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ABSTRACT 

Spintronics is a rapidly emerging and immensely promising research field. It enables us to develop 

future technology devices by exploiting the spin of the electron. A MgO-based magnetic tunnel 

junction (MTJ) is of great interest as a non-volatile memory because of their application in 

magnetic random memories and a magnetic sensor. Different successful approaches have been 

used to control the magnetization of MTJ, such as a current induced magnetic field and spin 

transfer torque. Although, these techniques still require Joule heating that remains too large to 

ignore. Voltage control of magnetization direction can expect a further reduction in power 

consumption in MTJ. The external voltage across ferromagnetic and MgO layers controls the 

interfacial magnetic anisotropy of the ferromagnetic material called a voltage-controlled magnetic 

anisotropy (VCMA). Althouthough, VCMA effect is observed on the different ferromagnetic 

material, yet we have observed voltage effect in poly and single-crystal 3d ferromagnetic 

metal/MgO systems using different measurement technique. 

I studied the dependence of VCMA on post-annealing temperatures on (1) poly deposited 

Ta/CoFeB/MgO/CoFeB system using static magnetoresistance measurement and (2) VCMA and 

voltage-controlled Dzyaloshinskii–Moriya Interaction (VCDMI) at single-crystal 

Fe1−xCox/Pd/MgO interface using magneto-static surface spin wave  

Chapter 2 describes the estimation of the VCMA using magneto-static measurement. Here, I derive 

the anisotropy energy and voltage controlled magnetic anisotropy energy from magneto-static 

resistance at a different applied voltage  

In chapter 3, I investigate VCMA on post-annealing temperatures on poly deposited different 

annealing temperatures, Ta(5 nm)/Ru(20 nm)/Ta(5 nm)/CoFeB(1.1 nm)/MgO(1.9 nm)/CoFeB(5 

nm)/Ta(5 nm)/Ru(5 nm) layers were deposited on a Si/SiO2 substrate in a magnetron sputter 

system and an MTJ was fabricated in hexagonal shape with conventional microfabrication 

technique. Samples have been annealed at different temperatures after microfabrication: 200 °C, 

250 °C, 300 °C, 350 °C for 1 hour. Tunnel magnetoresistance (TMR) measurements were carried 

out using a conventional two-terminal technique under an in-plane magnetic field. VCMA has 

been characterized by bias-voltage dependence under a perpendicular magnetic field. Voltage 

controlled magnetic anisotropy and TMR in magnetic tunnel junctions with different annealing 

temperature have been investigated. We found that TMR and VCMA are increasing with 
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increasing post-annealing temperature from 200 °C to 300 °C and resistance of the MTJ layer is 

decreasing with increasing post-annealing temperature. Maximum VCMA and TMR of Ta/ 

CoFeB/ MgO sample are achieved 33fJ/Vm and 62%, respectively at 300 °C annealed sample. 

Chapter 4 describes the dynamics of spin waves. By applying magnetic field normal to the spin-

wave propagation direction, I excited magnetostatic surface spin waves. I derive a dispersion 

relation of MSSW from the basic electromagnetics and Landau-Lifshitz equation. I drive the 

resonance frequency; a voltage-controlled magnetic anisotropy and voltage-controlled interfacial 

Dzyaloshinskii-Moriya interaction relation with resonant frequency shifting by the applied 

voltage.  

In chapter 5,6, I investigate VCMA and VCDMI at Fe1-xCox/Pd/MgO interface, we grow single-

crystal 3d ferromagnetic metal/MgO epitaxial multilayers of MgO (5 nm)/V (20 nm)/Fe (20 

nm)/Fe1−xCox (0.3 nm)/Pd (0.2 nm)/MgO (5 nm) were deposited on a fcc-MgO(001) substrate 

using electron beam deposition under ultrahigh vacuum. An ultrathin Fe1−xCox layer was prepared 

by alternately depositing Fe and Co onto the bcc-Fe (001) layer. The surface crystal structure of 

Fe1−xCox was characterized in situ by reflection high-energy electron diffraction (RHEED) and 

similar patterns were obtained for all three regions (i.e., x = 0, 0.5, 1). Subsequently, 50-nm-SiO2 

was added as an additional insulating layer by sputtering. The scanning transmission electron 

microscopy (STEM) and EDS energy-dispersive spectroscopy analysis of the sample have been 

done. The film was patterned into 100 × 400 µm2 rectangles. The longer edge of the rectangle is 

parallel to both Fe [100] and MgO [110] directions. Micro-sized antennas and an intermediate gate 

were fabricated with Cr (5 nm)/Au (200 nm) by a conventional microfabrication technique using 

electron beam lithography. We study the spin-wave property by measuring the scattering (S) 

parameter by a vector network analyzer by applying a dc voltage to the sample. Spin-wave 

spectroscopy has studied the influence of ultrathin Fe1−xCox/Pd insertion between Fe and MgO 

interface on the interfacial magnetic anisotropy and its voltage-induced change. We found that the 

origin of VCMA and the origin of the interfacial anisotropy are not the same. First-principles 

calculations would be helpful to study the origin of the observed behavior. 
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1 Introduction 

A tremendous progress has been made in memory technology in complementary metal-oxide-

semiconductor (CMOS) industry from last few decades. The smallest basic unit of CMOS memory 

is a transistor that was developed in late 1950 in Bell laboratory. In transistor (Field Effect 

Transistor), the electrical charge is flowing in a channel between two electrodes because of the 

potential difference between them. The conductance (resistance) of the channel can be controlled 

by a third terminal (Gate). The co-founder of Intel Gordon E. Moore observed a trend that the 

number of transistors built on a wafer would double in every eighteen months. It was called 

Moore’s law. The density of CMOS memory (such as static random access memory (SRAM), 

dynamic random access memory (DRAM), NOR-flash memory and NAND-flash memory) is 

increasing with Moore’s law as shown in Fig. 1.1.  

 

This scaling in dimension goes with additional benefits like high speed, low cost, more 

functionalities per memory unit, etc. However, as the size of the transistor is reduced, serious 

 

Figure 1.1. Moore’s law for memory chips plotted on a semi-logarithmic scale.  

(The purple curve is the Moore projection based on data up to 1975 [Source: Intel Corporation])  
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problems like increased power consumption and loss of gate control arise. Now furthermore 

reduction in CMOS device size is very difficult. For more density and low power application, 

spintronics provides a powerful solution for memory application in recent year.  

In CMOS, the charge of an electron plays a very crucial role. The electron has another fundamental 

property, i.e. called as Spin. It is a form of angular momentum carried by an electron. In 1988, a 

large change in conductance (resistance) was measured in the ferromagnetic material (FM) / non-

ferromagnetic material / ferromagnetic material stack under a magnetic field. It was called giant 

magnetoresistance (GMR) [1,2]. The discovery of GMR further boosted this field of spintronics. 

Another spintronics device, magnetic tunnel junction (MTJ) [3,4,5,6] has the potential to replace 

the conventional CMOS memory. Nowadays, MTJ based magnetic random access memory 

(MRAM) is used as a memory unit. 

1.1 Background 

Sir J. J. Thomson discovered a subatomic particle electron in 1897. It acquires a specific mass and 

charge. The flow of electron generates an electric current in metal and semiconductors. The 

electrical charge is flowing in a channel between two electrodes (cathode and anode) in devices 

because of potential difference. The control of an electron (hole) charge flow between the electrode 

(Source and Drain) and it is controlled by an external voltage at a third terminal (Gate), is field 

effect transistor (FET). It is a basic unit of integrated industry and CMOS memory unit. 

Two consecutive observations appeared in 1920 that shows that electron has another intrinsic 

property such as charge. These observations were:  

1) The Stern - Gerlach experiment demonstrated when a single beam of the silver atom was passing 

through an inhomogeneous magnetic field, it was spat into two beams. It indicates the quantization 

of spatial orientation of angular momentum. This observation revealed that the electron has 

intrinsic angular momentum other that its change. It was known as electron spin. There is two 

kinds of angular momentum of an electron in an atom: Orbital angular momentum (L) and Spin 

angular momentum (S).  

2) The hydrogen atom fine structure: a high-resolution system showed a double line spectrum in 

place of one spectrum. It is explained as Interaction of spin and orbital angular momentum (SOI) 

splits the hydrogen atom spectrum. 
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The Stern - Gerlach experiment indicates that electron spin is quantized as spin-up (+1/2) and spin 

down (−1/2). A golden time started in physics and microelectronics industry after evaluation of 

another intrinsic property (Spin). These investigations show a way to use of the spin intrinsic 

property with charge, for the realization of new era devices. The present conventional 

microelectronics devices are based on the charge of the electron in integrated circuits. Figure 1.1 

indicates that Moore’s law has almost reached its saturation point. It indicates that it would be too 

difficult to reduce the size of conventional devices. Therefore, we are looking for some alternative 

to the existing semiconductor technology which could be used for beyond Moore’s device. Certain 

research and development are going on in the world such as silicon heterostructure, FinFET, III-

V devices (GaN), carbon nanotubes and spintronics, etc. Spintronics is a spin-based electronics 

which utilize its spin property. It adds magnetism features (spin-based property). Spintronics 

devices may offer multi-functionality such as data storage device, sensors and spin oscillators, etc. 

In spintronics devices, we can utilize the electron’s spin in various kind of memory applications 

similar to electron’s charge in conventional devices. 

1) The data are stored in binary bit by positive charge or negative charge in conventional 

electronics devices. Similarly, the data can be stored in binary bit by up spin or down spin in 

spintronics devices. 

2) The flow of charge carries the information in conventional electronics (transistor). Similarly, 

the flow of spin can also carry information. 

3) There is one interesting property in ferromagnetic material that when we apply the magnetic 

field in a certain direction, the ferromagnetic material’s spin has aligned in that direction. However, 

we remove the magnetic field ferromagnetic material contains few spin still aligned in that 

direction. This remittance aligned spin can be used as a non-volatile application. Memory does not 

need the power to retain its data.  

The evolution of spintronics memory field is started around 1980 when the field of spintronics 

devices merged with conventional devices. Some of the pioneering works in this direction are 

listed as below: 

a) 1975: Magnetic Tunnel Junctions [3],  

b) 1982: Electron tunneling in ferromagnetic films [7],  
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c) 1985: Spin injection phenomenon in a nonmagnetic (NM) metal from a ferromagnetic 

(FM) metal [8],  

d) 1988: Giant magnetoresistance phenomenon was discovered independently by A. Fert [1] 

and Peter Gurnberg [2]  

e) 1990: Datta and Das proposed the use of the semiconductors for spintronics in a spin field-

effect-transistor [9].  

By using the spin property, we can also fabricate as spintronics sensor, spin oscillators, spin 

field effect transistor, spin light emitting diode, spin resonant tunneling diode, quantum 

computers and telecommunication [9-15]. In this, most important applications include 

nonvolatile memory device with higher density, faster reading, faster writing, lesser power 

consumption, better retention and endurance. Magnetoresistance devices such as GMR and 

MTJ are promising devices for memory application. MRAM and read-head sensors were 

realized in spintronics field. 

1.2 Magnetoresistance (MR) 

The basic principle of the magnetoresistance (MR) is the variation of resistivity (conductivity) of 

a ferromagnetic material (FM) in a magnetic field. There is a different kind of effects that can be 

called magnetoresistance: some occurs in bulk magnetic metals (anisotropic magnetoresistance) 

and geometrical magnetoresistance (Giant magnetoresistance and Tunnel magnetoresistance). 

1.2.1 Anisotropic magnetoresistance (AMR) 

An FM which resistance depends on the angle between electrical current and magnetization is 

called as the anisotropic magnetoresistance (AMR). W. Thomson discovered the phenomenon in 

1857.  
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1.2.2 Giant magnetoresistance (GMR) in Spin Valve 

A spin valve is a device where FM was separated by ultrathin nonmagnetic material as shown in 

Fig. 1.2. The upper FM easily changes its magnetization direction is called free layer and the lower 

FM is pinned in a certain direction, is called 

fixed layer. The resistance of spin valve is 

lesser when the magnetization of both FMs 

are parallel (parallel configuration) and the 

resistance of spin valve is larger when the 

magnetization of both FMs are antiparallel 

(antiparallel configuration). The 

magnetoresistance of spin valve is called as 

Giant magnetoresistance (GMR). The GMR 

depends on the angle between the 

magnetization direction of both ferromagnetic materials. First time in 1988, Albert Fert and Peter 

Gurnberg [1,2] observed GMR in Fe/Cr/Fe sample as shown in Fig. 1.3. They were awarded jointly 

with the Nobel prize in Physics area in 2005.  

 

 

 

Figure 1.2 Schematic of GMR. 
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GMR depends on the magnetization direction of FM. Magnetization depends on the density of 

state of d-band electron around Fermi level. In FM, the density of state of spin-up (+1/2) and spin 

down (−1/2) is different at Fermi energy level. Higher (lower) spin density at Fermi level is known 

as majority (minority) spin. Resistance (conductance) of spin-up (+1/2) and spin down (−1/2) 

electrons are modeled as resistance (conductance) channel in a ferromagnetic material Fig. 1.4. 

and Fig. 1.5 Let us assume that spin-up (+1/2) electron is in majority state and spin down (−1/2) 

are in minority state. (It can be reversed.) If the magnetization orientation in two FM layers is 

parallel in the spin valve, an electron from majority state with spin-up electrons of FM1 flow easily 

in majority state with spin-up of FM2 through spin-up the channel. Similarly, electron minority 

state with spin-down electrons of FM1 flow easily in minority state with spin-down of FM2 

through spin down channel. However, an electron from a minority state with spin-down of FM1 is 

Figure 1.3. GMR: Result of Albert Fert and Peter Grunberg in 1988 
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strongly scattered in majority state with spin-up of FM2. Similarly, an electron from majority state 

with spin-down of FM1 is strongly scattered in minority state with spin-up of FM2. 

 

Figure 1.4. Schematic of ferromagnetic material in GMR: (a) Parallel configuration 

(b) Antiparallel configuration 

 

 

Figure 1.5. Schematic conductance of GMR (a) Parallel configuration (b) 

Antiparallel configuration 

In this condition, the resistance of spin-valve is RP. If the magnetization orientation in two FM 

layers is antiparallel in the spin valve, majority and minority carrier changes its magnetic 

orientation. The electron from majority state with spin-up electrons of FM1 flow easily in minority 

state with spin-up of FM2 through the spin-up the channel. Similarly, electron minority state with 

spin-down electrons of FM1 flow easily in majority state with spin-down of FM2 through spin 

down channel. However, an electron from a minority state with spin-down of FM1 is strongly 

scattered in minority state with spin-up of FM2. Similarly, an electron from majority state with 



8 

 

spin-up of FM1 is strongly scattered in majority state with spin-down of FM2. In this condition, 

the resistance of spin-valve is RAP. 

In the case of the parallel configuration, the majority of parallel electron travels easily hence 

resistance is small (conductivity is large). In the case of the anti-parallel configuration, the majority 

anti-parallel electron is scattered. Hence resistance is large (conductivity is small). Depending on 

the magnetic orientation of the ferromagnetic layers, the resistance is the device is varying.  

