry more carefully to
minimize shape-induced effects and improve measurement accuracy.

Another notable point of comparison is the angular dependence measurement. In ST-
FMR, the signal strength varies with the angle between the magnetic field and the ST-
FMR bar due to the relative alignment between the RF current and the external field. This
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limits the range of measurable frequencies in angle-resolved measurements. On the other
hand, in FMR measurements, the RF magnetic field—delivered through a waveguide—
is always perpendicular to the external field. This ensures efficient excitation of the
sample's magnetization at all field angles, allowing for more consistent signal quality and
enabling angle-dependent measurements over a broader frequency range. As a result,
more reliable extraction of the damping constant and resonance fields (via Kittel formula
fitting) is possible in FMR.

It’s worth noting that ST-FMR also provides access to spin-orbit torque (SOT)
related properties, which is an important advantage. However, this lies outside the scope
of the present study.

To better compare the results obtained from FMR and ST-FMR measurements,
Table 3. 4 summarizes the key extracted parameters—including the demagnetization
field, damping constant, effective anisotropy field H,, and uniaxial anisotropy field
H,—for each sample. This overview provides a direct comparison between the two
methods in terms of both magnitude and angular trends. A more detailed discussion
follows.

Despite these methodological differences, the results obtained from FMR and
ST-FMR in this work are comparable. A summary table is provided to compare key
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parameters both methods. While some numerical discrepancies exist, the overall trends

and characteristics are consistent. This consistency suggests that both techniques are valid

and valuable for studying the magnetic properties of thin films.

Parameter Sample ST-FMR FMR
CoFeB
: 1.04 1.2162
6nm(Uniform)
CoFeB
N : . 1.17 1.3287
Demagnetization Field 8nm(Unifom)
4ntM T)(Average CoFeB
(47 Merr)(T)(Average) 0.833697 1.0842
6nm(Wedge)
CoFeB
0.920671 1.1473
8nm(Wedge)
CoFeB
_ -13.88885 -52.19781
6nm(Uniform)
CoFeB
gnm(Unifom) -15.95504 41.42652
/\H; (Oe)
CoFeB
452.26635 433.15508
6nm(Wedge)
CoFeB
664.9812 454.85772
8nm(Wedge)
CoFeB
. 31.85517 -52.19781
6nm(Uniform)
CoFeB
. 46.16665 41.42652
: 8nm(Unifom)
Fitted H, (Oe)
CoFeB
453.9278 555.2302
6nm(Wedge)
CoFeB
590.694 620.7467
8nm(Wedge)

Table 3. 4 Comparison of Fitting Parameters from ST-FMR and FMR
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IVV. Conclusion

In this study, we systematically investigated the magnetic anisotropy behavior in
CoFeB thin films with different thicknesses (6 nm and 8 nm) and deposition geometries
(uniform and wedge-deposited) through a combination of magneto-optical and spin-
dynamic measurement techniques, including MOKE, VSM, ST-FMR, and FMR. These
complementary methods enabled us to obtain a comprehensive understanding of both
static and dynamic magnetic properties across different sample configurations.

Initial characterizations using MOKE and VSM provided direct insight into the in-
plane magnetic anisotropy of the samples. The results confirmed that the wedge-deposited
samples exhibited uniaxial anisotropy aligned with the deposition direction, while the
uniform samples displayed nearly isotropic magnetic behavior. Moreover, the degree of
anisotropy was found to be stronger in the thicker (8 nm) CoFeB films compared to the
thinner (6 nm) ones, consistent across both measurement techniques.

To further probe the dynamic magnetic behavior and quantify parameters such as
effective anisotropy fields, damping constants, and demagnetization fields, we performed
ST-FMR and FMR measurements. In the ST-FMR frequency scans, the extracted
parameters such as the effective demagnetization field (4mwM,f), damping constant (o),
H,,, and H,, reflected the expected thickness dependence and highlighted the influence

68

doi:10.6342/NTU202501047



of wedge-induced anisotropy. Notably, the angular dependence study via ST-FMR

revealed a clear cos(20) modulation in wedge samples, further confirming the presence

of a strong uniaxial anisotropy. However, a systematic offset in the fitted anisotropy

center (Hyo) was observed, which we attribute to the shape anisotropy introduced during

the lithographic patterning process required for ST-FMR device fabrication.

