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Summary 

The ever increasing digital data require memory and logic devices that have high speed, 

need low power, offer low cost and are reliable. Domain wall (DW) based memory and logic 

devices potentially offers all the above advantages along with being non-volatile. In this thesis, 

the dynamics of DWs have been investigated in ferromagnetic nanostructures for realizing 

efficient logic and memory based applications. The study has been divided into two parts. In 

part one, the DW dynamics in ferromagnetic network structures with in-plane magnetic 

anisotropy (IMA) is studied. The magnetic material chosen is NiFe due to its large magnetic 

permeability and near zero crystalline anisotropy. In part two of the study, materials with 

perpendicular magnetic anisotropy (PMA) are considered. Here, Co/Ni and Co/Pt multilayers 

are chosen as the system for study.  

Field induced domain wall driving in IMA network structures revealed the DW trajectory 

to be chirality dependent. Deterministic trajectory of DW in the network structure is 

demonstrated for path lengths less than the fidelity length and for fields less than Walker 

breakdown field. For distances in excess of fidelity length, Walker breakdown is observed 

where DW chirality is found to oscillate and the trajectory becomes stochastic. To overcome 

this issue, the network structures are re-designed to include geometrical asymmetry. This 

constrains DW to propagate in a definite and fixed branch, by raising the potential barrier in 

the other branch, irrespective of its chirality. This branch engineering is applied to propose and 

demonstrate a programmable logic device. The control of the trajectory is provided by 

fabricating a metallic gate on top of the network structure. The current in the gate applies an 

Oersted field which influences the trajectory of DW by interacting with the transverse charge 

distribution in the DW. A transverse nanowire in the structure serves a dual purpose of acting 

as an input logic and also transforming the vortex DW to a transverse chirality. Two universal 
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logic gate functionalities NAND and NOR are demonstrated along with the complimentary 

logic operations in the same structure using magnetic force microscopy imaging and 

anisotropic magneto-resistance. 

The PMA system is investigated using the phenomena of anomalous Hall effect. Our 

investigations reveal multiple DW nucleations in low anisotropy Co/Ni Hall cross junctions 

under the application of in-plane current without the need of conventionally used local Oersted 

field. The stochasticity in the nucleation process due to high demagnetization energy at the Hall 

cross coupled with joule heating is utilized to demonstrate a DW based random number 

generator device. The analog signal from the device is fed to an integrated circuit to amplify 

and digitize the output. Recent developments have shown combination of interfacial 

phenomenon such as spin-orbit torque (SOT) and Dzyloshinskii-Morya interaction leading to 

high speed DW dynamics. Pt/Co/Ta stacks have enhanced SOT strength due to opposite signs 

of spin Hall angle of Ta and Pt. However, it is observed that stack possesses low thermal 

stability due to reported intermixing of Ta and Co. A solution to this issue is provided by adding 

additional Co/Pt interface which enhances the thermal stability and PMA strength. The 

distribution in velocity with the applied current density and spin Hall angle is estimated by 

changing the Ta capping thickness and Pt spacer thickness. SOT driven DW speed of about 

530 m/s at a current density of 1×1012 A/m2 is demonstrated. This high speed is attributed to 

low anisotropy of our device coupled with in-plane field applied to prevent Walker breakdown. 

DW velocity was higher and along the current flow direction when the in-plane field assisted 

the inherent DMI field, while it was lower and along the electron flow direction when the field 

opposed the DMI field. 
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Chapter 1 

Introduction 

Silicon based transistors have dominated the micro-electronics industry for decades. Moore’s 

law, which states that number of transistors would double every eighteen months, has been the 

guiding principle for this technological revolution [1]. However, the limit of Moore’s law is 

fast approaching. The major issue of scaling down is heat generation. To avoid heating issues 

in chips, the clock rates have been limited and have not changed since 2004 [2, 3]. By 2020 the 

expected limit of device dimensions is 2-3 nm which is 10 atoms across. At such small scales 

the quantum effects would start to dominate, making transistor operations extremely unreliable. 

Spintronics which combines charge of an electron with spin degree of freedom offers an 

alternate to the silicon technology. The advent of spin-transfer torque (STT) [4, 5] and more 

recently spin-orbit torque (SOT) [6-8] techniques have revolutionized the way in which data 

or spin can be manipulated by using electric current. Amongst the key emerging memory 

technologies, spin-transfer torque magnetic random access memory (STT-MRAM) is the only 

non-volatile memory expected to have infinite endurance [9]. This property of endurance along 

with the ability to scale down below 20 nm makes STT-MRAM a promising candidate to 

replace the volatile DRAM [10]. With further improvements in reading and writing, STT-

MRAM could replace embedded DRAM (eDRAM) as a cache memory application. 

Even though there is no inherent magnetic wear-out in STT-MRAM, there is however an 

electrical wear-out which is the dielectric breakdown of the MgO tunnel barrier. To avoid this 

issue, the write voltage must be kept low, below 400 mV [11]. Another solution for this is SOT-

based MRAM [12, 13], which is a three terminal device and separates the read and write path 

for the current. However, SOT-MRAM poses scaling issue to low dimensions. Moreover, the 

fabrication and process steps in MRAM are complex. A possible memory alternative which 
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combines the positive attributes of MRAM along with having simplified fabrication steps and 

avoiding the usage of tunnel barrier is domain wall (DW) based racetrack memory (RM) [14-

17]. RM stores bits of data as magnetized regions in a nanowire. RM can also offer as a higher 

speed and reliable alternative of hard-disk drives (HDD) since it does not have moving parts. 

The operation of the RM is analogous to a non-volatile shift register. On one end the bits may 

be written by changing the magnetization directions in the nanowire. The bits can be pushed 

by using STT and read using a magnetic tunnel junction or Hall probe as the sensor. The RM 

offers a possibility to re-orient the structure in the vertical direction and store bits in a three-

dimensional geometry, thereby increasing the storage density. However, exploratory 

prototypes exist in two-dimensions. DW dynamics can also be employed in designing magnetic 

logic devices. Allwood et al. proposed the first DW based logic device [18, 19], utilizing the 

geometry of the pattered nanostructures and a rotating magnetic field. Recently, we proposed 

a reconfigurable DW logic device exploiting the structural asymmetry and a current controlled 

magnetic gate [20].    

Current research interest lies in high speed DW dynamics and reduction of the current 

density for DW propagation. Research in this field has gained momentum following recent 

developments in employing anti-symmetric exchange interaction, namely Dzyaloshinskii-

Moriya interaction (DMI) [21, 22], assisted SOT techniques for DW driving [23-27]. However, 

studies thus far have focussed on single ferromagnetic layer to obtained enhanced SOT. This 

poses a scaling issue due to lower thermal stability. There is a need to explore DW dynamics 

in alternate multilayer structures which have higher perpendicular magnetic anisotropy (PMA) 

and thermal stability. In this thesis, we have explored DW dynamics in in-plane magnetic 

anisotropy (IMA) as well as PMA based structures. In this chapter we would focus on the basic 

theory behind ferromagnetism and domain wall dynamics as well as review some of the recent 

literature. 
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1.1 Basic Theory of Ferromagnetism and Domain formation 

In the absence of external magnetic field, the spins of most materials orient in random 

directions and the net magnetic moment is zero. The class of such materials fall under either 

diamagnetic which are repelled by magnetic field and paramagnetic materials which are 

attracted by magnetic field. A class of materials having spontaneous magnetization without any 

external field are called ferromagnetic. The phenomena of ferromagnetism can be explained 

from quantum mechanics and it is difficult to describe using a classical picture. In terms of 

quantum phase transitions, the breaking of spin rotational symmetry leads to a phase transition 

from paramagnetic to ferromagnetic below the Curie temperature [28, 29].  