Spin-dependent transport phenomena, GMR is defined as GMR= (RAP−RP)/RP. 

Maximum GMR in spin valve devices is reported up to 20%, that is not sufficient for most of the 

practical application. If we substitute the ultrathin nonmagnetic material in spin valve device with 

an insulator layer, the MR ratio of the device is increasing. This new device is called a magnetic 

tunnel junction (MTJ). 

1.2.3 Tunnel magnetoresistance (TMR) in Magnetic tunnel junction (MTJ) 

Similar to the spin valve-GMR device, an MTJ is having two FM layer separated by ultra-thin 

insulator (tunnel) barrier as shown in Fig. 1.6. Tunneling probability of electron through an 

insulator depends exponentially on its 

barrier thickness. Therefore, we select an 

ultrathin insulator barrier. The 

magnetoresistance of MTJ, i.e., TMR 

depends on the relative orientation of the 

magnetization of the magnetic layer, which 

can be changed by applying the external 

magnetic field. However, Julliere [1] 

observed first TMR on MTJ in 1975. Still, 

this research could not move faster because 

of fabricating ultrathin insulating barrier. The reported TMR ratio was very small, or it was almost 

zero at room temperature [16]. TMR up to 70% was achieved using Al2O3 as an insulator layer. 

The initial investigations related to MTJ devices utilized amorphous Al2O3 as the tunnel barrier, 

which offered relatively smaller TMR ratios up to 70% at RT [4,5]. However, this TMR ratio was 

 

 

Figure 1.6 Magnetic tunnel junction (MTJ) 
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not sufficient enough for most of the practical device applications. For the practical purpose of the 

memory application, larger TMR is required. Therefore, the research started to achieve larger TMR  

Earlier researcher started to use the larger spin-polarized material to achieve it. Example: 100% 

spin-polarized CrO2 was used as a ferromagnetic layer. Because of CrO2 material’s metastable 

nature, fabrication of MTJ was very difficult. After that, researchers started to look for another 

option.  

1.3 MgO based magnetic tunnel junction  

In 2001, theoretical physicist predicated to achieve 1000% TMR with crystalline MgO junction in 

epitaxially grown MTJ. Further in 2004, two groups independently reported the discovery of large 

TMR ratios up to 200% at room temperature with crystalline MgO barrier in epitaxially grown 

MTJ. It was a milestone in spintronics memory devices. A higher value of TMR would help for 

deep learning of spin-dependent tunneling through crystalline MgO barrier. Coherent tunneling of 

the electrons achieves it through crystalline MgO(001). A crystalline MgO(001) tunnel junction 

can be easily grown on a bcc Fe(001) FM layer. The lattice mismatch of MgO(001) and bcc 

Fe(001) FM layer is very less. [6]. Thus, Fe(001)/MgO(001)/Fe(001) MTJ was expected to have a 

high value of TMR. They would be useful for practical application of HDD read heads and high-

density MRAM. Initially, Fe(001)/MgO(001)/Fe(001) MTJs were studied extensively [17,18], 

however the maximum achieved TMR was 30%. It was less than the maximum TMR value of 

amorphous Al2O3 junction (70%). The problem associated with this fabrication was that Fe was 

getting oxidized at MgO interface that scatters spin at the interface. However, in theoretical 

analysis coherent tunneling of spin was predicated. Scattering at the interface decreases the TMR 

of MTJ devices. For higher TMR, it was necessary to fabricate a better Fe/MgO. In 2004 two 

noticeable breakthroughs were reported by Yuasa and group [19] and Parkin and group [20]. Yussa 

and group grow epitaxial Fe(001)/MgO(001)/Fe(001) MTJs under ultra-high vacuum. They 

achieved a TMR valve of 188% at RT. It was quite larger than all previous TMR valve. Parkin and 

group grow epitaxial FeCo(001)/MgO(001)/FeCo(001) MTJs ultra-high vacuum. They achieved 

a TMR valve of 220% at RT. It was quite larger than all previous TMR value. Thus a well-

controlled epitaxial deposition technique is mandatory for achieving high TMR ratios. TMR valve 

has been achieved ratios up to 1000% in MgO-based MTJs [21,22].  
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To overcome this epitaxial deposition related issue, a new CoFeB/MgO/CoFeB MTJ was sputtered 

by using the sputtering technique [23] in 2005. Transmission electron microscopy image revealed 

that CoFeB layers are amorphous and MgO is forming (001) polycrystalline texture [6].  

When we anneal this structure the boron from CoFeB diffuses in Ta, and CoFeB forms 

polycrystalline structure at MgO interface. At annealing of 360 °C, TMR value of 230% at RT was 

achieved in this device. TMR value have been achieved ratios up to 1000% in CoFeB/MgO/CoFeB 

MTJs [22,24]. Post-annealing of MTJ and selection of the proper thickness of buffer layer 

influences the TMR value of the MTJ. 

This MTJ structure CoFeB/MgO/CoFeB MTJs are fabricated by the sputtering fabrication 

technique at RT. After that, it is post annealed externally. This technique makes possible to 

fabricate MTJs on a large substrate. It is a favorable technique for industrial purpose. 

 

1.4 Magnetization switching method 

MTJ are promising devices for memory application. When the magnetization direction of both the 

FM in parallel or antiparallel direction, it can be considered as binary bit 0 or 1. For magnetic 

writing the data in MRAM, there are some successful magnetization approaches: 

1-Electric-current based magnetization switching  

 a-current-induced magnetic field switching 

 b- spin-transfer torque induced switching  

2- Voltage–controlled magnetization switching  

 

1.4.1 Electric-current controlled magnetization switching 

a-Current induced magnetic field switching 

In MTJ, there are two FM layers as shown in Fig. 1.2. By apply external the current, we can induce 

the magnetic field as shown in Fig. 1.7(a). By changing the current direction, we can change the 

magnetic field direction. In this way, the magnetic domains in adjacent FM layers can be 



11 

 

manipulated controllably between stable parallel and antiparallel configurations by applying 

current pulses of the appropriate sign. It needs high power to change the magnetic bit. Therefore, 

it is not used nowadays in magnetic memory devices. 

b-Spin-transfer torque induced switching 

In MTJ, there are two FM layers as shown in Fig.1.6. One of the FM layers is usually thicker or 

made fixed by exchange bias so that it can be polarized in a certain direction with rest to another 

FM layer. It is known as a fixed layer. Other FM layer is considered as a free layer. In MTJ, the 

free layer changes the magnetization direction. Therefore, free layer magnetization direction can 

be parallel or antiparallel to fixed layer direction. When the electrons flow from the fixed layer, 

they are polarized in the fixed layer direction. If these electrons go in the free layer, they provide 

torque on free layer and rotate the magnetization in fixed layer direction, shown in Fig. 1.7(b). If 

electrons flow from free layer to fixed layer, they got scattered from fixed layer; they got 

magnetized in antiparallel to fixed layer. After that those electrons change the magnetization 

direction of the free layer in antiparallel to fixed layer. Therefore, by changing the direction of the 

current, we can switch the magnetization direction.  

The first time, quantitative calculation of spin-transfer torque in GMR is given by Slonczewski 

[25] )m(mm
e

I
) fixfreefree

frees,free

other 



MV

g(θ


 

where, mfree and mfixed is unit magnetization vector of the free FM layer and fixed FM layer. )g(θ  

is the spin transfer efficiency, I is the current and e is electron charge. Vfree is the volume of the 

free FM layer and Ms,free is the saturation magnetization of the free FM layer. Now, there would be 

an additional term spin transfer torque in LLG equation  

)m(mm
e

I
MHM fixfreefree

frees,frees

eff 



MV

g(θ(
dt

d

M

M
M

dt

d 
 

This equation shows when electrons from the fixed layer to the free layer, they stabilize the free 

layer and this starts precession around the easy axis direction. Because of the damping parameter, 

it becomes parallel to fixed FM layer direction. Similarly, the opposite flow of electrons switches 

the free layer in an antiparallel direction. 
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Spin transfer torqued induced switching manipulates the magnetization direction of free FM layer 

in MTJ. It is a promising candidate for a magnetic memory writing.  This technique reduces the 

writing power with respect to current induced magnetization induced switching. However, spin 

transfer torque induced magnetization switching [25,26] still consumes higher energy than the 

stabilization energy for a single bit information. Therefore, voltage–controlled magnetization 

switching is expected as a promising and ideal method for future magnetic writing the data in 

MRAM. 

 

1.4.2 Voltage–controlled magnetization switching 

The perpendicular electric field on 3 d ferromagnetic material such as Fe, Co, Ni and their alloy, 

has been attracted great interest and exciting research by its physics and enormous potential in 

magnetization switching. In principle, the perpendicular electric field is screened by an 

accumulation of d band-electron at the interface of ferromagnetic materials as shown in Fig. 1.8. 

This modified interfacial d band electron changes the interfacial magnetic anisotropy. It is called 

a voltage –controlled magnetic anisotropy (VCMA). 

First principle calculation originally expects this VCMA in FM. Nakamura [27] calculated the 

band dispersion by the applied electric field at an atomic layer of Fe/ MgO (001) interface. The 

22 yx
d


and yzxyd , band cross the Fermi energy at around M . By applying the perpendicular electric 

 

  

(a) (b) 

Figure 1.7 Schematic of electric current induced magnetization switching 

(a) External magnetic field (b) Spin-current 
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field, the d band electron density changes at Fermi level in 22 xx
d


and yzxyd , band. Since this 

modification in occupancy of d band electrons near Fermi level causes VCMA.  

A pioneer work is done by 

Weisheit and group [28] in 2007. 

By applying an electric field, they 

reported coercively change in 

4.5% in Pt(Pd)/FePt(FePd)/ 

liquid electrolyte. They used the 

high electric field at the FM 

interface, that is not good for 

practical application. After that in 

2009, Our group showed a change 

in magnetization curvature under 

different applied voltage in 

Au/Fe/MgO junction [29]. They 

suggested that the origin of VCMA is a change of occupancy in 3d electron. They change orbital 

angular momentum. However, the interface condition of FM/MgO is controlled by hybridization, 

oxidation, interdiffusion and roughness, etc. Therefore, there are different theoretical and 

experimental studies have been observed. Still, we achieved VCMA in range of hundred fJ/V.m. 

Bawer and group [30] achieved >1000 fJ/V.m value of VCMA by magneto ionic control –

oxidation state method. Here, applied voltage controls the oxidation state. It is the slow 

mechanism. It does not respond at a higher frequency. Therefore, it is not used for memory 

application. The microscopic origin of the VCMA effect at the interface of ferromagnetic materials 

can be understood as follows. In the case of 3d-ferromagnetic materials such as Co, it has been 

experimentally reported that electric-field-induced changes of the orbital magnetic moment 

predominantly contribute to the VCMA effect [31]. Moreover, in the case of 5d-materials with 

proximity-induced spin polarization, such as Pt, the magnetic dipole Tz term was reported to be 

significant in determining the VCMA effect [32]. This term corresponds to the electric quadrupole 

present in atoms. This study indicates that the occupancy of the interfacial d-band in a 

ferromagnetic material is correlated to the VCMA effect. However, to the best of our knowledge, 

 

 

Figure 1.8 Voltage induced charge 
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the dependency of VCMA and interfacial anisotropy energy on the occupancy of d-band electron 

orbitals of ferromagnetic material has not been studied.  

 

1.5 Dzyaloshinskii–Moriya Interaction 

The Dzyaloshinskii−Moriya interaction (DMI) is induced because of the lack or breaking of 

inversion symmetry in lattices. The origin of DMI is in multiferroic oxides. The DMI is an 

antisymmetric exchange interaction which plays a decisive role in the formation of exotic magnetic 

structures. It appears in the absence of spatial inversion symmetry incorporating a spin-orbit 

interaction At ultrathin magnetic film; interfacial DMI have been predicted where two atomic the 

spins 1S


 and 2S


with a neighboring atom having a large spin-orbit coupling. The voltage-induced 

magnetic property change, I was interested in an interfacial DMI. 

Dzyaloshinskii−Moriya interaction (DMI) is described as, 

)(=
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where, 12D


is the Dzyaloshinskii−Moriya vector. It is perpendicular to asymmetry direction and 

the vector 12r


 between the spins 1S


 and 2S


. The Dzyalsinskii−Moriya interaction (DMI) is induced 

because of the lack or breaking of inversion symmetry in lattices and at the interface of magnetic 

films, respectively For the ultrathin magnetic film, interfacial DMI have been predicted where two 

atomic the spins 1S


 and 2S


with a neighboring atom having a large spin-orbit coupling. 

 

1.6 Purpose of our study 

From last one decade, magnetic tunnel junction (MTJ) [24,34] was the center of extensive studies. 

A MgO-based MTJ polycrystalline [22-24] and single-crystal [19,20] MTJ have 1000% because 

of coherent tunneling through a MgO(001) tunnel junction TMR ratio that is of great interest as a 

non-volatile. For magnetic writing the memory, different successful approaches have been used to 

control the magnetization of MTJ, such as current induced magnetic field and spin transfer torque 

[25,26]. These techniques require Joule heating that remain too large to ignore. Voltage control of 
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magnetization direction can expect a further reduction in power consumption in MTJ. The external 

voltage across ferromagnetic and MgO layers controls the interfacial magnetic anisotropy of the 

ferromagnetic material [27,28,29,35,36] Voltage controlled magnetization switching [37] in MTJ 

gives an impulse in low power nonvolatile memory technology.  

The sputtering deposition method is an ideal technique for industrial purpose. When we anneal 

this structure the boron from CoFeB diffuses in Ta, and CoFeB forms polycrystalline structure at 

MgO interface. The coherent tunneling through Ta/CoFeB/MgO/CoFeB/Ta MTJ is changing 

because of the polycrystalline structure of CoFeB at MgO interface. It is changing with post-

annealing temperature. At annealing of 360 °C, TMR value of 230% at RT was achieved in this 

device. TMR value have been achieved ratios up to 1000% in CoFeB/MgO/CoFeB MTJs [22-24]. 

Therefore, Ta/CoFeB/MgO/CoFeB/Ta MTJ is a good candidate for MRAM. The voltage induced 

magnetization is an ideal method in MRAM application. VCMA is an interfacial phenomenon. 

The TMR and VCMA of CoFeB/MgO/CoFeB are changing with annealing temperature. The 

dependence of VCMA on post-annealing temperatures on CoFeB/MgO with different buffers have 

been studied [38]. However, the dependence of VCMA on post-annealing temperatures on 

Ta/CoFeB/MgO/CoFeB system has not been clarified yet. Therefore, I studied VCMA on post-

annealing temperatures on Ta/CoFeB/MgO/CoFeB system. In this way the first part of the 

dissertation, we studied “Voltage effects in poly 3d ferromagnetic metal/MgO systems”. 

