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Abstract

With the advancement of wireless communication, electronic products are striving
for ultra-high frequency, high speed, lightweight, and low power consumption, leading to
the operating frequency of electronic devices continuing to increase. In wireless
communication applications, the integrated inductor is an indispensable component in the
circuits. Consequently, there is a growing demand for integrated inductors designed for
exceptional high-frequency performance. In contrast to non-magnetic integrated
inductors, magnetic integrated inductors possess a relatively high inductance value.
However, due to the core loss and the limit of the resonance frequency of the magnetic
core materials, there are also some challenges in high-frequency applications. The
ferromagnetic resonance frequency is a crucial parameter that determines the operating
frequency of the inductor. When the frequency reaches the ferromagnetic resonance
frequency, the magnetic material absorbs the energy from the alternating magnetic field,
leading to a significant decrease in inductance. Hence, it is vital to develop a core material
with a high ferromagnetic resonance frequency.

In this paper, I will focus on four systems with perpendicular magnetic anisotropy,
which are Pt/Co/Pt system, Pt/Co/Pt multilayer system, W/CoFeB/MgO system, and
W/CoFeB/MgO multilayer system. The ferromagnetic resonance frequency and
coercivity field will be investigated by modifying the PMA in these systems. The study
is divided into two parts. In the first part, I will analyze the ferromagnetic resonance
frequency and coercivity depending on the ferromagnetic layer thickness in Pt/Co/Pt and
W/CoFeB/MgO systems to determine the optimal ferromagnetic layer thickness. In the
second part, the Pt/Co/Pt multilayer system and the W/CoFeB/MgO multilayer system

iv
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will be investigated with several repeats of the optimal ferromagnetic thickness. The
results indicate the zero-field ferromagnetic resonance frequency (f;) can be tilted away
from 0 if a sample exhibits a sizable PMA strength. Overall, the samples in
W/CoFeB/MgO multilayer system possess a higher f, (>14GHz) and lower coercivity
field than those in the Pt/Co/Pt multilayer system. This high level of f, demonstrates
their potential for high-frequency inductor core materials. However, the coercivity in
W/CoFeB/MgO system is still considerable compared to other studies. To substantially
enhance inductance in practical applications, further study on W/CoFeB/MgO multilayer
systems with higher repetition of the ferromagnetic layer is needed. Therefore, it still

needs lots of work to reach its full potential for the high-frequency magnetic core material.

Keywords: High-frequency inductor core materials, Ferromagnetic resonance,

Perpendicular magnetic anisotropy, Magnetic multilayers, Spin-torque ferromagnetic

resonance
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Chapter 1 Introduction

1.1 Magnetic Anisotropy

1.1.1 Shape anisotropy

Magnetic anisotropy refers to the directional dependence of a material's magnetic
properties, and it can arise due to several factors, including shape anisotropy, magneto-
crystalline anisotropy, and magnetoelastic anisotropy. Shape anisotropy is result from the
geometric shape and the magnetization distribution of the materials. Certain shapes can
promote the alignment of magnetic domains along specific axes, leading to different
magnetic behaviors when the material is magnetized in various directions. For example,
the demagnetizing field is minimized when the magnetization is aligned with the thin rod
ferromagnetic material is shown in Figurel.1[1], so the magnetization exhibits unique
responses when subjected to the field along its short or long axis, Hj is the longest
dimension of the material, and the energy of the system is lower in this configuration. The
demagnetizing field can be expressed as Hy=-NM][ 1], where M is the magnetization, and
N is the demagnetization factor that correlates to the shape of the material. For simple
geometries like spheres, cylinders, and ellipsoids, the demagnetizing factors satisfy the
condition: Nx+Ny+N,=1[2]. For the ultrathin film case, the demagnetizing factors satisfy
the condition: Nx=Ny=0,N,=1. Therefore, the demagnetization field Hq direction is
almost perpendicular to the plane. This means that there is a strong demagnetizing field
acting against the magnetization that attempts to align perpendicular to the surface of the

film. When we only consider the shape anisotropy in the thin film and neglect other effects,
1
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the film magnetization will naturally favor lying within the plane, which is referred to as
an easy plane of magnetization. Conversely, the hard axis will be perpendicular to the

plane.

Figure 1.1 The easy (long) axis and the hard (short) axis of a ferromagnetic rod with

elongated geometry. The magnetization will be harder to saturate along the short axis.[1]

1.1.2 Perpendicular magnetic anisotropy

For thin films, the demagnetization field is stronger along the direction
perpendicular to the film’s surface, typically resulting in an in-plane easy axis of
magnetization. However, some magnetic materials can overcome this demagnetization
effect and exhibit Perpendicular Magnetic Anisotropy (PMA). PMA refers to a type of
magnetic anisotropy where the preferred direction of magnetization is perpendicular to

the surface of the material. Transition metal-rare earth alloys, such as CoTb[3]~GdFeCo[4]

and TbFeCol[5], are examples of materials that possess bulk PMA, where the strength of
the PMA does not diminish as the thickness increases. However, some materials with

heterostructure exhibit interfacial PMA, which originates from the interaction at the
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interface between the layers and strongly depends on the layers’ thickness. For example,
CoFeB/MgO interface has been widely demonstrated to present a strong interfacial PMA.
This interfacial PMA arises from the hybridization of FeCo 3d and oxygen 2p orbitals at
the CoFeB/MgO interface[6]. It is worth noting that the annealing process is necessary to
achieve stable PMA in the CoFeB/MgO interface because the overall crystallinity will be
improved through the boron diffuse out of the CoFeB layer [7]. Another typical system
that presents PMA of interfacial origin is the Pt/Co system, which doesn’t require an
annealing process to induce PMA. The origin of the PMA in the Pt/Co interface is under
debate, and several factors have been suggested that contribute to PMA. Some reports
suggest that the PMA is probably related to the presence of chemically mixed Pt-Co
interfaces[8]. Other reports attribute the origin of PMA to the direct Pt-Co hybridization
at the interface[9]. Additional sources propose that magneto-crystalline anisotropy and
strain-induced magnetoelastic anisotropy could also be possible origins[10].

1.2  Anisotropic Magnetoresistance

Anisotropic Magnetoresistance (AMR) refers to the phenomenon where
magnetoresistance depends on the orientation of magnetization with respect to the
direction of the current. AMR originates from the spin-orbit interaction within the
material, which influences s-d electron scattering processes[11]. When a ferromagnetic
material is magnetized, its resistance is not uniform in all directions. As shown in Fig
1.2[12], when the electric current I flows parallel to the magnetization M, the resistance
is typically higher than when I flows perpendicular to M. This is because the 3d electron
cloud is perpendicular to the current when I is parallel to M and is parallel to the current
when [ is perpendicular to M, leading to a larger cross-section for scattering when I is

parallel to M. The angular dependence of the resistivity is given by[13] :

p(8) =p. + (py—pL)cos? 6 (1.1)
3
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, and the magnitude of AMR can be quantified as[11] :

P

(12)

, where 6 is the angle between the current and magnetization direction, p,is the

resistivity when the current is perpendicular to the magnetization direction, and p; is the

resistivity when the current is perpendicular to the magnetization direction.

Current (/)
7

; Ap(8)
/ 0 p (%)

_— Z
Magnetization

(M)

f Ferromagnetic material

Figure 1.2 Diagram illustrating anisotropic magnetoresistance (AMR) effects[12].
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1.3 Magnetization dynamics

1.3.1 Landau-Lifshitz-Gilbert Equation

Landau-Lifshitz-Gilbert Equation(LLG equation) is a fundamental equation in the
field of magnetism that describes the dynamic of the magnetization in the magnetic
materials. It combines the principles of classical mechanics and quantum magnetic to
provide insights into the behavior of magnetic systems. This equation primarily consists
of two main components, which is the precession term and the damping term, and can be

expressed as

dm
dt

dm

= —ym X Hgpr + am X ”

(1.3)

, where v is the gyromagnetic ratio, m is the magnetic moment vector, a is the
damping constant, and Hesr is the effective magnetic field, which may include externally
applied magnetic fields and the magnetic anisotropy field. The precession term arise from
the interaction between the external field and the magnetization. As shown in Fig 1.3,
when an external field is applied, the magnetic moment will rotates around the effective
magnetic field. This is a non-dissipative process, meaning it does not involve energy loss.
On the other hand, the damping term describe how the magnetic moment aligns with the
effective magnetic field due to energy dissipation. By combining these two term, the LLG
equation provides a description of how the magnetic moment gradually reaches a stable

state through precession and damping when subjected to an external field.
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Figure 1.3 Magnetization dynamics time-dependent motion of the magnetization defined

by Landau-Lifshitz—Gilbert (LLG) equation[14].

