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Abstract: Heavy metal /ferromagnet/metal oxide heterostructures are important due to 

their immense prospects for establishing spin textures such as chiral domain walls which 

are the basic ingredient of low power and capacious next-generation spintronics devices.  

The in-depth study of several spin interactions and magnetic parameters within those 

material systems is essential for the realization of such textures in the material stack. For 

that purpose, as detailed in this thesis, we constructed a cost-effective and sensitive 

vibration sample magnetometer (VSM) for magnetization measurement and explored 

crucial magnetic interactions that are important for future spintronics devices. Our work 

mainly concentrates on exploring the interfacial effects on the Dzyaloshinskii-Moria 

interaction (DMI), depinning fields, and other magnetic parameters for efficient DW 

motion in thin films made of Pt/Co/AlOx trilayers. 

In the first part of this thesis, we develop a low-cost magnetization characterization 

instrument using a sound card and compared its sensitivity with a commercial lock-in 

amplifier. Secondly, we report the dependence of the domain wall depinning field, domain 

wall velocity including anisotropy direction, and magnetic properties on the oxidized 

aluminum thickness of perpendicularly magnetized asymmetric Pt/Co/AlOx trilayers. The 

low-temperature magneto-transport measurement technique is also adopted to investigate 

the amount of oxygen at the Co/AlOx interface. It is found that the tendency of variation of 

cobalt oxidation at the interface is also consistent with the modification of the depinning 

fields, coercive fields and surface roughness measured at room temperature. At the end, we 

adopt the methodology to study the impact of cobalt oxidation at the Co/AlOx interface in 

Pt/Co/AlOx trilayer structures on the DMI by varying the post-growth annealing time, 

Al thickness and substrate. To quantify DMI magneto-optical imaging of the asymmetric 

domain wall expansion, hysteresis loop shift, and spin-wave spectroscopy techniques are 

employed. We further correlated the Co oxidation with low-temperature Hall effect 

measurements and X-ray photoelectron spectroscopy. Our results emphasize the 

importance of full characterization of the magnetic films that could be used for MRAM 

technologies when subjected to the semiconductor temperature processing conditions, as 

the magnetic interactions are critical for device performance and can be highly sensitive to 

oxidation and other effects.  
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CHAPTER I 
 

 

GENERAL INTRODUCTION AND MOTIVATION 

In this contemporary world, mushrooming technological applications such as computers and other 

electronic devices appeal for better performance, high storage capacity and efficiency as well. 

Over the last 6 decades, the semiconductor industry has manufactured powerful chips that are 

available in tiny sizes and at a competitive price to serve current needs. However, decrement in 

device sizes is approaching the atomic size limit and Moore’s law comes to termination. 

Reduction in the feature sizes of electronic devices also results in several detrimental impacts. For 

example, the semiconducting transistor shows a lot of heating and quantum effects when its 

feature size goes below 10 nm which depreciates its working efficiency[1]. In addition to 

Moore’s, there are other multiple other routes to improve microelectronic device performances. 

Such inventions incorporate the discovery of tunneling magnetoresistance (TMR) by Michel 

Julliere[2] in 1975 and giant magnetoresistance (GMR) by Peter Grunberg [3,4] and Albert 

Fert[5], who received the noble prize for uncovering this important concept in 1988[6,7]. GMR 

established the correspondence between resistance alteration and switching of magnetization 

orientation from a parallel (low resistance) to an antiparallel (high resistance) state on two 

magnetic layers in a stack design (figure 1). These critical breakthroughs in magnetic material 

systems unlocked the door for a new area of research i.e spin-electronics, in which the spin 

degree of freedom is comprised along with the charge in microelectronic devices for the 

enrichment of their performances [6,8,9].  
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The realm of Spintronics has numerous superiorities over the traditional silicon-based semiconductor 

industry. Unlike charge, which requires an external agent for its movement, spin flipping does not 

necessitate any auxiliary means so it holds the extensive potential for nonvolatile, low power data 

storing devices compared to the existing volatile memory systems and brings improved alternatives 

for logic devices[9,10]. Hence, spintronics can delve into a broad range of capabilities to suffice the 

demand for highly efficient microelectronic devices for the public welfare in near future. 

 

Figure 1.1. Schematic of GMR effect [11]. 

Magnetic random-access memories (MRAM) and racetrack memories are prospective energy-

efficient spintronics devices for low-power future data storage applications in the field of spintronics. 

The working mechanism of  MRAM  is based on the magnetic tunnel junction (MTJ)[12], which is 

the basic component of its architecture and incorporates a thin insulating layer sandwiched between 

reference and free magnetic layers as shown in figure 1.2 (a). The MRAM stores data in the form of 

memory bits 1(0) based on the tunneling magnetoresistance (TMR) values (high or low) during the 

current flows through the MTJ. The TMR is determined by the direction of spin alignment on the 

magnetic layers. It’s maximum and minimum values can be obtained when the magnetization in both 

(the reference and free layer) are parallel and antiparallel respectively.  
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MRAM uses two distinct approaches for the transfer of angular momentum during the read and write 

processes. In spin transfer torque (STT)- MRAM, for example, angular momentum is transferred 

from the reference magnetic layer to the free magnetic layer with the auxiliary STT and both reading 

and writing current use the same path (figure 1.2 (a)). On the contrary, in spin-orbit torque (SOT) 

MRAM, the writing and reading channels are different (Figure 1.2(b)) and a high spin-orbit coupling 

heavy metal layer acts as a source of SOT for the angular momentum transfer. This makes the SOT 

MRAMs fast switching and highly durable compared to STT-MRAMs[7].  

Another distinct class of memory systems are racetrack memories, which were proposed by Parkin et. 

al in 2008 and a schematic is shown in figure 1.2 (c). It encodes the data using current-driven domain 

walls (DWs) in the magnetic nanowires[13,14]. The DWs motion determines the writing and reading 

speed of the racetrack memory system. DWs can be driven by using several external means, such as 

extrinsic magnetic field, STT, current-generated spin Hall effect (SHE), electric field, spin waves, 

polarized light[15], and thermal gradient[11,15–19]. However, the current-induced SHE can only be 

applied for the Néel DWs and the Néel DWs move much quicker than the Bloch type in the presence 

of the equivalent applied field in perpendicular magnetic anisotropy (PMA) ferromagnetic thin film 

system[17]. Hence, auxiliary SOT originating due to SHE plays an important role in magnetization 

switching in MRAM and in the dynamics of chiral DWs for racetrack memories, which are crucial 

components of future spintronics devices. 
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Figure 1.2. Schematic of  (a) STT based (b) SOT-based magnetic random access memories (c) 

Domain wall-based racetrack memory [7,13].  

In figure 1.2 (a) the pink and blue layers are free and reference layers respectively separated by the 

white (insulating layer). The white arrows represent the direction of magnetizations and the black 

arrows represent the current direction. Figures are adapted from refs. [7] and [13].  

Many studies have shown that structurally asymmetric ferromagnets i.e. HM/FM/ MOx multilayers 

have a strong potential for holding such chiral DWs and are also important for producing current 

enhanced SOT for magnetization switching. The heterostructures,  such as  Ta/CoFeB/MgO and 

Pt/Co/ AlOx stacks, show strong PMA and large curie temperature[11,20–23] which makes them an 

appealing candidate for future spin-electronics devices. Several former efforts have explored their 

immense possibility of the development of high-capacity and low-power storage devices 

[11,13,14,20–23]. Despite those great endeavors on that material system, the systematic study of 

interfacial impacts on the basic intrinsic phenomena occurring within them such as saturation 

magnetization, Dzyaloshinskii Moria interaction (DMI), magnetic anisotropies and depinning fields 

are not complete yet. This thesis demonstrates the experimental study on perpendicularly magnetized 

magnetic heterostructures to investigate the role of interfacial effects on those crucial phenomena for 

the exploration of magnetization switching and the dynamics of the chiral domain wall [24].  

This thesis work is organized as follows: The second chapter introduces some of the crucial magnetic 

interactions, distinct magnetic anisotropies, and chiral domain walls and the importance of the study 
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of current and field-driven DW dynamics. The procedure of sample fabrication, and the principle and 

methods of a few major characterization techniques are discussed in chapter three. The fourth chapter 

incorporates our experimental work for the designation and development of a magnetic 

characterization tool, i.e. an audiocard-based low-cost vibration sample magnetometer. Similarly, the 

fifth chapter explains the interfacial and surface effects in Pt/Co/AlOx trilayers systems on the DW 

dynamics, depinning fields and other magnetic properties. Moreover, detailed experimental work to 

delve into the influence of its interfacial oxidation on DMI by engineering Pt/Co/AlOx is presented in 

chapter six. Chapter 7 of the thesis summarizes all of our experimental findings and lists some of the 

potential future works that can be proceeded based on our experiments.  
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CHAPTER II 
 

 

BACKGROUND 

 

2.1 Fundamental magnetic interactions 

This section focuses on the role of spin orbit (SO) interaction in magnetic materials along with 

other basic magnetic interactions existing in ferromagnetic materials that are helpful to 

comprehend the different interface effects explored in this thesis work. 

2.1.1 Spin orbit interaction 

Spin orbit (SO) interaction, also called spin-orbit coupling (SOC), describes the relativistic 

interplay between particle’s intrinsic spin angular momentum (S) and its orbital angular 

momentum (L). The basic magnetic moment associated with the electronic spin is constant and 

called the Bohr magnetron (µB), which is given by the relation[1,25]:  

                                           𝝁𝑩 = 𝑔
− 𝑒

2 𝑚
 𝑺,                                                                                 (2.1)  

where g=2, e, m are the g-factor, charge, and mass of an electron respectively. S= 
ℏ

2 
 [25] is the 

quantized spin angular momentum of an electron, ℏ is the reduced planks constant.  The coupling 

of these intrinsic magnetic moments with the orbital angular momentum of the electron gives rise 

to the effective magnetic field that results in interesting physical phenomena in the material 

world.
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The magnitude of SOC is predominately determined by the strength of L-S coupling and the 

atomic number of the corresponding element. The Hamiltonian energy Hso  associated with SOC 

is given by the following expression [25,26]: 

                                      HSO=(S ∙ L)                                                                                        (2.2) 

where  Z4 gives the strength of spin orbit interaction, Z is the atomic number. It shows heavy 

metal elements are more preferrable for the enhancement of SOC. This coupling is trivial to get a 

detailed understanding of magnetic anisotropy direction, DMI and domain walls depinning fields 

in magnetic thin films.  This thesis emphasizes the study of those crucial phenomena in our 

Pt/Co/AlOx heterostructures.  

2.1.2 Exchange interaction 

The Heisenberg exchange interaction is the symmetric interaction existing between two 

neighboring spins in magnetic materials, which is given by the Hamiltonian equation as expressed 

[1]: 

                          𝐻𝑒𝑥 = − ∑ 𝐽𝑖𝑗(𝑺𝑖

𝑖≠𝑗

× 𝑺𝑗)                                                                                      (2.3) 

Where Jij is the Heisenberg exchange constant which measures the interaction strength between 

neighboring ith spin (Si) and jth spin (Sj).  

In 3d transition metals (for example, Fe, Mn, Co, etc.), the distribution of conduction electrons is 

not localized, and atomic orbitals overlap following the Pauli exclusion principle which 

influences the exchange interaction. For the relatively large interatomic distances, Jij is the 

positive and parallel alignment of adjacent spins is energetically preferred which gives rise to the 

ferromagnetic state of some magnetic materials. However, the shorter interatomic distances 
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favors minimal energy for the antiparallel configurations of spins and Jij becomes negative 

leaving the material in an antiferromagnetic state [1,27].   

2.1.3 Dzyaloshinskii-Moria interaction 

Contrary to the Heisenberg exchange interaction as discussed above, which favors (anti)parallel 

alignment of neighboring spins, the Dzyaloshinskii-Moria interaction (DMI) favors the spins to 

align perpendicular to each other to minimize the energy of the system. More specifically, DMI is 

an antisymmetric interaction and the mathematical equation for the Hamiltonian energy due to  

DMI is expressed below[1,7,28]: 

                            𝐻𝐷𝑀𝐼 = − ∑ 𝑫𝑖𝑗 . (𝑺𝑖𝑖≠𝑗 × 𝑺𝑗)                                                                              (2.4) 

Where Dij=D(rijz) represents the D-Moria vector[29]. rij is the displacement vector of separation 

between two adjacent spins and z is the unit vector perpendicular to the film plane. D is the D-

moria constant, which is determined by the intrinsic properties of the material. 

 

Figure 2.1. (a) Schematic of the thin film of heavy metal (HM)/ferromagnetic (FM) system 

inducing the DMI at their interface adapted from Ref.[30]  (b)Neel-type skyrmion [31] 

Primarily, the DMI originates due to spin orbit coupling, as mentioned in an earlier discussion so 

the magnetic material systems heavy metal layers enhance the DMI value. However, it is 

important to note that DMI strength is relatively weak (by the order of 10 mT for the Pt-based and 
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100 mT for Ta-based heterostructures)  compared to that of the symmetric exchange 

interaction[17].  Another important circumstance that boosts the DMI is broken inversion 

symmetry. The non-centrosymmetric crystal structures are responsible for increasing the bulk 

DMI in crystals[32].  The interfacial DMI, on the other hand, appears from the structural 

inversion symmetry breaking at the interfaces as shown in figure 2.1(a). Refs.[33–37]  have made 

strong efforts to boost up the DMI by the symmetry breaking at the interfaces and by inserting 

heavy metals, such as Pt and Ta, as a strong source of SOC. Engineering of such heterostructures 

for manipulating DMI is critical for the stabilization of exquisite magnetic spin textures such as 

chiral domain walls, vortices and skyrmions (figure 2.1 (b)), which are the essential ingredients 

for the next generation high capacity spintronics applications.  

2.1.4 Zeeman interaction 

Zeeman interaction involves the interplay between the external magnetic field and the 

magnetization of magnetic materials. The energy of Zeeman interaction can be explained by the 

following equation [26]:  

Ezeeman= - M ∙ Hext                                                                                                               (2.5)                                                                                

Where M is the net magnetization and Hext is the external magnetization field. It indicates that 

Hext prefers to align magnetic moments along its direction to minimize the total energy of the 

system.  

2.2 Magnetic anisotropies in magnetic material 

Magnetic anisotropy is the preferred direction of magnetization for the specific magnetic material 

[38]. It is determined by the nature of crystallinity, the magnetic sample’s shape and the 

interfaces of magnetic thin films. Also, the magnetic interactions which are explained in section 

2.1 are responsible for the origin of different kinds of magnetic anisotropy. Some of the basic 
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anisotropies which are helpful to understand magnetic characteristics presented in our work are 

listed below. 

2.2.1 Magneto crystalline anisotropy 

Magnetic materials tend to have a different proclivity of magnetization along a different 

directions. The amount of energy difference required to magnetize the material along the hard and 

easy crystallographic axes gives the magnitude of anisotropy energy. Easy and hard axes of 

magnetization are defined based on the strength of the external magnetic field required to 

magnetize the material along specific crystallographic axes. The direction along which relatively 

less external field is sufficient to reach the saturation magnetization is referred to as the easy axis. 