We need a high VCMA at a higher frequency for MRAM application. From the microscopic 

origin of the VCMA effect at the interface of ferromagnetic materials, it can be understood as the 

sum of (1) electric-field-induced changes of the orbital magnetic moment predominantly 

contribute to the VCMA effect [31]. (2) proximity-induced spin polarization the magnetic dipole 

Tz term. This study indicates that the occupancy of the interfacial d-band in a ferromagnetic 

material is correlated to the VCMA effect. By changing the chemical ordering, the ferromagnetic 

material, I can change the occupancy of d band electron and VCMA value. Best of our knowledge, 

the dependency of VCMA on the occupancy of d-band electron orbitals of ferromagnetic material 

has not been studied. Therefore, I studied dependency of VCMA on of d-band electron orbitals of 

a single crystalline FM/ MgO interface. In this way, the second part of my dissertation, I discussed 

on voltage effect on single crystal/ MgO interface. 
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2 Voltage-controlled magnetic anisotropy and its measurement 

method 

 

2.1 Tunnel magnetoresistance (TMR) in magnetic tunnel junction (MTJ) 

The current density through MTJ depends on the magnetization direction of both the ferromagnetic 

material. Under parallel configuration (both 

the FM layer are magnetized in the same 

direction), the current density is because of 

majority to majority and minority to 

minority band tunneling. It is defined as: 

VGVGGJJJP P)(  

 ----(2.1) 

G ( 
G ) is the conductance because of 

majority to majority (minority to minority) 

band tunneling. The GP is the conductance 

of MTJ under parallel configuration.  

Similarly, the current density through MTJ under antiparallel configuration is because of majority 

to minority and minority to majority band tunneling. It is defined as: 

VGVGGJJJ AP AP)(  

 ----(2.2) 

G ( 
G ) is the conductance of MTJ because of majority to minority (minority to majority) band 

tunneling. The GAP is the conductance under antiparallel configuration. 

From the above eqn (2.1) and eqn (2.2), when ferromagnetic films are magnetized at an angle θ  as 

shown in Fig. 2.1., the current density through MTJ is defined as 

V
θ
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θ

GGJ 







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


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


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


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


 

2
sin)(

2
cos)( 22

------(2.3) 

In this way, the majority of parallel electron travels easily, and hence the conductance is large in 

the parallel configuration. In the case of the anti-parallel configuration, the majority anti-parallel 

 

 
Figure 2.1. Conductance of MTJ. The arrow 

indicates the magnetization direction. 
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electron is scattered, and hence conductance is small. Depending on the magnetic orientation of 

ferromagnetic layers, the conductance in the device is varying. The magneto-static conductance of 

MTJ  θG ,        θGGGGθG cos
2

1

2

1
APPAPP  ----(2.4) 

The spin-dependent transport phenomena, tunnel magnetoresistance (TMR) of the magnetic tunnel 

junction (MTJ) is defined as TMR= (GP−GAP)/ GAP. 

2.2 Estimation of anisotropy energy by measuring magneto-static resistance 

(conductance) 

The anisotropy energy of the ferromagnetic material is measured by measuring the static resistance 

(conductance) of MTJ under magnetic field. The magneto-static conductance  relativeθG  (eqn (2.4)) 

of MTJ is defined as        relativeAPPAPPrelative cos
2

1

2

1
θGGGGθG  ------(2.5) 

 

 

Figure 2.2. (a) The schematic of MTJ (b) Schematic of magnetization direction the 1.1-nm-

CoFeB (Mthin_layer) and the 5-nm-CoFeB (Mthick_layer). The θrelative is the angle between both 

magnetizations. The θthick_layer is the angle between the magnetization of the thick layer and 

perpendicular magnetic field (Hperp). 

In this study, an MTJ with ferromagnetic materials thickness with 1.1-nm-CoFeB (thin 

ferromagnetic layer) and 5-nm-CoFeB(thick ferromagnetic layer) separated by 1.1nm-MgO is 

shown in Fig. 2.2(a). This MTJ is an elliptical shape and both FM layers are in in-plane direction 

Hperp

Mthin_layer

Mthick_layer
θrelative

θthick_layer

Static magnetization 

(a) (b) 
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(experimentally, it is shown in next chapter). The magnetization of both ferromagnetic films 

(Mthin_layer and Mthick_layer) are having the θrelative angle between them as shown in Fig. 2.2(b). A 

perpendicular Hperp is applied perpendicular to the film surface. Under the perpendicular magnetic 

field (Hperp), the thick layer is forming θthick_layer 























 

thicks,

perp1cos
H

H
 from the perpendicular 

direction. Therefore, the magnetization of the thin layer is at (θrelative−θthick_layer) angle from the 

perpendicular direction. 

The anisotropy energy of the system is defined as work done by an external source (Hperp) by 

changing the direction of magnetization of FM layers from an in-plane direction to a perpendicular-

plane direction. The anisotropy energy per unit volume (Ean) is defined as: 

Md.H
s

0

an




M

E -------(2.6) 

Eqn (2.6) can be written as perp

0

perpan

s

dMHE

M

 ------(2.7) 

where, Mperp and Ms are the perpendicular component of the magnetization and the saturation 

magnetization of the thin ferromagnetic material, respectively. By changing the variable, Eqn (2.7) 

can be written  









thins ,

0
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s
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0an 1

H

dH
M

M
μE -------(2.8) 

Hs,thin is the minimum perpendicular magnetic field where the magnetization of the thin layer 

becomes parallel to Hperp. From the schematic graph in Fig. 2.2(b), normalized perpendicular 

component, of a thin layer (Mperp / Ms) is estimated from (θrelative−θthick_layer).  
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S
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M
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 ------(2.9) 

From eqn (2.5) and θthick_layer, the 
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The MTJ is an elliptical shape. Its demagnetization field (Hd=−Ms from supplementary, the eqn 

(34)) and lies in out of plane direction. Shape anisotropy energy is defined (from supplementary, 
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the eqn 36) as 2
2

s0Mμ per unit volume and assume the easy axis lies in-plane direction. The 

uniaxial anisotropy energy per unit volume is defined as Ku. Because of symmetrical breaking, 

there is interfacial anisotropy energy at CoFeB/MgO interface. The interfacial anisotropy energy 

per unit area is Ks. Therefore, total magnetic anisotropy energy per unit area  

su

2

s0an
2

1
KdKMμdE 








 --------(2.11) 

where, d is the ultrathin FM thickness. (That is 1.1 nm in my research). 

 

2.3 Estimation of voltage-controlled magnetic anisotropy energy from 

measuring magneto-static resistance (conductance) 

Because of symmetrical breaking, 

there is a perpendicular magnetic 

anisotropy (PMA) energy at 

CoFeB/MgO interface. It is the 

interfacial property of the d-band 

electron of ferromagnetic material. 

The applied voltage across the MTJ 

applied a perpendicular electric field 

at the ferromagnetic material as shown 

in Fig.2.3. The perpendicular 

component of the electric field at ferromagnetic material changes the d-band electron density [28] 

in ferromagnetic material. The changed the d-band electron changes the magnetic property such 

as conductance of MTJ and PMA [28-29] of the ferromagnetic material. The perpendicular 

component of the electric field changes the PMA of the ultrathin ferromagnetic material interface 

is called voltage-controlled magnetic anisotropy (VCMA) change.  

The conductance of MTJ is:  

       relativeAPPAPPrelative cos)()(
2

1
)()(

2

1
, θVGVGVGVGVθG  ----(2.12) 

 

 

 

 

 

 

 

 

 

Figure 2.3. Voltage across the MTJ 



20 

 

The conductance of MTJ in parallel PG  (antiparallel APG ) configuration is changing with applied 

voltage. The anisotropy energy under different voltage is defined as:  

 









thins ,
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s
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0an

)(
1)(

H

dH
M

VM
μVE -----(2.13) 

The resistance of MTJ (magneto-resistance) has been measured at different bias voltage at the 

perpendicular magnetic field. The normalized perpendicular component, of a thin layer (Mperp / Ms) 

is extracted from the magneto-resistance curve. 
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The magnetic anisotropy energy per unit area  

)(
2

1
)( ssu

2

s0an VKKdKMμdVE 







 ------(2.15) 

)(s VK  is PMA change by applied perpendicular electric field. It is VCMA effect of MTJ. 
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3 Voltage-controlled magnetic anisotropy with different annealed 

Ta/CoFeB/MgO system 

3.1 Introduction 

From last one decade, magnetic tunnel junction (MTJ) [33,34] has been extensively 

studied. A MgO-based MTJ is of great interest as a non-volatile memory because of its application 

in magnetic random memory. Different successful approaches have been used to control the 

magnetization of MTJ, such as current induced magnetic field and spin transfer torque [25,26]. 

These techniques require Joule heating that remain too large to ignore. Voltage control of 

magnetization direction can expect a further reduction in power consumption in MTJ. External 

voltage across ferromagnetic and MgO layers controls the interfacial magnetic anisotropy of 

ferromagnetic material called voltage-controlled magnetic anisotropy (VCMA) [27,28,29,35,36]. 

Many different experimental trials have reported the voltage control of magnetic properties in 

several materials and stacking structures. These include multilayered stacks with piezoelectric 

materials [39,40], ferromagnetic semiconductors, [41] single-phase multiferroic materials [42,43], 

heterostructures consisting of artificial ferroelectric/ferromagnetic layers [44-47], transition of the 

magnetic state at metal surfaces [48], the Curie temperature [49,50] exchange bias [51], the 

Dzyaloshinskii–Moriya interaction [52] and the exchange interaction [53-55]. Most importantly, 

high-frequency magnetization switching has contributed to a new class of VCMA-driven MgO-

based MTJ memory devices [56-59].  

In one multilayer system, Ta/CoFeB/MgO, the CoFeB layer has a perpendicular anisotropy. It has 

been employed in MgO-based MTJs because of its high tunnel magnetoresistance (TMR) as well 

as VCMA. High TMR ratio can be obtained when the MgO barrier was sandwiched in between 

amorphous CoFeB ferromagnetic electrodes. Microstructures reveal that the MgO layer was 

textured in the (001) plane on an amorphous layer. At annealing temperature, the boron (B) 

diffuses in the Ta layer, and CoFeB forms a polycrystalline structure on MgO(001) plane [60]. The 

dependence of VCMA on post-annealing temperatures on CoFeB/MgO with different buffers have 

been studied [38]. However, the dependence of VCMA on post-annealing temperatures on 

Ta/CoFeB/MgO/CoFeB system has not been clarified yet. 
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3.2 Experiment section 

3.2.1 The process flow of fabrication 

In order to investigate VCMA with different annealing temperatures, an MTJ structure Ta (5 

nm)/Ru (20 nm)/Ta (5 nm)/CoFeB (1.1 nm)/MgO (1.9 nm)/CoFeB (5 nm)/Ta (5 nm)/Ru (5 nm) 

was deposited on a Si/SiO2 substrate in a magnetron sputter system with base pressure < 10-7 Pa. 

Cr(5 nm)/Au(10 nm) were deposited by an electron beam evaporator system to provide proper 

adhesion for photoresist. All the layers were deposited at RT as shown in Fig. 3.1(a). MTJ were 

fabricated with 10 µm2 junction area in a hexagonal shape as shown in Fig.3.1(b) by conventional 

microfabrication technique with photolithography, Ar-ion milling and lift-off processes. There are 

different fabrication steps. These steps are listed as. (A) Bottom electrode (B) MTJ pillar (C) 

Top electrode 

 

 

Figure 3.1. Schematic of MTJ (a) side view with film thickness (b) top view of MTJ 

(a) 

(b) 
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A) Bottom electrode 

Schematic of the bottom electrode is shown in Fig. 3.2(a). Fabrication steps are listed in table 3.1.  

 

Figure 3.2. Bottom electrode (a) Schematic (b) after lithography (c) after etching 

 

(a) 

(b) 

(c) 
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After sample deposition, cleaning of the sample was done in acetone followed by IPA in the 

sonicator at mild vibration. After that, promotor was coated as adhesion for positive photoresist. 

Optical lithography was done on contact mode, and the sample was developed to resist developer.  

Sample 

cleaning 
 

Chemical Time (sec) 

Acetone 60 

IPA 60 

Ist level resist 

spinning 

Promoter 

Spinning 

Cycle Speed (rpm) Time(sec) 

Spread cycle 1000 3 

Main Cycle 4000 60 

Promoter 

heating Temperature=70 °C Time= 5×60 sec 

AZP 1350 

Cycle Speed (rpm) Time(sec) 

Spread cycle 1000 3 

Main Cycle 4000 60 

Preheat Temperature=100 °C Time= 15×60 sec 

Bottom 

electrode 
Lithography 

Mode Contact mode 

Dose 8 count 

Develop 1st 

lithography 

AZP 

Developer 
AZP developer for 30 sec, Clean in DI water 

Observation 
Microscopic 

observation 
Take image .( shown in Fig. 3.2 (b)) 

Dry Etching 
Ar-ion 

milling 

Base pressure: 2×10-4 − 7×10-4 Pa, 

Argon flow rate=8 sccm 



25 

 

Resist removal 

 Chemical Time (sec) 

 Acetone 60 

 IPA 60 

Observation 
Microscopic 

observation 
Take Image .( shown in Fig. 3.2(c)) 

 

Table 3.1 Fabrication steps of bottom electrode 

Microscopic image of the sample is shown after lithography in Fig 3.2(b). Ar-ion milling etches 

the sample. After cleaning the sample in acetone and IPA, it is shown in Fig 3.2(c). 
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B) MTJ pillar  

 

Figure 3.3. MTJ pillar (a) Schematic (b) after lithography (c) after etching 

 

After the first lithography, cleaning of the sample was done in acetone followed by IPA in the 

sonicator. After that, the photoresist was coated. Optical lithography was done on contact mode 

with different exposure dose as mentioned in Table 3.2 and sample was developed to resist 

developer. Microscopic image of the sample is shown in Fig 3.2(b). The sample is etched by Ar-

(a) 

(b) 

(c) 
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ion milling after that isolation material SiO2 was sputtered. Cleaning of the sample in acetone and 

IPA was done; it is shown in Fig. 3.3(c). 

Sample cleaning  

Chemical Time (sec) 

Acetone 60 

IPA 60 

MTJ pillar 

AZ5214E 
Cycle 

Speed (rpm) Time(sec) 

Main Cycle 
2500 30 

Preheat_1 Temperature=100 °C 60 

Lithography 
Mode 

contact mode 

Dose 
8 counts 

Preheat_2 Temperature=140 °C 20 

Flood Exposure 
Dose 

90 counts 

Developer 2nd 

lithography 

AZ MIF 

Developer 
AZMIF developer for 90 sec, Clean in DI water 

Dry etching Ar-ion milling 
Base pressure:  

2×10-4 − 7×10-4 Pa 

 

Argon flow rate=8 sccm 

 

Isolation SiO2 deposition 

Argon flow rate=20 sccm, Process 

pressure=0.2 Pa 

 

Observation 
Microscopic 

observation 
Take Image 

 

Table 3.2 Fabrication steps of MTJ pillar electrode 
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C) Top electrode 

 

Figure 3.4. Top electrode (a) schematic (b) fabricated magnetic tunnel junction 

 

Schematic of the bottom electrode are shown in Fig. 3.4(a). Fabrication steps are shown in table 

3.3. After the second lithography, cleaning of the sample was done in acetone followed by IPA in 

the sonicator. After that, the photoresist coating was coated Optical lithography was done on 

contact mode with different exposure dose as mentioned in Table 3.3 and sample was developed 

to resist developer. Microscopic image of the sample is shown in Fig 3.4 (b). 