1.3.2 Spin-Orbit torque(SOT)

Spin-orbit torque (SOT) is a phenomenon where a spin current can exert a torque
on the magnetization of materials. It arises from the spin-orbit interaction, which couples
the spin and the angular momentum of the electrons. The typical SOT device is a
ferromagnetic material that deposited on a heavy metal with strong spin-orbit coupling.
When the electron flows through the heavy metal, there are spin accumulate at the edges
of the bilayer interface. This spin current is then injected into the adjacent ferromagnetic
layer and exerts a torque on the magnetization, which is known as the spin-orbit torque.
The spin-orbit torque contains the damping-like torque tp; and the field-like torque tp;,

and the motion of the moment in the ferromagnetic layer can be expressed as:

S = —ym X Hopp + am X T2 + 15 (X (X 6)) + T, (1 X 6) (1.4)
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The spin Hall angle 6y is a parameter to determine the efficiency of the SOT, and

its’ sign indicates the direction of the spin accumulation & at the edge of samples. The
signs of the Osy depends on the heavy metal. For example, Pt have positive 8gy, while

W and Ta have negative Osy [15]. Moreover, the opposite Oy will result in an opposite

damping-like torque and field-like torque, as shown in Fig 1.4.

Figure 1.4 Illustration of the opposite direction of the SOT provided by Pt and Ta[16].

1.2.3 Ferromagnetic Resonance

Ferromagnetic Resonance (FMR) is an energy absorption phenomenon in
ferromagnetic materials when exposed to a specific combination of static magnetic field
and microwave field. When a ferromagnetic material is exposed to a static magnetic field
and a microwave field, the microwave field excites the magnetic moments to precess
around the direction of the effective magnetic field Hes. As the frequency of an applied
microwave field matches the intrinsic frequency of magnetic moment that precession in
ferromagnetic material, the magnetic moments will resonate, leading to a significant
absorption of energy from the microwave field, and the energy will finally lost by lattice
vibration[17]. This intrinsic frequency is known as the ferromagnetic resonance
frequency @ =yuoHesr, and the absorption of energy can be characterized by a resonant

absorption peak in the FMR spectrum, as shown in Fig 1.5. The effective field Hesr here

7
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contains the demagnetization field, microwave field, static field, and anisotropy field. The
relationship between the resonance frequency and field can be expressed by the Kittel
formula. If a sample experiences an in-plane magnetic field and only considers the shape

anisotropy, the Kittel formula can be expressed in the following way[18]:

W=7 JH — 4m(Ny, — NZ)MS\/H — 4m(Ny, — Ny )M; (1.5)
,where N, , N, ,and N, are demagnetization factors, 7 isthe gyromagnetic ratio,
and M is the saturation magnetization. If we consider the thin film sample which
experience in the magnetic field that parallel to the in-plane direction. We can take
Ny =N, =0 ,and N, =1.

Then, the equation can be simplified to the form:

w=vH(H + 4mM) (1.6)

T ¥ T ¥ T

dy"/dH (arb. u.)
o

AHPP
0 1,0 2,(
H (kOe)

Figure 1.5 A typical FMR spectrum[19]
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1.4 Introduction of the inductor magnetic core

1.4.1 Magnetic core design consideration

The inductor is a fundamental passive component in an electrical circuit that stores
energy from electrical energy in the magnetic field. The stored energy will used to
regulate the current flow and, when combined with other electric components, can create
various applications, such as voltage control, power harmonic filtering, and inverter
current wave shaping in power supply applications [20, 21], as well as matching networks
in wireless applications[22]. A magnetic inductor is composed of conductive wire and
core material, and depending on the application, the core shape and material selection are
investigated in various types[23]. With the development of modern technology, electronic
devices are in demand for high speed and miniaturization, so high-performance inductor
at high frequencies is increasingly required in industries. For an efficient inductor in the
high-frequency application, ideal magnetic core materials are required to exhibit large
permeability u, high saturation magnetization Mg, high ferromagnetic resonance
frequency fi, high resistivity p, and low coercivity H. [24]. The inductance of the
inductor is proportional to the permeability, and magnetic materials often exhibit a larger
permeability than non-magnetic materials. As a result, the inductor with a magnetic core

can provide higher inductance than without a magnetic core. The permeability of the
. B . . .. .
material can be expressed as yu = q [25], where B is the magnetic induction intensity,

and H is the strength of the applied magnetic field. The permeability decreases when the
H increases above the saturation field of the materials, so the high saturation magnetic

materials are chosen to withstand the high current density. In addition, the permeability
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is also influenced by frequency. As the frequency increases, the energy loss occurs during

the magnetization dynamics, and the permeability is expressed as a complex number[26] :

pn(f) =p' +ju” (1.7)

, where the real part u’ is correspond to the energy store capacity of materials and the
imaginary part u'’ is correspond to the energy loss of the materials. A frequency
dependence of the permeability spectrum is shown in Fig 1.6. When the frequency nears
the ferromagnetic resonance frequency f, of the materials, the imaginary part will
increase significantly and reach maximum at the f,. At the same time, the real part

permeability will drop significantly, which results in the inductance enhancement due to
the magnetic material becoming negligible[27]. Therefore, materials with high
ferromagnetic resonance frequency can provide a wider operating bandwidth for the
inductor. However, it’s challenging to obtain high resonance ferromagnetic frequency and
high permeability simultaneously since there is often a trade-off relation between them,
which is given by the Acher’s limit[28]:

(i — Df? = (- 4nM;)? (1.8)
, where the p; is the initial permeability that describes the permeability of a material at

low values of magnetic induction intensity.

u-ju")

Permeability u (

f,
Frequency (a.u.)

Figure 1.6 A typical frequency dependence of permeability spectrum|[26].
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1.4.2 The core loss of the magnetic inductor

Inductor power loss is a crucial aspect in the design of inductors, particularly in high-
frequency and high-power supply applications. The power loss of the inductor can be
broken down into two components, which are the magnetic core loss and the winding loss.
The core loss is generally categorized into two main components, which are the Eddy

current loss and the Hysteresis loss [29, 30].

1.4.2.1 Eddy current loss

Eddy current loss occurs when a conductor is exposed to an alternating magnetic
field. According to Faraday’s Law, the change in magnetic flux will induce an
electromotive force (EMF) in the conductor, giving rise to the circulate current in the
conductor, and the induced circulate current is called Eddy current. This circulation
current will dissipate in the form of heat, known as Eddy current loss. The Eddy current
loss is inversely proportional to the resistivity of the conductor; for this reason, some
literature divided the magnetic core into thin sheets and laminated the cores to reduce the
path of the eddy current[31, 32]. Other literature fabricated magnetic materials coated
with different insulating materials to increase the resistivity and result in low eddy current

loss[33, 34].

1.4.2.2 Hysteresis loss

When a material is subjected to an applied field, the relationship between the
material’s flux density and the applied field strength can be represented by a hysteresis

loop, as shown in Figure 1.7[35]. As the material experiences the magnetic field from
11
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zero to the saturated value and back to zero, the energy causes the domain wall to move
and the domains to reorient, and finally, some energy is dissipated in the form of heat.
This results in the returned energy being less than the supplied power, and the loss of the
energy is called Hysteresis loss. Hysteresis loss is proportional to the area enclosed by the
hysteresis loop[36], so it’s generally proportional to coercivity in magnetic
materials. Materials with higher coercivity tend to have wider hysteresis loops[37], which

leads to greater energy loss during each magnetization cycle.