It was observed in some materials that the saturation magnetization could be reached with 

the application of a very small magnetic field and the magnetization could be zero at zero 

applied field. This led Weiss to propose an internal molecular field responsible for the 

attainment of large magnetization and existence of domains to reduce the net magnetization to 

zero. The molecular field required to overcome the thermal agitation at Curie temperature kTc 

is approximately kTc/µB and has a value of 107 Oersted [30]. This is larger than any field present 

on lab level. The magnetic moment of ferromagnetic materials arises primarily from spin 

angular momentum and orbital angular momentum provides roughly 10% contribution [31, 

32]. Also the electrons responsible for ferromagnetism contribute very little to the conduction 

since ferromagnetism is generally associated with d and f orbitals which are localized, whereas 

the s orbital electrons are delocalized and contribute to the conduction. 

The origin of the Weiss molecular field is exchange interaction and follows directly from 

Pauli’s exclusion principle that no two electrons can have all the same quantum numbers, in 

conjunction with Coulomb repulsion between two electrons on neighbouring atoms. If the two 

electrons are indistinguishable, the density functions after exchanging the two electrons must 

be equal i.e. |Ψ(1,2)|2 = |Ψ(2,1)|2, the total wave function is antisymmetric since electrons are 
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fermions i.e.  Ψ(1,2) =  ̶ Ψ(2,1). The total wave function is a product of spatial and spin 

coordinates Φ(r1, r2) and χ(r1, r2), respectively. These coordinates have their respective 

symmetric and anti-symmetric components which for spin are referred to as triplet and singlet, 

respectively. The total wave function should be a product of symmetric part of spatial 

coordinate with anti-symmetric part of spin (singlet spin) coordinate and vice versa. Thus we 

have [33]: 

                                                  (1,2) (1,2)I s a                                                                   (1)  

                                                   (1, 2) (1,2)II a s                                                              (2)   

Thus electrons which are in spin triplet state cannot be found at the same point in space. The 

energy splitting between singlet and triplet state is 2J, where J is the exchange integral, 

                                       J =          * * 3 '3

1 2 1 2Ψ Ψ , Ψ Ψr r H r r r r dr dr                                     (3) 

The Hamiltonian, generalized for all pair of lattice sites i, j is expressed as [33]: 

                                                             
,

2 ij

i j

H J   i jS S                                                         (4) 

J is positive if the interaction is ferromagnetic and negative if the interaction is anti-

ferromagnetic. The exchange energy is more generally represented in terms of exchange 

stiffness constant, A and the misalignment angle between the spins, θ, separated by distance x. 

                                                                

2

exE A
x

 
  

 
                                                           (5) 

where, A = 2nJS2/a, a being the lattice constant and n is the number of atoms per unit cell. 

In general, the magnetization in a ferromagnetic material lies along a preferred 

crystallographic direction known as the easy axis of magnetization. This intrinsic property is 

referred to as magneto-crystalline anisotropy E [30]a: 

                                                                2sinaE K                                                         (6) 
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where, K is the anisotropy constant and θ is the angle between the magnetization direction and 

the easy axis.  The origin of magnetic anisotropy is the crystal field interaction, spin-orbit 

coupling and dipole-dipole interaction. The potential due to the crystal field interacts 

electrostatically with the orbitals containing the magnetic electrons. This interaction tends to 

stabilize a particular orbital and through spin-orbit interaction, the magnetic moment is oriented 

along a particular crystallographic direction. E.g. in cobalt, the hexagonal axis is the easy axis, 

in iron which is cubic, the cube edges [100] 

 are preferred directions and in Ni the body diagonal [111] is the easy axis of magnetization 

[30].   

From Maxwell’s relation, 0 and     B H M  which implies the existence of flux 

closure, preventing free poles from existing. The magnetic poles generate a demagnetizing or 

stray field Hd, raising the energy of the material in the form of magnetostatic energy. This 

energy is also termed as shape anisotropy, since it depends on the shape of the magnetic 

material and resists the orientation of moments along a particular direction. For instance, in a 

needle shaped magnet the moments would tend to align along the long axis since it would 

minimize the free poles, since if the moments were orthogonal to the needle axis the separation 

between the free poles would reduce increasing the magnetostatic energy [30]. 

                                                              2

0

1

2
ms SE NM                                                          (7) 

where, N is the demagnetizing factor, generally represented as a tensor with unit trace. N 

depends on geometry, for instance, N = 1/3 for a sphere, N = 1/2 and 0 for a needle with 

magnetization pointing along perpendicular direction and along the needle axis, respectively. 

For a thin film, N = 0 and 1 for magnetization along the film plane and perpendicular to it, 

respectively [34, 35]. 
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Figure 1-1 Schematic illustrating formation of domains in a ferromagnetic material to reduce 

the stray field and lower the demagnetization energy. Adapted from [30]. 

 

Figure 1-2 Types of domain walls (DW) (a) Bloch wall (b) Néel wall. Adapted from [33] 

 

1.2 Domain Wall 

Every ferromagnetic system, in the absence of external perturbation, strives to attain minimum 

energy state i.e. the sum total of magnetostatic, anisotropy and exchange energy should be 

minimum. The minimization of magnetostatic energy divides the magnetization configuration 

into domains as shown in Figure 1-1. Each domain has spins or moments point along a 

preferred direction by simultaneous minimization of magneto-crystalline and shape anisotropy 

energy. The transition from one domain to the next is gradual due to the minimization of 

exchange energy and this separation between domains is called a domain wall (DW). The sense 
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of rotation of the spins within a DW gives rise to two configurations – Bloch wall and Néel 

wall as shown in Figure 1-2. The width of domain wall is finite due to two competing energy 

terms, exchange specified by stiffness parameter A and anisotropy specified by anisotropy 

constant K. In cases where exchange dominates, the wall width is large and in cases where 

anisotropy dominates, the wall width is narrow [30].  

                                                                
A

w
K

                                                                   (8) 

The wall formation also costs energy, since moments inside a domain may not align perfectly 

parallel to each other costing exchange energy and may deviate away from the easy axis costing 

anisotropy energy. The energy per unit area of a Bloch wall is [33]  

                                                                 BW AK                                                            (9) 

Néel wall, where the magnetization rotates in the plane of the domains, is higher in energy than 

the Bloch wall due to the stray field which creates non-zero divergence of M. Néel walls are 

stable if the film thickness is less than the wall thickness. Figure 1-3 shows a schematic 

representing Néel wall by elliptic cylinder of cross-section t×δ, where t is the film thickness 

and δ is the wall width. For bulk sample, the demagnetizing factor for the Bloch wall is zero 

and for the Néel wall is 1. However, when t is reduced and becomes comparable to δ, the Néel 

wall has lower magnetostatic energy.  

The coercivity of a homogeneous and uniformly magnetized ellipsoid obeys the relation, Hc 

≥ 2K1/µ0Ms ̶ NMs [33]. This is known as Brown’s theorem. In practice the coercivity is much 

smaller than that predicted by Brown’s theorem. This is because, real materials are 

inhomogeneous and magnetization reversal is initiated in a small nucleation volume around a 

defect site. Local stray fields around a defect side can lead to magnetization reversal. The DW, 

thus formed may expand on  application of  external magnetic  field or stay pinned around the 
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Figure 1-3 Schematic to illustrate strength of demagnetizing field in 180° domain wall (a) 

Thick film has larger demagnetization field along y-direction than (b) Thin film. Adapted 

from [35] . 

 

 

 defect in the absence of external field. If the particle size is very small, it would prefer to be 

in a single domain state since the energy gained by the wall formation is not compensated by 

any reduction in magnetostatic energy. If we consider a spherical particle of radius R, then the 

critical maximum size of single domain particle, Rsd is given by [33], 

                                                          
2

09 /sd sR AK M                                                 (10) 

In general, two different rotation mechanisms of single domain particles are possible. First is 

the coherent rotation of spins in unison proposed in the Stoner-Wohlfarth model [36]. This 

creates stray field energy as the spins flip. The second is the curling mode, where the spins 

form a vortex state avoiding stray field since the magnetization is always parallel to the surface, 

however, the exchange energy increases. The vortex state is common in soft magnetic particles 

which are larger than the coherence length [33].  
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Figure 1-4 Micromagnetic (OOMMF) simulations to illustrate (a) Transverse DWs and (b) 

Vortex DWs (c) Phase diagram depicting transition from transverse to vortex as width and 

thickness increase, adapted from [37].  