Sample 

cleaning 
 

Chemical Time (sec) 

Acetone 60 

IPA 60 

(a) 

(b) 
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Top electrode 

AZ5214E 

Cycle Speed (rpm) Time(sec) 

Main Cycle 2500 30 

Preheat_1 Temperature=100 °C 60 

Lithography 

Mode contact mode 

Dose 8 counts 

Preheat_2 Temperature=140c 20 

Flood 

Exposure Dose 90 counts 

Developer 3rd 

lithography 

AZ MIF 

Developer 
AZP developer for 90 sec, Clean in DI water 

 

Table 3.3 Fabrication steps of Top electrode 

The resistance of different MTJ samples has been measured. After that, the samples have been 

annealed with different temperatures after microfabrication: 200 °C, 250 °C, 300 °C, 350 °C for 1 

hour and one MTJ sample is without annealing. The sign of the bias voltage is defined with respect 

to the top CoFeB electrode.  

3.2.2 Measurement 

The TMR measurements were carried out using a conventional two-terminal technique in the 

magnetic field. All the measurements were performed at RT. Figure 3.5 shows that the magneto- 
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Figure 3.5. Magneto-resistance curves of the MTJ with different annealing temperature (a)-(e) 

under in-plane magnetic field (f)-(j) under a perpendicular magnetic field 
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resistance curves of MTJ with different annealed MTJ sample (a)-(e) in an in-plane magnetic 

field and (f)-(j) in a perpendicular magnetic field. It shows the thin film of the ferromagnetic 

layer in an in-plane direction. 

Different annealed MTJ samples were measured in the bias voltage range from −1000 mV to 

+1000 mV. At 1 Volt bias voltage, the current through MTJ barrier is between 6µA−60µA and 

the current density through MTJ barrier is between 6 ×10 7A/m2 −6 ×10 8A/m2 with different 

annealed temperature samples. It is because of the large resistance area product (RA). The 

influence of current induced magnetic field and spin-transfer torque, because of current through 

and current density through the barrier layer, respectively is very negligible.  

From eqn (2.12), the conductance of MTJ in a perpendicular magnetic field 

       relativeAPPAPPrelative cos)()(
2

1
)()(

2

1
, θVGVGVGVGVθG  . It is changing with the 

relative angle between the magnetization of the thick and thin ferromagnetic layer of the MTJ 

sample as shown in Fig. 3.6. The GP (GAP ) is conductance of MTJ in parallel (antiparallel) state 

of magnetization of FM layer. 

 

 

Figure 3.6. Schematic of magnetization of the thin and thick layer. 

Mthin_layer and Mthick_layer, respectively. The θrelative is the angle between both magnetizations. The 

θthick_layer is the angle between the magnetization of the thick layer and perpendicular magnetic 

field (Hperp). 

 

Hperp

Mthin_layer

Mthick_layer
θrelative

θthick_layer

Static magnetization 
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The perpendicular component, Mperp of thin CoFeB layer is estimated from relative angle of the 

thin ferromagnetic layer with respect to the thick ferromagnetic layer in a perpendicular magnetic 

field. Mperp/ Ms is estimated from the TMR curves by following eqn (2.14) 

 
  
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VGVG
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VM
 

where µ0Ms (1.44 T) is saturation magnetization of thin FM layer and Hs,thick is a minimum 

perpendicular magnetic field at which magnetization of thick FM layer becomes parallel to Hperp. 

Red rectangle, black circle and purple triangle represent bias voltage −800mV, +50 mV, +800 mV 

in (a)–(d) and these dots represent bias voltage −500mV, +50 mV, +500 mV in (e) respectively. 

The annealing temperature is mentioned in the graph.  

The perpendicular magnetic anisotropy per unit volume, Eperp, of the thin ferromagnetic material 

was estimated from Fig. 3.7(a)−(e) under different bias voltage by eqn (2.13).  

 









thins ,

0
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s
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an

)(
1)(

H

dH
M

VM
VE  

If the thin ferromagnetic layer possesses uniaxial crystalline anisotropy Ku, surface anisotropy Ks 

and voltage-induced surface anisotropy ΔKs (V), the Ean can be expressed as eqn (2.15)  

)(
2

1
)( ssu

2

s0an VKKdKMμdVE 







  

The voltage-controlled magnetic anisotropy energy Ean versus electric field is plotted in Figs. 

3.7(f)−(j). 

 



33 

 

 

(a) 

(b) 

0.00

0.25

0.50

0.75

1.00

-0.2 0.6 1.4 2.2 3

M
p

er
p
/M

s

0.00

0.25

0.50

0.75

1.00

-0.2 0.6 1.4 2.2 3

M
p

e
rp

/M
s

0.00

0.25

0.50

0.75

1.00

-0.2 0.6 1.4 2.2 3

M
p

er
p
/M

s

(c) 

(d) 

(e) 

0.00

0.25

0.50

0.75

1.00

-0.2 0.6 1.4 2.2 3

M
p

er
p
/M

s

(f) 

(g) 

(h) 

(i) 

(j) 

Perpendicular magnetic field ( kOe )

0.00

0.25

0.50

0.75

1.00

-0.2 0.6 1.4 2.2 3

M
p

er
p
/M

s

-200

-180

-160

-0.4 -0.2 0 0.2 0.4

E
p

e
rp

( 
k
J/

m
3

)

-200

-180

-160

-0.4 -0.2 0 0.2 0.4
E

p
e
rp

( 
k
J/

m
3

)

-170

-155

-140

-0.4 -0.2 0 0.2 0.4

E
p

e
rp

( 
k
J/

m
3

)

-80

-65

-50

-0.4 -0.2 0 0.2 0.4

E
p

er
p

( 
k
J/

m
3

)

-15

-13

-11

-0.3 -0.15 0 0.15 0.3

E
p

e
rp

( 
k
J/

m
3

)

Electric field ( V/m )

unanneal

d 

200 
°
C 

250 
°
C 

300 
°
C 

350 
°
C 

unanneal

ed 

200 
°
C 

250 
°
C 

300 
°
C 

350 
°
C 



34 

 

3.3 Result and discussion 

 

Figure 3.7. Post-annealing temperature dependence (without annealed sample is shown at 27 °C 

(RT) on annealing temperature axis) (a) Red rectangle with error bar shows average TMR ratio of 

some selected MTJ devices with these devices’ standard-deviation in-plane magnetic field (b) Red 

and black square with error bar shows the average resistance with their standard deviation of same 

selected MTJ devices as shown in Fig. 3.8(a) before and after the annealing, respectively, (c) 

Anisotropy energy (one device selected from each annealing temperature devices near averaged 

TMR region in all selected devices in Figs. 3.8(a) & 3.8(b)) in perpendicular magnetic field and 

(d) the VCMA with standard deviation, of same device selected in Fig. 3.8(c), has been 

characterized by bias-voltage dependence in a perpendicular magnetic field from lower bias 

voltage. Red rectangle shows it with error bar, and black downside arrow shows an annealing 

temperature at which VCMA has not been evaluated. 

The TMR ratio increases with annealing temperatures until around 300 °C because of an 

increase in crystallinity in the ferromagnetic CoFeB layer of MTJ as shown in Fig. 3.8(a). The 

(a) 

(c) 

(b) 

(d) 
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resistance of MTJ is almost similar after annealing at 200 °C and 250 °C as shown in Fig. 3.8(b). 

However, The TMR ratio and the post-annealing resistance decrease sharply after 300 °C’s 

annealing as shown in Fig. 3.8(a) and Fig. 3.8(b), respectively. These are because of leakage either 

at junction boundary or in MgO barrier. The RA value of MTJ samples was around 15 kΩµm2 

before annealing the samples. Perpendicular magnetic anisotropy energy of MTJ samples was 

estimated in Fig. 3.8(c). The VCMA was evaluated from a lower bias voltage of −0.1 V to +0.1 V 

as shown in Fig. 3.8(d). The ferromagnetic layer is amorphous in unannealed MTJ. In the 

unannealed MTJ, the magnetization of the amorphous ferromagnetic layer is changing abruptly 

under a perpendicular magnetic field. In the 350 °C annealed sample, there is leakage either at 

junction boundary or in MgO barrier. Because of these reasons, quantitative evaluation of VCMA 

of both samples is not possible. Between 200 °C to 300 °C annealing, this work shows that 

maximum VCMA and maximum TMR ratio of Ta/CoFeB/MgO/CoFeB/Ta /Ru MTJ are achieved 

with 300 °C annealing. 

 

3.4 Conclusion 

The voltage-controlled magnetic anisotropy and the tunnel magnetoresistance in magnetic 

tunnel junctions with different annealing temperature have been investigated. We found that TMR 

and VCMA are increasing with increasing post-annealing temperature between 200 °C to 300 °C. 

The resistance of the MTJ layer is decreasing with increasing post-annealing temperature. The 

maximum VCMA and TMR of Ta/ CoFeB/ MgO sample are achieved 28 fJ/Vm and 62%, 

respectively with 300 °C annealed sample. Therefore, this work indicates that 300 °C annealing is 

a good candidate for better TMR and VCMA in Ta/CoFeB/MgO system between 200 °C to 300 

°C annealing.  
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4 Spin waves dynamics 

4.1 Magnetostatic surface spin wave  

The spin waves are propagating disturbance in a group of spins of magnetic materials. These 

collective excitations occur in magnetic lattices with continuous symmetry. It is called magneto-

static surface spin wave (MSSW). The MSSW can be excited by applying a fluctuating magnetic 

field in the film plane, and it propagates to the normal direction of in-plane magnetic field direction. 

The fluctuating magnetic field generates precession in each spin. Each spin in MSSW has a particular 

phase difference. The spin wave propagates at a particular wavelength. The spin wave carries the 

different magnetic properties. The magnetic anisotropy in the x-direction can be measured under the  

 

 

(a) 

(b) 

(c) 
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in-plane plane magnetized magnetic film. Chirality is another merit of a spin wave. In the above 

Fig 4.1(b)-(e), the projection of spins of Fig. 4.1(a) are depicted. Fig. 4.1(b)-(c) show the S1 × S2 

direction downward under +ve(-ve) magnetic field and wave propagation in +x(-x) direction and 

Fig. 4.1(e)-(f) show the S1 × S2 direction upward under +ve(-ve) magnetic field and wave 

propagation in +x(-x) direction. These interactions imply that the chirality of the MSSWs depends 

on magnetic direction and spin wave propagation direction. MSSW equation can investigate the 

chirality dependent magnetic property S1 × S2, DMI. MSSW equation can be walker-equation. 

4.2 Walker equation 

The Walker-equation derives the magneto-static surface spin wave, is derived from Landau 

Lifshitz equation and Maxwell equation.  

The schematic of the ferromagnetic material (FM) slab is shown in Fig. 4.2. Here, static 

magnetization Mo and the external magnetic field Ho are applied in the z-direction. The k̂  is a unit 

vector in z-direction The spin wave with wave number k is propagating The spin wave propagating 

 

Figure 4.1.Schematic diagram of spin wave propagation and chirality relation  

(a) The MSSW propagation in ferromagnetic material 

(b) –(e) The projection of each spin-dynamics in x-z plane. The magnetic field direction H, 

propagation vector  r12 and S1 × S2 are shown for each configuration. 

 

(d) 

(e) 
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vector kp is defined as )cos,(sin),( pp  kkkk zx , where   is the angle between magnetization 

and kp.  The FM slab thickness tFe, with surface y = ±tFe/2. 

 

In the magneto-static surface wave region, the wavelength of MSSW is very large compared to the 

lattice spacing, and a continuum approximation for the FM would be valid. Here, the effective 

magnetic field is an only the external magnetic field.  

So Landau Lifshitz equation (from supplementary eqn (11)) 

HMM
dt

d1
0





μ ----------(4.1) 

A static magnetic field is applied in the z-direction with an electromagnetic part at frequency ω at 

FM slab. 

)exp()(ˆM S tirmkM 


---------(4.2) 

)exp()(ˆH ext tirhkH 


---------(4.3) 

 

Figure 4.2. The geometry in FM slab for estimating of MSSW. 

k 
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The fluctuating magnetic field h causes the fluctuating magnetization m with frequency ω. Here, we 

use that the effective magnetic field is only Zeeman field. From eqn (4.2), eqn (4.3) into and eqn 

(4.1). 

 ))exp()(ˆ())exp()(ˆ())exp()(ˆ(
dt

d1
extS0S tirhkHtirmkMμtirmkM 




------(4.4) 

Neglecting the small terms and making the usual linear approximation of eqn (4.4), the result is 

)]()([ˆ)( extS0 rmHrhMkμrmi


 --------(4.5) 

This eqn (4.5) can be expressed as a susceptibility relation involving the x and y component of the 

fluctuation magnetization field and magnetic fields, hm
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where, 
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where, som Mμ  and ext0 Hμo  

From Maxwell’s equation, )(rh


 is satisfying  

0)(  rh


------(4.7) 

This eqn (4.7) will satisfy  

ψrh )(


-----(4.8) 

where, ψ is called scalar magneto-static potential. 

From another part of Maxwell’s equation, )(rm


 and )(rh


 are satisfying  

0)]()([  rmrh


------(4.9) 

From eqn (4.8) and eqn (4.9), 
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It is called Walker equation inside the FM sab. This equation is simply 02  ψ outside the FM 

slab. 
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4.3 Dispersion relation of spin wave 

 

In this subsection, MSSW is derived in the region 1,3 and region 2 as shown in Fig. 4.3. The wave 

number is the same for x and y-direction in region 1,3, and it is different for region 2. We assumed 

the wave number (kp) k1(k2) in region 1,3 and kx (ky) in region 2 for x (y) direction. Then from 

Walker equation and boundary condition, 

))((i
3,1

21e ykxkv
aψψ   (in the region 1,3) ------(4.11) 

))((i

2
xe

ykxkv

b
yψψ


  (in the region 2) ------(4.12) 

where aψ ( bψ ) is the scalar potential in the region 1,3 (2) and v represents propagation direction 

in +x(-x) direction v =+1(-1). In the case of Fe FM, there are different anisotropy such as 

crystalline, shape and interfacial anisotropy. However, for the simple case, we are neglecting it, 

and we are assuming the ferromagnetic material as isotropic material. Therefore, kx =ky in eqn 

(4.12), 

then from Walker equation, eqn (4.10) in region 2  

  0)(1
22
 yx kk ------(4.13) 

 

Figure 4.3. Side view of FM slab. Magnetization is saturated in the z-direction, and the wave is 

propagating in the y-direction. 
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From the above equation, there are two solutions. First,   01  , this happened only a specific 

frequency extHμo . Second, 0)(
22
 yx kk , this happens only when the wave propagates only 

at the surface in the y-direction.
22

yx kk  . The yk  is having imaginary value. Therefore it 

attenuates in the x-direction. So we can write MSSW wave as xivkykyk xxxψ e)be(ae2
 ------(4.14) 

Then, we apply the boundary conditions at y = ±tFe/2, for the scalar potential. 
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------(4.16) 

where, k1=kx is needed for y direction-boundary condition. The magnetic flux density for the x-axis 

must be continuous. The magnetic flux density for the x-axis is given as follows, 

1)1( ψb yy  --------(4.17) 

ψψib yxy  )1()2( --------(4.18) 

Then the needed conditions for the magnetic flux density is obtained from eqn (4.15), (4.16), (4.17) 

and (4.18) as follows, 
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To obtain a trivial solution from these 4 boundary conditions, the determinant of following matrix must 

be zero as following, 
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Then, by using above eq., following basic dispersion relation of MSSW is obtained, 
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By using eqn (4.21), the scalar potential for each region eqn (4.10) and (4.11) can be obtained as 

follows, 

yivkxktk vpaψ Fe 111 e))((e1
 ------(4.23) 
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 ------(4.25) 

Where )(vp  satisfies the following relation, 
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The dispersion relation of the MSSW becomes a different formula for the single crystalline FM because 

of anisotropies. When the ferromagnetic material has cubic and uniaxial anisotropy, its expanded 

dispersion relation is derived. Here, I consider the ultra-thin single crystalline FM. Therefore, 

crystalline anisotropy (Hcry), interfacial anisotropy (Hint) and shape anisotropy (Ms) should be 

considered.  