B Flux Density

Saturation
Retentivity '

N

Coercivity

N

-H
Magnetizing Force
In Opposite Direction

Magnetizing Force

Saturation

. L Flux Density
In Opposite Direction -

B Opposite Direction

Figure 1.7 A hysteresis loop for a magnetic material[35].
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1.5 Motivation of this work

As mentioned in the previous section, the performance of a magnetic inductor at
high frequencies is closely related to the magnetic core materials. Magnetic materials with
high permeability provide significant improvements in inductance but are simultaneously
limited by the ferromagnetic resonance frequency and core loss at high frequencies. When
the frequency reaches the ferromagnetic resonance frequency, the material absorbs the
energy from the alternating magnetic field, and the permeability drops to unity, resulting
in poor performance of the inductor. The resonance frequency of magnetic thin film
materials is typically in the range of 1-2 GHz[38]. However, many wireless
communication applications operate at several GHz nowadays, such as mobile
devices[38], Bluetooth[39], and the Global Positioning System (GPS)[40], indicating the
integrated inductor with high operating frequency is indispensable. With the rapid growth
of the wireless communication market, the operating frequency will be further increased.
While the ferromagnetic resonance frequency defines the upper limit of the operating
frequency in the magnetic-integrated inductor. Therefore, extending the ferromagnetic
resonance frequency of the magnetic core materials to a higher bandwidth is crucial for
integrated inductors in high-frequency applications. From the Kittel equation, the
ferromagnetic resonance frequency f: depends on the anisotropy field and the
demagnetization of the materials[41]. Therefore, to enhance f;, some works of literature
control the demagnetization by patterning the magnetic core material into different shapes
[42, 43]. Other researches are aimed at enhancing the in-plane uniaxial anisotropy of
materials by using various deposition methods[44-50]or controlling the exchange
coupling in multilayers[51, 52]. From the diagram of the resonance frequency versus the

resonant field in present reports[53, 54], it can be observed that the magnetic thin film
13
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with Perpendicular magnetic anisotropy (PMA) enables high resonance frequency
beyond SGHz without an external bias magnetic field which is a significantly high value
compared with the primarily in-plane uniaxial anisotropy materials in the literature.
However, the use of PMA materials in inductor magnetic cores is less discussed.

To explore the promising candidates for inductor core materials in high-frequency
applications, this thesis will investigate the ferromagnetic resonance and the coercivity in
four PMA systems. I will tune the zero-field FMR frequency (fo) of materials by
modifying the interfacial PMA strength in these systems. Two systems of W/CoFeB/MgO
and Pt/Co/Pt with different ferromagnetic layer thickness will be prepared first. After
figuring out the optimal thickness of the ferromagnetic layer, another two systems of
W/CoFeB/MgO multilayers and Pt/Co/Pt multilayers will be prepared with a fixed
optimal ferromagnetic thickness. In addition, the coercivity (Hc) of each system will also
be discussed. The zero-field FMR frequency and the anisotropy of the materials are
investigated by the ST-FMR measurement, and the coercivity will be measured by AHE

measurement.
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Chapter 2 Experiment method

2.1 Fabrication technique

2.1.1 Magnetron Sputtering

Magnetron sputtering is a physical vapor deposition (PVD) technique used to deposit
thin films onto a substrate. As illustrated in Fig 2.1, a target material is placed in a vacuum
chamber and a high voltage will be applied between the cathode and the anode.
Meanwhile, the argon gas is introduced into the vacuum chamber. The voltage between
the cathode and the anode will accelerate free electrons in the chamber, causing them to
collide and ionize the argon atoms, creating positively charged argon ions. As shown in
Fig 2.1(c), the combination of the positively charged argon ions and the free electrons
forms a plasma and will be confined near the target surface by the magnetic field created
by the magnetron. The positively charged argon ions in the plasma are accelerated
towards the target, causing ions to collide with the target. Subsequently, the target atoms
will be ejected through momentum transfer, which is illustrated in Fig 2.1(b). Finally,
these sputtered target atoms will travel through the vacuum and deposit onto the substrate,
forming a thin film.

In this thesis, the target material will be deposited for a few hundred seconds on the
Si/S10; substrates, and then the growth rates for the target material can then be estimated
by the thickness measurement with the alpha-step. Thereafter, we can deposit the films

with the desired thickness by controlling the sputtering time.
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Figure 2.1 (a) Illustration of the magnetron sputtering system[1].(b)The process of the
target atoms be ejected through the momentum transfer[1]. (¢c) The magnetic field created

by the magnetron will confine the plasma to the area near the target surface[1].

2.1.2 Ton-beam etching

Ion-beam etching is a dry etching process that uses a beam of energetic ions to
remove materials from the substrate, which is widely used in the fabrication of industry.
As illustrated in Fig 2.2(a) , a substrate is on a rotating fixture with an adjustable tilt angle.
A beam of ions is generated in an ion source. These high-energy ions will bombard the
surface and collide with the surface atoms, causing atoms to be ejected from the surface.
These ejected atoms will create a void where the photoresist doesn’t protect the materials.
This selective removal of materials will reproduce the mask pattern onto the substrate. To
achieve a uniform etching result, the substrate is rotated during etching. The secondary

ion mass spectrometry (SIMS) is commonly used as an endpoint detection method in ion
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beam etching to control the etching process precisely. When the ion bombard the surface
during ion beam etching, a fraction of these ejected atoms will be ionized, forming
secondary ions that contain information about the surface elemental composition, and
then the SIMS detector will collect these secondary ions and analyzes them in a mass
spectrometer. By monitoring the SIMS signal over time, the transitions between different
layers in a multilayer structure can be detected, allowing the etching process to be stopped
at the desired layer. Fig 2.2(b) shows a SIMS signal given by the
Si1/Si02/W/CoFeB/MgO/Ta sample during the etching process. Since the etching process
is progressing from the top to bottom of the sample, the SIMS signal will rises in the

opposite order to the layer stack order.

(a) (b)
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+ Etching Time (s)

Figure 2.2 (a)lllustration of ion beam etching system[55].(b) The SIMS signal from the
Si1/S102/W/CoFeB/MgO/Ta sample during etching process.

2.1.3 Sample preparation

In this thesis, the microstrip device and the Hall bar device will be prepared for the
ST-FMR and the AHE measurement, respectively, as illustrated in Fig 2.4. The fabrication
of the devices can be divided into two steps. In the first step, the film will be patterned
into a stripe or Hall bar shape by the first mask and the etching process, as displayed in

Fig 2.3(a). As for the second step, the pattern film from the first step will be capped with
17
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the electrode by the lift-off process and magnetron sputtering process, as displayed in Fig
2.3(b). The details of the photolithography process will be described below.

In the first step, the sputtered films will be baked at 100°C for 60 seconds to remove
the moisture. Afterward, the positive type photoresist is coated on the sputtered film by
the spin-coating process, and the rotation rate of the spin-coater is 3000rpm for 10 seconds,
then directly transitioning to 4000 rpm for 30 seconds. After coating the photoresist
uniformly on the sputtered film, the film with the photoresist will be baked at 100°C for
2 minutes to remove residual solvents from the spin-coated photoresist. Subsequently, the
film will be exposed to the UV light through the mask with our desired pattern, where the
exposure time for the UV light is 10 seconds. After the exposure process, the developer
solution (TMAH) will selectively dissolve the exposed photoresist regions. The films of
the dissolved photoresist region will be removed after the ion beam etching and then the
film will be changed into the desired pattern. After the etching process, the acetone will
be used to wash away the residual photoresist and the deposition materials on the top of
the photoresist in the pattern. By following the similar photolithography process from the
first step, the photoresist pattern for the electrode will be capped onto the first step pattern,
and then the electrode will be deposited by magnetron sputtering. The structure for the

electrode is Ta(80nm)/Pt(4nm).
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Figure 2.3 (a) Illustration of the first step process for photolithography (b) Illustration of
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Figure 2.4 Illustration of the microstrip device and the Hall bar device.
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2.2 Measurement method

2.2.1 Anomalous Hall Effect (AHE) measurement

When an applied current passes through a conductor perpendicular to an external
magnetic field, the electrons will deflect due to the Lorentz force. This deflection causes
an additional electric field to be generated perpendicular to both the direction of the
current and the magnetic field, resulting in a potential difference across the ends of the
semiconductor or metal, and this phenomenon is known as the Ordinary Hall effect
(OHE). While the Anomalous Hall Effect (AHE) is a phenomenon observed in certain
magnetic materials, where it contributes an additional contribution in addition to the
Ordinary Hall effect. When a current flows through a magnetic material, besides the
Ordinary Hall effect caused by an external magnetic field, an additional voltage is
generated. As shown in Fig 2.5[56], the Anomalous Hall Effect is mainly associated with
three mechanisms, which are Intrinsic deflection, side jump, and skew scattering. The
Intrinsic deflection arises from the Berry phase in the band structure, which gives
electrons an additional velocity component that perpendicular to the electric field. While
the side jump and skew scattering are originate from the spin-orbit interaction between
electrons and impurities.