More energy is needed to align all the magnetic moments along hard axis direction. For example, 

crystallographic directions [100]  and [111]  are the hard and easy axis respectively for the base-

centered cubic structure of  Fe [7]. The amount of energy required to rotate the magnetization 

direction from [100]  to [111]  is the quantitative measurement of magneto crystalline anisotropy. 

It also provides the estimation of locking strength between crystal lattices and spin due to SO 

coupling[26]. For the uniaxial system, the anisotropy energy can be expressed as following[1,26]: 

                                 𝐸𝐾 = ∑ 𝐾𝑛

𝑛

𝑠𝑖𝑛2𝑛θ                                                                (2.6)                        

Kn are the anisotropy constants and θ represents the angle between the easy axis and 

magnetization direction. 

2.2.2 Interfacial anisotropy 

In contrast to magnetocrystalline anisotropy which arises due to the crystal structure, interfacial 

anisotropy is the result of structural asymmetry at the interface. For the ultrathin magnetic films, 

the anisotropy constant of equation 2.6 can be expressed as[1,26]:  



11 
 

                                                  𝐾 =
2𝐾𝑖

t
+ 𝐾𝑣                                                                          (2.7)   

where Ki is the interfacial anisotropy and Kv is the volume anisotropy constants. When the film 

thickness is extremely thin, interfacial anisotropy dominates giving rise to anisotropy along the 

direction perpendicular to the film plane termed perpendicular magnetic anisotropy (PMA). 

However, for a relatively thicker film, the volume anisotropy governs the magnetic anisotropy 

along the film’s surface called in-plane anisotropy. The easy axis of magnetization depends on 

the magnetic material’s thickness in a  multilayer system. The film is easily magnetized along the 

direction normal to the film plane up to a certain critical thickness but is switched to the in-plane 

direction on further increasing the magnetic material’s thickness as observed in many magnetic 

multilayer systems comprising ferromagnetic cobalt [1,39,40]. 

In most of our Pt/Co/AlOx ultrathin films, because of the polycrystalline structure of cobalt, they 

do not show any net magnetocrystalline anisotropy. However, PMA is observed as an interfacial 

effect of extremely thin films. Both bottom Pt-Co and top Co-AlOx interfaces are responsible for 

promoting the PMA of our trilayers. Regarding the bottom interface, the hybridization of d 

orbitals of Pt and Co makes the OOP magnetic moment dominant over an in-plane component. 

Similarly, the oxidation of cobalt at the top interface augments the PMA contribution as it 

decreases the d orbital states energy yielding the OOP magnetic moment[7].  

2.2.3 Shape anisotropy 

The magnetization direction depends on the physical shape of the material system which is called 

shape anisotropy. The origin of such anisotropy is mainly due to the interaction between 

neighboring dipoles. In a magnetic system, dipoles behave as point charges so that there exist 

either attractive or repulsive forces between dipoles. The dipolar interactions are long-range 

interactions that affect the magnetization energy of material systems [1]. Due to this, the easy axis 
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of magnetization lies along the long axis of the asymmetric shape of the material system. For the 

given anisotropy constant Ks, the anisotropy energy Es can be generalized from eq. 2.5 as[1]: 

           Es= Ks sin2 θ                                                                                                            (2.8) 

Where θ  is the angle between the magnetization direction and the easy axis of magnetization. 

2.2.4 Effective anisotropy 

The effective anisotropy is the net anisotropy coming from all static anisotropies (shape, dipolar 

and interfacial). The total effective anisotropy energy ET comprising those anisotropies can be 

expressed as[1,7]: 

𝐸𝑇 = 𝐾𝑒𝑓𝑓𝑠𝑖𝑛2𝑛 θ − M𝐻𝑒𝑥𝑡 cos θ                                                                                         (2.9) 

The latter term comes from Zeeman interaction as an effect of demagnetization energy due to the 

application of external fields. θ is the angle between the magnetization direction and the easy 

axis. Keff is the effective anisotropy constant and is directly related to the anisotropy field Hk by 

the relation[41]: 

𝐾𝑒𝑓𝑓 =  
𝜇𝑜𝐻𝑘𝑀𝑠

2  
                                                                                                                       (2.10) 

Where Hk is the minimum external applied field required to align the magnetic moments along 

the hard axis. MS is the saturation magnetization. This equation is widely used in this 

experimental work to explain the complicated behaviors of chiral DWs existing in our magnetic 

multilayer system. 

2.3 Magnetic domain walls 

Domain walls (DWs) are the boundaries between neighboring domains where the magnetic 

dipoles change their orientation abruptly. Magnetic moments always prefer to align along the 
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easy axis due to magnetic anisotropy energy. At the same time, however, the demagnetization 

energy is very high for this alignment state. Both energies tend to be as low as possible to exist in 

the form of energetically more favorable configurations. When the total equilibrium energy is 

minimized, the magnetic material stays in a multidomain state creating a boundary between them 

termed DW which facilitates the spin orientation from one direction to the next. There are 

different types of DWs structures under study. For example, vortex, antivortex and transverse 

type DWs were investigated in permalloy nanowires[42]. In this subsection, primarily the 

importance of DWs i.e. Bloch and Néel DWs on PMA ferromagnetic ultrathin films will be 

discussed in detail. Finally, the basics of the field and current induced DW dynamics 

incorporating the importance of DMI and depinning fields on their motion will be elucidated in 

brief. 

2.3.1 Bloch and Néel domain walls 

In magnetic thin films with PMA, DW can exist either in Bloch or Néel forms depending on the 

physical nature of the material system. Their difference comes from how the spin transition takes 

place from one domain to the next. In Bloch-type DW, the spins rotate in such a way that they are 

perpendicular to the plane of the sample lying along the DWs as shown in figure 2.2 (a). 

However, In Néel-type DWs, the intermediate spins rotate in the plane and align perpendicular to 

the DWs as displayed in the figure.2.2 (b). In figure 2.2, the magnetizations of domains on the left 

and right side of domain wall’s are pointing into and out of the plane respectively. The z-axis is 

normal to the sample surface[11]. 
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Figure 2.2 Schematic of the top view of Néel and Bloch DWs in the  PMA sample [11].  

During the formation of Néel and Bloch DWs, the spins tend to be disordered and rotate away 

from their easy axis of magnetization which costs both exchange interaction and anisotropy 

energy respectively.  The equilibrium state of those energies determines the DW width. The 

relation of  DW width ∆ with the exchange constant A and effective anisotropy 𝐾𝑒𝑓𝑓 is given by 

the equation[43]: 

                     ∆= (
𝐴

𝐾𝑒𝑓𝑓
)

1/2

                                                                                           (2.11) 

This equation shows that a weak Keff and a strong A increase the width of DWs and vice versa.  

In a magnetic thin film system, Bloch DWs are preferred in the absence of DMI. However, for 

ultrathin films where DMI is dominant Néel DWs are more favorable than Bloch walls. For 

instance, in [Co/Ni]i/Pt and [Co/Ni]i/Ir multilayer, both types of DWs are present depending on 

the repetition number i of Co/Ni bilayer[44]. For the specific values of i, Ni/Pt and Ni/Ir interface 

are responsible for the formation of right-handed and left-handed Néel DWs respectively. 

Moreover, in Pt/Co/Alox trilayers system, left-handed Néel DWs can be formed[45–47]. This 

chirality (left-handedness or right-handedness) of magnetic DWs is determined by the DMI, 
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though the DW width remains constant for the specific A and Keff [7,48,49]. The DMI-induced 

chiral DW energy is given by the relation[1,50,51]: 

𝜎(𝐻𝑥) = 𝜎0 + 2𝐾𝐷  − 𝑀𝑠𝜇0|𝐻𝑥 + 𝐻𝐷𝑀𝐼|                                                                        (2.12) 

Where 𝜎0  is Bloch-type domain wall energy density and 𝐾𝐷 = 𝑁 𝜇0𝑀𝑠
2/2 is the anisotropy 

constant [51,52]. N is the demagnetizing factor that depends on the thickness of the ferromagnetic 

thin film and domain wall width. Hx and HDMI are the applied inplane field and DMI-induced field 

respectively. Domain wall energy is determined by the polarity and magnitude of both DMI and 

inplane field which ultimately influences the domain wall velocity. This approach will be used 

extensively for the quantification of DMI in our magnetic thin films by using polar MOKE.  

2.3.2 Field-driven domain wall motion  

For the perfect film, which has no imperfections and thermal variations, the DW motion can be 

explained in two separate regimes: steady-state and processional regimes as shown in figure 

2.3(a). For the particular region where the field is less than it’s definite value, walker breakdown 

field Hw, the velocity-field plot is linear in the steady region. However, the velocity drops just 

after Hw as the damping torque is not sufficient to balance the torque due to the applied field (i.e 

Zeeman torque) before it resumes its linearity[7,53,54] in the precession region. 

In the practical PMA magnetic films, in addition to the applied OOP applied magnetic field Hz, 

both atomic defects and thermal effects also influence the DW movement so that the velocity 

curve is nonlinear for the lower fields (figure 2.3 (b)). The domain wall study for such films can 

be sorted into 3 separate regions: creep, depinning and flow[55]. In the creep regime, the velocity 

of DW is slow and depends exponentially on the OOP field Hz [1,56–58]. The depinning regime 

starts at a critical value of Hz at which DWs motions exceed the interactions due to defects and 

become independent of any disorder in the films. The depinning field in (figure 2.3 (b)) at 
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absolute zero is greater than that at T  0 K as the thermal activation energy assists in initiating 

DW motion at finite temperatures. The velocity in this regime is driven by the difference between 

the instantaneous Hz and depinning field i.e (𝐻𝑧 − 𝐻𝑑𝑒𝑝)ᵟ [57]where ᵟ is the power 

corresponding to the depinning field . Lastly, in the flow regime the  𝐻𝑧 is much greater than 

depinning field and dominates all the intrinsic properties of the films. The velocity in this region 

has a linear relation with  the 𝐻𝑧 called the walker breakdown field [55]. 

Figure 2.3. The dependence DW on the external magnetic field applied along the easy axis of 

magnetization for (a) the perfect films and (b) the films with defects at absolute zero and nonzero 

temperatures[7,55].  

The steady and precessional region in figure 2.3 (a) is partitioned by the Walker field (Hw). In 

figure 2.3 (b) at zero temperature, there are only two regions (depinning and flow) and Hdep is the 

minimum field required to drive the domain walls. However, at finite temperatures, domain wall 

motion is observable in the creep region in addition to the depinning and flow regimes. These 

figures are adapted from Refs [7,55]. 

2.3.3 Domain wall motion in the creep regime 

The velocity of domain walls in the creep regime is defined by the exponential relation [1,57,58]: 
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𝑣 = 𝑣0exp(𝛼𝐻𝑧
−1/4),                                                                                                             (2.13) 

Where 𝑣0  is the fitting parameter and 𝛼 is the material parameter. For instance, the exponential 

rise of DW velocity in the creep regime for Pt/Co/AlOx samples for different thicknesses of AlOx 

is illustrated in figure 2.4. The study and analysis of DW motion in the creep regime are 

paramount to characterizing DMI and depinning fields in our perpendicularly magnetized thin 

films where the chiral behaviors of magnetic bubbles are dominant [1]. 

 

Figure 2.4. (a)Domain wall velocities as a function of out-of-plane (easy axis) magnetic fields 

for the ultrathin magnetic film Pt (4 nm)/Co 1.1 nm)/AlOx (t) with different AlOx thickness (t). (b) 

Kerr image of the symmetrically expanded magnetic domain wall.  

 In the creep regime, the magnetic bubble expands symmetrically in all directions in absence of 

an inplane field Hx (figure 2.5(a)). In contrast, when we apply Hx, it acts parallel to one side 

magnetic bubbles and antiparallel to another side, creating an anisotropic energy for the domain 

walls (figure 2.5(b)). As explained in the domain wall energy equation 2.11, chiral domain walls 
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(DW) depend on the  Hx+HDMI factor [50,59]. When both Hx and HDMI are equal in magnitude but 

in the opposite direction, the DW energy is at a maximum, resulting in the minimum velocity of 

DWs. However, if both Hx and HDMI are equal in magnitude and acting in the same direction, the 

energy is at a minimum, yielding the lowest value of DW velocity. Hence, the asymmetric 

behavior of magnetic bubbles is more pronounced when the HDMI is combined with  Hx[1].  Our 

experiment used the point of the minimum velocity of asymmetric DW velocity vs Hx curve for 

the estimation of magnitude and direction DMI caused magnetic field as explained in chapter 5 in 

detail. 

 

Figure 2.5 Domain walls with  (a) DMI constant=0 and (b) DMI constant0 [1].   

The blue arrow in figure 2.5 (b) represents the direction of the inplane plane field (Hx). Under the 

application of Hx along the positive x direction, the spins on its left are parallel to Hx and the spin 

on the right is opposite to that of an applied field. This makes less energy on the right side 

compared to the left side of chiral domain walls leading to the asymmetric expansion of magnetic 

bubbles where the growth of the right side takes place much faster than the left[1]. 

2.3.4 Current generated spin-orbit torque-induced domain wall motion  
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In heavy metal /ferromagnet heterostructures, the spin hall effect (SHE) [60,61]and the Rashba 

effect[21] are the two essential phenomena for the enhancement of spin-orbit torque (SOT) [17]. 

The SHE arises due to the charge current-induced spin-dependent scattering of electrons on the 

two opposite sides of heavy metal. However, the Rashba effect is solely an interfacial effect, 

which happens due to the structural non-symmetry at the interface. Recently, the SOT mechanism 

is extensively applied to realize the systematic switching of magnetization [20,22,62,63] and to 

accomplish the ultrafast DWs motion [40,45,64] for the data storage applications in the field of 

high density, low power spintronics[17]. 

In the PMA magnetic heterostructure, when the charge current Ic flows through the heavy metal, 

the electrons having mutually obverse spin orientation accumulate into the metal’s two opposite 

edges[61,65], which engenders the transverse spin current Is due to SHE as shown in figure 2.6. 

The piled-up spins are injected at the interface and absorbed by the adjacent ferromagnetic layer 

which produces the torque on the magnetization in the direction of spin polarization called 

Slonczewski-like torque. This torque engenders the effective field, with the component along the 

OOP direction which influences the switching field of magnetization and drives the chiral DWs if 

the component of magnetization is aligned with the current direction[17] as illustrated in figure 

2.6. In our work, the approach of SOT-assisted DW movement, which causes the hysteresis loop 

shift in presence of Hx, is substantial for the manipulation of DMI in chapter 5. 
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Figure 2.6 Schematic for the spin Hall effect and the effective field along the z-direction 

𝐻𝑧
𝑒𝑓𝑓

 on chiral (Néel type) domain walls.  
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CHAPTER III 
 

 

SAMPLE PREPARATION AND THE MAJOR TECHNIQUES OF CHARACTERIZATION  

3.1 Magnetron sputtering system 

Magnetic thin films are prepared by using a magnetron sputtering system which is based on the 

physical vapor deposition (PVD) technique. Figure 3.1 shows the AJA magnetron sputtering 

system used for the growth of magnetic heterostructure. This system comprises two main parts: a 

load lock and main chamber. The main chamber can accommodate a total of 5 guns. To begin, the 

sample is placed in the load lock and pumped down to less than  10−6 Torr. Then, it is transferred 

to the main chamber via using a magnetic transfer arm. The base pressure of the main chamber is 

always maintained at less than  10−8 Torr. 