 

The configuration or chirality of DW is determined from the minimization of all the energy 

terms (magnetostatic, exchange and anisotropy). In IMA thin nanostrips, specifically 

permalloy  (Ni80Fe20),  studied   in  this  thesis,  Néel   walls  are  formed  due  to  near   zero 

crystalline anisotropy and the domains lie along the long-axis due to shape anisotropy. Thin, 

narrow strips exhibit transverse DWs as depicted in Figure 1-4 (a). Thick narrow strips 

prefer vortex DWs as shown in Figure 1-4 (b). Figure 1-4 (c) shows the phase diagram, taken 

from reference [37], depicting the transition between different wall types depending on the 

wire dimensions. The width of the DW, in IMA nanostrips is of the order of strip width. In 

nanostrips with PMA, the configuration of DW is either Bloch, where the spins rotate out of 

the plane of magnetization, or Néel, where spins rotate in the plane of magnetization as was 

shown in Figure 1-2. Koyama et al. [38] demonstrated the transition from Bloch to Néel 

wall occurs for nanowire widths less than 60 nm.  
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1.3 Domain Wall Dynamics  

DWs can be made to propagate under the influence of external magnetic field to minimize 

Zeeman energy and under the influence of current due to angular momentum transfer from 

electrons in the current to the moments of the DW. Two torque transfer mechanisms have 

been proposed in literature namely, spin-transfer torque (STT) in conventional ferromagnets 

and spin-orbit torque (SOT) present in systems with heavy-metal and ferromagnetic 

interface. The dynamics are governed by the Landau-Lifshitz-Gilbert (LLG) equation [39] 

which is discussed in the following sections. 

 

1.3.1 Field-driven Domain Wall Dynamics 

Magnetization dynamics can be modelled using LLG equation, which relates the rate of 

change of magnetization to the different torque contributions.  

                                       
t t

 
 

    
 

eff

m m
m H m                                                     (11) 

where, α is the Gilbert damping parameter [40]. The first term on the right hand side 

represents the precession of the magnetic moment around the effective magnetic field. The 

effective magnetic field would have contribution from exchange, anisotropy, magnetostatics 

as well as external Zeeman field. The second term represents the damping of the magnetic 

moment towards the effective field. Figure 1-5 shows the schematic representing precession 

and damping.  

Figure 1-6 shows the field driven DW dynamics in IMA nanostrip with transverse DW. 

The torque  ̶ |γ|m×Heff acting on the DW moment, lifts the moment out of the plane, which 

in turn generates a demagnetizing field, Hd, opposing the moment. At low enough applied 

field when the canting angle is small the DW is driven forward by the torque due to Hd, 

which is   ̶ |γ|m×Hd. When  the field becomes  greater than  a  certain  field  Hw,  known as 
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Figure 1-5 Schematic to show (a) Precession of magnetization around effective magnetic field 

(b) Damping of magnetization towards the effective field. 

 

 

 Walker field [41], the DW precesses about the x-axis and DW is driven by the damping 

torque 
t







m
m . The velocity of DW below the Walker field is v = µH, where µ is the 

mobility [42, 43]. Above the Walker field the velocity tends to α2µH. Since α << 1, the DW 

mobility drops significantly above Walker field. This is termed as Walker breakdown [41]. 

Figure 1-7 shows the mobility curves adapted from reference [35]. Field driven DW 

dynamics in PMA nanostrips are depicted in Figure 1-8. Consider the case of a Bloch wall, 

the spins precess about the z-axis and tend to adopt a Néel configuration. The demagnetizing 

field generated along x-direction drives the DW when the field is less than the Walker field. 

As field is increased beyond the Walker field the DW is driven by the damping torque. It is 

worth noting that in PMA nanostrips the magnetostatic energy penalty for canting the DW 

moment to Néel configuration is less than the energy expended in IMA nanostrips to cant 

the  moment  out  of  plane.  Thus  the  Walker  field  HW  and  hence  the  maximum   DW  



12 
 

 

Figure 1-6 Field driven DW dynamics for in-plane magnetized nanowire. The moment 

precesses out-of-plane in the presence of field and creates demagnetization field to counter it. 

The DW is driven by the demagnetization field when applied field is less than Walker 

breakdown limit, beyond the Walker breakdown the damping torque drives the DW through 

precessional motion. Adapted from 2D images in [44] 

 

 

Figure 1-7 Plot of velocity with applied magnetic field illustrating steady state motion and 

precessional motion beyond Walker breakdown. Adapted from [35] . 
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velocity is less for the case of PMA than in case of IMA nanostrips when driven by field.  

The lower energy barrier for precession in the case of PMA nanostrips is beneficial when 

driven by current. 

Figure 1-8 Field driven DW dynamics for out-of-plane magnetized nanowire. Dynamics can 

be explained similar to the in-plane magnetized case. Adapted from 2D images in [44] 

 

1.3.2 Current-driven Domain Wall Dynamics 

Electrons flowing through a ferromagnetic material become spin polarized i.e. majority of 

their spins orient in the direction of magnetization of the material. This is due to the 

scattering of the injected spins by the moments through s-d exchange interaction [45], 

making the scattering cross-section dependent on the angle between moments and the spins. 

Due to conservation of total angular momentum, the moments are also affected after they 

polarize the injected spins. This transfer is very efficient when the spins and moments are 
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non-collinear as in the case of a DW. The moments in the DW are rotated towards the spin 

by the torque induced by the spin angular momentum and the incoming spins align along 

the direction of moment of the DW. Thus, this leads to DW motion and the process is called 

spin-transfer torque (STT) which is illustrated in Figure 1-9. STT has been classified into 

adiabatic and non-adiabatic components. Recently another torque transfer mechanism has 

been highlighted, namely spin-orbit torque (SOT) existing at the interface of heavy-metal 

and ferromagnetic interface. It’s origin is spin-orbit coupling and crystal field in asymmetric 

stacks. The various mechanisms of torque transfer are discussed briefly.  

 

 

Figure 1-9 Schematic depicting transfer of angular momentum from spin polarized current to 

the DW moments leading to its motion via spin-transfer torque to conserve the total angular 

momentum. Adapted from [33] 

 

 

1.3.2.1 Adiabatic Spin-transfer Torque 

The LLG equation is modified after incorporating the adiabatic torque term [40] 

                            eff
t t
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where, u is the spin drift velocity, 
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P is the spin polarization and J is the current density. The adiabatic STT acting on a DW 

would be proportional to the gradient of magnetization. Consider the case of perpendicularly 
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magnetized nanostrip with a Bloch DW, which is the magnetostatically preferred 

configuration, under the application of low current. Figure 1-10 shows the DW dynamics 

under the application of adiabatic STT. When the current is injected along  ̶ x-direction, the 

spins polarized in the +z-direction exert a damping-like torque on the DW moment which 

tries to orient its moment along the +z-direction. This induces a damping torque, 
t







m
m

rotating m in the clockwise direction in the plane and thus deviating away from the Bloch 

configuration. This initiates a demagnetizing field, Hd acting along the  ̶ x-direction, which 

generates a torque  ̶ |γ|m×Hd along the  ̶ z-direction countering the adiabatic torque due to 

injected spins. This torque in-turn generates a damping torque rotating magnetization along 

the counter-clockwise direction. Thus all the torques balance out and there is no motion of 

the DW. This is referred to as intrinsic pinning and there is a threshold current required to 

cause DW motion [38]. If the current exceeds this threshold the demagnetization field torque 

would not fully compensate the damping torque and DW would precess continuously and 

the velocity is non-uniform with periods of acceleration and de-acceleration. Similar line of 

explanation also holds true for DW dynamics in IMA nanostrips. 