The anisotropy energy of FM slab is defined as, 
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Each spin of FM feels this anisotropy energy during precession. Therefore, the effective magnetic field 

is estimated from eqn (4.3) and (4.27) as, 

titi

ocry

cry

o ehem
HMH

H
kHH  






















int

0
effective

2
ˆ ------(4.28) 

As we know that hm
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The susceptibility of FM slab is defined from eqn (4.29), 
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Where  cryext( HHμox   and  intcrySext HHMHμoy  .-----(4.31) 

Then the resonant frequency f of FM slab is defined as 
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This equation from eqn (4.32), can be written  
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4.4 The voltage-induced frequency shifts of MSSW 

As we know, the interfacial magnetic property of FM changes under the perpendicular field is 

called a voltage effect. When a voltage is applied across the FM/MgO system, it modifies the 

interfacial anisotropy energy and interfacial DMI. Therefore, the resonant frequency is being 

shifted by applying voltage. In this subsection, for the case of a V|FM|MgO system, a mechanism 

of frequency shifts induced by voltage is shown.  

An FM thin film is sandwiched by MgO and V (Buffer layer). We assume that the surface 

anisotropy appears only at the FM/MgO interface. Therefore, the averaged interface anisotropy 

energy exerted on the MSSW propagating toward the ± x-direction can be approximated by 
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where,

intH is the averaged interfacial anisotropy field for the MSSW propagating toward the ± x-

direction, Ku is the interfacial magnetic anisotropy energy and κy is the attenuation coefficient of the 
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MSSW. The voltage-induced interfacial anisotropy field change as 

intδH is estimated from eqn (4.34), 

as. 
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(a) – Without the interfacial DMI change 

The frequency shift because of this anisotropy is estimated as, 
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This frequency shift includes the contribution of interfacial anisotropy changes to the voltage-

induced chirality-dependent frequency shift. Here, we neglect the term depending on the interfacial 

DMI change and we divide this frequency shift into two components; one is the propagation 

direction independent shift δfsym, and the other is propagation-direction-dependent shift δfasym: 
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


 ------(4.38) 

Here, I designed a spin wave spectroscopy structure. The ultrathin FM is deposited on Fe. I applied 

rf wave. Both antennas are used as trans-receiver. They excite and detect spin wave in FM sab  
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From eqn (4.37), eqn (4.38) and designed parameter of our device in Fig. 4.4 

( yk =1.2/μm and Fet =20 nm) 

2

Fetk

δf

δf y

sym

asym
 =1.2% ------(4.39) 

Since, the asymmetric part is very small. Therefore, we can neglect the asymmetric term  

The symmetrical part of the frequency shift is described as 






 


dc

1221

2V

δfδf
δf sym from my device 

design shown in Fig. 4.4. The f21 and f12 indicate resonant frequency from trans receiver 1 and 2 in 

my special fabricated device structure shown in Fig. 4.4. The symmetry terms (δf12+δf21)/2Vdc are 

correlated to voltage controlled magnetic anisotropy (VCMA) because of 1 volt, and EMgO is the 

perpendicular electric field because of 1 volt.  

From eqn (4.37) and symmetric part of frequency shift, the anisotropy energy change uδK  is 

described as  

Figure 4.4. Schematic of the device structure and measurement setup. The black arrow shows 

the Fe [100] direction. The yellow color shows the antenna and gated contact pad. The black 

color shows the ground-signal-ground (GSG) probes. A dc voltage (Vdc) is applied to the sample. 

Port 1 Port 2

Magnetic field 
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SampleVdc

Vector network 
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−
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u

Substrate
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From eqn (4.40), the voltage controlled anisotropy energy change (VCMA= uδK /EMgO) is 

described as  
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(b)  With the interfacial DMI change 

Now, the resonant frequency f from eqn (4.32), of FM slab by including DMI energy contribution is 

defined as 
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where, D is the absolute value of D vector. The DMI parameter D depends on the spin-wave 

propagation direction. This DMI term can induce the propagation-direction dependent frequency shift, 

therefore by measuring propagation-direction dependent frequency shift in thin film, the interfacial 

DMI can be observed.  Here, asymmetry part (δf12−δf21)/2Vdc is correlated to the voltage controlled 

magnetic anisotropy (VCMA) and voltage control interfacial Dzyaloshinskii–Moriya Interaction 

However, asymmetry part because of voltage is quite negligible as shown in eqn (4.39). It means 

that asymmetry part (δf12−δf21)/2Vdc is correlated to voltage control interfacial Dzyaloshinskii–

Moriya Interaction. Mathematically, from eqn (4.42) and asymmetric part of frequency shift, the 

voltage controlled interfacial Dzyaloshinskii–Moriya interaction is described as  

VCDMI= 




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δfδf S

dc
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22
------(4.43) 

In the spin wave spectroscopy, as shown in Fig.4.4, we can find the resonance frequency by 

measuring the scattering parameter (S). Mathematically, resonance frequency f is described as eqn 
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(4.32). From eqn (4.32) and measured resonant frequency, we can extract crystalline anisotropy 

(Hcry) and interfacial anisotropy (Hint) of FM.  

By estimating the symmetrical and asymmetrical part of MSSW frequency shift from measured 

data, VCMA and VCDMI are being calculated from eqn (4.41) and eqn (4.43), respectively. 
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5 Voltage-Controlled Magnetic Anisotropy at Fe1−xCox/Pd/MgO 

Interfaces 

5.1 Introduction 

The control of magnetism using voltage is attracting great attention in the field of spintronics. 

It has significant effects in ultrathin ferromagnetic films due to its unique physics and has 

enormous potential for application in high-density low-power-consumption memory. 

Experimental and theoretical studies of the topic exist in the literature, including work involving 

voltage-controlled magnetic anisotropy (VCMA) [28,29,61,62,63], the Curie temperature [64,65] 

exchange bias [66], the Dzyaloshinskii–Moriya interaction [67] and the exchange interaction [68-

70]. Especially, high-frequency magnetization switching has contributed to a new class of VCMA-

driven memory devices [37,71,72,73]. 

The VCMA effect is induced by an accumulation of charge at the interface of ferromagnetic 

materials due to an applied electric field. The accumulated charge screens the electric field in the 

region within a few monatomic layers of the interface. Therefore, the interface of ferromagnetic 

materials is very important for VCMA. The microscopic origin of the VCMA effect at the interface 

of ferromagnetic materials can be understood as follows. In the case of 3d-ferromagnetic materials 

such as Co, it has been experimentally reported that electric-field-induced changes of the orbital 

magnetic moment predominantly contribute to the VCMA effect [31]. Moreover, in the case of 

5d-materials with proximity-induced spin polarization, such as Pt, the magnetic dipole Tz term was 

reported to be significant in determining the VCMA effect [32]. This term corresponds to the 

electric quadrupole present in atoms. This study indicates that the occupancy of the interfacial d-

band in a ferromagnetic material is correlated to the VCMA effect. However, to the best of our 

knowledge, the dependency of VCMA and interfacial anisotropy energy on the occupancy of d-

band electron orbitals of ferromagnetic material has not been studied.  

In this study, we demonstrated VCMA and an interfacial anisotropy field at the 

Fe1−xCox/Pd/MgO system. The occupancy of the d-band electron in the Fe1−xCox alloy can be 

controlled as a function of the Co fraction x. Because the use of Pd at the Fe(Co) interface increases 

VCMA[74-77], 0.2-nm-Pd (corresponding to one monatomic layer of Pd) was inserted at the 

Fe1−xCox/MgO interface.  
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In the first part of this letter, we characterize the crystal and layered structure of V/Fe/Fe1-

xCox/Pd/MgO by using reflection high-energy electron diffraction (RHEED) and high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), and determine 

the position of the Co and Pd layers by using energy-dispersive X-ray spectroscopy (EDS). In the 

second part, we investigated the fourfold crystal anisotropy field, the interfacial anisotropy field, 

and VCMA at the Fe1−xCox/Pd/MgO system. 

 

 

5.2 Experiment 

5.2.1 Epitaxial deposition 

Epitaxial multilayers of MgO (5 nm)/V (20 nm)/Fe (20 nm)/Fe1−xCox (0.3 nm)/Pd (0.2 nm)/MgO 

(5 nm) were deposited on a fcc-MgO(001) substrate using electron beam deposition under 

ultrahigh vacuum. An ultrathin Fe1−xCox layer was prepared by alternately depositing Fe and Co 

at room temperature onto the bcc-Fe (001) layer that was annealed at 250°C and cooled down to 

the room temperature in advance, as shown in Fig. 5.1 (a). The surface crystal structure of Fe1−xCox 

was characterized in situ by RHEED and shown in Fig. 5.1 (b). Similar patterns were obtained for 

all three regions (i.e., x = 0, 0.5, 1). It indicated that the crystal structure was independent of the 

Co fraction (x). A 0.2-nm-Pd layer and 5-nm-MgO were then deposited on the Fe1−xCox layer at 

room temperature without annealing. Subsequently, 50-nm-SiO2 was added as an additional 

insulating layer by sputtering at room temperature.  

 (a) 

V (20 nm)

MgO substrate

MgO (5 nm)

Fe (20 nm)

MgO (5 nm)

SiO2 (50 nm)

Pd (0.2 nm)

Fe (0.16 nm → 0)

Co (0 → 0.15 nm)

Fe (0.16 nm → 0)

Co (0 → 0.15 nm)

(b) 
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The HAADF-STEM image of the 

specimens taken from the x = 0 

(Fe/Pd(0.2 nm)/MgO) region, Fig. 

5.2(a), and that taken from the x = 1 

(Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) 

region, Fig. 5.2(b), show layer 

stacking images with atomic 

resolution. The x=0 region shows 

rather a rough interface with the MgO 

layer. Roughness is not only caused 

by surface atomic steps but also 

significant lattice distortion as it can 

be seen from the atomic-resolution 

HAADF image. In contrast, x=1 

region shows a flatter interface. In 

addition, Pd atomic columns are observable as brighter spots at the interface with MgO. The 

HAADF-STEM image (b) shows that the Pd layer possess a BCT structure (a=b=2.86 Ă, c=3.06 

Ă). This BCT-Pd layer accommodates fully lattice coherency with neighboring FCC-MgO and 

Figure 5.1. (a) Schematic of the film structure. (b) The RHEED patterns of the Fe1−xCox surface 

with x = 0, 0.5, 1. Electron beam//MgO [100]//Fe [110]. No change in lattice spacing suggests 

bcc-lattice formation in all area. 

 

 

Figure 5.2 Wide area STEM image. (a) Area 

without Co content. (x=0). Rough interface with 

MgO is observed. (b) Pure Co area (x=1). Smoother 

interface with MgO is made. At interface, Pd atoms 

are observable as brighter spots. 
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BCC-Co/Fe layers, the orientation relationship is described as: (110)[001]BCC-Co/Fe // 

(110)[001]BCT-Pd // (001)[010]FCC-MgO. 

In Fig. 5.3(a, b), EDS images for x=0 and x=1 regions are shown. Diffusion of Pd into Fe layer is 

observed for x=0 region (Fig. 5.3(a)). From the line profile in Fig. 5.4(a), the diffusion length of 

Pd is estimated to be about 2 nm. Diffusion of Pd with different atomic diameter can distort the 

crystal lattice and rough interface.  

The EDS image for the x = 1 region, Fig. 5.3 (b), shows that Pd is situated in between MgO and 

Co layers. Because of film roughness and the limited resolution of EDS, we cannot estimate the 

degree of mixing between the Pd and Co layers simply. The EDS line profile shows a 1.2 nm and 

0.7 nm line width for the Co and Pd layers, respectively (Fig. 5.4(b)). These line width should be 

larger than the actual film thickness because of limited resolution and film roughness (0.3−0.4 

 

 

Figure 5.3. EDS images (a) For x=0 region. Diffusion of Pd into the Fe 

layer is observable. (b) For x=1 region. Pd layer is well separated Co layer. 

EDS line profile for x=0 region 
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nm). However, the peak positions in the concentration profiles indicate the position of the film 

center correctly. A distance of about 0.19 nm separates the highest peaks of the Co and Pd 

distribution signals. It indicates that the distance between the center positions of the Co and Pd 

layers is slightly smaller than the designed distance (0.24 nm). Since high-resolution HAADF-

STEM images show distinct Pd atomic columns at the interface, this small deviation can be 

originated in the surface roughness caused by atomic steps and small physical mixing at the 

interface.  

 

 

5.2.2 Fabrication 

The film was patterned into 100 × 400 µm2 rectangles as shown in Fig. 5.10. The longer edge of 

the rectangle is parallel to both Fe [100] and MgO [110] directions. Micro-sized antennas and an 

intermediate gate were fabricated with Cr (5 nm)/Au (200 nm) by a conventional microfabrication 

technique using electron beam lithography and lift-off on the rectangular pattern. The antennas 

(short-circuited coplanar waveguides) were designed parallel to the shorter edge of the rectangular 

pattern. The signal line, ground line, and gap are 1, 2, and 1 µm thick, respectively. Both antennas 

are separated by 10 µm and a 2-µm-wide gate electrode is positioned between them. The antenna 

excites and detects spin-waves with a wavenumber of 1.2 µm-1. A contact pad is fabricated by 

etching the rectangular pattern down to the Fe layer. The fabrication of device has been done in 

following steps. (A) Registration (B) Wire (C) Edge (D) Hole (D) Antenna I and II  

Figure 5.4. EDS line profile (a) x=0 region (b) x=1  
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(A)  Registration 

After sample deposition, cleaning of the 

sample was done in acetone followed by IPA 

in sonicator at mild vibration. After that, ZEP 

resist and Espacer coating were coated. 

Electron beam lithography was done for and 

the sample was developed to resist developer 

after that Cr/Au was deposited in an electron 

beam evaporator as mentioned in table 5.1. 

This step is for alignment to the next 

lithography steps. 