During the thin film growth procedure, the main chamber is filled with inert (argon) gas. The 

cathode (target) is connected to a high negative potential and emits free electrons. Those high-

speed free electrons collide with the argon gas atoms. The atoms are ionized to form   𝐴𝑟+ plasma 

at very low pressure at around 2 mTorr in the main chamber. The ionized argon 𝐴𝑟+impacts the 

target atoms that are directed towards the substrate placed on the sample holder where they 

ultimately adhere to form a standard thin film. The complete mechanism inside the main chamber 

is displayed in figure 3.1 (b). Two different power sources are used for different types of 

material’s growth; a direct current (DC) source is for the conductive material however radio 

frequency (RF) power source is suitable for the insulating/metal oxide target. In a magnetron 

sputtering system, auxiliary magnets are used beneath the target which makes argon ion yield    
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highly efficient as it increases the distance traveled by the electron due to Lorentz force. This 

leads to the overall growth procedure possible even at very low pressure (~ 2 mTorr) and also 

prevents the collision between ejected target atoms allowing improvement of thin film quality. 

Those qualities make the magnetron sputtering superior to other sputtering techniques. 

 

Figure 3.1. (a) Photography of the magnetron (DC/RF) sputtering system (b) Mechanism of thin 

film deposition inside the main chamber. 

3.2 Patterning of samples 

The samples were patterned in the form of Hall bar devices by using the photolithography 

procedure for electrical measurement purposes as presented in the figure. 3.2. First, we spin-

coated KL5310 positive photoresist on the top of samples (figure.3.2 (a)) with the speed of 3000 

rpm and baked it for 1 minute at 100 oC shown in figure 3.2 (b). Next, UV light of 30-watt power 

was exposed (figure.3.2 (c)) for 2 minutes 30 seconds passing through a glass mask that was 

partly covered with metals for the partial transmission of light into the photoresist. After 

exposure, the structure of the resist changes in such a way that the unexposed part become 

resistant to a developer and the exposed part dissolves when it is immersed in TMAH 0.26N 
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developer for about 40 seconds (figure.3.2 (d)). The film area without resist was etched by ion 

(Ar+) sputtering/milling (figure 3.2 (e)), which was achieved in a high vacuum chamber 

maintained at 25mtorr Argon pressure and 45-watt RF power. In the end, the resist is etched out 

by using acetone (figure.3.2 (g)) and a Hall bar device was prepared in (figure.3.2 (h))[7]. 

 

Figure 3.2 (a)-(h) Schematic of all the steps of photolithography fabrication process[7]. 

3.3 Vibration sample magnetometry 

A vibration sample magnetometer (VSM) is a very sensitive instrument to measure the 

magnetization of a sample. The commercial VSM can measure the magnetic moment with a 

sensitivity order of 10-8 emu. It’s main components comprise an electromagnet, pick-up coils, and 

a holder to attach the sample at its end that is connected to the motor capable of vibrating it at a 

particular frequency. VSM works on the principle of electromagnetic induction and our 

experiment uses a custom-built VSM for the magnetic characterization of the samples. By 
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vibrating the magnetized sample, the flux linked with the pickup coils changes and induces the 

voltage on the coils. This induced voltage is directly proportional to the magnetic moment (m), 

amplitude (A) and frequency (f) of the vibration of the sample i.e. V= KmAf, where K is the 

multiplication factor which is quantified based on the geometry of the coil and the configuration 

of the experimental set up. The induced voltage in the form of an AC signal is extracted using 

lock in (LI) amplifier and is compared it with a reference signal from LI to withdraw the 

information about the magnetization of the sample (figure 4.4) [11]. The schematic of our 

custom-built VSM is shown in figure 4.4 which is sensitive enough to measure the magnetic 

moment of our thin films. Both theoretical and experimental details for the quantification of 

magnetic moment can be found in chapter 4. 

3.4 Magneto-optical Kerr effect and MOKE microscopy 

Magneto-optical Kerr effect (MOKE) which was discovered by John Kerr in 1877 [38], explains 

the changes in polarization, phase, and amplitude of light radiation when it illuminates a 

magnetized object. It can be studied in three distinct modes: polar, transverse, and longitudinal 

modes as displayed in figure 3.3 (a). In polar mode, the direction of magnetization is parallel to 

the plane of incidence and perpendicular to the sample surface. Similarly, the transverse 

configuration corresponds to magnetization parallel to the sample surface and perpendicular to 

the direction of the incidence plane. For the longitudinal configuration, the magnetization acts 

parallel to the plane of incidence and the sample surface. In the polar configuration, the effects 

are easier to observe for our sample compared to the other two modes as the easy axis of 

magnetization for the ultrathin PMA samples lies along the direction of normal to the sample 

surface. This makes the polar configuration the most suitable method to visualize the DW motion 

in our films[11]. 
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MOKE microscopy is a special technique that is used to visualize magnetic domain structure in 

magnetic materials. A study of DW dynamics using a Kerr microscope is an efficient way to 

extract important information regarding antisymmetric exchange interaction (DMI) in ultrathin 

films without damaging the sample. Figure 3.3 (b) is a picture of P-MOKE in our lab which is 

outfitted with horizontal and vertical electromagnets to generate the out-of-plane (OOP) and in-

plane (IP) magnetic fields up to around 350 mT. It comprises a convex lens, polarizer, beam 

splitter, and analyzer as its internal parts. The light rays from the source are converged by the 

convex lens, then they go to the beam splitter and pass through the objective with a resolution of 

the order of 5 microns. This light illuminates the sample surface and reflects it to the analyzer as 

sketched in figure 3.4.  The polarization plane of such reflected light is shifted by a certain 

amplitude called the Kerr amplitude (Ak). The total amplitude of the reflected light beam can be 

expressed as [1]; Atot=Ao+Ak, where Ao is the optical reflection amplitude and Ak represents the 

Kerr amplitude. The ratio of Ak and Ao i.e k =Ak/Ao measures the total Kerr angle (k) [1]. 

During the experiment, the analyzer and polarizer are adjusted for the enhancement of reflected 

light amplitude. More particularly, the analyzer is set to align along the direction of Kerr rotation 

to enhance intensity contrast reflected from two oppositely oriented magnetic domains (figure 

3.4). The contrast of the light intensities gives information about the different configurations of 

magnetic domain walls in the magnetic sample placed in the sample holder as shown in figure 3.3 

(c).  
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Figure 3.3. (a) Schematic of different modes of Kerr effect [38] (b) Photography of polar Kerr 

microscope configured with the electromagnets (c) A picture of magnetic contrast in presence of 

out of and in-plane magnetic field. 

In figure 3.3 (a) Green and red arrows show in-plane and out-of-plane magnetic fields and the 

light blue arrow points to magnetic thin films placed on the smallholder. 
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Figure 3.4 Schematic illustrating the operational mechanism of MOKE microscopy adapted from 

reference [1].
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CHAPTER IV 
 

 

A LOW-COST VIBRATING SAMPLE MAGNETOMETRY BASED ON AUDIO 

COMPONENTS 

4.1 Introduction  

Measurement of magnetization is an important characterization step for magnetic materials in the 

field of condensed matter physics to understand their fundamental properties and to utilize them 

in industrial applications [66]. To quantitatively define the magnetic state of the mater, the 

induction from the total magnetic moment is usually measured as a function of an external 

magnetic field, which is known as a magnetic hysteresis measurement [67]. In this method, a 

hysteresis measurement can provide information about magnetic properties such as retentivity, 

coercivity, and susceptibility, all of which play crucial roles in studies of magnetic materials 

[66,68–71]. The most common instruments employing the induction method are SQUID and 

vibrating samples or coil magnetometries. Although SQUID provides the highest sensitivity  

(~10-8 emu [72]) among the three, its operation is costly due to the usage of cryogenic liquids. On 

the other hand, vibrating samples or coil magnetometers are relatively cost-effective for magnetic 

hysteresis measurements, and they provide a sensitivity at the order of 10-7 emu [6]. Vibrating 

sample magnetometry (VSM) is more straightforward and sensitive compared to vibrating coil 

magnetometry; however, the later makes the measurements possible even at sub-Kelvin 

temperatures [73]. 
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The VSM technique employs a vibrator (e.g. motor) to create a magnetic flux change around the 

magnetic sample, which induces an AC emf on pickup coils near the sample. This AC voltage is 

proportional to the magnetization of the sample, and its sensitive measurement can be performed 

by a dedicated circuit or a lock-in amplifier [74,75]. Although lock-in amplifiers are common in 

research laboratories for phase-sensitive measurement of modulated signals, they still cost around 

$5,000. On the other hand, commercially available sound cards can record modulating waveforms 

and provide an extremely high bit analog-to-digital conversion (ADC), similar noise levels to a 

lock-in amplifier, multiple inputs for synchronous measurements, and default computer interface 

[76], and these sound cards are widely available at a fifty-times lower price compared to a lock-in 

amplifier. These advantages make them an alternative for measurements within the frequency 

range of human hearing, which is between 20 Hz and 20,000 Hz frequencies. Indeed, this 

frequency range is suitable for many laboratory measurements, such as VSM [77].  

In this chapter, we evaluated the performance of a 4-channel Behringer (Model UMC404HD) 

sound card with a 24-Bit ADC resolution and 192 kHz sampling rate as an alternative to a 

commercial lock-in amplifier (Signal Recovery 7230) with a 10-Bit ADC resolution. Although a 

computer directly acquired the lock-in amplifier measurements, we developed a LabView code to 

compute the in-phase and out-of-phase components of the measured waveform from the sound 

card. First, we constructed an RLC circuit and measured the frequency-dependent voltage on the 

resistance by both the sound card and the lock-in amplifier. This allows us to understand the 

internal mechanisms, limitations, and advantages of the sound card. Next, we constructed a 

vibrating sample magnetometer based on audio components, which makes magnetization 

characterization significantly economical and versatile. In our hysteresis tests, we used three 

distinct samples: a Nickel piece, a perm-alloy thin film with an easy-plane anisotropy, and a 

Co/Pt multilayer with perpendicular magnetic anisotropy. All the hysteresis curves of the samples 

have been successfully obtained, and the Anomalous Hall effect measurement confirms the Co/Pt 
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multilayer hysteresis as being the most challenging sample among three. We also varied vibration 

frequency to optimize the sensitivity, which is found at the order of 5.4 × 10−6𝑒𝑚𝑢 at 34.7 Hz 

with the sound card and approximately seven times higher compared to the sensitivity of the lock-

in amplifier.  

 This chapter is as organized as follows: The second section describes the RLC circuit and the 

LabView code for the phase-sensitive detection with the sound card. The third section details the 

VSM design, the theoretical calculation of the VSM sensitivity, and the hysteresis 

characterization of three samples. The fourth section summarizes our findings.  

4.2 RLC circuit 

An RLC circuit is a common method to evaluate a frequency response of a phase-sensitive 

measurement by analyzing the amplitude and the phase of an AC voltage from the components. 

One RLC circuit was already used to evaluate the frequency response of a sound card by 

comparing a commercial lock-in amplifier [78]. This characterization is a crucial step before 

using sound cards for scientific purposes, because each sound card may have a different filtering 

and frequency-dependent amplification, which determination for calibration purposes. In our 

RLC circuit, we connected the circuit components in series and attached the measurement units, 

as in figure 4.1. We employed the oscillator output of the lock-in amplifier as an AC voltage 

source for the circuit. We also connected this output to the Channel 2 input of the sound card to 

demodulate the signal, which is similar to the reference input in the lock-in amplifier. The voltage 

dropped across the resistor is first measured by the lock-in amplifier and then by the sound card, 

both of which are analyzed by a computer. We avoided simultaneous measurements by two 

instruments to prevent any cross-talk. Below we give a background about the phase-sensitive 

measurement of the modulated signal, which will be helpful to elaborate our home-made lock-in 

software in Labview software.  
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The voltage on the resistor R (VR), can be written as [78]; 

           VR= 𝑉0𝑅 (𝑅2 + (2𝜋𝑓𝐿 −
1

2𝜋𝑓𝐶
)

2
)

−1

 ,   

 (4.1)                                                                                                                                                                                                                                                                                                                                                                                                                                         

where V0, f, L, and C are the amplitude and frequency of the sinusoidal input, inductance, and 

capacitance of circuit elements, respectively. The resonance frequency is simply  𝑓0 =

{2𝜋(𝐿𝐶)1 2⁄ }−1. The phase difference between the input signal and VR is 

 𝛿 =  𝐴𝑟𝑐𝑡𝑎𝑛 [(2𝜋𝑓𝐿 −
1

2𝜋𝑓𝐶
) 𝑅−1].                                             (4.2)                                                                                                                  

In a phase-sensitive detection, a signal 𝑉𝑠 = 𝐴𝑠 sin(2𝜋𝑓𝑡 + 𝛿) is mixed with both in-phase 

reference sin(2𝜋𝑓𝑡) and out-of-phase reference cos(2𝜋𝑓𝑡) signals. After mixing, the resulting 

voltages would be 𝑋 =
𝐴𝑠

2
cos 𝛿 + 𝐴𝐶 for the in-phase reference and 𝑌 =

𝐴𝑠

2
sin 𝛿 + 𝐴𝐶 for the 

out-of-phase reference. By using a low-pass filter, we filter the AC components and only retain 

the DC components of X and Y signals, which can be directly read from our lock-in amplifier. 

Then, the amplitude and the phase on R are calculated by 𝐴𝑠 = |𝑋 + 𝑖 𝑌| and 𝛿 =Angle[𝑋 + 𝑖 𝑌], 

where Angle is a function to find the angle of the complex number.  

While commercial lock-in amplifiers can straightforwardly provide X and Y components of the 

signal, we implemented additional data processing after we acquire the signal 𝑉𝑠 and the reference 

using the sound card. Fortunately, these processes are relatively fast and straightforward by 

today’s personal computers and widely available software.  

In figure 4.2, we show the block diagram of the phase-sensitive detection process, which is 

implemented by LabView software. The signal and the reference waveforms are measured by 

Channel 1 and Channel 2 inputs of the sound card, respectively, at 24-Bit ADC and 192 kHz 

sampling rate. Because the reference signal is strong enough (0.1 Volt), the first part of the code 
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called VI-1 accurately calculates the frequency, amplitude, and phase of the reference signal. To 

find the out-of-phase reference, we apply a 90-degree phase shift to the reference in the second 

part of the code called VI-2 using the sampling info from VI-1. Next, we mix the input signal 

with both in-phase and out-of-phase reference signals resulting in the two outputs, i.e. X and Y. 

By using Butterworth low-pass filter to reject the AC component, we finally obtain the DC 

components of X and Y. This filter function also uses the vibration frequency obtained from the 

VI-1 and valid high and low-frequency cut-offs [79]. 