 

Figure 1-10 Current driven DW dynamics for out-of-plane magnetized nanostrip through 

adiabatic spin-transfer torque (STT). DW moves by precession about the x-axis when the 

adiabatic torque can overcome the torque due to demagnetization field. Adapted from [44] 
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1.3.2.2 Non-adiabatic Spin-transfer Torque 

 According to the theory of adiabatic STT, the current density required for DW motion is as 

high as 1013 A/m2 [46]. However many experimental observations report a one order lower 

current density required for propagation. This has led to the proposal of additional torque 

mechanism namely, the non-adiabatic STT [47, 48]. The modified LLG equation is [40]: 

                         eff
t t

  
 

             

m m
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The non-adiabatic STT term is orthogonal to the adiabatic STT term and is equivalent to a 

torque produced due to a magnetic field [40]. This torque term makes the pinning extrinsic 

instead of the intrinsic pinning and can lead to larger DW speeds without precessions. Since 

the symmetry of the non-adiabatic torque is that of a field, it is also called field-like STT. 

The presence of non-adiabatic component along with adiabatic STT makes the DW 

dynamics to depend on the ratio of β to α. Figure 1-11 shows the DW dynamics under the 

application of non-adiabatic torque. When β < α and the current density is small, the field-

like torque would be able to compensate the damping torque due to adiabatic STT and the 

demagnetizing field. The damping torque due to the non-adiabatic STT would compensate 

the torque due to non-adiabatic STT. Thus the contribution for DW motion would come 

from the torque due to demagnetizing field which would drive the DW forward without 

precession. On further increasing the current, the damping torque due to adiabatic STT is 

able to compensate the damping torque due to the demagnetizing field and the field-like 

torque i.e. the torque due to non-adiabatic STT. Thus the DW precesses, however the 

velocity still increases since the precession generates a torque in the same direction as that 

due to demagnetizing field. When β > α, the field-like torque becomes larger than damping 

torque due to adiabatic STT and the demagnetizing field. This causes the DW to precess 

continuously and generate a torque to partially compensate the torque due to demagnetizing 

field. Thus there is a decrease in DW velocity due to the precession. This corresponds to 
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Walker breakdown and the DW velocity decreases with increase in the current. The velocity 

of DW below the Walker breakdown is v = βu/α and approaches u, when current increases 

beyond the Walker breakdown limit [40].  

The physical origin of non-adiabatic STT may be due to spin mistracking, i.e. when 

conduction electrons may get scattered from narrow DWs instead of tracking the moments 

and directly transfer linear momentum [46]. The ratio of non-adiabaticity parameter, β, to 

the Gilbert damping parameter, α, is crucial in ascertaining the DW dynamics. Some studies 

propose β/α ~ 1 [49, 50], while more recent studies propose β/α ~ 10 [51, 52]. 

 

 
 

Figure 1-11 Current driven DW dynamics for out-of-plane magnetized nanostrip through non-

adiabatic STT. Non-adiabatic torque is orthogonal to adiabatic STT. DW is driven by 

translational motion rather than precession. Adapted from [44] 

 

 

1.3.2.3 Spin-orbit torque    

Many interesting phenomena observed in ferromagnetic materials are attributed to the 

existence of spin-orbit interaction. An electron possesses orbital as well as spin angular 

momentum. These may be coupled to give rise to total angular momentum j, such that m = 

γj where γ is the gyromagnetic ratio. The basic principle is that in the rest frame of an 

electron, the nucleus revolves around it with speed v, generating a current loop I = Zev/2πr, 
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where Z is the atomic number. This current produces a magnetic field µ0I/2r at the centre. 

This field is responsible for the spin-orbit coupling, Bso = µ0Zev/4πr2. The interaction energy 

Eso can be expressed in terms of Bohr magneton and Bohr radius [33]: 
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The spin-orbit interaction becomes strong for heavy elements due to Z dependence and 

especially for inner shells. This is one primary reason for interfacial effects observed when 

heavy metals like Pt, Ta, W are used as underlayer or capping layer of a thin ferromagnetic 

film. 

In a non-magnetic material, if unpolarised electrons are injected along +x-direction, a 

spin current would be generated along y and z-directions which have spin polarizations along 

z and y-directions respectively. This is spin Hall effect (SHE) due to spin-orbit coupling 

[53]. There is no net charge accumulation since there is no majority spin polarization. If the 

material is magnetized along z-direction, there is preferential polarization of electron along 

the z-direction, thus on account of spin dependent scattering there is charge accumulation 

along the y-direction. This broken time reversal symmetry corresponds to the anomalous 

Hall effect (AHE) [54]. In systems with broken inversion symmetry having a ferromagnet 

and heavy metal interface e.g. Pt/Co/AlOx or Ta/CoFeB/MgO, there exists another source 

of SOT, namely, Rashba effect [55, 56]. These materials exhibit asymmetric crystal field in 

the z-direction (out-of-plane). From the rest frame of electrons moving in the ferromagnet, 

the electric field is an equivalent magnetic field, which polarizes electron spin (Figure 1-

12). The Rashba field, would act as an in-plane field favouring a Bloch configuration, 

however not driving it forward. The effective Rashba field, HR, is given according to the 

relation [57], 
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Figure 1-12 Schematic illustrating Rashba effect in an out-of-plane magnetized nanostrip. The 

electrons with velocity v see the electric field due to crystal potential which acts as Rashba 

magnetic field (HR) in their rest frame. This tilts the moments slightly out-of-plane due to s-d 

interactions. 

 

 

where, αR is the Rashba parameter, me is the electron mass and Je is in the electron flow 

direction. Miron et al. demonstrated fast DW motion (~ 400 m/s) in Pt/Co/AlOx strips along 

the current flow direction [23]. They attributed Rashba effect and negative non-adiabatic 

torque as the driving mechanism.  

More recent studies by Liu et al. on similar magnetic stacks attribute the SOT to originate 

primarily due to spin Hall effect (SHE) [7, 8, 58]. The SHE would cause the electrons  with  

one  spin  polarization  direction to  accumulate  at  the  ferromagnet/heavy metal interface. 

The accumulated spins would then exert a torque on the magnetization of the ferromagnetic 

layer. The torque due to SHE is given by the relation [26], 

                                             ( ˆ
SHE SL eH z J     m m )                                          (17) 

HSL is the Slonczewski-like field and is given by the following relation [26], 
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where, tf is the thickness of the ferromagnetic layer and θsh is the spin Hall angle or the ratio 

of spin current to charge current. Figure 1-13 shows the schematic of SOT due to SHE. It is 

worth noting that the SOT from SHE cannot rotate the spins out-of-plane if the DW is Bloch 

type, since it lacks the correct symmetry [25]. Thus to drive the DWs an additional torque 

term is required which stabilizes Néel DWs.  

 

Figure 1-13 Schematic illustrating spin Hall effect induced spin-orbit torque. The Slonczewski-

like or the anti-damping torque is also shown. Adapted from [25] 

 

 

Figure 1-14 Schematic illustrating Dzyaloshinskii-Moriya (DMI) vector acting on spins due 

anti-symmetric exchange interaction. The DMI field favours Néel DWs. Adapted from [44] 
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In systems with broken inversion symmetry and strong spin-orbit coupling, an anti-

symmetric exchange interaction namely, Dzyloshinskii-Moriya interaction (DMI) [21, 22] 

is present which prefers non-collinear spin alignment and non-uniform magnetic structures 

[59, 60]. DMI also favours the existence of Néel DWs over Bloch DWs [61]. Consider two 

spins S1 and S2 representing domain magnetizations which are separated by distance r12, let 

w be a vector parallel to the wall plane as shown in Figure 1-14. DMI vector can be defined 

as, 

                                                   12 12SO D r w                                                           (19) 

and the DMI interaction energy is expressed as [62, 63], 

                                                     12 1 2DME  D S S                                                            (20) 

Thus D12 vector is orthogonal to the plane containing the spins and the interaction energy 

favours a chiral Néel DW which depends on the sign of δSO, a coefficient proportional to 

spin-orbit coupling [26]. The orientation of the D12 vector is opposite for up-down and 

down-up DW configurations. The field induced by DMI is collinear to r12, and is represented 

as, 

                                                        DME
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The DMI field, HDMI can be expressed in terms of D and the domain wall width, ∆ [64, 65]  
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The above equation can be used to estimate the DMI coefficient. There exists a minimum 

critical value of HDMI such that it is able to overcome the magnetostatic energy and favour 