  

 

 

  

 

 

Figure 5.5. Schematic of registration 

layer (This is for alignment purpose). 
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Sample cleaning  

Chemical Time (sec) 

Acetone 60 

IPA 60 

Registration  

ZEP resist 

Cycle Speed (rpm) Time(sec) 

Main Cycle 4000 90 

Preheat_1 Temperature=180 °C 180 

Espacer coating 

Cycle Speed (rpm) Time(sec) 

Main Cycle 2000 120 

EB lithography  Current=1 nA, 1.6 µs/dot  

Developer 

lithography 
 Developer 

DI water 90  

ZED-N50 90 

(CH3)2CHCH2C)CH3 30 

Deposition Cr/Au 5nm/50nm, Lift off  

 

Table 5.1 Fabrication steps of registration layer (allignment) 
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(B)  Wire 

After the registration step, cleaning of the 

sample was done in acetone followed by 

IPA in sonicator at mild vibration. After 

that, TGMR resists and Espacer coating 

are coated. The film was patterned into 

100 × 400 µm2 rectangles. The longer 

edge of the rectangle is parallel to both Fe 

[100] and MgO [110] directions as shown 

in Fig. 5.6. Electron beam lithography was 

done for, and the sample was developed to 

resist developer after that SiO2 was 

sputtered as isolation as mentioned in table 5.2.  

 

 

Sample cleaning  

Chemical Time (sec) 

Acetone 60 

IPA 60 

  

TGMR coating 

Cycle Speed (rpm) Time(sec) 

Main Cycle 4000 90 

Preheat_1 Temperature=130 °C 90 

Espacer coating 

Cycle Speed (rpm) Time(sec) 

Main Cycle 2000 120 

EB lithography  Current=300 pA, 0.4 µs/dot  

0

F
e 

[1
0

0
]

Figure 5.6. Schematic of rectangle pattern. 
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Developer 

lithography 
Developer 

DI water 90  

Baking 120 °C 90 

NMD3  80 

DI  30 

Dry etching Ar-ion milling 
Base pressure:  

2×10-4 − 7×10-4 Pa 

 

Argon flow rate=8 sccm 

 

Isolation SiO2 deposition 

Argon flow rate=20 sccm, 

Process pressure=0.2 Pa 

Thickness= 20 nm 

Lift off   1min sonication × 10-15 time under microscopic observation 

SiO2 sputtering SiO2 deposition 

Base pressure:  

2×10-4 − 7×10-4 Pa 

 

Argon flow rate=20 sccm, 

 Process pressure=0.2 Pa 

Thickness= 45 nm 

 

Table 5.2 Fabrication steps of rectangle pattern 
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(C) Edge 

After pattering the sample, cleaning of the 

sample was done in acetone followed by 

IPA in sonicator at mild vibration. After 

that, ZEP resist, and Espacer were coated, 

and Electron beam lithography was done, 

and the sample was developed in resist 

developer, the edge of the rectangle was 

covered by Cr/Au as shown in Fig. 5.7 

and mentioned in table 5.3.  

 

 

Sample cleaning  

Chemical Time (sec) 

Acetone 60 

IPA 60 

Registration  

ZEP resist 

Cycle Speed (rpm) Time(sec) 

Main Cycle 4000 90 

Preheat_1 Temperature=180 °C 180 

Espacer coating 

Cycle Speed (rpm) Time(sec) 

Main Cycle 2000 120 

EB lithography  Current=1 nA, 1.6 µs/dot  

Developer 

lithography 
 Developer 

DI water 90  

ZED-N50 90 

 

Figure 5.7. Schematic of edge covering.  
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(CH3)2CHCH2C)CH3 30 

Deposition Cr/Au Cr-5nm, Au-200 nm 

Lift off  ZD-Mac, 100 Hz sonication, 60 sec 

 

 

(C) Hole 

After edge steps, cleaning of the sample has been done in acetone and IPA in sonicator at mild 

vibration, respectively. After that, ZEP resist and Espacer were coated, and Electron beam 

lithography was done for and the sample was developed to resist developer shown in Fig. 5.8(a), 

contact on the patterned rectangle was etched as shown in Fig. 5.8(b) and mentioned in table 5.4.  

 

Figure 5.8. Schematic of contacting hole. 

 

 

 

  

(a) (b) 

V (20 nm)

MgO substrate

MgO (5 nm)

Fe (20 nm)

MgO (5 nm)

SiO2

SiO2
SiO2

SiO2

Ar+ ion milling

Table 5.3 Fabrication steps of Wire layer 
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Sample cleaning  

Chemical Time (sec) 

Acetone 60 

IPA 60 

Registration  

ZEP resist 

Cycle Speed (rpm) Time(sec) 

Main Cycle 4000 90 

Preheat_1 Temperature=180 °C 180 

Espacer coating 

Cycle Speed (rpm) Time(sec) 

Main Cycle 2000 120 

EB lithography  Current=1 nA, 1.6 µs/dot  

Developer 

lithography 
 Developer 

DI water 90  

ZED-N50 90 

(CH3)2CHCH2C)CH3 30 

Dry etching Ar-ion milling 

Base pressure:  

2×10-4 − 7×10-4 Pa 

 

Argon flow rate=8 sccm 

 

Lift off   ZD-MAC, 100 Hz, 1min 

 

 

 

  

Table 5.4 Fabrication steps of contacting Hole. 
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(D) Antenna I and II 

After edge steps, cleaning of the sample has been done in acetone and IPA in sonicator at mild 

vibration, respectively. After that, ZEP resist and Espacer were coated and electron beam 

lithography was done and the sample was developed to resist developer. The Cr (5 nm)/Au (200 

nm) was deposited and lift off as shown in Fig. 5.9(a) and contact pad are shown in Fig. 5.9(b) 

and mentioned in table 5.5. 

 

Figure 5.9. Schematic of antenna design. 

 

Sample cleaning  

Chemical Time (sec) 

Acetone 60 

IPA 60 

Registration  

ZEP resist 

Cycle Speed (rpm) Time(sec) 

Main Cycle 4000 90 

Preheat_1 Temperature=180 °C 180 
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Espacer coating 

Cycle Speed (rpm) Time(sec) 

Main Cycle 2000 120 

EB lithography  Current=1 nA, 1.6 µs/dot  

Developer 

lithography 
 Developer 

DI water 90  

ZED-N50 90 

(CH3)2CHCH2C)CH3 30 

Deposition Cr/Au Cr-5nm, Au-200 nm 

Lift off  ZD-Mac, 100 Hz sonication, 60 sec 

 

 

5.2.3 Measurement 

 

 

Port 1 Port 2

Magnetic field 

Antenna 

SampleVdc

Vector network 

analyzer 

+
−

Fe [100]

100 µm 

1 µm

1 µm

2 µm

1 µm

1 µm

C
r/A

u

Substrate

Table 5.5 Fabrication steps of Wire layer 
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Figure 5.10. Schematic of the device structure and measurement setup. The black arrow shows 

the Fe [100] direction. The yellow color shows the antenna and gated contact pad. The black 

color shows the ground-signal-ground (GSG) probes. A dc voltage (Vdc) is applied to the sample. 

 

 

The device was fabricated into 100 × 400 µm2 rectangles. A dc bias voltage (Vdc) is applied 

between the contact pad and the intermediate gate. The bias-tee was inserted between a vector 

network analyzer (VNA) and the antenna. Figure 5.10 shows a schematic of the spin-wave device 

and measurement setup. We 

applied a static magnetic field in 

the in-plane direction (Hext). 

Magnetostatic surface spin-

waves (MSSWs) were excited by 

applying a radio frequency (rf) 

signal of −15 dBm (32 µW). 

MSSW is localized along the 

thickness of the ferromagnetic 

material when the ferromagnetic 

layer thickness is quite thick. In 

our case, spin-wave penetration 

depth (λ α1/k, k=1.2 µm-1) is 

around a few micrometers and is 

much larger than that of 

ferromagnetic layer thickness tFe 

of ~20 nm. The MSSW flows 

throughout the ferromagnetic 

layer (20-nm-Fe & 0.30-nm-

FeCo) as shown in Fig. 5.11. The 

scattering (S) is the collective 

response of FM, was measured 

by the VNA. The resonant 

Figure 5.11 Schematic of “MSSW intensity versus FM 

thickness (z axis)” is shown.  
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frequency of the MSSW was extracted from the 11
'S  )]Oe 2700()([ 1111

'
11 SHSS ext   signals (Fig. 

6.12(a)). The 11
'S signal for the x = 1 (Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) layer as measured by the 

VNA is shown in the inset of Fig. 5.12(a). The )Oe 2700(11S  signal is considered a background 

signal. Similarly, 11
'S signals were measured in Fe1−xCox/Pd for various x values.  

 

 

Figure 5.12. The typical resonant frequencies of MSSW of Fe/Fe1−xCox/Pd/MgO with x = 1 

(Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) under an in-plane magnetic field (Hext). 

The following eqn (5.1) describes the resonant frequency. The black dot and red line show the 

experimental and fitting data using eqn (5.1), respectively. Similarly, 11
'S signals were measured in 

Fe1−xCox/Pd for various x values.  

 

5.3 Result and discussion 

The following equation describes the resonant frequency. (From eqn (4.33)) 
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   (5.1) 

where γ/2π (−2.94 ×1010 T-1 s-1) is the gyromagnetic ratio, µ0Ms (2.16 T) (The MSSW flows 

throughout the ferromagnetic layer (20-nm-Fe & 0.30-nm-FeCo) as shown in Fig. 5.11. We 

employ ultrathin FeCo layer on 20 nm 

Fe. Because Co thickness is at most 

1.5% in the ferromagnetic slab, we 

can use Ms value of Fe) is the 

saturation magnetization, k (1.2 µm-1) 

is the wavenumber (estimated from 

antenna design), and tFe (20 nm) is the 

thickness of the bulk Fe layer. Here, 

Hint represents the interfacial 

magnetic anisotropy field and Hcry is 

the fourfold crystal anisotropy field of 

Fe/Fe1−xCox/Pd. The values of Hcry 

and Hint are estimated by a least mean-

square-error method, as shown in Fig. 

5.13. The value of Hcry is 685 ±12 Oe, which is similar to the fourfold anisotropy field of bulk Fe, 

and the interfacial anisotropy field Hint is almost the same throughout the sample. It means that the 

interfacial anisotropy energy of the system is almost unchanged with the Co fraction x at the 

Fe/Fe1−xCox/Pd/MgO interface. The dc bias voltage (Vdc) shifts Re[S21 (0 V)] (shown in Fig. 

5.14(a)) by ΔRe[S21] = Re[S21(Vdc)] – Re[S21(0 V)]. It can be easily fitted as 

dfSdδfS )]V0(Re[]Re[ 212121  . The 21δf  represents the voltage-induced MSSW frequency shift, 

and it can be achieved by a least mean-square-error method. The experimental and fitted 

)]V4(Re[ 21S in x = 1 (Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) are shown in Fig. 5.14(b) inset. Similarly, 

we have estimated 12δf from the ]Re[ 12S signal. The 12δf and 21δf versus bias voltage are shown in 

Fig. 5.14(b) in the x = 1 (Co/Pd/MgO) region. The slope of the linear fitting in Fig. 5.1(b) 

represents the voltage-induced MSSW frequency shifts per volt δf12/Vdc and δf21/Vdc in the x = 1 

(Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) region. Similarly, δf12/Vdc and δf21/Vdc  are determined in the 
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Fe1-xCox/Pd/MgO alloy. The symmetry terms (δf12+δf21)/2Vdc are correlated to VCMA shown in 

eqn (5.2). 

 

Mathematically, these are expressed by the following equation. (From eqn (4.41)) 
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where, EMgO represents the perpendicular electric field through the 5-nm-MgO. We modeled the 

sample as two parallel-plate capacitors a 50-nm-SiO2 (ε= 3.9) and a 5-nm-MgO (ɛ = 9.6). 

 

Figure 5.14. (a) Typical propagating spin wave signal. This is the real part of the MSSW signal 

without any bias voltage. (b) The voltage-induced resonant frequency shift of the propagating 

spin-waves(𝛿𝑓). The black (red) dots show the frequency change of Re[S21] (Re[S12]). The black 

(red) lines are fitting lines for the frequency shifts (δf12, δf21). The inset shows experimental 

(blue) and fitting data (red). The x axis of inset is indicating as frequency axis from 14.5 GHz to 

16.5 GHz. The error bar indicates the standard deviation in the frequency shift obtained from 

the root mean-square-error. All the data in this figure correspond to the sample of 

Fe1−xCox/Pd/MgO with x = 1, i.e., Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO. 
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We observed the directional 

symmetry in the MSSW frequency 

shift δf. The MSSW frequency shift 

δf is because of VCMA. The δf12 and 

δf21 terms are shown in Fig. 5.14(b). 

They show a linear dependency on 

the voltage. The effect shows neither 

hysteresis nor aging effect. This 

means because the behavior is not 

due to magneto-ionic 

control[30,77,78]. The VCMA at 

Fe1−xCox/Pd/MgO interface is 

estimated and shown in Fig. 5.15. It 

shows that VCMA enhances as the 

Co fraction x increases in the alloy. We achieved the VCMA around 250 fJ/Vm at Co/Pd/MgO 

interface.  

The impact of Fe and Co on the composition dependence of VCMA at the Fe1-xCox/Pd/MgO 

system was studied. VCMA increases around 300% from x=0 (Fe/Pd/MgO) region to x=1 

(Co/Pd/MgO) region, while the interfacial anisotropy energy is changing around 30%. These two 

observations suggest that the origin of VCMA and the origin of the interfacial anisotropy are not 

the same. The STEM and EDS image show that in x = 1 (Co/Pd/MgO) region, Pd atoms are situated 

between MgO and Co layer, while we are getting larger VCMA value 250 fJ/Vm. From the 

observation of this experiment, there can be two possible origins of the large VCMA. One is x 

dependence on electron occupancy in the d orbital states in Fe1-xCox and the other is the existence 

of Pd atoms at the interface for x=1. It is difficult to determine the origin of the VCMA only with 

the experimental results; first-principle calculations would be helpful to study the origin of the 

observed behavior. 

 

 

 0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

V
C

M
A

 (
fJ

/V
m

)

x (Fe1-xCox) x (Fe1-xCox) 

Figure 5.15. Voltage-controlled magnetic 

anisotropy at the Fe1-xCox/Pd/MgO system. 

 



67 

 

5.4 Conclusion 

This is the first study to demonstrate a well-defined interfacial structure which alters d-band 

electron occupancy without changing their crystal. We investigate the VCMA and Hint at fully 

epitaxially grown V/Fe/Fe1−xCox/Pd/MgO system. VCMA increases around 300% from x=0 

(Fe/Pd/MgO) region to x=1 (Co/Pd/MgO) region. However, Hint is 30% changing throughout the 

sample. Therefore, VCMA and interfacial anisotropy energy are not directly correlated. A high 

VCMA of 250 fJ/Vm is achieved in the Co/Pd/MgO region, where Pd atoms are well situated in 

between MgO and Co layer. 
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6 Voltage Control of interfacial Dzyaloshinskii–Moriya Interaction 

at Fe1−xCox/Pd/MgO system 

6.1 Introduction 

Broken inversion symmetry and spin-orbit interaction increase the interfacial Dzyaloshinskii–

Moriya Interaction. On different bias voltage, Magnetostatic surface spin wave shows different 

propagation properties in the opposite direction in V/Fe/Fe1−xCox/Pd/MgO system. 