In our RLC experiment, we first measure X and Y components with the lock-in amplifier and 

then repeat the measurement with the sound card by varying the frequency of the input signal 

between 5 Hz and 50 kHz. The circuit elements used in the circuit are resistance (R), inductance 

(L), and capacitance (C) with the values of 5.0 Ω, 116.8 mH, and 1.0 µF, respectively. The 

measured frequency-dependent amplitudes and phases from the sound card and lock-in amplifier 

are plotted in figures 3(a) and 3(b), respectively. Figure 4.3(a) shows a perfect agreement 

between the sound card and lock-in for the amplitude of the signal. However, in figure 4.3 (b) the 

sound card shows small discrepancies for the phases below 20 Hz and above 3 kHz frequencies. 

Our theoretical calculations obtained by Eq. 4.1 and Eq. 4.2 and shown by the black curves in 

Fig. 3 mostly agree with the experimental findings, yet the quality factor is different due to the 

non-ideal inductance and capacitance in the circuit. 

Notably, the sound card shows a limitation for low frequencies, e.g. below 20 Hz. This originates 

from high-pass filters used in most of the sound cards due to human hearing being limited to 

below 20 Hz. Our sound card still can measure the amplitude correctly, but the phase has an 

approximately 10% error below 15 Hz. Secondly, other abnormalities at the high frequencies in 

figure 43(b) originate from the digitalization of the signal and the reference and relative delay 

between them, which becomes significant at high frequencies after 2 kHz. By using an RLC 

circuit, we conclude that the sound card has comparable specifications between 20 Hz and 2 kHz 
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and measurements below 20 Hz and above 2 kHz frequencies require additional precaution. Next, 

we implement our sound card as a magnetometry measurement instrument to characterize three 

specific magnetic materials.  

 

 

Figure 4.1. Schematic of the RLC-circuit and connections with the lock-in amplifier and the 

sound card.  
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Figure 4.2. Diagram of the LabView code for the detection of phase-sensitive signals with the 

sound card.  

In figure 4.2, the sound card acquires the signal (VR) from the resistor and the reference from the 

lock-in amplifier. Next, VI-1 calculates the frequency, amplitude, and phase of the reference, and 

VI-2 produces the out-of-phase reference. These two in-phase and out-of-phase references are 

mixed with the signal and we apply a Butterworth filtering to find the DC components, which are 

referred to as X and Y signals. 

  



35 
 

Figure 4.3.   The potential on the resistor as a function of frequency (a) amplitude and b) phase 

with respect to the input reference.  

In this figure, the blue circles (o) and red circles (o) correspond to the soundcard and the lock-in 

amplifier measurements, respectively. The black line is the theoretical calculation by assuming 

ideal circuit components.  

4.3 Vibrating sample magnetometer 

  

Figure 4.4. Schematic of homemade vibrating sample magnetometer.  

In this figure, four pickup coils are located between the pole pieces of an electromagnet. The 

sound card and the lock-in amplifier are connected to the VSM turn by turn. A Laud woofer 

speaker and audio amplifier are used to vibrate magnetic samples. 

In our VSM design (figure 4.4), we use a woofer speaker and an audio amplifier as the vibrator, 

exploiting the availability of commercial audio components. The speaker oscillates the sample 

and creates sinusoidal magnetic induction, which is then picked up by the pick-up coils. For the 

pick-up coils, choosing the most sensitive coil configuration is a tedious task, and there is already 

a significant amount of literature on this topic. Mallison et al. used a 4-coil configuration based 

on the reciprocity theorem [80], which employs a symmetric arrangement for simplicity. Besides, 
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Bernards [81] had studied 8-coil and 12-coil configurations and stated the superiority of the later 

one as the output signals were primarily affected by the image charges in the 8 coil configuration 

[81,82]. For complicated arrangements of the coils, Zieba et. al. presented an approximate 

solution of sensitivity function by using spherical harmonic expansion [83]. In addition to 

previous works, there are recent studies to improve sensitivity and the data acquisition and 

processing in the VSM technique as being an important characterization instrument [84–88]. 

In our VSM, we used the 4-coil configuration as Mallison et al. described [80] to have a high 

sensitivity while keeping the setup compact and simple. The axes of the coils are parallel to the 

applied magnetic field with an electromagnet, which is along the z-axis. Even though this 

configuration allows us to measure the magnetization in only one direction, using more coils and 

sensing magnetization in multiple directions is left as a future study. As illustrated in figure 4.4,  

along the z-axis, the electromagnet creates a uniform magnetic field that is recorded by a 

Gaussmeter, and the sample is vibrated along the x-axis. As the magnetic field is swept between 

two saturated states, serially connected pick-up coils pick up the periodic flux change. The 

resulting sinusoidal voltage is sensitively measured by the lock-in amplifier and the sound card 

turn by turn.  

Next, we describe the experimental parameters, which are used to calculate the induced voltage 

on the pick-up coils. An individual coil has an outer radius r2=8.93 mm, an inner radius r1=4.22 

mm, and a width of w= 8.74 mm. We use AWG 42 copper magnet wire with a diameter of 

D=0.07112 mm to wrap the pick-up coils. The number of turns of each coil is calculated by  𝑛 =

(𝑟2−𝑟1)𝑤

𝐷2  and found to be 8118. The external magnetic field acts along the z-direction and we take 

the sample as a point dipole m. The z component of the magnetic field (Bz) due to the 

magnetization (m) is 

 𝐵𝑍 = 𝜇0𝑚(3𝑧2 − 𝑥2 − 𝑦2 − 𝑧0
2) (4𝜋(𝑥2 + 𝑦2 + 𝑧0

2)
5

2)
−1

,     (4.3)  
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where 𝜇0 is the magnetic permeability of a vacuum. The coils are fixed on a 3D-printed frame, 

which keeps z0 constant at 13.24 mm. The coils are also 25 mm apart in the x-direction. The flux 

produced on a coil is found by 𝜙𝑧 = ∬ 𝐵𝑍  𝑑𝑥 𝑑𝑦, where we change variables to the cylindrical 

coordinate of a coil by 𝑥 = 𝑥0 + 𝜌𝑠𝑖𝑛𝜃 and 𝑦 = 𝜌𝑐𝑜𝑠𝜃. We then express the integral by 𝜃 = 0 →

2𝜋 and 𝜌 = 0 → 𝑟𝑖 limits, where ri is the radius of the ith wrap along the radius. There are 

approximately 66 layers ((𝑟2 − 𝑟1)/𝐷) along the radius and 123 layers (𝑤/𝐷) along the axial 

direction. Next, we calculate individual flux quantities and sum these 66 flux quantities and 

multiply by 123. This method results in a more accurate calculation of the total magnetic flux, 

instead of assuming all the wraps have the same magnetic flux and multiplying with the total 

8118 turns.                                                                                               

Next, we find the induced voltage on the coil 𝑉 =
𝑑∅𝑧

𝑑𝑡
=

𝑑∅𝑧

𝑑𝑥

𝑑𝑥

𝑑𝑡
, where x is the vibration direction. 

The displacement of vibration at any time t is represented by 𝑥 = 𝐴 𝑠𝑖𝑛 2𝜋𝑓𝑡 , where f is the 

frequency and A is the amplitude. Using Mathematica, we first differentiate with respect to x and 

perform the integration. We finally find the rate of flux change 
𝑑∅𝑧

𝑑𝑥
= 36.4172 × 106 𝑊𝑏/𝑚 and 

the induced voltage,  

𝑉 = 4
𝜇0×𝑚

4𝜋
( 36.4172 𝐴 2𝜋𝑓).        (4.4) 

After we theoretically calculate the induced voltage due to a magnetic moment, we test the 

sensitivity of our VSM by studying hysteresis curves of three distinct samples, i.e. a tiny nickel 

piece (99.99% pure), a perm-alloy thin film, and a Co/Pt multilayer magnetic samples. The 

following sections below explicate the theoretical calculations and experimental results obtained 

in our VSM experiment for each sample. 

4.3.1 Nickel piece 
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In our first test, we use a nickel piece (99.99% pure) with a mass of 0.22 grams. Density and the 

saturation value of magnetization of Ni are given 8.90 g/cm3 and 5.1×105 A/m, respectively [66]. 

The total magnetic moment is found by m= 𝑀 × 𝑉𝑜𝑙𝑢𝑚𝑒 = 12.75×10-3 Am2. The experiment is 

repeated for the vibration frequencies of 17 Hz, 34 Hz, and 64.7 Hz and corresponding induced 

voltages are captured by both the lock-in amplifier and sound card.  By using Eq. 4, we find the 

value of saturated induced voltages 2.38 × 10−2 𝑉 (with an oscillation amplitude 𝐴 = 1.22𝑚𝑚), 

1.72 × 10−2 𝑉 (with 𝐴 = 0.43 𝑚𝑚), and 1.92 × 10−2 𝑉 (with 𝐴 = 0.26 𝑚𝑚), at 17 Hz, 34 Hz, 

and 64.7 Hz frequencies, respectively. These oscillation amplitudes are found from the 

displacements of the sample using a high speed camera.   

In the experiment, the time constant and waveform acquisition time for lock-in amplifier and 

soundcard are maintained at 200 ms and 800 ms, respectively. We also varied the cut off 

frequency in the Butterworth filter for the optimum mixing of the signals from the sound card. 

Figures 4.5 a), b) and c) represent the measurements of induced voltages from the Ni piece as the 

magnetic field sweep from -0.2 T to 0.2 T at different frequencies, which are referred to as 

hysteresis loops. In each plot, blue and red curves represent the soundcard and lock-in amplifier, 

respectively. The saturation induced voltages measured by the lock-in amplifier are 

2.25 × 10−2 𝑉, 1.19 × 10−2 𝑉, and 2.85 × 10−2 𝑉 for the frequencies of 17 Hz, 34 Hz, and 

64.7 Hz, respectively. Because the soundcard has complicated filtering and amplification, the 

measured values with a sound card are calibrated using the lock-in measurements. We note that 

our experimental results are in very good agreement with the theoretically estimated induced 

voltages. Moreover, the induced voltage responses measured with the soundcard are in perfect 

correspondence with the ones obtained with the lock-in amplifier, which illustrates the excellent 

performance of the soundcard for measuring modulated signals. 

 



39 
 

 

Figure 4.5. Induced voltages as a function of an applied magnetic field (B) at (a)17 Hz, (b) 34 

Hz, (c) 64.7 Hz frequencies.  

4.3.2 Perm-alloy thin film 

As the Ni piece created a large induced signal and provided relatively easy measurements, we 

next perform a magnetometer on a more challenging perm-alloy thin film sample, which is 

deposited on a silicon substrate using the magnetron sputtering technique. The dimension of the 

sample is 6mm×7mm and the thickness of the perm-alloy is 50 nm, which gives a total volume of 

21×10-13 m3. The magnetization is measured along an easy axis, which is in-plane at this 

thickness of perm-alloy. Taking the saturation magnetization 800 emu/cm3 of perm-alloy [88], we 

find the magnetic moment to be 1.68×10-6 Am2.  The calculated values of saturation induced 

voltages are 3.26 × 10−6  𝑉 (with an oscillation amplitude 𝐴 = 2.04 𝑚𝑚),  8.29 × 10−6 𝑉  (with 

𝐴 = 3.17 𝑚𝑚), 1.51 × 10−5 𝑉 (with 𝐴 = 2.90 𝑚𝑚), and 2.59 × 10−6 𝑉 (with 𝐴 = 0.26 𝑚𝑚) 

for the frequencies of 10.4 Hz, 17 Hz, 34.4 Hz, and 64.7 Hz, respectively. The time constant and 

waveform acquisition time are fixed at 200 ms and 800 ms for the lock-in amplifier and the sound 

card, respectively.  

The hysteresis curves of the film are presented in figure 4.6, and they have a rectangular shape 

with a small coercive field and an adequate in-plane magnetic anisotropy as seen in previous 
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perm-alloy thin films [88,89]. A linear background of the hysteresis curve is subtracted due to the 

diamagnetic nature of the silicon substrate [90].  In all frequencies, the measurements of the 

sound card have complete overlap with that of the lock-in amplifier. Furthermore, at lower 

frequencies, the sound card data are still smoother than that of the lock-in amplifier, even though 

the signal is reduced due to the filtering in the sound card, which can be taking account as a 

calibration factor. The values of saturation induced voltages are 2.82 × 10−6 𝑉, 8.33 × 10−6 𝑉, 

1. 47 × 10−5 𝑉, and 8.18 × 10−6  𝑉  at the frequencies of 10.4 Hz, 17 Hz, 34.4 Hz, and 64.7 Hz, 

respectively. For all the frequencies except 64.7 Hz, we have very good agreement with the 

calculated induced voltage. For 64.7 Hz, our measurement of vibration amplitude may have a 

large error. 

 

Figure 4.6. The hysteresis loops of a perm-alloy thin film with an easy plane anisotropy at (a) 

10.4 Hz (b) 17 Hz, (c) 34.4 Hz and, (d) 64.7 Hz vibration frequencies. 
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4.3.3 Co/Pt multilayers with perpendicular magnetic anisotropy 

As the last sample, we grew a magnetic multilayer with a perpendicularly aligned magnetic 

anisotropy. On a Si substrate, we deposited Ta(4nm)/[Co(0.4nm)/Pt(0.4nm)]x3/Pt(3nm) multilayer 

using a sputtering technique. This Co/Pt multilayer has been reported to have a perpendicular 

magnetic anisotropy and there is great interest in such multilayer films for spintronics 

applications and topological spin textures [91–97]. The dimension of the sample is 6mm×8.5mm 

and the total thickness of the magnetic material is 1.2 nm. We use the saturation magnetization of 

Cobalt  1.4 × 106  𝐴/𝑚  [66] [94] and find the expected magnetic moment to be  

8.6 × 10−8 𝐴𝑚2. The respective calculated induced voltages at the frequencies of 17.4 Hz and 

34.7 Hz are 4.33 × 10−7 𝑉 (with 𝐴 = 3.17 𝑚𝑚) and  3.30 × 10−7 𝑉 (with A = 1.2 𝑚𝑚). We 

increased the driving voltage on the Laud speaker for a larger displacement about 20%. From the 

perm-alloy hysteresis, we found these two frequency range give the highest signals, therefore, we 

measured only at these two frequencies for Co/Pt multilayer sample.  

In the experiment, the sample is aligned perpendicular to the direction of the applied field, which 

makes the easy axis along the field direction. The time constant and acquisition time for the 

signal detection is set at 1 and 6 seconds, respectively, for the lock-in amplifier. Whereas, for the 

SC, the corresponding values are set at 1 and 2.8 seconds. The magnetizations observed in two 

distinct frequencies clearly illustrate a perpendicular magnetic anisotropy for Co/Pt multilayer. As 

plotted in figure 4.7, our hysteresis curves have a rectangular shape and agree with the previous 

measurements on similar multilayer samples [97]. We obtained saturation induced voltages of 

4.14 × 10−7  𝑉 and 3.28 × 10−7  𝑉  for the frequencies of 17.4 Hz and 34.7 Hz, respectively. 

These voltages are in close agreement with those values obtained from the theoretical calculation 

of induced voltage. The proximity between the data sets of lock-in and sound-card shows the 

promise of a soundcard for such characterization. Especially, we note that perpendicular magnetic 
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anisotropy films are relatively challenging samples for VSM characterization due to being very 

thin.  