Néel DWs. Consider HD as the DW anisotropy field such that, HD = 4KD/πµ0MS, with KD = 

Nxµ0MS
2/2 being the magnetostatic DW anisotropy and Nx = tf ln(2)/π∆ is the 

demagnetization coefficient for magnetic film of thickness t f [34]. Then Néel DWs are 

preferred if HDMI > HD else Bloch DWs are stabilized in the thin films [64, 66]. 
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Consider the presence of DMI field torque together with the SHE induced SOT. When 

no current is applied the DW is Néel type and the magnetization in the DW is parallel to 

HDMI. When current is applied in the heavy metal underlayer, the spin polarized electrons 

accumulated near the ferromagnet would exert a torque and rotate the magnetization in the 

wall from longitudinal to transverse i.e. Néel to Bloch. This creates a finite angle between 

magnetization and HDMI, thus this exerts a torque rotating the magnetization out-of-plane 

and driving the DWs. The DWs can be driven along or against the current flow direction 

depending upon the sign of the spin Hall angle of the underlayer and the handedness or 

chirality of the Néel wall. Figure 1-15 (a-d) shows the sense of rotation of up-down and 

down-up Néel DWs. If the spin Hall angle of underlayer is  positive  then left handed Néel  

 

 

Figure 1-15 Schematic depicting sense of rotation of chiral Néel DWs, which is clockwise 

for right handed and anti-clockwise for left handed (a) Up-Down Left handed (b) Down-Up 

Left handed (c) Up-Down Right handed (d) Down-Up Right handed. Adapted from [24] 
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wall propagates along the current flow direction and right handed propagates along the 

electron flow direction. The directions reverse if the spin Hall angle becomes negative. As 

per convention, the DW is said to be left handed if the spins rotate counter-clockwise going 

from left domain to the right domain and is said to be right handed if the sense of rotation is 

clockwise [24, 67, 68].   

The combined LLG equation incorporating the effect of field, STT, SOT and DMI can 

be written as follows [69]: 

    [ | | ( ˆ )]eff SLH
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where, Heff along with including Zeeman, magnetostatic, exchange and anisotropy, also has 

contribution from HDMI, the third and fourth terms are torques due to STT and SOT, 

respectively. Here, the Rashba effect and field like term is excluded since its contribution is 

small [7, 8, 26].   

 

1.4 Review of spintronic logic devices 

Charge based logic schemes utilize the presence or absence of charge to distinguish between 

logic states 0 and 1. The switching device e.g. CMOS, can be considered as two potential wells 

separating the charge using an adjustable barrier. Theoretical studies have found the minimum 

switching energy between the two states as kBTln2 (23 meV) [70]. However, the projected gate 

switching energy for 10 nm gate length is 15 eV [71]. The information stored in the electron 

spin orientation is devoid of such switching energies. The non-volatility also eliminates the 

delay and the energy required to obtain information from the microprocessor while it is in the 

stand-by state, thus saving power needed to periodically turn the processor on or off. Numerous 

spintronic based logic devices have been proposed, however practical limitations such as direct 

cascading and small signal to noise ratio [72] prevent successful commercialization of the 
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technology. In this section we review some of the proposed schemes of the spintronic based 

logic devices. 

1.4.1 Nano-magnetic logic 

Magnetic quantum cellular automata (MQCA) or nano-magnetic logic (NML) are built from 

identical magnetic dots which are elongated along one direction to form a group of elliptical 

nanomagnets. These nanomagnets interact through electromagnetic interactions which are 

either exchange or primarily dipole interactions. Room temperature demonstration of MQCA 

based logic was performed by Cowburn et al. [73]. Majority gate logic application of MQCA 

was demonstrated by Imre et al. [74] and their fabricated structures are shown in Figure 1-16  

 

Figure 1-16 (a) Array of nanomagnets interacting via dipolar coupling, the horizontal 

nanomagnet on the right represents the input bit, the MFM imaging shows the 

antiferromagnetic coupling, adapted from [74]. (b) Schematic of an n-type all metallic logic 

device, with displacement of DW transferring the information to the free layer of the coupled 

spin-valve. The output is connected to the pinned layer of the spin-valve, adapted from [75]. 

(c) Schematic of spin Hall effect-MTJ based four terminal logic device, the read path and the 

write path are decoupled providing non-reciprocity, redrawn from [76]. (d) Schematic of all 

spin logic device, the input nanomagnet injects spin current into a metallic channel which is 

relayed to the output nanomagnet through spin-torque, redrawn from [77].  
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(a). The neighbouring magnets would adopt anti-parallel magnetization due to dipolar coupling 

as shown in the MFM images. The singular magnet placed horizontally on the right corner 

would act as the control bit which can control the magnetization direction of the other magnets. 

By different arrangement of the nanomagnets logic gate operations can be obtained. However, 

all the logic operations require the need of external magnetic field for clocking, which is an 

issue for on-chip integration and scalability. Recently, Bhowmik et al. [78], proposed the 

utilization of spin Hall effect to control the logic bits of NML with perpendicular anisotropy. 

The researchers showed that if the current is made to flow thorough a thick Ta layer underneath 

the nanomagnets it could induce the switching through spin-orbit torque phenomenon. The 

current flow direction needs to be designed such that it does not exert torque on the input 

nanomagnet. The limitation of this approach is the excess joule heating caused by the current 

flow through the highly resistive Ta layer. Although NML technology offers fast switching 

speeds, the dipole interaction between the magnets is sensitive to shape. The single domain 

states also becomes unstable due to thermal effects. 

 

1.4.2 STT-MTJ based logic 

Many variations of STT-MTJ based logic schemes have been proposed. An all metallic logic 

scheme, referred to as mLogic was proposed by Morris et al. [79]. Figure 1-16 (b) shows the 

schematic of an mLogic device. It consists of two GMR or MTJ stacks for reading the output 

state, which is coupled to a free regions carrying the input data. The input is applied by passing 

current across the free layer through two pinned layers. Domain wall (DW) exists at one end 

which carries the information. When a current flows from the positive input to the negative 

input, the DW propagates towards the left and switches the free region of the spin valve to an 

up magnetized state. Since the pinned region is also up-magnetized the resistance is low in this 

state and this corresponds to logic bit ‘0’. On the other hand when the current flows in the 
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opposite direction, the resistance remains in the high state and this corresponds to logic bit ‘1’. 

Different combinations can be realized by changing the initial spin orientation of the pinned 

layer. The low resistance path in the all-metallic path allows operation at low voltages, but it 

also provides a leakage path which could worsen the energy efficiency as compared to CMOS 

logic.  

STT based logic schemes would have practical issues like high power consumption due to 

the requirement of large critical current to switch the magnetization. The reliability is also a 

concern due to breakdown of tunnel barrier on repeated switching cycles. To overcome these 

issues spin Hall effect (SHE) based MTJ logic devices have been proposed [12, 80]. In three 

terminal SHE-MTJ device the free layer is in direct contact with the heavy metal layer. This 

overcomes the high write current and tunnel barrier degradation since the read and write paths 

are separate. However, it is difficult to cascade this three terminal device for pipeline 

computing. This issue can be solved by considering a four-terminal device as shown in Figure 

1-16 (c), proposed by Kang et al. [76]. Compared to three terminal device, the four terminal 

device has an additional read terminal. The fully decoupled read and write paths eliminate the 

feedback to the input, hence enabling direct cascading. The issue with SHE-MTJ logic schemes 

is low density due to limitation in scaling down the device geometry and additional overheads. 

 

1.4.3 All spin logic  

The logic devices which combine charge based and spin based mechanisms such as 

semiconductor spintronic logic devices suffer from dynamic power dissipation due to frequent 

conversion from electrical to magnetic state. All spin logic (ASL) overcomes the above 

challenges since it computes and stores the information in the magnetic state [77]. ASL 

employs non-local spin signal to switch a nanomagnet constituting input to the next stage. 