The AHE measurement is measured by the Hall bar device, and the measurement
setup can be illustrated in Fig 2.6. The current I, is applied by Keithley 2400 flows in

the x-direction, and the Hall voltage V across the sample can be measured by the
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Keithley 2000. The Hall resistivity is the sum of the ordinary Hall component and the
anomalous Hall component, which can be expressed as[57, 58]

5= pay = RomtoH, + RaioM, @.1)
, where the d is the film thickness, py, is the total hall resistivity, H, is the applied
field along the z-direction, R, is the ordinary hall coefficient, and the R, is the
anomalous hall coefficient. Because of the dominant signal from the anomalous hall
component, we can obtain the information from the z-component of the magnetization

M, behavior from the measured signal.

a) Intrinsic deflection

| Interband coherence induced by an
; X . E
external electric field gives rise to a —
velocity contribution perpendicular to
the field direction. These currents do
not sum to zero in ferromagnets.

o

dt

Electrons have an anomalous velocity perpendicular to
the electric field related to their Berry's phase curvature

hok

b) Side jump

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

c) Skew scattering

Asymmetric scattering due to
the effective spin-orbit coupling
of the electron or the impurity.

Figure 2.5 Illustration of the three mechanisms of AHE [56].
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Figure 2.6 A sketch of the AHE measurement setup.
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2.2.2 Spin-Torque Ferromagnetic Resonance (ST-FMR) measurement

In the previous chapter, we have known that the alternating magnetic field will
trigger the magnetization into precession, and the FMR occur when the frequency of an
alternating magnetic field matches the intrinsic frequency of magnetization precession in
the ferromagnetic material. However, besides the alternating magnetic field, the spin
torque generated by an alternating current can also as a source to drive ferromagnetic
resonance. This can be understood from the Fig 2.7(a) shown below. When a rf current
(Irr) is injected into a Pt layer, the spin-orbit interaction within Pt will produce an
imbalance of spins accumulated at the Pt/Py interface due to the Spin Hall Effect
(SHE)[59]. These imbalance spins will subsequently diffuse into the Py layer and exert a
torque on the magnetization of the Py layer, namely the spin-orbit torque (SOT), which
has been introduced in section 1,2,2. The rf Oersted field generated from the rf current
will also exert a torque on the magnetization and together with the SOT to drive the
magnetization into precession. The resulting precession phenomenon leads to oscillatory
resistance due to the AMR effect. The oscillatory resistance R(t) and the rf current
I(t) will produce a mixing voltage Vmix, which can be derived as below:

The oscillatory resistance will follow the form of AMR and can be expressed as

R(t) = R, + (R — R.)cos?6(t) = R, +A Rcos?6(t) (2.2)

, where 6 is the angle between I and magnetization and can be expressed as

0(t) = 06y + Oc- cos(wt + 8) (2.3)

, where 8y ,06cand & are denoted the angle between I and the effective field,
magnetization precession cone angle and the resonance phase between the driven force

(SOT torque or the torque induced by Oersted field) and the magnetization response
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(oscillation of AMR) respectively. Due to Oy is much larger than the 6., R(t) can be
further simplified and expanded by the Taylor’s expansion, then the resistance is

R(t) = R, +A R[cos?(0y) — sin(26y) - O¢ - cos (wt + §)] (2.4)
The V(t) can be calculated by taking the product of the rf current I(t) and oscillatory

resistance R(t) and can be expressed as

V(t) = I(t)R(t) = Icos(wt){R, +A R[cos?(8y) — sin(20y) - ¢ - cos(wt + §)]
=[IR, +1 A Rcos?(0y)]cos(wt) — %I A Rsin(20y) - 6c - cosQwt +8)  (2.5)
— %I A Rsin(20y) - 6c - cos(5)]

The first and second term of the V(t) is the time-dependent term which is related to the
frequency w and 2w. While the last term of the V(t) is the time-independent term,
which is the rectified STFMR signal Vmix, therefore,

Vinix = —%I A Rsin(28y) - 6¢ - cos(5) (2.6)
and can be measured from the voltmeter. In the STFMR measurement, when the rf current
frequency (Irr) and the external field (Hext) meet the condition of the FMR, the 6 from
the out-of-plane torque (oersted field torque and field-like torque) will changes from 180°
to 0° around the resonance field which is at 90°[60], so gives the antisymmetric
Lorentzian line shape in the Viix signal.(The blue line is indicated in the Fig 2.7(b)) While
the & from the in-plane torque (damping-like torque) will changes from 90° to -90°
around the resonance field Ho which is at 90°, so it gives the symmetric Lorentzian line
shape in the Vmix signal. (The green line is indicated in Figure 2.7(b)). The sum of the
antisymmetric and symmetric Lorentzian is the signal that we detect from the STFMR

measurement, and the signal can be fitted by the fitting function[61],

A? A(Hext — Ho)

Viniz = Vs 20 Glene —Ha | A 57+ (Hext — Ho)? @7)

where Vg are V, is the amplitudes of the symmetric and antisymmetric Lorentzian, A

is the linewidth of the measured signal, and Hex is the external field.
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Figure 2.7 (a) Illustration of the STFMR measurement in Py/Pt heterostructure and (b) a
typical ST-FMR signal spectra[62]

From the analysis of the signal, we can obtain the information about the magnetic
properties and spin transport properties of the materials. The parameter V; can provide
the damping-like torque information, and V; can provide the field-like torque and the
Oreste field torque information. The resonance peak of the signal will shift when the rf
current frequency changes, as shown in Fig 2.8[63], and this shift of the resonance peak
will follow the Kittel equation. The Kittel equation may be derived as different
expressions in different situations. As in the previous Chapter, we have discussed the
Kittel equation in the case that only considers the demagnetization field. While in the
materials with the other anisotropy, such as in-plane uniaxial anisotropy and the
perpendicular anisotropy, the equation will express as [64, 65]

fi = L{(Ho + H)((Ho + Hy + 4nM; )2 2.8)
, where the H,, is the in-plane uniaxial anisotropy field, H, is the resonance field, and

the 4mM,r; is the effective demagnetization field, which consists of the shape

anisotropy 4mM; and the perpendicular anisotropy field H, and can be written into [65]
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Figure 2.8 The resonance peak of the signal with the rf current frequency[63]

The STFMR setup in this thesis can be illustrated in Fig 2.9, the signal generator
will provide rf current into the microstrip sample vias GS probe with the frequency range
of 250kHz to 20GHz. Simultaneously, there is an external field applied at an in-plane
angle of 45 degrees with respect to the rf current, then we can measure the signal by using
the Lock-in amplifier and coupled with the bias-tee. The bias tee has three ports, which
are connected to the signal generator, sample, and lock-in amplifier, respectively. The
current from the signal generator passes through the bias tee and flows into the sample.
The port connected to the lock-in amplifier will filter out the microwave current, allowing
only the rectified STFMR signal to enter the lock-in amplifier, and the port connected to
the signal generator will prevent the rectified STFMR signal from flowing into the signal

generator.
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Figure 2.9(a) The illustration of the STFMR setup (b) The OM image of the GS probe on
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Chapter 3 Result and Discussion

In this thesis, the magnetic properties of interest for the core materials will be
obtained from the ST-FMR and AHE measurements. The magnetic anisotropy and the
ferromagnetic resonance frequency will be investigated by the ST-FMR measurement,

while the coercivity field will be carried out by the AHE measurement.