To confirm the coercivity field and perpendicular magnetic anisotropy of Co/Pt multilayer, we 

performed an Anomalous Hall effect measurement of the film. As shown in figure 4.7 (c), we 

have a perfect agreement with the VSM measurements, which strengthens the reliability of our 

audio-based VSM experiment.  
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Figure 4.7. Induced voltages as a function of the applied field of the out-plane Co/Pt multilayers 

for lock-in amplifier (red) and soundcard (blue) at frequencies (a)17.4 Hz, (b)34.7 Hz. (c) Hall 

effect measurement of the same film.  

4.4 Discussion and summary 
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In summary, we developed a low-cost but sensitive and versatile magnetometry instrument based 

on audio components, including a sound card, amplifier, and Laud speaker. We first tested the 

frequency responses of the LCR series circuit by using both the sound card and a commercial 

lock-in amplifier. This circuit test verified the frequency range of our sound card that can reliably 

measure a modulated signal. Next, we built a sensitive 4-coil VSM by utilizing the sound card, 

and the induced voltages were theoretically calculated for the coil geometry. We then measured 

the magnetization hysteresis curves of a Nickel piece, a 50-nm-thick Perm-alloy film, and a 

perpendicularly magnetized Co/Pt multilayer sample using the sound card and the lock-in 

amplifier. Two data sets obtained from two instruments were in perfect agreement. In addition, 

we confirmed the hysteresis curve of Co/Pt multilayer film with the Hall effect measurement. The 

noise of our sound-card based VSM is approximately  5.4 × 10−6 emu, which is obtained by 

vibrating the sample holder without any magnetic sample. The sensitivity and noise of VSM with 

a commercial LI amplifier were 2.02 × 10−6 emu and 3.8 × 10−5 emu at 34 .7 Hz, respectively. 

Although sound cards are not calibrated as an off-shelf scientific measurement unit, their high bit 

ADC and fast sampling rates can be exploited for measuring modulated signals, such as in VSM 

measurements, at a very low cost after calibrating with a lock-in amplifier or other means.  

This chapter is published as a research article with light editing [98]. 
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CHAPTER V 
 

 

INTERFACE EFFECTS ON MAGNETIC ANISOTROPY AND DOMAIN WALL 

DEPINNING FIELDS IN PT/CO/ALOX ULTRATHIN FILMS 

 

5.1 Introduction 

Perpendicularly magnetized magnetic ultrathin films and their capability for data storage in 

memories and other recording media have been extensively studied for many years [99–101]. In 

earlier works, it has been established that perpendicular magnetic recording systems have much 

higher storage capacity and better thermal stability compared to systems based on conventional 

longitudinal recording technology [99,102]. Hence perpendicular magnetic anisotropic (PMA) 

films are widely applicable for next-generation low power, nonvolatile magnetic racetrack and 

shift memories [13,103,104]. 

In such memory devices, magnetic spin textures such as chiral domain walls (DW) and skyrmions 

are the key ingredients and their dynamics are crucial to storing the information in the form of 

bits. Study and manipulation of the depinning field that assists in moving such spin textures have 

received great attention. In DW-based racetrack memories, the defects in the ultrathin films 

hinder their mobility, and the depinning field surpasses the DW energy consumption that provides 

the motion. Previously, it was assumed that the skyrmion-based memories system is likely less 

affected by the pinning centers because of the skyrmion’s unique topological properties.  



46 
 

However, the experimental results in ultrathin films performed by Yu et al. have shown the 

prominent effect of pinning centers even on the skyrmion motion as its size is much larger than 

the average distance between neighboring pinning centers [103,105]. These findings further 

emphasizes the importance of the depinning field on magnetic memory applications for DWs and 

skyrmions. 

In magnetic thin film structures, the interfaces are critical for various magnetic parameters and 

interactions, including PMA [106,107], Dzyaloshinskii–Moriya interaction (DMI) [108,109], 

saturation magnetizations [110], exchange bias and coercivity fields [111–113].  In the past years, 

the dependence of annealing temperature and oxidation time on magnetic anisotropy in 

Pt/Co/AlOx trilayers was experimentally observed [114,115]. Similarly, the comprehensive 

studies of current and field-induced DW dynamics [116–118], PMA, magneto-optical Kerr-effect 

and DMI [108,119–121] due to the transformation of the Co/AlOx interface have been performed 

on Pt/Co/AlOx material stacks. Recently,  profound studies of electric field modulated DMI and 

spin-orbit torque (SOT) were done on the Pt/Co/AlOx thin films strengthening the importance of 

ferromagnet (FM)/metal oxide (MOx) boundary in low power electronics [122,123]. However, the 

impact of the AlOx layer on the magnetic properties along with the DW dynamics and depinning 

fields is still not known. Known properties of the Co/AlOx interface have already been utilized for 

the construction of energy-efficient spin-based memory and logic devices [124–126] pointing to 

the importance of understanding the influence of the AlOx layer on the magnetic properties. 

In this chapter, we present a novel method to optimize DW depinning fields, velocity, and other 

magnetic properties by controlling the aluminum oxide thickness in Pt/Co/AlOx trilayers. 

Additionally, the coercivities of all samples were quantified and analyzed for the temperature 

range of 25 K to 300 K to study the oxygen-induced interface modification in these magnetic 

stacks. We found the variation in depinning fields and magnetic properties can be attributed to the 

oxidation of cobalt at the Co/AlOx interface.  
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5.2 Experimental details 

The Pt/Co/AlOx (t nm) trilayers were deposited on a thermally oxidized silicon substrate by 

magnetron sputtering at room temperature with a base pressure of about 4×10-5 Pa. The sputtering 

rates of all the target materials were calibrated by using a Bruker Profilometer and found to be 

approximately 0.021  2.5×10−4 nm/sec. The complete thin film stacks from the substrate side 

were Ta (10 nm)/Pt (4 nm)/Co (1.1 nm)/AlOx (t nm)/Pt (4 nm) where, t =3, 3.6, 4.17, 4.58, 5, 5.4, 

5.8, 6.2. Herein, heavy metals Ta (10 nm)/Pt (4 nm) were sputtered first as a buffer or seed layer 

to boost the PMA[127]. The top Pt layer acts as a capping layer to protect the film from 

oxidation. The aluminum metal sandwiched in between Co and Pt was oxidized for 17 seconds at 

the pressure of 2.93 Pa by using RF power at 40 watts before the deposition of top platinum. 

Multiple magnetic samples were grown by varying aluminum thicknesses (𝑡𝐴𝑙𝑜𝑥
) and the films 

were post-annealed at 460oC for 30 minutes under ultrahigh vacuum to improve crystallinity and 

thus promote PMA.  

The magnetic characteristics were studied by hysteresis curves obtained from vibrating sample 

magnetometer (VSM) and anomalous Hall effect (AHE) systems at room temperature [98]. The 

dimensions of the sample pieces used in measurement were ranging from 4×4 mm2 to 4×6 mm2. 

In addition, DWs motion was studied by using a polar magneto-optical Kerr effect (P-MOKE) 

microscopy imaging system. For imaging purposes, samples were diced into small pieces sized 

around 5 𝑚𝑚2  and the symmetric domain wall dynamics were investigated by applying out of 

plane (OOP) magnetic fields up to 40 𝑚𝑇. Next, the low-temperature AHE measurements were 

performed to study the effect of interfacial oxygen on magnetization. For the measurement, the 

samples were patterned in the form of Hall bar devices by using photolithography and plasma 

etch techniques. A Keithley 2450 source meter, monitored by LabView software, was used to 

supply the small current density on the order of 1011 𝐴/𝑚2  to measure the anomalous Hall 
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resistance. The layered structures of our samples were verified by using the transmission electron 

microscopy (TEM) imaging technique and a morphological study was carried out with the help of 

atomic force microscopy (AFM) images. 

5.3 Results 

5.3.1 Magnetic characterization 

To find the PMA of the samples we first extract hysteresis curves taken from measuring hall 

resistance RHall and magnetization M as a function of the OOP magnetic field Hz at room 

temperature as displayed in figure 5.1 (a) & (b). This data shows very good PMA for the  𝑡𝐴𝑙𝑂𝑥
 

range of 3 to 5.8 nm. However, the easy axis OOP anisotropy directions change into the easy 

plane for the thickness of 6.2 nm as displayed in figure 5.1 (a) observed in AHE measurement. 

Figure 5.1 (c) shows the inplane magnetoresistive behavior of a Pt (4 nm) /Co (1.1 nm) /AlOx 

(4.58 nm) sample and the inset in figure 5.1 (c) is the Kerr image of the Hall bar device with the 

measurement scheme. From the hysteresis of figure 5.1 (c), we can easily recognize that  RHall is 

maximum at zero in-plane field Hx and it begins to decline slowly on increasing the Hx, indicating 

the prominent magnetization of our sample along the OOP direction [128]. The coercive field 𝐻𝑐, 

anisotropy field and saturation magnetization 𝑀𝑠, extracted from hysteresis loops in figures 5.1 

(b) and (c). The detailed method to find the magnetization in  figure 5.1 (b) can be found in our 

previous work [98]. Similarly, interfacial PMA is given by the  effective anisotropy energy 

density 𝐾𝑒𝑓𝑓 and it is extracted by using the relation 𝐾𝑒𝑓𝑓 =
1

2
𝜇𝑜 𝐻𝑎𝑛𝑀𝑠, where,  𝐻𝑎𝑛 is the  

effective anisotropy field and is taken  as the  field corresponding to 90 %  of the saturated 

anomalous Hall resistance value on AHE curves with an in-plane field [41,107]. The AlOx 

thickness dependence of Hc, Ms and Keff can be seen in Figure 1 (d). From figure 5.1 (d), it can be 

discerned that 𝐻𝑐  rises remarkably from 0.68 𝑚𝑇 𝑡𝑜 13 𝑚𝑇 while increasing  𝑡𝐴𝑙𝑂𝑥
 up to 5 nm 

thick 𝐴𝑙𝑂𝑥 then it starts decreasing. In the same way,  𝑀𝑠 is slightly descended for higher 
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𝑡𝐴𝑙𝑜𝑥
 and 𝐾𝑒𝑓𝑓 is tuned lying within the range of 7 % of it’s mean value, these small declination in 

𝑀𝑠 values may be due to the weak partial oxidation of cobalt at the interface.  

 

Figure 5.1. (a) Normalized hall resistance RHall as a function of OOP magnetic field (Hz).(b) 

Normalized magnetization M against the Hz. (c) RHall as a function of in-plane field Hx for 

Pt(4nm)/Co(1.1 nm)/AlOx (4.58 nm) sample. (d) Variation of saturation magnetization, effective 

anisotropy and coercivity with the AlOx thickness. 

 The inset on the bottom right of figure 5.1 (a) is the complete RHall-Hz loop for the  

Pt(4nm)/Co(1.1 nm)/AlOx (6.2 nm) sample. The top left inset of figure (c) is the polar Kerr image 
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of the 27 µm channel width Hall bar device and the green arrow on it gives the direction of 

applied current during the measurement. Red, blue and black data points represent the saturation 

magnetization, effective anisotropy and coercivity with the AlOx thickness in figure 5.1(c). 

5.3.2 Domain wall velocity and depinning fields   

For the quantification of DWs velocity and depinning fields on the magnetic samples, we studied 

the field-induced symmetric DW motion in the creep regime by using P-MOKE. This method is 

ideal for understanding the DW dynamics and is convenient without requiring any 

microfabrication. In our experiment, DWs motions were visualized and manipulated by 300 ms to 

120 second 𝐻𝑧 pulses of discrete amplitudes. The magnetic films were saturated by using a 1-

second pulse of amplitude   40 mT 𝐻𝑧 and DWs were nucleated by using opposite fields which 

are taken as reference images as seen in figure 5.2 (a). For every pulse, the DW displacements 

were taken as the subtraction of the reference image (figure 5.2 (a)) from the DW image after the 

pulse (Figure 5.2 (b)). The differential displacement of the magnetic bubble expansion is plotted 

versus different pulse durations of particular  𝐻𝑧 amplitudes. Then, the gradients of the 

corresponding plots are taken as the DW velocities which are shown in figure 5.2 (d) as a 

function of 𝑡𝐴𝑙𝑂𝑥
. We found that the film containing 5 nm 𝐴𝑙𝑂𝑥 has the minimum velocity for all 

𝐻𝑧 ranging from - 8 mT to + 8 mT in 0.2-field point increments. However, the velocity of 5.8 nm 

𝐴𝑙𝑂𝑥 sample cannot be recorded in our experiment as the sample is comprised of weakly pinned 

magnetic DWs as shown in figure 5.2 (e).   

By following the same procedure, the depinning fields were evaluated in our system, which is 

defined as the minimum applied fields at which DWs just start to expand [105] and the accuracy 

of our measurement system is on the order of  0.6 µm/s. This depinning field dependence on 𝑡𝐴𝑙𝑂𝑥
  

is as shown in the figure 5.2 (e) and extremely small depinning field for the 3 nm sample could 

not be noted because it has extremely small coercivity at room temperature. It is found that the 
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strongest depinning field is for the 5 nm 𝑡𝐴𝑙𝑂𝑥
 sample and on increasing thickness it starts 

decreasing following the fashion of coercivity change in figure 5.1(d). Although this method of 

finding the depinning field is not very precise, as the DW motion in creep regime is also thermal 

energy dependent [129–131], it offers a very good approximation of its alteration trend [105]. 

 

Figure 5.2.  (a) Magnetic domain wall (DW) nucleated with a 1-sec pulse of OOP field Hz of - 

8.5 mT act as a reference image (b) DW driven with the 8-second pulse of -7.8 mT Hz, and (c) 

Differential image of DW corresponding to (a) and (b) of Pt (4 nm)/Co (1.1 nm)/AlOx (5.8 nm) 

sample (d) DW velocity as a function of aluminum oxide thickness 𝑡𝐴𝑙𝑂𝑥
 for different OOP fields 

(e) Plot showing the dependence of the depinning field on 𝑡𝐴𝑙𝑂𝑥
 . 

5.3.3 Material and morphological characterization 

To observe the oxidation content at the interface, low-temperature magneto-transport 

measurements were carried out in our PMA samples. The magnetoresistive curves (figure 5.3 (a)) 
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as a function of Hz show the hysteretic behavior at a low temperature of 35 K. We measured the 

coercivities for temperatures ranging from 25 K to 300 K for all the OOP anisotropic samples in 

figure 5.3 (b). In our low-temperature transport measurement system, the switching behavior of 

hysteresis loops could also be affected by the Joules heating effect due to the applied current. To 

minimize such effect, we applied the smallest possible current and coercivities are taken as the 

average of the switching fields for both up-down and down-up DWs.  

At the lowest possible temperature in our system, we found that 𝐻𝑐 increased with larger 𝑡𝐴𝑙𝑂𝑥
 

until it reached 4.58 nm and then began dropping as shown in figure 5.3 (b). Refs.[115] and [132]  

contend that such a trend of transformation of  𝐻𝑐 values is the signature of the formation of an 

antiferromagnetic CoOx state at the Co/AlOx interface due to the migration of oxygen along the 

grain boundaries.  However, our 3.6 nm thick film behaved anomalously showing very weak 

coercivity at low temperature which may be due to the diffusion of oxygen away from cobalt.  