Figure 1-16 (d) shows the schematic of the ASL device proposed by Behin-Aein et al. [77]. 
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The input and output nanomagnets are free layers and can switch left or right representing the 

binary data bits. The magnetization of the input magnet generates a spin current which 

propagates in the channel towards the output nanomagnet. The output nanomagnet can in-turn 

be switched by this spin current due to the application of spin torque. Thus by applying a 

negative voltage to the input, the majority spins can be injected and the information is ‘copied’ 

to the output. By reversing the polarity of the input voltage to positive, the majority spins are 

attracted and their absence aligns the output nanomagnet antiparallel to the input nanomagnet, 

thus providing a ‘NOT’ gate operation. The conducting channel could be a metal or 

semiconductor. Although the semiconductors exhibit longer spin coherence lengths [81-84], 

the injection efficiency is low. Another important aspect is that the switching process should 

be non-reciprocal to prevent the output state from affecting the input state. This can be 

accomplished to have input side with a tunnelling interface which would enhance the injection 

efficiency in a metal or a semiconductor [85-90], and an output side with a low resistance 

interface to suppress the back injection.  

An advantage of ASL over CMOS logic is that the logic gates can be implemented more 

compactly. There are some practical limitations of the ASL device. For instance the limitation 

of spin flip length in the metallic channel requires the use of repeaters such as nanomagnets to 

transmit information. These can consume significant power in the actual design. Scaling down 

ASL can increase the efficiency of spin-torque on the output due to less spin-flip scattering, 

however as the input and output become closer, the dipole interaction between the magnets 

would start to create interference. There is a leakage current in the channel while cascading 

which would increase on scaling down the device further. The spins could also flow into the 

ground due to reduction of the shunt path. 
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Table 1-1. Comparison of device parameters for CMOS and spintronic based logic schemes 

[91] 

Device name Energy  
(fJ) 

Delay 
(ps) 

Active 
power 

(W)  

Stand-by 
power 

(W) 

Power 
Density 

(W/cm
2
) 

Throughput 

(/s-cm
2
) 

CMOS high 
performance 10

2 10
3 10

 ̶ 4
   10

 ̶ 5 
-10

 ̶ 6
   10 10

2 

CMOS low voltage 10 10
4 10

 ̶ 6
   10

 ̶ 8 
-10

 ̶ 7
   1 10-10

2 

All-spin logic 10
4 10

5
-10

6 10
 ̶ 5

   10
 ̶ 8

   10 1 

STT- MTJ/Domain-
wall 10

2 10
5
-10

6 10
 ̶ 5 

-10
 ̶ 6

   10
 ̶ 8

   1-10 1-10 

Nano-magnetic logic 10
2 10

5
-10

6 10
 ̶ 7

   10
 ̶ 10 1-10

 ̶ 1
   10 

 

Table 1-1, shows a comparison of device parameters for CMOS and spintronic based logic 

schemes. The benchmarking was carried out by Nikonov et al. [91] by adopting an electrical 

model  for  spin-based  designs in 32 bit  arithmetic logic unit (ALU) and  adder circuits. The 

numerical values in the table indicate the computed order of magnitude of the device 

parameters for respective technologies. The data reveals than the spintronic devices in general 

switch slower and consume more energy per switching than the CMOS based devices. The 

advantages are low dynamic and static power consumption which compensates for the low 

throughput. Thus, although the spintronic logic has potential, more research is required to make 

its performance competitive with that of CMOS based schemes. 

The review presents the advantages and challenges in the existing spintronic logic schemes. 

The application purpose would dictate which logic scheme is suitable. The next section gives 

a brief review on the existing memory and logic devices exploiting DW dynamics in 

ferromagnetic structures. 
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1.5 Existing memory and logic schemes based on domain-wall dynamics 

Both field and current induced DW dynamics can be exploited to realize memory and logic 

applications. The magnetization orientation of the region enclosed by the DW can be assigned 

logic bit 1 or 0 in the case of PMA strips. For IMA strips the DW chirality and the 

magnetization directions of the conduit can serve as the logic bit. 

The first demonstration of DW based logic device was shown by Allwood et al. [19]. Figure 

1-17 (a) shows the structure proposed for logic operations. The shape anisotropy of the 

nanostructure constrains the magnetization to follow the path of the conduit. Time varying 

magnetic fields were applied along the vertical and horizontal directions and MOKE signal was 

traced at various junctions. The bifurcation of DWs at the fan out and their combination gives 

rise to logic operations, for instance the MOKE signal is high at IV only when it is high at both 

II and III. Thus output at IV is logical AND of inputs at II and III. The application of DW in 

memory devices was proposed by Parkin et al. [14] and termed as racetrack memory. In a 

racetrack, the bits are stored as alternate regions of magnetization in a nanowire as shown in 

Figure 1-17 (b). The bits can be written at one end of the nanowire by using a current carrying 

conductor to generate localized Oersted field. The bits can be pushed further in the nanowire 

by using spin polarized current. The bits can also be confined in a region by using notches to 

pin  the DW. The  reading  of  data  can  be performed by  placing  a  magnetoresistive  tunnel 

junction at one end of the nanowire. The racetrack device can also be used as a shift register 

[92]. The racetrack  memory  can be  constructed in  three dimensions to  increase  the  device 

density, however the fabrication of such a structure is challenging.  

Chiba et al. [93], proposed a PMA racetrack using a Co/Ni nanowire as shown in Figure 1-

17 (c). The stripline is used for writing bits. One bit is written by flowing current in the stripline 

in one direction. Then multiple pulses are applied to the nanowire to drive the DW. Then to 

write  another  bit, the  current in the stripline is reversed. The bits are read using a Hall sensor  
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Figure 1-17 Review of DW devices (a) SEM image of magnetic DW logic device, the 

rotating magnetic field propels the DW along the circuit. The geometry of the nanostructure 

provides different logic combinations, adapted from [19] (b) Schematic of racetrack memory 

device. The information is stored in a nanowire as alternate regions of magnetization, the 

bits can be transferred by applying a current to induce STT and the read using read sensor 

such as MTJ, adapted from [14] (c) Schematic of PMA racetrack memory, the bits are 

written by applying a local Oersted field generated through a current carrying stripline. The 

output can be detected at the Hall probe and bits can propagate through application of 

current, adapted from [93] (d) Schematic of ring shaped racetrack memory, where the DWs 

are driven by SOT. The current passes through the heavy metal layer and exerts the SOT on 

the DWs. Short circuit is prevented by breaking the heavy-metal contact locally and the 

current continuity maintained by leakage current propagating through the ferromagnet, 

adapted from [94]. 

 

patterned at the other extreme of the nanowire. Kim et al. [95] showed the dependence of DW 

speed on the strength of perpendicular anisotropy of the nanowire in Pt/Co/Pt stack. It was 

observed that the speed depends on the thickness of the Pt layer. When the thickness of 

underlayer is not sufficient to induce strong PMA, the speed is also higher. The dependence of 

speed on thickness of underlayer and capping layer Pt follows the same trend as the anisotropy 

constant. Thus speed is higher when anisotropy constant is lower. Yang et al. [96], 

demonstrated DW velocities of the order of 750 m/s in synthetic anti-ferromagnetically coupled 
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PMA nanowires. The enhancement in velocity was attributed to the combination of DMI field 

torque and the exchange coupled torque due to the anti-ferromagnetic coupling. The velocity 

was found to be maximum when antiferromagnetic coupling was strong so as to reduce net 

magnetization to near zero. The antiferromagnetic coupling also minimizes dipolar coupling 

which enables higher device density. The only drawback is the current density required to 

achieve such an order of speed is relatively high (~ 3×1012 A/m2) for device applications. 