 

6.2 Experiment 

6.2.1 Epitaxial deposition 

Epitaxial multilayers of MgO (5 nm)/V (20 nm)/Fe (20 nm)/Fe1−xCox (0.3 nm)/Pd (0.2 

nm)/MgO (5 nm) were deposited on a fcc-MgO(001) substrate using electron beam deposition 

under ultrahigh vacuum. The ultrathin Fe1−xCox layer was prepared by an alternate deposition of 

Fe one monolayer in wedge shape and one monolayer Co was in opposite wedge shape at room 

temperature onto the body-centered-cubic-(BCC)-Fe-(001) layer, which was, prior to the 

deposition, annealed at 250 °C and cooled down to room temperature. After that, similarly, we 

deposited again Fe one monolayer in a wedge shape and one monolayer Co was in opposite wedge 

shape. Schematic diagram of the deposited film is shown in Fig. 6.1(a). The surface crystal 

structure of Fe1−xCox was characterized in situ by RHEED and shown in Fig. 6.1 (b). Similar 

patterns were obtained for all three regions (i.e., x = 0, 0.5, 1). This indicated that the crystal 

structure was independent of the Co fraction (x). A 0.2-nm-Pd layer and 5-nm-MgO were then 

deposited on the Fe1−xCox layer at room temperature without annealing. Subsequently, 50-nm-SiO2 

was added as an additional insulating layer by sputtering at room temperature. We characterize the 

crystal and layered structure of V/Fe/Fe1-xCox/Pd/MgO using reflection high-energy electron 

diffraction (RHEED) and high-angle annular-dark-field scanning transmission electron 

microscopy (HAADF-STEM), and determine the position of the Co and Pd layers using energy-

dispersive X-ray spectroscopy (EDS) as shown in last chapter 5. (Fig 5.2-5.4) 
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6.2.2 Fabrication 

The film was patterned into 100 × 400 µm2 rectangles. The longer edge of the rectangle is 

parallel to both Fe [100] and MgO [110] directions. Micro-sized antennas and an intermediate gate 

were fabricated with Cr (5 nm)/Au (200 nm) by a conventional microfabrication technique using 

electron beam lithography and lift-off on the rectangular pattern. The antennas (short-circuited 

coplanar waveguides) were designed parallel to the shorter edge of the rectangular pattern. The 

signal line, ground line, and gap are 1, 2, and 1 µm thick, respectively. Both antennas are separated 

Figure 6.1. (a) Schematic of the film structure. (b) RHEED patterns of the Fe1−xCox surface for x 

= 0, 0.5, and 1; electron-beam//MgO [100]//Fe [110]; no change in lattice spacing was observed, 

which suggests a BCC-lattice formation in all regions. (shown in last chapter 5, Fig 5.1) 
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Figure 6.2 schematic of device. (shown in last chapter 5, Fig 5.10) 
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by 10 µm and a 2-µm-wide gate electrode is positioned between them. The antenna excites and 

detects spin-waves with a wavenumber of 1.2 µm-1. A contact pad is fabricated by etching the 

rectangular pattern down to the Fe layer. Fabrication steps are mentioned in last chapter 5. (Fig 

5.5-5.11) 

6.2.3 Measurement 

A dc bias voltage (Vdc) is applied 

between the contact pad and the 

intermediate gate. The bias-tee was inserted 

between a vector network analyzer (VNA) 

and the antenna. Figure 6.2 shows a 

schematic of the spin-wave device and 

measurement setup. We applied a static 

magnetic field in the in-plane direction 

(Hext). Magnetostatic surface spin-waves 

(MSSWs) were excited by applying a radio 

frequency (rf) signal of −15 dBm (32 µW). 

The VNA measured the scattering (S) 

parameter. The resonant frequency of the 

MSSW was extracted from the 11
'S  

)]Oe 2700()([ 1111
'
11 SHSS ext   signals (Fig. 6.3). 

The 11
'S signal for the x = 1 (Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) layer as measured by the VNA is 

shown in the inset of Fig. 6.3. The )Oe 2700(11S  signal is considered a background signal. Similarly, 

11
'S signals were measured in Fe1−xCox/Pd for various x values. The resonant frequency is described 

by the following equation (From eqn (4.42)) 
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where, γ/2π (−2.94 ×1010 T-1 s-1) is the gyromagnetic ratio, µ0Ms (2.16 T) is the saturation 

magnetization, k (1.2 µm-1) is the wavenumber (estimated from antenna design), and tFe (20 nm) 
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is the thickness of the bulk Fe layer. Here, Hint represents the interfacial magnetic anisotropy field 

and Hcry is the fourfold crystal anisotropy field of Fe/Fe1−xCox/Pd. The values of Hcry and Hint are 

estimated by a least mean-square-error method. The value of Hcry is 685 ±12 Oe, which is similar 

to the fourfold anisotropy field of bulk Fe, and the interfacial anisotropy field Hint is almost the 

same throughout the sample shown in last chapter 5, Fig. 5.13. This means that the interfacial 

anisotropy energy of the system is almost unchanged with the Co fraction x at the 

Fe/Fe1−xCox/Pd/MgO interface. The last term is because of interfacial Dzyaloshinskii–Moriya 

Interaction (DMI). It depends on k direction. The signal 11
'S  which includes MSSW excitation for 

k  but there is no splitting observed in the peak of 11
'S the signal’s peak as shown in Fig. 6.3(a) 

inset. Same resonant frequency is observed in )(21 kS   and )(12 kS   signal. Therefore, the D value is 

estimated that is lower than resolution 0.5 mJ/m2. 

 

6.3 Result and discussion 

Figure 6.4(a) shows the real part of the propagating spin-wave ( ]Re[ 21S ) under Hext = 400 Oe 

in x = 1 (Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO). The dc bias voltage (Vdc) shifts Re[S21 (0 V)] by 

ΔRe[S21] = Re[S21(Vdc)] – Re[S21(0 V)]. It can be easily fitted as dfSdδfS )]V0(Re[]Re[ 212121 

. The 21δf  represents the voltage-induced MSSW frequency shift and it can be achieved by a least 

mean-square-error method. The experimental and fitted )]V4(Re[ 21S in x = 1 (Fe/Co(0.3 

nm)/Pd(0.2 nm)/MgO) are shown in Fig. 6.4(b)inset. Similarly, we have estimated 12δf from the 

]Re[ 12S signal. The 12δf and 21δf versus bias voltage are shown in Fig. 5 (b) in the x = 1 (Co/Pd/MgO) 

region. The slope of the linear fitting in Fig. 6.4(b) represents the voltage-induced MSSW 

frequency shifts per volt δf12/Vdc and δf21/Vdc in the x = 1 (Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) region. 

Similarly, δf12/Vdc and δf21/Vdc  are determined in the Fe1-xCox/Pd/MgO alloy. 
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The symmetry terms (δf12+δf21)/2Vdc (site our paper) and asymmetry part (δf12−δf21)/2Vdc are 

correlated to voltage controlled magnetic anisotropy (VCMA) and voltage control interfacial 

Dzyaloshinskii–Moriya Interaction (VCDMI) (Eqn. 6.2) Mathematically, VCDMI is expressed by 

the following equation (From eqn (4.43)). 
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where EMgO represents the perpendicular electric field in the 5-nm-MgO. We modeled the sample 

as two parallel-plate capacitors a 50-nm-SiO2 (ε= 3.9) and a 5-nm-MgO (ɛ = 9.6). 

We observed the directional symmetry in the MSSW frequency shift δf. The MSSW frequency 

shift δf is because of VCMA. The δf12 and δf21 terms are shown in Fig. 6.4(b). They show a linear 

dependency on the voltage. The effect shows neither hysteresis nor aging effect. This means 

because the behavior is not due to magneto-ionic control. The VCMA at Fe1−xCox/Pd/MgO 

interface is estimated in the last chapter in Fig. 5.15. It shows that VCMA enhances as the Co 

Figure 6.4. (a)Typical propagating spin wave signal. This is the real part of the MSSW signal 

without any bias voltage. (b) Voltage-induced resonant frequency shift of the propagating spin-

waves(𝛿𝑓). The black (red) rectangular dots show the frequency change of Re[S21] (Re[S12]). The 

black (red) lines are fitting lines for the frequency shifts (δf12, δf21). The error bar indicates the 

standard deviation in the frequency shift obtained from the root mean-square-error. The inset 

shows experimental (solid rectangular yellow) and fitting data (open diamond green). The x axis 

of inset is indicating as frequency axis from 14.5 GHz to 16.5 GHz. All the data in this figure 

correspond to the sample of Fe1−xCox/Pd/MgO with x = 1, i.e., Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO. 
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fraction x increases in the alloy. 

We achieved the VCMA around 

250 fJ/Vm at Co/Pd/MgO 

interface. The VCDMI at 

Fe1−xCox/Pd/MgO interface is 

estimated in Fig. 6.5. It shows that 

VCDMI does not enhance as the 

Co fraction x increases in the alloy. 

We achieved the VCDMI around 

70 fJ/Vm at Co/Pd/MgO interface 

The VCMA and the VCDMI 

increased by approximately 300% with the increase of x from 0 (Fe/Pd/MgO) to 1 (Co/Pd/MgO); 

however, Hint varied throughout the sample up to approximately 30%. The VCMA value increases 

continuously with Co fraction (x) as shown in the last chapter in Fig. 5.15, while VCDMI value is 

not continuously increasing with Co fraction (x) as shown in Fig. 6.5. Therefore, the VCMA, the 

VCDMI and interfacial anisotropy energy were not directly correlated. A high VCMA of 250 

fJ/Vm and VCDMI of 70 fJ/Vm were achieved in the Co/Pd/MgO region.  

6.4 Conclusion 

This is the first study to demonstrate a well-defined interfacial structure which alters d-band 

electron occupancy without changing their crystal structure. We demonstrated Voltage controlled 

interfacial Dzyaloshinskii-Moriya interaction at Fe1−xCox/Pd/MgO system by spin spectroscopy 

method. The propagation-direction dependent voltage-induced frequency shift. We estimated 

experimental results. However, it is challenging to determine the origin of the VCMA and VCDMI 

only with the experimental results; first-principle calculations would be helpful to study the origin 

of the observed behavior. 
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7 Summary and Conclusion  

7.1 Summary 

In the first part of the study, to investigate VCMA on polycrystalline FM layer, we deposited 

Ta/Ru/Ta/CoFeB/MgO/CoFeB system on a Si/SiO2 substrate in a magnetron sputter system. The 

magnetic tunnel junction was fabricated with 10 µm2 junction area in a hexagonal shape with 

conventional microfabrication technique with photolithography and with Ar-ion milling on this 

deposited sample. Samples have been annealed at different temperatures after microfabrication for 

1 hour. The boron (B) diffuses in the Ta layer during annealing time and CoFeB forms a 

polycrystalline structure on MgO(001). The TMR measurements were carried out using a 

conventional two-terminal technique in the magnetic field. We observed that the magnetization of 

the amorphous ferromagnetic layer is changing abruptly under a perpendicular magnetic field in 

the unannealed MTJ. In the 350 °C annealed sample, there is leakage either at junction boundary 

or in MgO barrier. Because of these reasons, quantitative evaluation of VCMA of both samples is 

not possible. Between 200 °C to 300 °C annealing, this work shows that maximum VCMA and 

maximum TMR ratio of Ta/CoFeB/MgO/CoFeB/Ta /Ru MTJ are achieved with 300 °C annealing. 

In the second part of the study, we epitaxially deposited well-defined Fe1−xCox (0.3 nm) single 

FM crystal structure. The RHEED pattern shows that the crystal structure of Fe1−xCox (0.3 nm) is 

independent of the Co fraction (x). Therefore, interfacial of this artificial FM structure which alters 

d-band electron occupancy without changing their crystal. We characterize the crystal and layered 

structure of V/Fe/Fe1-xCox/Pd/MgO using high-angle annular-dark-field scanning transmission 

electron microscopy (HAADF-STEM) and determine the position of the Co and Pd layers using 

energy-dispersive X-ray spectroscopy (EDS). We patterned the film into rectangles with 

dimensions of 100 × 400 µm2. The longer edge of the rectangle is parallel to both Fe [100] and 

MgO [110] directions. Micro-sized antennas and intermediate gate were fabricated by a 

conventional microfabrication technique using electron-beam lithography and lift-off methods on 

the rectangular pattern. A DC bias voltage (Vdc) is applied between the contact pad and the 

intermediate gate. A bias-tee was inserted between a vector network analyzer (VNA) and antenna. 

Voltage-controlled magnetic anisotropy (VCMA) in an epitaxially grown Fe/Fe1−xCox/Pd/MgO 

system was investigated using spin-wave spectroscopy. The spin-wave resonant frequency linearly 
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depended on the bias voltage. The resonant-frequency shift increased with the Co fraction in 

Fe1−xCox/Pd.  We investigate the interfacial anisotropy field, the crystal anisotropy field; a voltage 

controlled magnetic anisotropy change and voltage controlled interfacial Dzyaloshinskii-Moriya 

interaction at single crystal Fe1−xCox/Pd/MgO system. The voltage controlled magnetic anisotropy 

change and voltage controlled interfacial Dzyaloshinskii-Moriya interaction increased by 

approximately 300% with the increase of x from 0 (Fe/Pd/MgO) to 1 (Co/Pd/MgO); however, the 

interfacial anisotropy field varied throughout the sample up to approximately 30%. The crystal 

anisotropy field of the sample is 685 ±12 Oe that is similar to bulk iron. The VCMA value increases 

continuously with Co fraction (x), while VCDMI value is not continuously increasing with Co 

fraction (x). Therefore, the VCMA, the VCDMI and interfacial anisotropy energy were not directly 

correlated. A high VCMA of 250 fJ/Vm and VCDMI of 70 fJ/Vm were achieved in the 

Co/Pd/MgO region.  

 

7.2 Conclusion 

In the first part of my study, we studied voltage controlled magnetic anisotropy polycrystalline 

deposited system. We fabricated a magnetic tunnel junction on Ta/CoFeB/MgO/CoFeB system 

and annealed at different temperatures. We found that TMR and VCMA are increasing with 

increasing post-annealing temperature between 200 °C to 300 °C. The resistance of the MTJ layer 

is decreasing with increasing post-annealing temperature. The maximum VCMA and TMR of Ta/ 

CoFeB/ MgO sample are achieved 28 fJ/Vm and 62%, respectively with 300 °C annealed sample. 

Therefore, this work indicates that 300 °C annealing is a good candidate for better TMR and 

VCMA in Ta/CoFeB/MgO system between 200 °C to 300 °C annealing. 