All the material stacks on our thin films are displayed in the TEM image (figure 5.3 (c)) of Pt (4 

nm)/Co (1.1 nm)/AlOx (4.58 nm) trilayer. In this image, cobalt is barely distinguishable because 

of its very small thickness compared to other components. The RMS values of the roughness of 

our heterostructured surfaces were measured to be in the range of 0.5 to 0.85 nm from AFM 

measurements. The inset of figure 5.3 (d) shows a 4×4 µm2 AFM image of the heterostructure 

with 𝑡𝐴𝑙𝑂𝑥
 = 4.58 nm and its roughness was found to be 0.77  0.05 nm. The roughness of all the 

PMA samples is displayed in figure 5.3 (d). Although the roughness values of all measured films 

are very close, their values slightly declined for the films comprising higher and lower than 5 nm 

AlOx thickness backing up the variation propensities of coercivity (figure 5.1 (d)) and depinning 

field (figure 5.2(e)). The lowest and highest roughnesses were recorded to be 0.49  0.03 nm and 

0.79  0.03 for the sample of 𝑡𝐴𝑙𝑂𝑥
= 3 nm and 5 nm respectively. 
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Figure 5.3. (a) Normalized anomalous Hall resistances versus OOP field Hz for different 𝑡𝐴𝑙𝑂𝑥
 

measured at 35 K temperature (b) Temperature dependence of coercive fields for the sample of 

varying aluminum oxide thicknesses. (c) Transmission electron microscopy image of Pt (4 

nm)/Co (1.1 nm)/AlOx (4.8 nm) sample. (d) The roughness of all PMA samples as a function of 

aluminum oxide thickness.  

The inset of figure 5.3 (d) represents the 4×4 µm2 atomic force microscopy image of Pt (4 

nm)/Co (1.1 nm)/AlOx (4.8 nm). 

5.4     Discussion  
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By using the methods discussed above, we measured magnetic properties and depinning fields at 

room temperature and coercivities at the low-temperature range for various  𝑡𝐴𝑙𝑂𝑥
of asymmetric 

Pt/Co/AlOx trilayer systems; the respective results are provided in figures 5.1 (d), 5.2 (e), and 5.3 

(b). The reason for the difference in magnetic parameters and non-monotonic behavior of 

depinning fields in this result can be twofold: interfacial effects and surface roughness of thin 

films. Regarding interfacial impact, this variation may be attributed to both the top Co/AlOx and 

the bottom Pt/Co interfaces as claimed by Ref.[119]. At a high annealing temperature of 460oC, 

the formation of intermetallic CoPt alloy at the bottom interface reduces the pure metallic cobalt 

which might affect the magnetization values of the samples. However, our result (figure 5.3 (b)) 

supports that, these properties are predominantly determined by the modification of diffusion-

caused oxygen content in the top Co/AlOx interface where Hc values of all the samples are 

increasing on lowering temperature that arises due to the exchange coupling between 

ferromagnetic Co and antiferromagnetic CoOx [18].  

First, when the aluminum is oxidized after the Co deposition, some of the cobalt can be changed 

into cobalt oxide thinning the metallic cobalt which is responsible for the alteration of both 

MOKE and magnetic properties [133]. In addition to that, the enhancement of these quantities by 

increasing the 𝑡𝐴𝑙𝑂𝑥
 from 3.6 nm to 5.0 nm, may be due to the protection of cobalt  from 

overdegradation by the thicker aluminum as the magnetic properties are determined by cobalt 

thickness [134]. On following this trend,  abrupt reduction of the depinning field as well as the 

slight declination of other magnetic properties beyond  the critical 𝑡𝐴𝑙𝑂𝑥
= 5 nm might be due to 

the  reduction of degree of oxidation at the interface [115]. Such adaptation of oxygen content at 

the interface is bolstered by low-temperature coercive field measurement results (Figure 5.3 (d)). 

On the other hand, magnetic properties including magnetization switching field and DW motion 

are highly dependent on the surface roughness of the ultrathin films [135–138]. This fact is 

bolstered by the aluminum oxide thickness-dependent RMS roughness of AFM measurement 
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(figure 5.3 (d)) which is consistent with the coercivity (figure 5.1 (d)) and depinning field (Figure 

5.2 (e)) curves.  On further increasing the thickness to 6.2 nm, the easy plane anisotropy direction 

is switched from perpendicular to in-plane (figure 5.3 (a)).  This phenomenon occurred because 

the relatively thicker alumina does not allow enough oxygen to diffuse into the cobalt layer 

preventing the Co layer from being thin enough to easily magnetize it along the OOP direction as 

PMA  is highly sensitive to ferromagnetic film thickness [139].  

5.5 Conclusion 

To summarize, we investigated AlOx thickness dependence of saturation magnetization, effective 

anisotropy and coercivity of Pt/Co/AlOx heterostructure by using vibration sample magnetometry 

and anomalous Hall effect measurement techniques. Although the change in saturation 

magnetization and anisotropy is very little, the strong dependence of coercivity with AlOx 

thickness is observed and recorded maximum at 13 mT for 5 nm AlOx. The domain wall 

depinning fields are quantified by studying field-driven DW dynamics, using polar MOKE. When 

the AlOx thickness is 5 nm, the depinning field is maximum at around 8 mT and the DW velocity 

is minimum at 0.6 µm/s. This alteration is attributed due to the transformation of the Co/AlOx 

interface and the degree of roughness of the films as supported by the results from low 

temperature (25 K-300 K) magnetoresistance and atomic force microscopy measurement 

techniques respectively. These results show the importance of FM layer oxidation to the 

depinning of chiral DWs in future spintronics devices. 

This chapter is  published as a research  article [140]



56 
 

CHAPTER VI 
 

 

ENGINEERING PT/CO/ALOX HETEROSTRUCTURES TO ENHANCE THE 

DZYALOSHINSKII-MORIA INTERACTION 

 

6.1 Introduction 

The Dzyaloshinskii-Moria interaction (DMI)[59,141] is an antisymmetric exchange interaction 

between spins induced by broken inversion symmetry in magnetic materials either structurally or 

crystallographically. The DMI energy between any two neighboring spins 𝑺𝒊 and 𝑺𝒋 can be 

written as 𝐻𝐷𝑀𝐼 (𝑺𝒊 × 𝑺𝒋), which causes non-collinear alignment of magnetic moments. The 

competition between DMI and Heisenberg interaction  (𝑺𝒊. 𝑺𝒋) can leave the spins in a chiral 

state rather than a ferromagnetic state, which leads to the formation of exquisite spin textures 

such as chiral domain walls (DWs)[45], skyrmions [142], and other topological spin 

textures[143,144].  

The topological properties of chiral spin textures have received considerable attention due to their 

possible applications in non-volatile spintronics devices [142,145–147] such as racetrack 

memories [13,147]. In addition, they can be driven at a very high speed with a low current using 

spin-orbit torques (SOT) and Zhang-Li spin-transfer torque [22,45,148–151]. In recent years, 

efforts have been made to study current-induced chiral DW motion [45], skyrmion dynamics 

[145,152,153] as well as to study the role of DMI in controlling the size of a skyrmion [154].  
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An important class of material systems to optimize the DMI is the heavy metal /ferromagnet 

/Oxide multilayer system with a perpendicular magnetic anisotropy (PMA)[128,155–157], where 

a strong spin-orbit interaction in the heavy metal layer and broken structural inversion symmetry 

of multilayer system modify the DMI. Moreover, the ferromagnetic layer’s oxidation alters the 

PMA, which has been extensively studied previously[114,158,159]. However, the effect of 

oxidation of the ferromagnet on DMI is not thoroughly understood. The quantification of the 

DMI in these multilayer systems is critical for accelerating the realization of chiral spin textures-

based spintronics applications. In this article, we control and quantify the DMI in Pt/Co/AlOx 

trilayer system by varying the Al thickness, oxidation strength, annealing time, and substrate. 

After growing the multilayer films with a magnetron sputtering technique, we use asymmetric 

domain wall (DW) expansion using polar magneto-optical Kerr effect (MOKE) microscopy 

[41,160–162]. We fabricate micron-scale Hall-bar structures and determine magnetic anisotropy 

and the DMI effect on hysteresis curves. As a third method, we employ Brillouin light 

spectroscopy (BLS) techniques for the quantification of the DMI constant. Moreover, the 

enhancement of DMI is due to the different CoOx content at the interface as evidenced by results 

from the X-ray photoelectron spectroscopy (XPS) and low-temperature anomalous Hall effect 

measurement technique. The presented findings are of high importance for understanding the role 

of ferromagnetic layer oxidation in magnetic stacks which have significant potential for future 

device applications in spintronics. 

6.2 Experimental detail 

The multilayers Ta (10)/Pt (4)/Co (1.2)/AlOx (t)/Pt (6.7) were grown on thermally oxidized 

silicon and sapphire substrates, where the numbers in the bracket represent thickness in nm. The 

base pressure of the system was less than 10−6 Pa and the growth pressure were maintained at 

267 mPa. In these multilayers, Ta is used to generate a smooth surface for the succeeding 

deposition, Pt is a heavy metal having high spin-orbit coupling, and Al was introduced to create 
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structural inversion symmetry breaking for the enhancement of DMI. The Al layer was oxidized 

with oxygen plasma for 15 seconds with the pressure maintained at 2.7 Pa and 44-Watt RF 

power. The top Pt layer acts as a capping layer to prevent further oxidation of the Al layer. We 

post-annealed the films at 350 C for varying time intervals in the growth chamber. Following the 

growth and overnight cooling, we characterize the unpatterned films using the MOKE 

microscope and vibrating sample magnetometry (VSM) for saturation magnetization and 

magnetic anisotropy values. Next, we use the ferromagnetic resonance technique to measure the 

damping parameter and magnetic inhomogeneity, the spectroscopic g-factor, and anisotropy. For 

the transport and hysteresis loop shift measurement, the samples were patterned into 27 µm Hall 

bar devices (figure 6.1 (a) inset) and the current density applied across the devices for the DMI 

measurement was  ~1010 𝐴/𝑚2. The interfacial DMI was quantified by the field-driven DW 

expansion method in the creep regime using polar MOKE microscopy, current-induced hysteresis 

loop shift method, and BLS measurement techniques. The layered structure of the stacks was 

ensured by JEOL JEM-2100 transmission electron microscopy (TEM) operated at 200 kV and 

different chemical environments of material in multilayers were investigated by using XPS and 

low-temperature anomalous Hall effect measurement techniques. For XPS measurements, the 

surface composition was measured for as-grown and sputtered films to study the Co oxidation at 

the Co/AlOx interface. All samples were sputtered with 𝐴𝑟+at 6.6510-3 Pa. Sputter times were 

varied depending on the thickness of each sample. 

6.3 Results and discussion 

6.3.1 Magnetic characterization 

The hysteresis curves were measured by sweeping the out of plane field (𝐻𝑧) shown in figure 

6.1(a), and their square shapes confirm the strong PMA nature of our samples. The saturation 

magnetizations (𝑀𝑠) of the samples were derived from the magnetic hysteresis loops (presented in 
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the supplementary material figure 6.10(a)) measured by using VSM [98]. The anisotropy fields 

(𝐻𝑘) were extracted from the magnetoresistance curve of the in-plane (IP) hysteresis loops 

(figure 6.10(b)) by applying a low DC current ~  1 mA [41].The effective anisotropy field (𝐾𝑒𝑓𝑓) 

depends on 𝑀𝑠 and  𝐻𝑘, and was calculated from the  relation 𝐾𝑒𝑓𝑓 =
1

2
 µ0𝑀𝑠𝐻𝑘 [41,163,164]. 

The variation of areal magnetization (𝑀𝑠𝑡)  and 𝐾𝑒𝑓𝑓  both lie within 25% of their average value 

for all the samples, as illustrated by figure 6.1 (b). This variation of the magnetic parameters with 

annealing time is an indication of a change in cobalt concentration due to the diffusion of oxygen 

at the Co/AlOx interface and potentially intermixing of  Co and Pt at the bottom Co/Pt interface at 

the high annealing temperature of 350 oC [25]. 

 

Figure 6.1. (a) Normalized hysteresis loops obtained from anomalous Hall effect measurements 

for the samples varying Al thickness (tAl), annealing time, and substrate. (b) Areal magnetization 

(red) and effective anisotropy energy (blue) as a function of annealing time.  

In the above figure 6.1, the first, second and third columns of the legend of (a) represent the 

aluminum thickness, annealing time and substrate (Si for SiO2/Si and Al for Al2O3) respectively. 

The inset of the top left of  (a) is the Kerr image of a patterned Hall bar device with a 27 m 

channel width and an arrow (orange color) on it representing the applied current direction. The 

first and second columns of the legend of (b) represent the aluminum thickness and the substrate 

(Si for SiO2/Si and Al for Al2O3). 
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Next, we utilized ferromagnetic resonance (FMR) spectroscopy to measure the damping 

parameter and magnetic inhomogeneity in the perpendicular geometry, the spectroscopic g-factor, 

and anisotropy. Our FMR spectrometer consists of a broadband (1-70 GHz) vector network 

analyzer to apply RF field via a coplanar waveguide (CPW) and measure the S12 parameter 

under a perpendicular magnetic field up to 2 Tesla. The field homogeneity over the sample 

volume is better than 0.1% and the field was measured with a Hall probe continuously. The 

samples are directly placed on the CPW upside-down after being coated with a thin polymethyl 

methacrylate (PMMA) to prevent shorting. The schematic of the sample placement is shown in 

figure 6.2(c) inset. Figure 6.2 shows examples of measured transmission parameter S12 as the 

magnetic field is swept through the resonances for the sample Pt (4)/Co (1.2)/AlOx (2.5), which 

was grown on a SiO2/Si substrate and annealed for 1 hour. The ferromagnetic resonance can be 

described by the complex susceptibility (Hres) obtained from the Landau-Lifshitz equation 

[165,166]. For the OOP magnetic field geometry, (Hres) is given by  

𝜒(𝐻𝑟𝑒𝑠) =
𝑀𝑒𝑓𝑓(𝐻𝑟𝑒𝑠−𝑀𝑒𝑓𝑓)

(𝐻𝑟𝑒𝑠−𝑀𝑒𝑓𝑓)
2

−𝐻𝑒𝑓𝑓
2 −𝑖Δ𝐻 (𝐻𝑟𝑒𝑠−𝑀𝑒𝑓𝑓)

,                                            (6.1)  

where Hres is the resonance field, H is the linewidth, 𝐻𝑒𝑓𝑓 = 2 𝜋𝑓/(𝛾𝜇0), 𝑀𝑒𝑓𝑓 = 𝑀𝑠 –  
2𝐾𝑒𝑓𝑓

𝜇0𝑀𝑠
 is 

the  effective magnetization, f is the microwave frequency, 𝛾 = 𝑔𝜇𝐵/ℏ is the gyromagnetic ratio, 

𝜇𝐵 is Bohr magneton and ℏ is the reduced Planck’s constant. Figures 6.2 (a) and (b) show 

examples of the spectra at multiple frequencies. We simultaneously fit the real and imaginary 

parts of Eq. (6.1) to determine Hres and H. The fitted curves are also shown in figures 6.2 (a) and 

(b). The resonance field and frequency are related to each other by the Kittel equation  

𝑓(𝐻𝑟𝑒𝑠) =
𝑔𝜇0𝜇𝐵

2𝜋ℏ
(𝐻𝑟𝑒𝑠 − 𝑀𝑒𝑓𝑓).                                     (6.2) 
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By fitting Eq. (6.2) to the data in figure 6.2 (c), we find Meff= -(0.413  0.01) T and g = 2.144  

0.037. The wide error bars associated with the determination of the g-factor may be due to our 

extremely small magnetic film thickness, high damping, and large linewidth for all frequencies 

which results in a low signal-to-noise ratio. 