Metaxas et al. [97], employed a low current density (~ 5×108 A/m2) to drive DWs with velocity 

as high a 400 m/s in the free layer of an in-plane magnetic tunnel junction (MTJ). A vertical 

current injection method [98] was employed, wherein, the injected current is spin polarized by 

passing it through the fixed layer of the MTJ. This current drives the DW which is present in 

the free layer. However, the displacement of the DW was confined to a few nanometers. The 

racetrack memory which requires bi-directionality of DW motion could lead to data overflow 

in the case of linear nanowire. To address this issue, Zhang et al. [94] have proposed a ring 

shaped racetrack memory, in which the DWs are driven by SOT. In this set-up, the current is 

passed through the heavy metal under layer only. To avoid short-circuit, the racetrack is opened 

at two ends as shown in Figure 1-17 (d). Simulations reveal that current can leak through the 

ferromagnetic region where the heavy metal layer is open, this could drive the DW via STT 

and maintain circuit continuity.  

 

1.6 Organization of this Thesis 

Chapter 1 is an introduction and theoretical overview of ferromagnetism and domain wall 

dynamics. The dynamics involving field induced motion, spin-transfer and spin-orbit torque 

are explained. Brief review of work on spintronic logic and domain wall based devices is 

discussed. 
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Chapter 2 outlines the various experimental and characterization techniques employed in this 

work and their basic operating principle. 

 

Chapter 3 reveals the chirality dependent domain wall trajectory in in-plane ferromagnetic 

network structures. Geometrical asymmetry is discussed to overcome Walker breakdown issue 

by changing the potential landscape. 

 

Chapter 4 demonstrates a prototype of domain wall based programmable logic device utilizing 

geometrical asymmetry and current carrying gate to control the path of the domain wall. 

 

Chapter 5 is a study of domain wall dynamics in Co/Ni nanowires with perpendicular magnetic 

anisotropy. The study reveals in-plane current induced stochastic domain wall nucleation in the 

nanostrips. A random number generator device is also demonstrated using an external chip for 

signal amplification and digitization. 

 

Chapter 6 explores domain wall dynamics using spin-orbit torque in Co/Pt double stack 

structures. Hard-axis field is applied to support and oppose the inherent Dzyloshinskii-Moriya 

interaction field and high speed bi-directional motion is demonstrated on tuning the heavy-

metal thicknesses. 

 

Chapter 7 summarizes the key findings in this work and discusses possible future directions. 

 

Appendix A discusses additional work carried out to support key findings in Chapter 6 

regarding spin-orbit torque induced domain wall dynamics in Co/Pt double stack structures.  
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Chapter 2 

Experimental Methods 

This chapter discusses the experimental techniques employed in this research work. Thin films 

were deposited using the technique of magnetron sputtering. The deposited films were 

characterized for magnetic properties using alternating gradient force magnetometry (AGFM) 

and magneto-optical Kerr effect (MOKE) methods. The devices were patterned using electron 

beam lithography (EBL) and Ar-ion milling techniques in a top-down approach. The contact 

pads were patterned using EBL and subsequent lift-off in a bottom-up approach. The direct 

observation of domain wall (DW) dynamics were investigated using magnetic force 

microscopy and Kerr imaging methods. The devices were characterized electrically using a 

radio-frequency (RF) probe station.     

 

2.1 Thin Film Deposition Process 

2.1.1 Magnetron Sputtering 

All thin films and contact electrodes studied in this thesis were deposited using high vacuum 

magnetron sputtering set-up from AJA 8-gun sputter system [1]. The system utilized for 

sputtering is shown in Figure 2-1. Sputtering is a physical vapour deposition (PVD) process 

which employs high voltages to ionize inert gases such as Ar, N2, and generate plasma [2-5]. 

The positively charged ions are then accelerated towards a target which forms the cathode and 

is biased negatively. Figure 2-2 shows the schematic of the sputtering process. The ions are 

able to dislodge and eject the atoms from the target in a typical line of sight cosine distribution, 

which then condense on the surfaces that are placed in proximity to the magnetron sputtering 

cathode. Conductors or metallic targets can be deposited using DC power supply while 

insulators are  deposited  using RF  power  supply. Magnetron  sputtering  utilizes closed loop 
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Figure 2-1 Sputter deposition system from AJA [1] used for magnetron sputtering. 

 

magnetic fields around the targets to confine and trap electrons, which increases the path length 

of electrons causing them to move in spiral motion [6-8]. This enhances the efficiency of the 

initial ionization process and also allows the plasma to be generated at lower pressure which 

reduces both background gas incorporation in the growing film and energy losses in the 

sputtered atoms through collisions.  

In the system, a turbomolecular pump can attain background pressure of ~ 10-6 Torr. To 

achieve base pressures of ~ 10-8 Torr a cryogenic pump is also employed in conjunction. Such 

ultra-high vacuum ensures little contamination of the process gases and enhances the mean free 

paths of the ions to sustain plasma. The working pressure is kept as low as 2-3 mTorr and 

maintained by flowing Ar at a flow rate of around 20 sccm. The sputter yield which corresponds 

to the number  of  atoms  ejected  from  the  target  can  be  enhanced by increasing the sputter 
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Figure 2-2 Schematic of the magnetron sputtering process. Target is biased negatively and the 

magnets confine the electrons near the target. The sputtered atoms from target are deposited on 

the substrate. 

 

 

power. The deposition rate increases in proportion to the sputtering power. For the present 

study, the power was fixed at 50 W and the sputter rate was ascertained by noting the time of 

deposition and thickness calibrated using X-ray reflectometry (XRR).    

 

2.2 Device Fabrication 

2.2.1 Sample preparation 

The substrate employed for thin film deposition and subsequent device patterning is thermally 

oxidized silicon wafer with thickness of 200 – 300 nm. The wafers were diced into 1×1 cm2 

pieces for patterning a number of devices per diem. The diced wafers undergo substrate 

cleaning process as described below. 
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The substrates are ultrasonicated with acetone for 15 mins to remove the inorganic 

contaminants. Then they are ultrasonicated with iso-propyl alcohol (IPA) for 15 mins to 

remove the acetone completely and other contaminants. De-ionized water is used to wash away 

the IPA contaminants. Subsequently the substrates are blown dry with N2. After cleaning, the 

substrates were deposited with thin film using magnetron sputtering technique and 

subsequently patterned using top-down lithography approach with the assistance of EBL and 

Ar-ion milling for pattern transfer. 

 

 

 

    Figure 2-3 Raith e-Line system used for electron beam lithography. 
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Figure 2-4 Schematic of electron beam lithography process. The electrons arriving from the 

source are collimated using electromagnetic lenses and passed through the pattern generator 

before exposing the sample mounted on the stage. Adapted from [9] 

 

 

2.2.2 Electron Beam Lithography 

Electron beam lithography (EBL) is a useful tool for creating patterns at nanoscale dimensions 

[10-12]. The process of lithography involves coating the substrate or the film with a photo-

resist which is sensitive to energetic electron beams. The substrate is then exposed to a beam 

of electrons emitted from a source and passed through a pattern generator. The photoresist is 

an organic compound which becomes either more soluble on exposure (positive resist) or less 

soluble (negative resist). The photoresist is then developed in a chemical which dissolves the 

soluble part. Due to low wavelength of electrons, the diffraction is limited and ultra-high 

resolution in the sub-nm regime can be achieved.    
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The system employed for the study in this thesis is Raith e-Line system which is shown in 

Figure 2-3. The source of electrons is thermionic emission from lanthanum hexaboride. The 

electrons are accelerated to high voltages and are collimated using electromagnetic lenses. The 

above features are same as that of a scanning electron microscope (SEM) to which beam 

blanker and pattern generator are added in an EBL system to control the areas to be exposed. 

The sample to be exposed is placed on an ultra-high precision stage whose motion is monitored 

using a laser interferometer. Figure 2-4 shows a schematic of the column of an electron beam 

exposure system. The lithography is performed using two different techniques: the top-down 

approach using negative photoresist and the bottom-up approach using positive photoresist. 

The details of these processes are discussed in the following sections. 