FMR measurements on unpatterned samples provided an important comparison,

offering insights free from patterning-related artifacts. The frequency-dependent Kittel

fits and angular-dependent measurements reaffirmed the ST-FMR results, particularly in

terms of relative trends in damping and anisotropy strength. The absence of a noticeable

offset in the H, angular dependence from FMR, compared to ST-FMR, further supports

the conclusion that patterning contributes to the observed shift in Hy, in ST-FMR.

Additionally, FMR allowed broader frequency coverage in angular scans, enabling more

reliable extraction of parameters like damping and H,, across different angles.

Through cross-validation between ST-FMR and FMR, the extracted parameters—

demagnetization fields, damping constants, H,, and H,—showed consistent trends,

underscoring the reliability of both measurement techniques. While ST-FMR is

advantageous in probing spin-orbit torques and minimizing sample-to-sample variation

via device fabrication, it inherently introduces geometric constraints that can affect
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certain magnetic parameters. On the other hand, FMR offers a simpler, non-destructive

approach that preserves the sample and allows broader angular and frequency exploration.

In summary, this work not only demonstrates the thickness- and geometry-

dependent anisotropy in CoFeB films but also emphasizes the importance of combining

different characterization techniques to fully capture the static and dynamic magnetic

properties. These findings offer valuable guidance for future magnetic device engineering,

especially where controlled anisotropy and low damping are critical.
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V1. Supplementary

6-1 Raw data

6-1.1 Laser-MOKE

The raw data obtained from Laser-MOKE measurements for all samples are shown
in Figures S1 to S4. These plots display the hysteresis loops measured under different
magnetic field directions, which were used to investigate the angular dependence of the

magnetization behavior.
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Figure S. 1 MOKE hysteresis loops of the CoFeB 6nm(Uniform) sample, separated by magnetic field

sweep angles: (a) 0° - 90°, (b) 90" - 180", (c) 180° - 270°, and (d) 270° - 360"
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Figure S. 2 MOKE hysteresis loops of the CoFeB 8nm(Uniform) sample, separated by magnetic field
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Figure S. 3 MOKE hysteresis loops of the CoFeB 6nm(Wedge) sample, separated by magnetic field
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Figure S. 4 MOKE hysteresis loops of the CoFeB 8nm(Wedge) sample, separated by magnetic field

sweep angles: (a) 0° - 90°, (b) 90" - 180", (c) 180° - 270°, and (d) 270° - 360"
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6-1.2 ST-FMR

The raw data obtained from ST-FMR measurements, including both uniform and

wedged, are presented in Figures S5 to S8.
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Figure S. 5 ST-FMR curves of CoFeB (Uniform) samples with different ferromagnetic layer thicknesses:

(@) 2nm, (b) 4 nm, (c) 6 nm, (d) 8 nm, and (e) 10 nm.
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Figure S. 6 ST-FMR curves of CoFeB 6nm(Wedge) sample with different wedge deposition angle :

(@) 0°, (b)30°, () 60°, (d) 90° (€) 120° () 150°,(g) 180°
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Figure S. 7 ST-FMR curves of CoFeB 8nm(Wedge) sample with different wedge deposition angle :
(a) 0°, (b)30°, (c) 60°, (d) 90°,(e) 120°.(f) 150°,(g) 180°
The raw data from FMR measurements, covering both uniform and wedged, are

shown in Figures S9 to S12.
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Figure S. 8 FMR curves of CoFeB 6nm(Uniform) sample with different field angle :
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Figure S. 10 FMR curves of CoFeB 6nm(Wedge) w/ wedge angle 0°sample with different field angle :

(a) 0°, (b)30°, (c) 60°, (d) 90°,(e) 120°.(f) 150°,(g) 180°
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Figure S. 11 FMR curves of CoFeB 8nm(Wedge) w/ wedge angle 0°sample with different field angle :

(a) 0°, (b)30°, (c) 60°, (d) 90°,(e) 120°.(f) 150°,(g) 180°
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