3.1 Pt/Co/Pt system

As mentioned in section 1.1.2, the interface between the Pt and Co can produce
interfacial PMA. Typically, the PMA present at the interface is strongly depend on the
layer thickness, particularly when the ferromagnetic layer is thin. As the reason, a series
of Ta(2)/Pt(2)/Co(t)/Pt(1)/Ta(2) with different Co thickness ranges from 1.2nm to 3.3 nm
is studied in this section, where the units in parenthesis is in nanometers. The schematic
diagram of the stack is displayed in Fig.3.1, where the bottom Ta layer of the stack is
served as the buffer layer, and the upper Ta layer is the capping layer for preventing the
specimen from oxidation. Both the two Pt layers adjacent to the Co can induce PMA in
Co. In addition, the bottom Pt layer also serves as the spin current source. However, the
upper Pt layer can also generate a spin current to the Co layer in a direction opposite to
that of the bottom layer, and they may be canceled out with each other. Therefore, to avoid
the absence of net spin current in the Co layer, the upper Pt layer is designed with a thinner

thickness.
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Si/Si0, substrate

Figure 3.1The schematic diagram of the Ta(2)/Pt(2)/Co(t)/Pt(1)/Ta(2) stack

By applying a rf current at a fixed frequency and simultaneously sweeping the
magnetic field during the ST-FMR measurement, we can generate the ST-FMR spectra
depicted in Figure 3.2(a). Further analysis the resonance positions of the Lorentzian peaks
in the frequency-dependent ST-FMR spectra, as illustrated in Figure 3.2(b), we can
extract the effective demagnetization field 4mM,ss through the resonance frequency f,.
as a function of resonance field H, by using the Kittel equation fitting, which is
presented in Figure 3.2(c). The corresponding Kittel equation is expressed as follow:

fr = o= [Ho(Ho + 4mMp )]/ (3.1)
Note that the 4mM,s; consists of the shape anisotropy 4mM; and the perpendicular

anisotropy field H, and can be expressed as 4nMerr = 4nMg — H,
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Figure 3.2 (a) The ST-FMR spectra of the Ta/Pt/Co(3.3)/Pt/Ta device at the rf frequency
f=8GHz (b)Frequency-dependent ST-FMR spectra of the Ta/Pt/Co(3.3)/Pt/Ta device
(c)The Kittel fitting of the Co Ta/Pt/Co(3.3)/Pt/Ta device.

Following the ST-FMR frequency-dependent measurement on all the Pt/Co/Pt series
samples, the diagram of the frequency as a function of the resonance field for each sample
can be summarized in Fig. 3.3, and the solid line is the fitting curves based on Kittel
equation. From Fig. 3.3, it can be observed that the Kittel curves shift with the Co
thickness. It is worth noting that the Kittel fitting curves in relatively thin Co layer
samples present an addition branch in the low-field region, which indicates the existence
of PMA[66]. The two branches mean that there are two resonance peaks can be observed

in the STFMR spectra, as shown in Fig 3.4. However, it’s difficult to observe two peaks

30

doi:10.6342/NTU202403229



simultaneously due to the limit of the measurement. The resonance peak in the low-field
region for samples with Co thicknesses 1.4 nm and 1.5 nm is too indistinct for
characterization, and the resonance peak in the high-field region from Co thickness 1.2

nm sample has reached the limit of the magnetic field that the instrument can provide.
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Figure 3.3 Frequency f as a function of resonance field H, for Pt/Co/Pt system

samples with different Co thickness.
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Figure 3.4 Two resonance peak ST-FMR spectra for Co thickness 1.3nm sample

The two peaks present in the PMA sample are fitted separately; the left branch from
Fig 3.3 apparently doesn’t follow the behavior described in equation 3.1 due to the
external field is lower than the alignment field HE™®, causing the magnetization will not
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be aligned with the external field[54]. While the behavior of the left branch can be derived
as[53, 67]

fo= LU(—4nMeps)” = (HO)HV?  (Hy < HEMP) (32)
When the external field is larger than the alignment field, the magnetization will be
aligned to in-plane from out-of-plane by the external field, and the signal behavior will
be similar to the sample with in-plane anisotropy. Therefore, the right branch can still be
fitted from the equation (3.1). Although we cannot simultaneously detect two resonance
peaks in some PMA samples, the fitting equations for two branches are related to the
parameter 4mM,sr , allowing us to deduce the behavior of another branch by
understanding one.
The extracted value of 4mM,; as the Co thickness dependence is displayed in Fig.3.5
(a), the 4mM,rr shows a positive sign for relatively thick samples and a positive
dependence on the Co thickness. When the Co thickness decreases to 1.6 nm, the 4mM,f¢
becomes negative. According to equation (3.2), this phenomenon indicates that the
perpendicular anisotropy field increases as the thickness decreases, ultimately
overcoming the demagnetization field at a Co thickness of 1.6 nm, causing the anisotropy
of the system to change from in-plane to out-of-plane.

From Fig 3.3, we can observe that the resonance frequency at zero external field f,
shifts away from 0 for the sample with perpendicular magnetic anisotropy. The
dependence of f;, on Co thickness is summarized in Fig 3.5(b), showing that f,
increases as the perpendicular anisotropy increases. For the sample with a Co thickness
of 1.2 nm, f; can be tuned up to 11.1 GHz due to the significant perpendicular magnetic

anisotropy, which is consistent with our expectation.
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Figure 3.5 (a) The extracted value of 4mM,¢; and (b) f; as Co thickness dependence.

To further enhance f,,, we have attempted to study samples with Co thickness less

than 1.2 nm. However, for the PMA samples, the ST-FMR signal diminishes

correspondingly as the Co thickness decreases and becomes undetectable at thicknesses

less than 1.2 nm as illustrated in Fig. 3.6. This phenomenon is attributed to the small AMR

effect with the thin Co thickness sample. According to equation (2.6), in order to obtain

a strong ST-FMR signal, the AMR effect must be significant enough to produce a

necessary resistance change, while the AMR effect decreases with the reduction of the Co

film thickness due to the additional scattering from the interface or the current shunting

in Pt layers[68, 69], leading to a reduction of the ST- FMR signal.
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Figure 3.6 The STFMR spectra with different Co thickness at f=8 GHz.

To consider the hysteresis loss for the design of the core materials, we measure the
hysteresis loop in the PMA samples by the AHE measurement. As mentioned in section
1.4.2.2, the hysteresis loss of the core materials is proportional to the area enclosed by the
hysteresis loop. The coercivity field H, is the field required to reduce the magnetization
to zero, therefore, material with higher coercivity exhibits a larger hysteresis loop area,
so the H. can be the parameter for describing hysteresis loss. The obtained value of the
coercivity field H. and the out-of-plane hysteresis loop for the PMA samples is
displayed in Fig.3.7 (a) and (b), respectively. It can be observed that the H. is shown to
be inversely proportional to the Co film thickness and exhibits a considerable value of
130 Oe for the sample with a Co thickness of 1.2 nm, indicating a higher hysteresis loss

compared with others.
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Figure 3.7 The obtained value of (a) coercivity field H, and (b) the out-of-plane
hysteresis loop for the PMA samples.

In summary, we successfully tuned the zero-field ferromagnetic resonance frequency
fo by enhancing the PMA in the Pt/Co/Pt system. The PMA is enhanced as the Co
thickness reduction, allowing f, to be correspondingly tuned up to 11.1 GHz when the
Co thickness is reduced to 1.2 nm. However, the coercivity field H, will also be
increased as the Co thickness decreases in these PMA samples, and present a relatively

high H, of 130 Oe in the Co thickness 1.2 nm sample.

3.2 Pt/Co/Pt multilayer system

From the result of the previous section, a robust PMA with higher zero-field
frequency is present only in the relatively thin Co layer in Pt/Co/Pt system. However, to
substantially enhance the inductance, a comparable magnetic layer thickness is required
for the core materials. Therefore, in this section, the Pt/Co/Pt multilayers will be prepared
to increase the magnetic flux contribution from the Co layer. As shown in Fig 3.8, two

structures of the Pt/Co/Pt multilayers will be prepared:
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The non-reversed structure Ta(2)/Pt(3)/[Pt(1)/Co(1)]+/Pt(1)/Ta(2) and the reversed
structure Ta(2)/Pt(1)/[Pt(1)/Co(1)]/Pt(3)/Ta(2), where n is the repetition numbers from 2
to 5 for the repeat layers, and Pt(3) serves as the spin source layer. The Co thickness of

each layer is fixed at 1nm to induce large PMA at the Pt/Co interface.

.
.
.

nisfrom2to5
Repeat
layers

Si/Si0, substrate Si/SiO, substrate

non-reversed structure reversed structure

Repeat nisfrom2to5

layers

Figure 3.8 The illustration of the non-reversed structure and the reversed structure for the

Pt/Co/Pt multilayers

The reason for n starts from 2 rather than 1 is because the ST-FMR signal from n=1 sample
is undetected for both two structures. This is consistent with the results in the previous
section, which state that the signal is absent when the Co thickness is less than 1.2 nm.
However, the signal can be observed when n > 1, as displayed in Fig 3.9. This may be

attributed to the overall AHE contribution from each Co layer increasing when n increases.
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Figure 3.9 ST-FMR curves for the non-reversed structure samples.