In the second part of my study, we studied voltage controlled magnetic anisotropy and voltage 

controlled interfacial Dzyaloshinskii-Moriya on the epitaxially deposited system. We fabricate 

FeCo alloy on bulk Fe that is having bcc-crystal structure. We obtained voltage controlled 

magnetic anisotropy and voltage controlled interfacial Dzyaloshinskii-Moriya interaction result 

that should reflect the occupancy of d-band electron. Such an experiment is useful not only for 

experimentalist but also for theoretician who needs a well-defined structure to characterize the 

microscopic origin of the VCMA effect. We achieved a high VCMA of 250 fJ/Vm and VCDMI 

of 70 fJ/Vm the Co/Pd/MgO region.  
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7.3 Social Impact of the Research Work 

Spintronics is a rapidly emerging and immensely promising research field. It enables us to develop 

future technology devices by exploiting the spin of the electron. Magnetic random access memory 

is indispensable components of present spintronics society. A MgO-based magnetic tunnel 

junction (MTJ) is of great interest as a non-volatile memory because of their application in 

magnetic random memories and a magnetic sensor. Different successful approaches have been 

used to control the magnetization of MTJ, such as a current induced magnetic field and spin 

transfer torque. Although, these techniques still require Joule heating that remains too large to 

ignore. The energy consumption is a critical issue. Voltage control of magnetization direction can 

expect a further reduction in power consumption in MTJ. Our research is based on the development 

of spintronics oscillators. Here, we have observed voltage effect in poly and single-crystal 3d 

ferromagnetic metal/MgO systems using different measurement technique. It will help in 

designing the sputtered deposited magnetic tunnel junction with better tunnel magnetoresistance 

and voltage-controlled magnetic anisotropy. The epitaxially deposited Co/Pd/MgO system is 

providing a large value of VCMA. This result could be beneficial for the humankind. 

7.4 Scope for the Future Work 

A lot of possibilities are still left for the future work. 

1) By changing Fe and Co composition, occupancy in d-band is alerted. In this study, we fabricate 

ultrathin Fe and Co layer at single crystalline Fe(001)/MgO(001) interface. Therefore, FeCo alloy 

always has bcc-structure and the obtained VCMA result should reflect the occupancy of d-band 

electron. Such an experiment is useful not only for experimentalist but also for theoretician who 

needs a well-defined structure to characterize the microscopic origin of the VCMA effect. 

2) Proposal for practical application (Voltage controlled excitation of skyrmions) 

The voltage can control perpendicular magnetic anisotropy and interfacialDMI. Finally, the nucleation 

and annihilation of skyrmion by applying an electric field in the sample is possible. It opens a way of 

research in spintronics society  
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8 Supplementary: Basic theory of magnetization dynamics 

8.1 Magnetic moments 

A current flowing in a loop constitutes a magnetic dipole. The magnetic dipole moment of the 

current in that loop is defined as the area of the loop multiplied by current flowing the loop as 

shown in Fig. 8.1. The direction of the magnetic dipole moment𝜇⃗=I𝐴. is the perpendicular the loop 

plane. Its unit is Am2. Similarly, the charge flowing in the circular path constitutes the magnetic 

dipole moment as shown in Fig. 8.1(b). Its magnetic dipole moment is 𝜇⃗=(q/T)𝐴, where T is 

periodic time.  

 

     

 

Figure 8.1. Magnetic dipole moment (a)current I in a loop. (b) circulation of charge q in a loop.  

 

Let us consider an electron with charge e mass m revolving in a circular orbit in orbit n around the 

nucleus. The magnitude of the magnetic dipole moment will be given as:-𝜇 = n𝑒ℎ 4𝑚𝜋⁄ , where h 

is plank’s constant. This motion of electron is known as orbital motion and magnetic dipole 

moment associated with this motion is known as orbital magnetic moment. The Stern – Gerlach 

demonstrated that electron has another intrinsic discrete quantum mechanical magnetic moment. 

This discrete quantum mechanical magnetic moment is associated with electron’s spin. It is 

analogous to spinning of rigid charge around its own central axis in classical mechanics. It is 

known as spin magnetic moment. Each electron is having orbital and spin magnetic moment. They 

a 

b 
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are interacting with each other that is known as spin-orbit interaction (SOI). The magnetic moment 

per unit volume is known as magnetization (M⃗⃗⃗⃗ = 𝜇⃗/V).  

8.2 Magnetization dynamics 

The magnetization of FM is a very important parameter of FM. It decides the different conductance 

state in MTJ. By applying voltage, we change the magnetization state of FM. The motion of 

magnetization fallows certain dynamics. That is called magnetization dynamics.  

8.2.1 Motion equation of magnetic moment (Landau-Lifshitz equation) 

According to Heisenberg equation, the time evolution of the mean value of the spin operator, Ŝ   

 Ĥ,ŜŜ 
dt

d
i -----(1) 

where, Ĥ represents the Hamiltonian operator of the spin system. The simplest Hamiltonian 

operator in a magnetic field is expressed as  

eff
B

H.ŜĤ


gμ
 ------(2) 

where, B,μg and Heff are the gyromagnetic splitting factor of ferromagnetic material, Bohr 

magnetron and effective magnetic field of FM, respectively. We can express the right-hand side 

of eqn (2.1) in the cartesian component. 

   zzyyxxx
B

x ,Ĥ,Ŝ HSHSHSS
gμ




-----(3) 

   zzyyxxy
B

y ,Ĥ,Ŝ HSHSHSS
gμ




-----(4) 

   zzyyxxz
B

z ,Ĥ,Ŝ HSHSHSS
gμ




-----(5) 
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The spin operator Ŝ  can be expressed in the Pauli matrix. Spin operator σ
2

S


  

where, abc is the Levi-Civita symbol. 

From above eqn (2)−(6), eqn (3)−(5) can be written as follows: 

   zyyz
B

x Ĥ,Ŝ HSHSi
gμ

 


-----(7) 

   xzzx
B

y Ĥ,Ŝ HSHSi
gμ

 


-----(8) 

   xyxy
B

z Ĥ,Ŝ HSHSi
gμ

 


-----(9) 

From eqn (3), (7), (8), and (9) 

 eff
B

HŜŜ





gμ

dt

d
-----(10) 

The angular momentum by an electron is related to its magnetic momentum through its spin: 

ŜM 


-------(11) 

 where 


Bgμ
  is the gyromagnetic ratio. The eqn (11) can be rewritten as  

effHMM


 γ
dt

d
-----(12) 

This equation controls the precessional motion of magnetic moment around a magnetic field. It is 

called the Landau-Lifshitz equation.  
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8.2.2 Introduction of damping (Landau-Lifshitz-Gilbert equation) 

The precession motion of magnetization M⃗⃗⃗⃗ in the effective 

magnetic field effH


.  

M
M

M
HMM eff






dt

d

dt

d

s

 -------(13) 

Where  and Ms are the damping and saturation 

magnetization, respectively. The second term provides 

damping term. The LLG equation indicates that when 

magnetization M⃗⃗⃗⃗ appears the effective magnetic field effH


. The magnetization M⃗⃗⃗⃗ starts precession around the 

effective magnetic field effH


 and a perpendicular gilbert damping term is applied perpendicular 

to precession path. It tries to align the magnetization M⃗⃗⃗⃗ the with the effective magnetic field. 

 

8.3 Ferromagnetic energies 

The potential energy of ferromagnetic material magnetization is defined as 

U=− ∫ H⃗⃗⃗(𝑟)M⃗⃗⃗⃗
𝑓𝑖𝑛𝑎𝑙

𝑟𝑒𝑓
(𝑟)𝑑𝑉. Where H⃗⃗⃗ represents the applied magnetic field. There are various 

parameters that influences the 𝑀⃗⃗⃗ inside the ferromagnetic material.  

Initially, the magnetization of the domain in FM is aligned in a certain direction. It is called 

minimum energy state (stable state). When the FM appears in the magnetic field, the magnetization 

starts precession around the effective magnetic field and tries to align with the effective magnetic 

field. That is called the potential energy of FM. The potential energy of ferromagnetic material 

magnetization is defined as work done external magnetic force rotating the magnetization from the 

reference position to an arbitrary position. U=∫ M⃗⃗⃗⃗. dH⃗⃗⃗⃗⃗⃗𝑓𝑖𝑛𝑎𝑙

𝑟𝑒𝑓
. Where H⃗⃗⃗ represents the effective 

magnetic field. There are various parameters that influences the 𝑀⃗⃗⃗ inside the ferromagnetic 

material. Work done external agent for changing the magnetization from easy axis to hard axis 

dVrr eff )(H)(ME


  

 

 

(damping) 

(precession) 

Figure 8.2. Damped precession 

motion 
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E=Ezee+ Eex+ EDMI+ Ean+ Edem+…….     ----------------(14) 

A ferromagnetic material can be understood at the different level of complexity. The ferromagnetic 

energy of thin film ferromagnetic material can be understood with the different component term, 

Zeeman energy, exchange interaction energy, Dzyaloshinskii-Moriya interaction(DMI), 

anisotropy energy and dipolar energy terms. The magnetic system tries to align the magnetization 

𝑀⃗⃗⃗(𝑟) in effective magnetic field ( effH


) direction. 

M
)(H 








E
reff -------------(15) 

The eqn (2.15) can be written as  

.....HHHHHH  demanDMIexexteff


-------------(16) 

 

8.3.1 Zeeman Energy 

The interaction between the magnetization M


 & external magnetic field extH


is described as 

energy density extzeeE HM

 . It is helpful in aligning of magnetization parallel to the applied 

external field. 

8.3.2 Exchange Energy 

The exchange interaction is the basic phenomenon in ferromagnetic materials. Its origin is 

quantum mechanical, based on Coulomb interaction and the Pauli exclusion principle.  

The interaction between spins:  


















z

y

x

ijzyx
,

S

S

S

ASSSSS

1

1

1

11111 ))(,,(U -----------(17) 

Matrix (A) can be described as the sum of symmetric and antisymmetric part. 

ass
TT AAAAAAA  )(

2

1
)(

2

1
-----------(18) 

Symmetric part of eqn (18), can be diagonalized by a certain rotation, then 
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



















z

y

x

s

J

J

J

A

00

00

00

-----------(19) 

If the medium is isotropic, then eqn (19) can be written as, 



















100

010

001

JAs -----------(20) 

Often we can write symmetrical part of From eqn (17),   2111ex SSjSSE ,,


  -----------(21)  

The symmetric exchange energy (Eqn (21) is generally called as exchange energy. Because of this, 

two electrons with spin vector S1 and S2.are having different energies in the parallel and antiparallel 

alignment of their spin and j>0 for a ferromagnetic material and j< 0 for an antiferromagnetic 

material. Therefore, the configuration with parallel spins is the lowest in energy. 

If the eqn (21) is applied to solids in the Heisenberg model having “N” atoms, the total energy of 

the system is defined as [25] 

ml,ml

N

ml
SSjE


 ,
,

ex -----------(22) 

This summation is sometimes limited to short-range. Despite this, it constituted of wide regions of 

uniform magnetization that is called magnetic domains in ferromagnetic material.  

8.4 Dzyaloshinskii-Moriya energy 

Asymmetric part of the eqn (18) has a skew property; it can not have altered by the rotation as 



























0

0

0

xy

xz

yx

as

DD

DD

DD

A ----------(23) 

By inserting eqn (23) in the eqn (17), asymmetric part of exchange energy (eqn (17)). It is the first 

time observed by Dzyaloshinskii and Moriya. It is Dzyaloshinskii−Moriya interaction (DMI). 

)(=

0

0

0

),,(E 2112

1

1

1

111DMI SSD

S

S

S

DD

DD

DD

SSS

z

y

x

xy

xz

yx

zyx











































 ----------(24) 
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where, 12D


is the Dzyalsinskii−Moriya vector. It is perpendicular to asymmetry direction and the 

vector 12r


 between the spins 1S


 and 2S


. The Dzyalsinskii−Moriya interaction (DMI) is induced 

because of the lack or breaking of inversion symmetry in lattices and at the interface of magnetic 

films, respectively For the ultrathin magnetic film, interfacial DMI have been predicted where two 

atomic the spins 1S


 and 2S


with a neighboring atom having a large spin-orbit coupling. 

 

 

8.5 Magnetic Anisotropy Energy 

In magnetic material, the energy depends on the direction of magnetization. It is called magnetic 

anisotropy energy. There is the different origin of magnetic anisotropy such as crystal symmetry 

shape, stress, or directed atomic pair ordering.  

 

8.5.1 Magnetic crystal anisotropy  

However, in the long extended sample, the energy is not isotopic because of spin-orbit interaction: 

the spin is coupled to the orbital momentum, whose is connected with the electrostatic potential of 

the crystal lattice. Therefore, spin-orbit interaction tries to couple with the symmetry of the crystal 

lattice.  

The magnetic crystal anisotropy energy density in a cubic crystal can be shown as 

)()( 222
2

222222
1 zyxxzzyyx mmmKmmmmmmKE  ---------(25) 

where, the K1 (K2) is the volume anisotropy of first (second) order and mi is the components of the 

normalized magnetization to the cubic axes of the lattice. The experimental anisotropy constants 

at room temperature for iron are  

K1=4.8×104 and K2=-1.0×104 J/m3 

The crystalline anisotropy field of Fe =2 K1/ Ms =600 Oe. 

and for nikel  

K1=-4.8×103 and K2=-2.3×103  J/m3 

The uniaxial crystalline anisotropy energy density is expressed as  
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....42
u

21
uuni  xx mKmKE ---------(26) 

where, the )( 2
u

1
u KK  is the volume anisotropy of first (second) order and for cobalt 

1
uK =4.1×105 and 1.5×105 J/m3 

Translation symmetry along the film thickness is broken, generates the magnetic interfacial 

anisotropy in the thin ferromagnetic material. This anisotropy is different from bulk anisotropy. If 

the film thickness is lesser than the static exchange correlation length, the interfacial magnetization 

can be assumed to be homogeneous across the film. The interfacial magnetic anisotropy is 

described as 
2

FM

s
int zm

t

K
E  -------(27) 

where, tFM is the film thickness.  The z-axis is defined as symmetry breaking direction. The 

perpendicular component of the electric field influences the d-band electron of interfacial FM. 

That d-band electron influences the interfacial magnetic anisotropy. That is called a voltage-

controlled interfacial anisotropy change (VCMA). 

 

8.5.2 Magnetic shape anisotropy 

It is one of the most important sources of anisotropy in a thin film. The fringing magnetic field 

i.e., called demagnetization magnetic field is generated because of the shape of the ferromagnetic 

material. This demagnetization magnetic field interacts with a magnetic moment. This energy is 

called demagnetization field energy or magnetic shape anisotropy. It is defined as  

dem.HMEdem


 ---------(28) 

The demagnetizing field demH


 created by the ferromagnetic film can be described by Maxwell's 

equation 

0)( dem0  MHμB


---------(29) 

MH


 dem ---------(30) 

From eqn (30), 

MNH


dem ---------(31) 
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Is the magnetic field that is generated by the divergence of magnetization, N  is the 

demagnetization tensor. It is described as  



















z

y

x

00

00

00

N

N

N

N ---------(32) 

where, 1zyx  NNN ---------(33) 

Generally, calculation of N  is complicated, however, an ellipsoid of ultrathin film ferromagnetic 

material with z-axis pointing perpendicular to the film plane is having 0, yx NN , 1z N .  

Then demagnetization field from the eqn (31) and Nz=1, kMH s
ˆ

dem 


 ---------(34) 

The demagnetization energy density the eqn (28) and the eqn (34) 

MNMEdem


. ---------(35) 

the eqn (35) can be written as  

2
s0

2

1
MEdem  ---------(36) 
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