 In the framework of the Landau-Lifshitz equation, the linewidth depends linearly on the 

microwave frequency and the phenomenological damping parameter  by  

Δ𝐻 =
4𝜋𝛼

𝛾𝜇0
𝑓 + Δ𝐻0,                                                   (6.3) 

where Δ𝐻0 is the inhomogeneous broadening. By using Eq. (6.3), as shown in figure 6.13, we 

determined =0.169  0.015 and 𝜇0Δ𝐻0= 0.003  0.02 T. Because of the large damping and spin-

pumping into the Pt layer the Δ𝐻0 determination was not precise. 

Figure 6.2. Ferromagnetic resonance spectrometry results for 1-hour annealed Pt (4)/Co 

(1.2)/AlOx (2.5) film grown on SiO2/Si substrate. (a) and (b) real and imaginary parts of the S12 

parameter, respectively. (c) The resonance field vs microwave frequency and the linear fit.  

6.3.2 DMI characterization  
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We used polar MOKE microscopy to adopt the method of asymmetric DW expansion in the 

presence of the in-plane field (𝐻𝑥) for the quantification of DMI. The DW motion was studied in 

a creep regime where the velocities of DWs are slow and easy to capture by our MOKE 

microscopy following millisecond magnetic field pulses. The velocity in this regime depends 

exponentially on the 𝐻𝑧 field [167], i.e., ln[𝑣] ∝ 𝐻𝑧
−

1

4 as shown in  figure 6.12 (a) of the 

supplementary material for the sample Pt (4)/Co (1.2)/AlOx (2.5) annealed for four different time 

intervals at 350 C. For the study of DW dynamics in attendance of 𝐻𝑥, we saturated our sample 

by applying a relatively high field, 𝜇0𝐻𝑧  = 35 mT. Then, the DWs were nucleated by the 

opposite 𝐻𝑧 pulse which acts as the reference image for measuring the distance of the DWs 

expansion. During the experiment, the sample was at the center of the magnetic pole pieces of the 

electromagnet to eliminate other stray fields and was aligned horizontally to make sure that there 

was no 𝐻𝑧 component of the in-plane magnetic field as it could influence the DW motion 

exponentially. Such alignment was tested by applying 𝜇0𝐻𝑥 350 mT  in the absence of 𝐻𝑧  and 

found no expansion of DWs. The reference DWs were expanded in the creep regime with the  𝐻𝑧 

pulse of 0.3 s to 2 s duration under various 𝐻𝑥. The DW expansions are symmetric at   𝜇0𝐻𝑥 = 0   

as seen in figures 6.3 (a) and (d). However, the right and left side DWs expansion are asymmetric 

under non-zero 𝐻𝑥 as shown in figures 6.3 (b), (c), (e), and (f). Our explanation for this 

asymmetry is that the DWs in our magnetic thin films are Néel rather than Bloch type due to the 

broken symmetry in the normal direction of the film.   

In addition, for these thin films which have strong PMA and DMI, the spins at the center of DWs 

are aligned in a specific direction by the chirality, and an effective magnetic field becomes 

important, referred to as the DMI field (𝐻𝐷𝑀𝐼). This field, along with 𝐻𝑥 , has a significant role in 

the determination of the DW’s surface energy and their velocities of expansion [1]. When the 

DWs, expanded due to the 𝐻𝑧 pulse, are further subjected to 𝐻𝑥 their configuration will be broken 

and down-up & up-down DWs acquire different velocities along the direction of 𝐻𝑥 as illustrated 
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by the right edge velocity  (𝑣) − 𝐻𝑥  plots in figures 6.4 (a)-(d). We note that down-up (figure 4 - 

red data points) and up-down ( figure 4 - black data points) DWs have minimum velocities for the 

specific non-zero value of 𝐻𝑥 , at which point 𝐻𝑥 balances the effective DMI field 𝐻𝐷𝑀𝐼 [161]. 

The extracted 𝐻𝐷𝑀𝐼 fields are used to calculate  DMI constant D from  the relation; 𝐻𝐷𝑀𝐼 =

𝐷

𝜇0𝑀𝑠

√𝐾𝑒𝑓𝑓
𝐴

⁄    [1,167], where  A is the exchange stiffness constant and its value was assumed to 

be 16 𝑝𝐽/𝑚 [55]. The 𝐻𝐷𝑀𝐼 (red data set) and 𝐷 (blue data set) are plotted as a function of 

annealing time for the different set of samples as given in figure 6.5.  Although there are a few 

drawbacks [168,169], we observed good agreement with the additional DMI measurements on 

most films.  

 

Figure 6.3. Magnetic domain walls expansion under  2-dimensional magnetic fields. 

Figure 6.3 shows the expansion of domain walls driven by the out of plane magnetic field µ0Hz =

9.5 mT observed in polar magneto-optical Kerr effect microscopy for Pt (4)/Co (1.2)/AlOx (2.5) 
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grown on SiO2/Si substrate and annealed for 4 hours at various IP magnetic fields. (a),(d) at 

µ0Hx = 0 with 1 s pulse  (b) at µ0Hx = 85 mT with 2 s pulse (c) at µ0Hx = −95 mT with 600 

ms pulse (e) at µ0Hx = 75 mT with 2 s pulse (f) at µ0Hx = −70 mT with 1 s pulse.  

Figure 6.4. Right edge velocity of domain walls as a function of in-plane field (Hx ) for Pt (4)/Co 

(1.2)/AlOx (2.5) on a SiO2/Si substrate with (a) 1-hour (b) 2-hours (c) 3-hours (d) 4-hours 

annealing.  
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Figure 6.5.  Dzyaloshinskii-Moria interaction field ( red) and constant ( blue) as a function of 

annealing time. 

In figure 6.5, the circles, squares, stars and diamonds symbols represent Pt (4)/Co (1.2)/AlOx 

(2.5), Pt (4)/Co (1.2)/AlOx (2.65), Pt (4)/Co (1.2)/AlOx (2.3), grown on SiO2/Si substrate and Pt 

(4)/Co (1.2)/AlOx (2.5) grown on Al2O3 substrate, respectively by using polar magneto-optical 

Kerr effect microscopy. 

Secondly, we adopted a current-induced hysteresis loop shift method to quantify the DMI, which 

was developed by Pai et al. [17] and its measurement configuration is demonstrated in figure 6.6 

(a). In this method, when an IP current () flows along the x-direction through the heavy metal 

(i.e. Pt), the electrons with opposite spins align at the top and bottom interface of the thin film, 

and a spin current is generated along the z-direction. This spin current gives rise to Slonczewski-

like SOT, which is responsible for the generation of an effective field (𝐻𝑧
𝑒𝑓𝑓

) along the z-

direction as explained by the relation[45,170]:  𝐻𝑧
𝑒𝑓𝑓

  𝒎 (𝒛 𝑱𝒙) where 𝐽𝑥 is the charge current 

density along the x-direction. This effective field is equal and opposite to the DMI caused by 

down-up and up-down Néel DWs because of their antiparallel orientation of magnetic moments. 
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However, in the presence of  𝐻𝑥, the moments of chiral DWs tend to align along the direction 𝐻𝑥 

that produces an opposite  𝐻𝑧
𝑒𝑓𝑓

  with an unequal magnitude. So there exists a net positive (or 

negative) 𝐻𝑧
𝑒𝑓𝑓

 field depending on the direction of 𝐻𝑥  and the in-plane DC current. This net 

effective field is responsible for shifting of the hysteresis loop as seen in figure 6.6 (b) and the 

measured shift can be taken as  𝐻𝑧
𝑒𝑓𝑓

. In this plot, black data points and red data points represent 

the anomalous Hall resistance measurement as a function of 𝐻𝑧 field for positive (+15 mA) and 

negative (-15 mA) IP currents respectively with the bias field of 146 mT for Pt (4)/Co (1.2)/AlOx 

(2.5) sample annealed for three hours. Moreover,  𝐻𝑧
𝑒𝑓𝑓

  depends linearly on the current density 

as verified by the plot of 𝐻𝑧
𝑒𝑓𝑓

 as a function of  in the presence of two equal and opposite IP 

biased fields given in figure 6.6 (c). While calculating loop shift, 𝐻𝑧
𝑒𝑓𝑓

, we were aware that DWs 

switching field could change due to IP current as well as Joule’s heating effect. The latter effect 

was eliminated by measuring the shift of the center of hysteresis which was achieved by taking 

the average of the absolute values of switching fields for down-up  (𝐻𝐷−𝑈
𝑠𝑤 ) and up-down (𝐻𝑈−𝐷

𝑠𝑤 ) 

DWs[17,120]. Then, we measured the shift for several 𝐻𝑥 and found it saturates as 𝐻𝑥 increases, 

as the magnetizations of the DMI-induced Néel DWs aligned in the direction 𝐻𝑥 . This specific 

value of 𝐻𝑥 was taken as  𝐻𝐷𝑀𝐼 as shown in the plot in figure 6.6 (d). We found 𝜇0𝐻𝐷𝑀𝐼 = 

(131 5)𝑚𝑇and (123  5) 𝑚𝑇 for the Pt (4)/Co (1.2)/AlOx (2.5) samples annealed for 3 and 4 

hours, respectively. By using the same equation as used by the asymmetric DW expansion 

section, the D values were calculated to be (1.13  0.04) 𝑚𝐽/𝑚2 and (1.06  0.03) 𝑚𝐽/𝑚2 for 

the respective samples.  
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Figure 6.6. (a) Schematic for the hysteresis loop shift Dzyaloshinskii-Moria interaction 

measurement under the 2-dimensional magnetic fields (b) Normalized Hall resistance 

measurement (c) Effective Hz field as a function of in-plane direct current (d) Effective Hall field 

along z-direction due to spin Hall effect as a function of inplane field. 

All the plots shown in figure 6.6 are for the sample Pt (4)/Co (1.2)/AlOx (2.5) on SiO2/Si substrate 

that was annealed for 3 hours. 

Finally, the DMI of Pt (4)/Co (1.2)/AlOx (2.5) stacks were studied using Brillouin light 

spectroscopy (BLS), where spin-wave (thermal magnons) frequencies are measured in 

ferromagnetic materials. In multilayers with broken inversion symmetry at the interfaces, the 

DMI modifies the spin-wave dispersion relation and dispersion curves become asymmetric, 

known as non-reciprocal spin-wave dispersion, as illustrated by figures 6.7 (a) and (b). The 

frequency shift ∆𝑓 due to the DMI is given by [171]: 
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 ∆𝑓 =
𝑔 𝜇𝐵 𝐷 𝑘𝑥

𝜋 ℏ 𝑀𝑠
 where g and 𝑘𝑥 are an in-plane spectroscopic splitting factor (i.e., g-factor) and 

magnitude of spin waves vector along the x-direction respectively. The g values are determined 

by using FMR spectra as explicated in the material characterization section above. Detailed 

experimental techniques can be found in the reference [171]. The  ∆𝑓  of  Pt/Co/AlOx (2.5)/Pt 

stack for 1 hour and 4 hours annealed samples were measured to be (5.7 × 10−12 × 10−2) GHz 

and (4.9 × 10−1 2 × 10−2) GHz respectively. The corresponding DMI values calculated using 

the above equation are (0.82  0.03) 𝑚𝐽/𝑚2  and (0.62  0.03) 𝑚𝐽/𝑚2 respectively. We note 

that the sample annealed for four hours shows larger full width at half maximum (FWHM) 

compared to the one annealed for one hour. The discrepancy between the full width at half 

maximums of figures 6.7 (a) and (b) curves can be attributed to the differences in surface 

roughness, damping, or spin pumping which can alter during a longer annealing process. 

 

Figure 6.7. Spin wave spectra obtained from Brillouin light spectroscopy measurement technique 

for (a) 1-hour (b) 4-hour annealed Pt (4)/Co (1.2)/AlOx (2.5) sample grown on SiO2/Si substrate.  

  To summarize this section, the DMI constants (D) were accentuated up to  1.13 𝑚𝐽/𝑚2  for  Pt 

(4)/Co (1.2)/AlOx (2.5) as agreed by all three measurement techniques as displayed in figure 6.8 

though there are tiny deviations in their quantitatively measured values. The minimum value of D 

was recorded as low as 0.1 𝑚𝐽/𝑚2  from the study of field-driven DW dynamics. However, this 
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D value is weaker than that of the BLS measurement result for the same sample. It might be due 

to the different approaches for probing the film in BLS and p-MOKE microscopy measurement 

techniques [162,172,173]. Initially, that non-zero D is attributed to the structural inversion 

symmetry breaking when the AlOx, which has very weak spin-orbit coupling (SOC) and no 

contribution to the DMI on its own, is introduced on the symmetric Pt/Co/Pt.  In addition to that, 

several other interesting mechanisms are responsible for the variation of D due to the insertion of 

AlOx. First, the Co layer might be partially oxidized as it is in direct contact with AlOx modifying 

the Co (1.2)/AlOx (t) interface which changes the interfacial DMI with the 𝑃𝑡 layer[41,174].  

Second, the annealing time can alter the epitaxial relationship between the layers and the bottom 

Pt layer. This might induce lattice strain at the interface, where the SOC is affected due to the 

lattice mismatch between the top Co and AlOx layers [175]. Moreover, a longer thermal annealing 

duration might improve the ordering of atoms at the Pt/Co interface although there exist small 

chances for the formation of CoPt alloy deteriorating the interfacial quality. Such interfacial 

deformation gives rise to DMI since the DMI is susceptible to the atomic arrangement at the 

interfaces [176,177]. Therefore, the bottom Pt/Co interface may also be partially responsible for 

the alteration of interfacial DMI. Finally, a large interfacial electric field induced by the 

interfacial oxidation, originating from the transfer of charge, surpasses the very small SOC [119] 

of the atoms at the Co/AlOx interface contributing to the large  DMI [178]. In our case, the degree 

of oxidation of Co is changed as it was annealed for distinct time intervals leaving less cobalt in 

between Pt and AlOx layers as confirmed by the XPS results that would be discussed in the 

material characterization section in detail. Thus, the enhancement in the DMI for the tri-layer 

system grown on the same substrate is due to the interface modification of the top Co/AlOx 

interface. On the other hand, for our same stacks grown on two different substrates (i.e. SiO2/Si 

and Al2O3), the DMI values differ by some magnitude that might be due to the different lattice 

mismatch between magnetic films and the substrates. Those lattice mismatches induce the 
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discrete lattice strains that alters the anisotropy and DMI as well [179–181]. 