Frequency as the function of resonance field and the 4mM,f; with different n for the

non-reversed structure samples is displayed in Fig 3.10 (a) and (b), respectively. It can be
observed that the 4mM,sr decreases as n increases, indicating the PMA deteriorates with n
in the non-reversed structure. The extracted value of f;, from Fig 3.10 (a) as n dependence
is displayed in Fig 3.11. The f, decreases from 14.8 to 2.5 GHz as n increases from 2 to 5
because of the PMA deterioration. This PMA deterioration may be affected by the roughness.
It has been reported that the PMA will deteriorate with large interface roughness in high
repetition numbers[70]. During the deposition, local structural disorders such as atomic
misfits and defects will accumulate, leading to a more significant roughness at high

repetition numbers samples.
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Figure 3.10 (a) Frequency f as the function of resonance field H, and (b) the 4mM,f¢

with different n for the non-reversed structure samples.
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Figure 3.11 f, with different n for the non-reversed structure samples.

To minimize the impact of atomic misfits or defects on the PMA, the reversed structure

is prepared. The repeats layer that provides PMA will be deposited before the spin source

layer. The ST-FMR spectra from the reversed structure samples are displayed in Fig 3.12.

Compared with the non-reversed structure, the transfer spin current that injects into the Co

layers is in the opposite direction, so the detected signal from the reversed structure is

reversed.
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Figure 3.12 ST-FMR spectra with different n for the reversed structure.

Frequency as the function of resonance field for the reversed structure is displayed
in Fig 3.13 (a), and the comparison of the 4mM,.rf and f, with different n between two
structures is displayed in Fig 3.13 (b) and (c). Compared with the non-reversed structure
samples, the PMA strength in the reversed structure is weaker when n is from 2 to 3, but
surpasses the non-reversed structure when n is 5. It has been found that the PMA strength
in the Pt/Co/Pt multilayers increases when the thickness of the top Pt layers decreases
because of the intermixing at the Co/Pt interface [71, 72]. Because Pt is significantly
heavier and more strongly bonded than Co, more intermixing will occur at Co/Pt interface
than at the Pt/Co interface. In contrast to the non-reversed structure, the top layer is thicker
in the reversed structure, which may cause more atomic intermixing in the upper layers,

resulting in weaker PMA strength. However, there is a striking trend of the PMA with n
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in the reversed structure samples. The PMA strength increases when n is from 3 to 5,

which is opposite to the trend in the non-reversed structure. This implies that there is less

roughness in the reversed structure, allowing it to maintain a more stable PMA compared

to the non-reversed structure. However, this theory should be studied with more evidence.

Some studies ascribe the rising of the PMA with n to the increases of the Pt/Co interface

[73, 74], which promotes the magneto-elastic interface anisotropy induced by strain. This

could potentially explain the trend of the PMA with n from 3 to 5 in the reversed structure

samples.
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Figure 3.13 (a) Frequency f as the function of resonance field H,, (b) the

4nM,rr and (c) f, with different n for the reversed structure samples and the non-

reversed samples.
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The out-of-plane hysteresis loop for the non-reversed structure samples and the
reversed structure are displayed in Fig 3.14 (a) and 3.14 (b), respectively. The comparison
of H,. with different n between two structures is displayed in Fig 3.14(c). For the samples
with the non-reversed structure, H,. is approximately 5 to 6 times larger than the reversed
structure samples. When n increases to 5, H, for the non-reversed and reversed
structures is 302 Oe and 63 Oe, respectively. Some reports have found that the H. is
strongly dependence on the roughness, and it can be reduced when the surface roughness
decreases[75, 76]. Compared to the samples with the non-reversed structure, the H. of
the samples with the reversed structure is much lower. This result suggests that the
roughness may be smaller in the reversed structure than in the non-reversed structure,

resulting in a more stable PMA in the reversed structure.
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Figure 3.14 (a) The out-of-plane hysteresis loop for the non-reversed structure samples

and (b) the reversed structure samples. (¢) The H. with different n for the reversed

structure samples and the non-reversed samples.

In summary, two structures for the Pt/Co/Pt multilayers are prepared in this section.

In contrast to the non-reversed structure, the reversed structure seems to maintain a more

stable PMA in high repetition number samples, causing a higher f, of 3.8 GHzasn=75.

In addition, for the non-reversed structure samples, H,. is approximately 5 to 6 times

larger than samples with reversed structure. When n increases to 5, H. for the non-

reversed and reversed structures is 302 Oe and 63 Oe, respectively.
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3.3 W/CoFeB/MgO system

In this section, another PMA system with the structure of W/CoFeB/MgO will be
investigated. To achieve a strong PMA presence at the CoFeB/MgO interface, an
annealing process is necessary to improve the structure crystallinity. Therefore, the
annealed samples in W(4)/CoFeB(t=2, 2.5, 3)/MgO(2.3)/Ta(2) and W(4)/CoFeB(t=1.8, 2,
2.5)/Mg0(2.3)/Ta(3) will be prepared, where the annealed temperature is at 300°C for 1
hr. A series of the as-grown samples with W(4)/CoFeB(t=2, 2.5, 3)/MgO(2.3)/Ta(2) will
be prepared as the control samples. The sketch for the samples structure in this section is
shown in Fig 3.15. The W layer and the Ta layer for these samples are served as spin

source layer and capping layer, respectively.

As grown Annealed Annealed

MgO(2.3)

CoFeB
(t=2,2.5,3)

Mg0(2.3) Mg0(2.3)

CoFeB CoFeB
(t=2,2.5,3) (t=1.8,2,2.5)

w(4) w(4) w(4)

Si/SiO, substrate Si/siO, substrate Si/SiO, substrate

Figure 3.15 The schematic diagram of the sample structure in W/CoFeB/MgO system.

The ST-FMR spectra from all the CoFeB thickness 2.5nm samples can be illustrated
in Fig 3.16. Because of the opposite spin hall angles between W and Pt, it can be observed
that the signal is reversed in these W-based samples compared with the Pt-based sample
in section 3.1. Although the signal from annealed W(4)/CoFeB(2.5)/MgO(2.3)/Ta(2)
samples don’t show a significant PMA feature, the ST-FMR curves shift toward the higher

field after annealing, indicating that the PMA field is enhanced after annealing, according

43

doi:10.6342/NTU202403229



to equation (3.1) As shown in Fig 3.16 (c), when the capping layer is 3nm, a significantly
PMA signature with two distinct curves can be observed, implying the PMA strength can
be further enhanced when the capping layer increased from 2 to 3. These results may be
attributed to the less oxidation of the thicker capping layer samples. However, it has been
found that the MgO oxygen will diffuse into Ta and deteriorate PMA when the Ta capping
layer thickness increases|[77]. Therefore, besides CoFeB thickness, the Ta capping layer
with an optimized thickness is also critical to attain high PMA. It’s noted that the ST-
FMR signal is undetected when the CoFeB layer is less than 2 nm for the capping layer
thickness 2nm samples. However, when the capping layer thickness is 3nm, the thickness
limit of the measurable signal can be further extended to 1.8nm, which may also related

to the less oxidation in the sample.
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Figure 3.16 The ST-FMR spectra for (a) as grown W(4)/CoFeB(2.5)/MgO(2.3)/Ta(2)
sample (b) annealed W(4)/CoFeB(2.5)/MgO(2.3)/Ta(2) sample, and (c) annealed
W(4)/ CoFeB(2.5)/MgO(2.3)/Ta(3) sample.

Frequency as the function of the resonance field for all the as-grown samples and
annealed samples is shown in Fig 3.17(a) and (b), respectively. It can be observed that the
resonance frequency for all the as-grown samples shows in-plane anisotropy behavior
with respect to the resonance field and follows well with the equation (3.1). As for the
annealed samples, two branches can be observed in the samples with a relatively thin

CoFeB layer, which is a signature of the PMA.
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The extracted value of 4mM,sr and f; of each sample by using equation (3.1) and
equation (3.2) is summarized in Fig 3.17 (c¢) and (d), respectively. It can be observed that
the 4mM,;r decreases with the CoFeB thickness decreases for all the annealed samples.
When CoFeB thickness decreases to 2.5nm for the annealed samples with capping layer
thickness 2nm, the signs of 4mM,rr changes to negative. This indicates that the
anisotropy of the magnetization of the annealed samples with capping layer thickness of
2nm changes in-plane to out-of-plane at CoFeB thickness of 2.5nm. Comparing the same
thickness annealed samples in W(4)/CoFeB(t)/MgO(2.3)/Ta(2) and
W(4)/CoFeB(t)/MgO(2.3)/Ta(3) series, it shows a more negative value of 4mM,sf in
W(4)/CoFeB(t)/MgO(2.3)/Ta(3) series, indicating the PMA can be further enhanced
when the capping layer changes from 2 nm to 3 nm, and this result is consistent with the
analysis from Fig. 3.16. There is also a significant enhancement of f; in the annealed
samples when the capping layer changes. For the CoFeB thickness of 2.5 nm and 2 nm
samples, f, increases approximately 10 GHz when capping layers change from 2nm to

3nm and reaches a maximum value of 21.6 GHz in the sample with a 1.8nm CoFeB.
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Figure 3.17 Frequency f as the function of the resonance field H, for (a) the as-grown

samples and (b) the annealed samples. Summary of (¢c) 4mM,f; and (d) f, as CoFeB

thickness dependence for all samples.

The out-of-plane hysteresis loop and H,. as CoFeB thickness dependence for the

annealed samples with PMA is displayed in Fig 3.18 (a) and (b), respectively. The PMA

samples in W(4)/CoFeB(t)/MgO(2.3)/Ta(3) exhibit higher H. than the samples in the

W(4)/CoFeB(t)/MgO(2.3)/Ta(2). For W(4)/CoFeB(t)/MgO(2.3)/Ta(3) with CoFeB

thickness of 2.5 and 2 nm, H, is at a constant around 370e, and it increases at 470¢

when CoFeB decreases to 1.8nm.
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Figure 3.18 (a) The out-of-plane hysteresis loop for the annealed samples with PMA.
H_. as CoFeB thickness dependence for the annealed samples with PMA.

In summary, the PMA presence in the annealed samples with CoFeB thickness less
than 2.5nm and the strength of PMA is enhanced with CoFeB thickness reduction.
Moreover, when the capping layer of the annealed samples changes from 2nm to 3nm,
the PMA is further enhanced, and the measurable thickness can be further extended from
2nm to 1.8nm, resulting in a very high f; of 21.6GHz in W(4)/CoFeB(1.8)/MgO(2.3)
/Ta(2) sample. However, the branch of the W(4)/CoFeB(1.8)/MgO(2.3)/Ta(3) sample in
Fig. 3.17(d) crosses into a very high resonance field region, which almost reaches the
limit that instrument can provide. It will be difficult to detect the signal if the branch shifts
toward a higher field region. As a result, the W(4)/CoFeB(2.5)/MgO(2.3)/Ta(3) sample
with a branch at optimal resonance field region will be chosen for the W/CoFeB/MgO

multilayers system in the next section.
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3.4 W/CoFeB/MgO multilayers system

In this section, the structure of the multilayers is shown in Fig 3.19, the Ta(2) in the
structure will serve as a space layer between the repeat layers W(4)/CoFeB(t)/MgO(2.3),
and a capping layer Ta(3) on the top of the structure is to prevent the structure from
oxidation. The repeat layer W(4)/CoFeB(t)/MgO(2.3) will be repeated from 1 to 5 times,
and these samples are denoted as [W(4)/CoFeB(t)/MgO(2.3)]. hereafter, where n is the

repetition number. Note that each of the samples will be annealed at 300°C for 1hr.

— nisfrom1lto5

MgO(2.3)

Repeat

CoFeB(2.5)
layers

W(4)

Si/SiO, substrate

Figure 3.19 The schematic diagram of the samples structure in W/CoFeB/MgO
multilayers.

The ST-FMR spectra for each sample are displayed in Fig 3.20. It can be observed
that the signal decreases as n increases and can’t be detected when n=5. Therefore, the
ST-FMR spectra in Fig 3.20 only show the [W(4)/CoFeB(2.5)/MgO(2.3)]. sample with
n=1~4. The resonance field of all samples shifts toward the lower-field region when the

frequency increases, which corresponds to the Hy < HYMR condition of a PMA samples.
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Figure 3.20 ST-FMR spectra with different n for the [W/CoFeB/MgO], samples.

The frequency as a function of resonance field, 4TM,;r and f, for each sample
is shown in Fig 3.21(a), (b) and (c), respectively. In contrast to the previous section, the
[W(4)/CoFeB(t)/MgO(2.3)]: in this section shoy (b) ignificantly difference value of
47tM,s¢. This may related to the different conditions in our sputtering system and causing
the thickness discrepancy for the two samples. From Fig 3.21(b), it can be observed that
the 4mM,r; decreases as n increases from 2 to 4, indicating the reduction of the PMA
strength. Because of the PMA decreases, fo decreases from 18 GHz to 14GHz when n
increases from 2 to 4. However, it’s still a sizable value of fo that compares with the
Pt/Co/Pt multilayer system. The PMA arises at the CoFeB/MgO interface is strongly
depends on the CoFeB/MgO crystallinity and sensitive to the anneling temperature, so
the futher analysis on W/CoFeB/MgO multilayer system with different annealing

condition can be more discussed in future works to improve the PMA stability.
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Figure 3.21 (a) Function f as a resonance field Hy, (b)4mM,fr and (c) f, with
different n in [W(4)/CoFeB(2.5)/Mg0O(2.3)]. samples.

The out-of-plane hysteresis loop and the H,. with different n [W(4)/CoFeB(2.5)

50

/MgO(2.3)]a 1s displayed in Fig 3.22 (a) and (b). It can observed that there is a ladder-like
hysteresis loop presence in n=3 and 4 samples, which indicates a multiple switching
behavior. This may be attributed to the weak exchange coupling between the CoFeB layer
due to a large spacer between them, resulting in an incoherent reversal of each CoFeB
layer. This ladder-like hysteresis loop is also present in the Co/Pt/Co system when Pt gets
thicker in the previous report[75]. However, this phenomenon is not observed in our

Pt/Co/Pt multilayer system and may be ascribed to the strong coupling between Co.
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This non-coherent reversal of each CoFeB will lead to an increase in H., which can be
observed in Fig 3.22(b). H, slightly increases from 23 to 27 Oe when n increases from

1 to 2, and then significantly rises to 90 O when n increases to 4.

(a) (b)
o [W(4)/CoFeB(2.5)/MgO(2.3)] 100 JW(4)/CoFeB(2.5/Mg0(2.3)],
— 80
€ 0.5+
5
= —~ 604
§ 0.0 § .
S T’ 40
3 0.5
& "
204 "
-1.04
-200 -150 -100 -50 0 50 100 150 200 0 1 2 3 4 5
Applied field H,(Oe) n

Figure 3.22 The out-of-plane hysteresis loop and (b) the H,. with different n in
[W(4)/CoFeB(2.5)/Mg0O(2.3)]. samples.

In summary, it can be found that the PMA deteriorates when the repeat layer
increases in W/CoFeB/MgO multilayer system, leading to a decrease of f,. When n
increases from 1 to 4, f, decreases correspondingly from 18GHz to 14GHz. However,
it’s still a sizable value compared to the Co/Pt/Co multilayer system. Due to the weak
coupling between the CoFeB layer, an incoherent reversal of CoFeB is observed in the
hysteresis loop, leading to aa significant increase in H, from 23 Oe to 90 Oe when n

increases from 1 to 4.
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3.5 VSM measurement

To confirm that the effective demagnetization field measured by the ST-FMR is
reasonable, a series of Pt/Co(t)/Pt and W/CoFeB(t)/MgO samples are prepared by the
VSM measurements, where the units in parenthesis is nanometers.

The in-plane Hysteresis loop for Pt(2)/Co(t=4, 4.5, 5, 5.5)/Pt(2) samples with
different Co thickness and the saturation magnetization as a function of Co thickness is
displayed in Fig 3.23(a) and (b), respectively. We can obtain the value of saturation
magnetization M, and the magnetic dead layer thickness t;.,q from Fig3.23 (b) by the
equation(3.3) [78], and the obtained value of M, and the tg.,q 1s 1290emu/cc and

0.405nm, respectively.