   

Figure  6.8. Dzyaloshinskii-Moria interaction constant measured as a function of annealing time. 

In this figure blue data points, red data points green data points correspond to the MOKE 

microscopy, BLS, and Hall shift measurement techniques respectively for the sample Pt (4)/Co 

(1.2)/AlOx (2.5) grown on SiO2/Si substrate. 

6.3.3 Material characterization 

Following our magnetic characterization, we employed X-ray photoelectron spectroscopy (XPS) 

with  𝐴𝑟+etching technique for the investigation of the chemical composition of our multilayer 

stack. The high-resolution spectra of Co 2p core-level state, from as-grown to 90 minutes etching 

time in every 15 minutes time interval, for 1 hour and 3 hours annealed Pt (4)/Co (1.2)/AlOx (2.5) 

heterostructures are included in the supplementary materials figures 6.11 (a) and (b). All the as-

grown samples do not show the signal of Co because they have a protective thick Pt layer on top 

of it, but once this layer has been removed by 𝐴𝑟+sputtering the signal from Co starts to appear. 
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Particularly, a peak centered around binding energy of 778.1 eV is seen clearly. This indicates the 

presence of metallic cobalt underneath the Pt capping layer.  

To study the oxidation state of the Co at the Co/AlOx interface, we have analyzed the spectra 

(figure 6.9) from the 75 minutes sputtered samples for the same Pt (4)/Co (1.2)/AlOx (2.5) stack. 

In the plots, the high-resolution XPS spectra of the Co 2p region, for samples annealed for 1 hour 

(figure 6.9 (a)) and 3 hours (figure. 6.9 (b)), have been deconvoluted using Gaussian fitting. Both 

spectra can be deconvoluted into four different sub-peaks: Metallic cobalt,  𝐶𝑜2+,  𝐶𝑜3+, and 𝐶𝑜 

satellite. These peaks in both samples are centered at binding energies of 778.3 eV, 780.3 eV, 

782.4 eV, and 785.0 eV, respectively. These results confirm the co-existence of Co and CoOx  at 

the interface [120,182]. However, the area under these peaks varies for each sample, which is an 

indication of different concentrations of Co states depending on the annealing time. The estimated 

ratios of metallic Co and the oxide of Co were found to be 1:0.89 and 1:1.35 with the annealing 

times 1 hour and 3 hours, respectively, which is evidence for the significant difference in oxygen 

content at the Co-Al interface of the discrete time-annealed sample. In addition, we performed the 

low-temperature anomalous Hall effect measurement technique as presented in figure 6.9 (c) and 

more detailed plots in figure 6.12 (b) of the supplementary material. We extracted the coercivities 

at the measured temperatures ranging from 15 K to 300 K. All of the four samples have relatively 

larger coercivities at low temperatures and  𝐻𝑐 is highest for the 3 hours annealed sample 

confirming the strong oxidation states due to the oxygen migration at the interface [115]. 

However, on increasing the annealing time further (i.e. for the four-hour annealed sample) the 

coercivity value began to reduce which might be attributed to the diffusion of oxygen away from 

the cobalt layer [114,159]. In addition, a cross-sectional view of our multilayer magnetic sample 

using transmission electron microscopy is displayed in figure 6.9 (d). The individual layers in our 

samples are easily distinguished and show clear modification at the Co and 𝐴𝑙 interface due to the 

annealing-induced diffusion of oxygen. 
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Both XPS and low temperature anomalous Hall effect measurement results showed a very good 

agreement about the oxide concentration on the Co-Al interface and found that it was highest for 

the three-hour annealed sample. This physical characterization supports our claim about the 

impact of oxygen content on the interface for tuning the DMI as calculated and stated in the 

previous section for the Pt /Co/AlOx tri-layers, based on different annealing time intervals and Al 

thicknesses grown on the silicon wafer.  

 

Figure 6.9. (a) and (b)The experimental and fitted X-ray photoelectron spectroscopy spectra of 

Co 2p state for annealed for 1 hour and 3 hours respectively. (c) Coercive fields Vs temperature. 

(d) Transmission electron microscopy images for the sample annealed for 1 hour. 

Figure 6.9  corresponds to the sample Pt (4)/Co (1.2)/AlOx (2.5)  grown on SiO2/Si substrate. 
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6.4 Conclusion 

In summary, we have shown that variation of the oxygen level at the Co-AlOx interface in a 

perpendicularly magnetized Pt (4)/Co (1.2)/AlOx (t) trilayer structure can significantly affect the 

interfacial Dzyaloshinskii-Moria interaction. We measured the enhanced DMI constant from 

(0.10  0.02) 𝑚𝐽/𝑚2  to (1.13  0.04) 𝑚𝐽/𝑚2 using comprehensive characterization methods 

including MOKE microscopy, Brillouin light spectroscopy, and hysteresis loop shift 

measurement technique for samples with different annealing times, Al thickness, and base 

substrate. Interestingly, we found little deviation in the values obtained from each approach for 

the specific samples, with the trend of incremental changes in the DMI remaining the same. This 

points to the variation of oxygen content at the interface as illustrated by the results obtained from 

X-ray photoelectron microscopy, and low-temperature Hall effect measurement techniques. Our 

study is helpful for understanding the microscopic mechanism influencing the magnetic behavior 

of layered films when subjected to standard processing procedures. This knowledge can benefit 

the optimization of material combinations to enhance the DMI when designing ultrathin films to 

stabilize skyrmions for future use in low-power magnetic memories. 

6.5 Supplementary materials 
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Figure 6.10. Hysteresis loops (a) Normalized magnetization (M) as a function of OOP magnetic 

field (b) Normalized Hall resistance as a function of in-plane magnetic field.  

Both Figures (a) and (b) above share the same legend placed in the middle. The first, second and 

third columns of the legend represent the aluminum thickness, annealing time and substrate (Si 

for SiO2/Si and Al for Al2O3) respectively. 

Figure 6.11. High-resolution XPS spectra representing Co-2p states of (a) 1-hour annealed and 

(b) 3-hours annealed Pt (4 nm)/Co (1.2 nm)/AlOx (2.5 nm), grown on SiO2/Si substrate.  

During XPS, the samples were etched at different times. It was found that no cobalt peak 

appeared for the as-grown sample, however, it started to be discernible for the distinct time-

sputtered samples. 
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Figure 6.12. (a) The velocity of DWs versus OOP field fitting creep law (b) Normalized Hall 

resistance measured at 20 K for 4 different times annealed Pt (4 nm)/Co (1.2 nm)/AlOx (2.5 nm) 

sample grown on SiO2/Si substrate. 

In figure 6.12 (a) each different colored circles represent the experimental points and the 

corresponding red-colored solid lines are the fitted ones.  
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Figure 6.13. Linewidth plotted as a function of microwave frequency for the 1-hour annealed Pt 

(4 nm)/Co (1.2 nm)/AlOx (2.5 nm) sample grown on SiO2/Si substrate. 

This figure displays the linear relation between microwave frequency and linewidth and follows 

the Landau-Lifshitz equation. Circles with error bars are the experimental data points and the 

solid line represents the fit for the 1-hour annealed Pt (4 nm)/Co (1.2 nm)/AlOx (2.5 nm) sample, 

grown on SiO2/Si substrate. 

This chapter is published as a research article [183] 
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CHAPTER 7 
 

 

SUMMARY AND OUTLOOK 

7.1 Summary 

In this thesis, a low-cost vibration sample magnetometry is built up using audio components for 

the magnetic measurements, and the dynamics of chiral domain walls are studied investigating 

the interface effects on depinning fields, Dzyaloshinskii-Moria interaction and other magnetic 

parameters in ultrathin Pt/Co/AlOx heterostructures. 

Primarily, the vibration sample magnetometer was developed to measure the magnetization of our 

magnetic samples. The working performance of VSM with two distinct data acquisition systems: 

a sound card and lock-in amplifier were studied. The experiment was conducted for three distinct 

samples: Nickel rod, Permalloy thin film and Co/Pt multilayers. It was observed the sound card-

based VSM has better sensitivity (as high as ~ 2 micro-emu at 34.7 micro-emu) compared to that 

of VSM with a commercial lock-in amplifier. Those results are advantageous for the precise 

quantification of the magnetic moment of our magnetic samples. 

In the second part, the impact of the aluminum thickness of Pt/Co/AlOx heterostructure on the 

magnetic anisotropy, saturation magnetization, coercivities and depinning fields at room 

temperature were investigated. Also, the interfacial qualities and surface roughness of our thin 

films were studied by using magneto-transport measurement and atomic force microscopy. This 

study showed the significant alteration of magnetic characteristics with the oxidized aluminum 

thickness as explained in chapter 5 in detail. Ms values decrease for higher aluminum thickness
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as explained in chapter 5 in detail. Ms value decrease for higher aluminum thickness due to the 

formation of CoOx at the Co/AlOx interface, however, the coercivity and depinning fields are 

maximum at 5 nm aluminum thickness and decrease above and below this critical thickness. The 

slight changes in magnetic anisotropy arise due to the PMA competition between top Pt/Co and 

bottom Co/AlOx interfaces. The experimental results showed that the bottom interface (Co/AlOx) 

was modified with different oxidized aluminum content which is responsible for the alteration of 

magnetic behaviors in our ultra-thin oxidized films. It was observed that the variation trend in 

surface roughness is also similar to the change in depinning and coercive fields. Hence, this study 

evidenced the strong influences of surfaces and interfaces on the magnetic and magneto-optical 

behaviors of the perpendicularly magnetized magnetic thin films.  

Finally, the antisymmetric exchange interaction, i.e DMI, on various perpendicularly magnetized 

Pt/Co/AlOx trilayers was studied. The effects of post-annealing time, aluminum thickness and 

substrate nature were thoroughly investigated via electromagnetic, magneto-transport and 

magneto-optical characterization of our ultrathin films. The DMI study was performed based on 

three separate methods: asymmetric domain wall dynamics, current-induced hysteresis loop shift 

and Brillouin light spectroscopy.  The DMI constant was raised from 0.1 mJ/m2 to 1.13 mJ/m2 

when the annealing time duration for   Pt (4 nm)/Co (1.2 nm)/AlOx (2.5 nm) heterostructure 

increased from 1 hour to 4 hours. The enhancement of DMI in our experiment is attributed to the 

Co/AlOx interface modification as evidenced by low-temperature anomalous Hall effect 

measurement and X-ray photoelectron spectroscopy measurement results. From the XPS 

experiment, the chemical states of thin film materials were investigated and hence CoOx and CO 

contents at the interface were quantified. In addition, coercivity analysis via low-temperature 

magneto-transport measurement provided information about the exchange coupling of the 

antiferromagnetic CoOx and ferromagnetic Co phases in different magnetic thin films which gave 

the implicit idea about the interfacial CoOx. Both of these experiments agreed that the longer-time 
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annealed sample has a better interface due to the formation of homogeneous CoOx content and is 

responsible for the enhancement of interfacial DMI.  

To conclude, experimental work in this thesis develops a cost-effective VSM and explores the 

strong dependence of critical magnetic interactions on ferromagnet/metal oxide interface in heavy 

metal (HM)/ferromagnet (FM)/metal oxide (MOx) heterostructure. More specifically, those 

results reflect the crucial influence of ferromagnetic layer oxidation at the Co/AlOx interface of 

Pt/Co/AlOx trilayers. This work demonstrates that the devices with strongly improved DMI, 

depinning fields including other magnetic parameters can be achieved by the conscientious 

control of some external parameters such as post-annealing time, aluminum thickness and 

substrates. At the end, these experimental results uncovered the importance of the 

ferromagnet/metal oxide interface for the stabilization of chiral domain walls along with the field 

induced DW motion in presence of strong pinning centers in ultrathin magnetic heterostructures. 

7.2 Outlook 

The first part of our project involves the setting up of low-cost vibration sample magnetometry 

which can measure magnetization in only one direction. In addition to the unidirectional 

measurement, the advancement can be made on VSM suitable to measure magnetization in two 

dimensions which improves its effectiveness and precision as well. This requires additional effort 

in designing and building both hardware and software parts of the instruments that give rise to 

interesting future projects. 

 Home-built instruments may have increased utilizations because they are available at a fraction 

of the cost of a consumer-grade instrument. These instruments can be assembled using less 

expensive and easily available components which have the strong potential to revolutionize the 

industrial world. Companies, for example, may use cheaper design techniques and offer 

affordable options to those who have a limited budget. On the other hand, home-built instrument 
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involves the designation from the most basic level and they can be customized based on the 

customer's needs and interests which may not be possible in off-the-shelf instruments. These 

advantages of home-built instruments techniques make them accessible to a broad range of 

society as more people may be involved in research and experiments leading to important 

scientific exploration and discoveries. All these fruitful potential outcomes motivate the industrial 

communities to further study, design and develop these custom-made systems. 

In Pt/Co/AlOx heterostructure, DMI is enhanced for a longer post-annealing time. However, there 

are some open-ended questions coming into play. Does this scenario still hold true when 

replacing cobalt with another soft ferromagnetic alloy such as CoFeB? If it is the case, by 

introducing this alloy in between heavy metal and metal oxide, the exquisite skyrmion magnetic 

texture can be stabilized on those ultrathin films and their dynamics in reshuffle devices can be 

performed which are the crucial part of probabilistic computing architecture. Similarly, in our 

experiment, systematic interfacial modification is achieved due to the transformation of CoOx 

from cobalt. Low-temperature coercivity was tuned due to the exchange interaction between 

them. Here, curiosity can be raised about whether there should be a match between ferromagnetic 

and antiferromagnetic material elements for such interaction and the enhancement of DMI. So, 

the DMI characterization with the interface modification by inserting another antiferromagnetic 

alloy such as Cr2O3, NiO and MnF2 will be a major part of this project moving forward.  

Similarly, our work uses the current induced Hall shift measurement approach to quantify the 

DMI. The same approach to that material system can be used for the quantification spin-orbit 

torque efficiency. The post-annealing effect on SOT efficiency on those materials has not been 

studied yet. Moreover, the measurement of second harmonic generation on those tunable 

magnetic anisotropic thin films is very important to characterize the strength of spin-orbit torque. 

Setting up those experiments along with the fabrication of material need many endeavors and a 

high level of dedication which leads to wonderful project to boost our work. 
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Our study about the influence of interfacial oxidation at the HM/MOx interfaces on magnetic 

properties is useful to steer the current research toward more practical devices in consumer-level 

electronics. For example, understanding the Co/AlOx interface in Pt/Co/AlOx heterostructures 

may help improve the storage capacity and performance of magnetic hard disc drives. Similarly, 

the comprehension of the dependence of interface modification on magnetic interactions within 

the Pt/Co/AlOx heterostructures will also be helpful to generate functional spin-based logic 

devices and memory which utilize electron’s spin to encode and process information. The 

knowledge gained on oxidation effects on magnetization switching on those heterostructures will 

be obliged to create a feasible magnetic tunnel junction (MTJ), a basic component of MRAM 

technology, in semiconductor processing conditions. Hence, this experimental work would be a 

great asset to further current research to improve electronics devices and to create an efficacious 

memory system for the public welfare. 
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