M = Ms(t - tdead) (3.3)
(a) (b)
2 70
S Pt(2)/Co(t)/Pt(2) Pt(2)/Co(t)/PY(2)
20 60
’G 154 '
% g 50 -
g 104 |
g =
©w 59 S 40
e o 3
§ -5- 5 307
= T
N -104 ‘ & 20-
6 4 = ==22 = —a—4 =
) 15 v VyVy " —e—45 & 10 1 -
S _20- A\ —a-5 = Ms = 1290emu/cc
= 25 —v—55 0 t4eaq = 0-405nm
-15000 -10000 -5000 0 5000 10000 15000 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Applied Field (Oe) t(nm)

Figure 3.23 (a) In-plane Hysteresis loop for Pt(2)/Co(t)/Pt(2) samples with different Co

thickness. (b) Magnetization times Co thickness as a function of Co thickness.
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The effective Co thickness t.r times effective anisotropy field K¢ asa function
of terr isdisplayedinFig 3.6, where torr =t — tgeqq and Kpr = HyMs/2. Note that
Hy = —4mM,ss. Therefore, the positive K.rr is correspond to the sample with the
perpendicular anisotropy. On the other hand, the negative K,sr is correspond to the

sample with in-plane magnetic anisotropy. The K,rr can be expressed as[78]

K
Leff

Kepr = Ky + 2 (3.4)
, where K, is the bulk anisotropy constant and K; is the interface anisotropy constant.
Therefore, we can obtain the value of K;,, and K from Fig 3.24 by the linear fitting. The
obtained value of K, and K is -0.8%X107 erg/cm® and 0.46 erg/cm?. Although there

exists a deviation between our results and other reports[75-79], they are still within the

same order of magnitude, as displayed in Table 3.1.

Table3.1 List of the obtained value of Mg, K and K,, and compared with others reports.

MS KS Kv
Sample structure Ref
(emu/cc)  (erg/em?) (X107 erg/cc)

Pt(2)/Co(1.2-3.3)/Pt(2) 1290 0.46 -0.8

This

work
Co(0.4)/Pt(0.9) n/a 0.31 -0.8 [79]
Ta(3)/Pt(5)/Co(0.4-3)/Pt(3) 1430 0.9 -1.2 [80]
Pt(1)/Co(0.1-2) 0.8 -1.3
Pt(0.5)/Co(0.1-2) e 0.6 -1.58 [81]
Pt(3.4)/Co(0.35-3)/Pt(6.5 ) 1420 0.7 n/a [82]
[Co(2.5)/Pt(0.09-1.8)]20/Pt(13.5) 1290 0.57 n/a [83]
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Figure 3.24 K,rr X tors as a function of t,ry.

The in-plane Hysteresis loop for the as-grown and the annealed samples in
W/Co(t)/MgO samples with different CoFeB thickness is displayed in Fig 3.25(a), and
the saturation magnetization as a function of CoFeB thickness is displayed in Fig 3.25(b).
The obtained value of M is 566 emu/cc for the as-grown samples and increases to 717
emu/cc after annealing, accompanied by a reduction in the magnetic dead layer. However,
the measured value of M is significantly smaller than those reported in other studies[84,
85], leading to a considerably smaller value of K,,, while Ky is at the same order of

magnitude, as displayed in Table 3.2.
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Figure 3.25 In-plane Hysteresis loop for W(4)/CoFeB(t)/MgO(2.3)/Ta((2) with different

CoFeB thickness for (a) as grown samples and (b) annealed samples (b) Magnetization
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Table 3.1. List of the obtained value of Mg, K, and K;, and compared with others repotts.

M; K K,
Sample structure (emu/c  (erg/em?)  (x107 erg/cc) Kb
c)
W(4)/CoFeB(2-3)/MgO/Ta(2)
As grown 566 0.2 -0.39
W(4)/CoFeB(2-3)/MgO/Ta(2) This
Annealed 300°C 1 hr 0.51 -0.41 work
W(4)/CoFeB(2-3)/MgO/Ta(3) 77
Annealed 300°C 1 hr 0.57 -0.35
W(3)/CoFeB/(0.9-1.5)/MgO(1)/Ta(2)
Annealed 300°C 1 hr 1307 0.7 n/a [84]
MgO/CoFeB(1.1 - 4)/MgO/Ta(5)
Annealed 300°C 1 hr 1280 0.6 n/a [85]
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Chapter 4 Conclusion

In conclusion, it can be observed that the zero-field ferromagnetic resonance
frequency (f;) can be tilted away from 0 if a sample exhibits a sizable PMA strength. For
an inductor used in RF IC applications, it is generally desired for its self-resonance
frequency ( the frequency at which the inductance drops to 0 ) to exceed 10 GHz[26].
Therefore, the ferromagnetic resonance frequency of the core material is also often
expected to exceed 10 GHz. By modifying the PMA with the ferromagnetic layer
thickness tem, the f; is successfully tuned beyond 10 GHz in both Pt/Co/Pt and
W/CoFeB/MgO system. The Pt/Co/Pt multilayer system and W/CoFeB/MgO multilayer
system with the optimal trm were also investigated. The f, of both multilayer systems
decreases when the repetition number >1. For the Pt/Co/Pt multilayer system, the reversed
structure samples show a more stable PMA at relatively high repetition numbers
compared to the non-reversed structure samples, resulting in a higher f, of 3.8 GHz
when the repetition number is 5. In addition, the samples with reversed structure also
possess a 5~6 times smaller coercivity than those with non-reversed structure. These
better performances in the reversed structure imply that the roughness of the sample may
play arole in affecting f, and coercivity. For the W/CoFeB/MgO multilayer system, the
fo still remains around 14GHz when the repetition number comes to 4. However, due to
the incoherent reversal of CoFeB layers, the coercivity field significantly increases in the
samples with relatively high repetition numbers.

The coercivity field and the f, for all the PMA samples are summarized in Fig 4.1.
For an ideal core material, we hope the material properties are concentrated in the bottom-
right corner of the diagram. Overall, the samples in the W/CoFeB/MgO multilayer system

possess a very high f, (>14GHz) and a lower coercivity field compared to those in the
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Pt/Co/Pt multilayer system. This high level of f, demonstrates their potential for high-
frequency inductor core material. Moreover, the insulated materials of MgO between the
conductive materials can reduce the path of the eddy current to prevent the eddy current
loss. However, it still needs a lot of work to reach its full potential. As displayed in Table
4.1, the coercivity field of the samples in the W/CoFeB/MgO multilayer system is still
higher compared to other works. Additionally, to substantially enhance the inductance in
practical applications, further study on W/CoFeB/MgO multilayer system with higher

repetition numbers is needed.

500
1 H Pt/Co/Pt .
450 R e
400 -1 = xjg::zmgg multilayers
350 -
3004 = B
‘© 250 -
o 7
O -
T 200-
150
1 |
100 |®
| = |
50- - g **. * X
0 - T T T T T T T T T T T T
0 5 10 15 20 25 30 35
f,(GHz)

Figure 4.1 A summary of the coercivity and the zero-field ferromagnetic resonance
frequency for the PMA samples in Pt/Co/Pt, Pt/Co/Pt multilayers, W/CoFeB/MgO, and
W/CoFeB/MgO multilayers system.
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Table 4.1 The summary of f;, and H, from other works.

Sample structure Magnetic anisotropy fo (GHz) H¢(Oe) Ref
[W(4)/CoFeB(2.5nm)/MgO(2.3)/Tal4 Perpendicular anisotropy 14 91(easy axis) Thié
Ta(2)/Pt(3)/[Pt(1)/Co(1)]s/Pt(1)/Ta(2) Perpendicular anisofro 2.5 302(easy axis) I |
Ta(2)/Pt(1)/ [Pt(1)/Co(1)]5 /Pt(3)/Ta(2) P py 3.8 63(casy.axis)
[CoFeB(63nm)/SiO2(6nm)]is In-plane uniaxial anisotropy 33 n/a [38]
[CoFe(50nm)/IrMn(8nm)]s In-plane uniaxial anisotropy 5.5 n/a [51]
[CoNb(11.5nm)/Ta(1.8nm)]s In-plane uniaxial anisotropy 6.5 n/a [52]
[CoFeSiO(6nm)/SiO2(1nm)]s7 In-plane uniaxial anisotropy 2 n/a [86]
FeCoHfN(100nm) In-plane uniaxial anisotropy 6.43 ~60(easy axis) [47]
CoZrTaB(250nm) Perpendicular anisotropy ~1 ~16(hard axis) [87]
FeCoB(500nm) In-plane uniaxial anisotropy 33 1.5(hard axis) [49]
CoFeB(40nm) In-plane uniaxial anisotropy 9.7 ~227 3&?:;}1] :;:Ss)) [45]
FeCoNx(60nm) In-plane uniaxial anisotropy 3.5 :31(())(&?::3] ;;:SS)) [48]
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