 

2.2.2.1 Top-down lithography 

The top-down lithography is accomplished by using a negative photoresist and etching the un-

exposed regions by dry etching method. The process adopted for top-down lithography is as 

follows. First the magnetic material to be patterned is deposited on a substrate using the 

technique of magnetron sputtering. The film is then spin coated with a negative resist such as 

ma-N 2403 [13], at 6000 revolutions per minute for 60 s. The thickness of the resist obtained 

is 180 – 200 nm. The substrate with the coated photoresist is then baked on a hot plate at 100°C 

for 1 minute. The film with the resist is then exposed with electron beams using EBL. The 

dosage used is 130 µC/cm2, with the beam current as 200 pC. The aperture and beam voltage 

are kept as 30 µm and 10 keV respectively. The exposed regions become less soluble due to 

cross-linking of the photoresist. The un-exposed regions are dissolved away by using a 

developer solution ma-D 525 [14]. The exposed substrate is rinsed in the developer for 90 s 

and then in de-ionized water for 2 minutes to wash away the resist. To etch the un-exposed 

metallic  
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Figure 2-5 Schematic of top-down lithography process (a) Thin film deposition (b) Negative 

resist spin-coating (c) Electron beam exposure (d) Develop in chemical to remove un-exposed 

resist (e) Ion-milling to etch the exposed metal film (f) Resist stripping in chemical solvent. 

 

 

film and transfer the pattern, the substrate with the film and resist is subjected to ion beam 

milling which is explained in detail in section 2.2.3. The ion milling which uses Ar atoms to 

bombard the surface of the sample, etches away the film. Since the resist is much thicker than 

the metallic film, the resist acts as a hard mask and protects the pattern underneath. Thus the 

pattern is obtained with resist on top. The resist is then stripped away in a chemical solution 

such as mr-Rem 400 [15]. The chemical bath with the resist and solution is heated at 85°C for 

1 hour and then ultrasonicated in the bath for 2 hours. Finally the patterned sample is washed 

in IPA to remove the chemical. The lithography process schematic is illustrated in Figure 2-5.   
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Figure 2-6 Schematic of bottom-up lithography process (a) Positive resist spin-coating (b) 

Electron beam exposure (c) Develop in chemical to remove exposed resist (d) Thin film 

deposition in the exposed patterns (e) Resist lift-off in acetone. 

 

2.2.2.2 Bottom-up lithography 

The bottom-up lithography is accomplished by using a positive photoresist and then a lift-off 

technique after deposition of the film in the patterned structures. This technique was employed 

for contact formation in the second lithography step. First, the sample to be patterned is spin 

coated with PMMA 950K [16] positive photoresist at 4000 revolutions per minute for 45 s. 

The thickness of the resist obtained is 200 nm. Then the sample with the photoresist is baked 

on a hot plate at 180°C for 5 minutes. Now, the sample is exposed to the electron beam using 

EBL to write the desired pattern. The dosages and EBL settings are similar to that of the top-

down approach discussed in the previous section. The exposed regions become more soluble. 

After exposure, the sample is developed in a 1:3 solution of methyl isobutyl ketone (MIBK) 

diluted with IPA. The sample is rinsed with MIBK:IPA for 30s and then with IPA alone for 

another 30s. The exposed regions are dissolved away in the solution. The patterned structure 
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is deposited with the required thin film. For contact formation the thin film stack is Ta (5 

nm)/Cu (100 nm)/Au (3 nm). The gold capping is used to prevent oxidation of the copper 

contacts. Before the deposition, a reverse sputtering using RF bias is employed for 60s at 30 

W RF power to remove any oxides or impurities. After the deposition the resist is lift-off by 

acetone ultrasonication followed by IPA rinse. The lithography process steps are illustrated in 

Figure 2-6. 

 

 

    Figure 2-7 Ion-milling system from AJA [17]. 

 

 

2.2.3 Ion-Milling 

Ion-milling is a dry etching technique where inert gas atoms are bombarded at the surface 

of the substrate which is placed at a certain angle to the incoming ions [18, 19]. The ion-milling 

system used in this thesis is AJA ATC-2020-IM [17] shown in Figure 2-7. The system has a 

vacuum chamber with a rotatable stage. A turbomolecular pump can reach pressures as low as 

10-8 Torr. The inert gas used is Ar, and a high voltage source is used to generate Ar plasma. 
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The Ar ions are accelerated by an optically aligned grid to form highly collimated beam. A 

neutralizer, which is a tungsten rod for electron emission, is attached just after the source of 

ions to neutralize the ions and prevent charging of the substrate. The angle of the stage can be 

adjusted manually and is kept 5° to the normal i.e. 85° from the horizontal line of sight of the 

incoming ions which ensures that re-deposition is minimum. The stage is rotated at 10 

revolutions per minute to ensure uniform etching. An Ar flow rate of 14 sccm is maintained 

and power of etching is kept at 85 W. The ion-milling system is equipped with secondary-ion 

mass detector (SIMS) which is used to detect elemental, isotopic or molecular composition of 

the sample surface. The ion-milling technique is primarily employed to etch the metal film 

during pattern transfer of the top-down lithography process. 

 

2.3 Magnetic Characterization Techniques  

2.3.1 Magnetic Force Microscopy  

Magnetic force microscopy (MFM) technique is a variation of atomic force microscopy (AFM) 

where a tip coated with magnetic material scans a magnetic sample and the interactions of the 

tip with the stray field of the sample are used to reconstruct the magnetic structure or domains 

in the sample [20-23]. The MFM signal is often masked by the topography obtained using 

AFM, hence MFM is performed in the lift-mode where tip is at a certain height above the 

sample (10 – 200 nm). Since magnetostatic forces are long range forces, as compared to atomic 

forces which are short range, they allow the MFM tip to work at a larger gap between tip and 

the sample. For a distance Z of separation between the tip and the sample surfaces, which is 

less than the tip radius, R, the van der Waals forces can be approximated as, F =  ̶ AR/6Z2, 

where A is a constant of the order of 5×10-20 J [24]. For sub-micron tips, the van der Waals 

forces can be neglected compared to the magnetic forces. The MFM imaging in this thesis was 

performed using Dimension V from Bruker. The principle of operation is as follows: 
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A cantilever vibrating at a certain frequency is scanned across the sample surface and a 

photodetector  monitors  the  rms  value  of  the  amplitude  of  a  laser  beam  reflected by the 

cantilever. Modifications to the force gradient along the vibration direction (z-direction) shifts 

the resonance frequency which causes the amplitude to slide up or down the slope of the 

resonance curve [25]. In the lift mode, the first scan in the close proximity to the surface gives 

topographical information, while the feedback loop is closed maintaining the amplitude at a 

certain value. For the second scan, the loop is opened and the scanner repeats the z-movement 

of the first scan with an offset in the height added. This eliminates the topography. Figure 2-8 

shows a schematic of the imaging process. The relative amplitude change at the steepest portion 

of the resonance curve is given by [26]: 
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Figure 2-8 Schematic of magnetic force microscopy imaging technique. The lift mode 

eliminates the topography information. The phase shift induced on account of magnetic force 

gradient gives information about the domains and magnetic structures. 

 



49 
 

where, A0 is the amplitude at the resonance frequency, k is the spring constant of the cantilever, 

dFn/dn is the derivative of the force normal to the cantilever and Q is the quality factor of the 

resonance. The force gradient acting on the tip can be expressed as: 
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where, mx, my, mz, Hx, Hy, Hz are the magnetization and field components at location r within 

the tip, respectively. The force gradient which causes a shift in the frequency is manifested as 

a phase difference which is measured in the MFM technique to obtain the magnetic information 

of the sample. 

The limitation with MFM technique is that it cannot directly probe the magnetization, rather 

the dipole fields generated by magnetization inhomogeneity. For materials with in-plane 

magnetic anisotropy, these dipole fields are related to the gradient of the magnetization. For 

perpendicular magnetic anisotropy (PMA) media, the tip sample interaction can be strong 

enough to change the magnetization of the sample. This is particularly disadvantageous when 

studying domain wall (DW) dynamics, since the tip can drag the DW as the depinning field of 

DW is only about 80-100 Oe. Thus in PMA nanowires, technique of magneto-optical Kerr 

imaging has been utilized to observe DW motion.   

 

2.3.2 Alternating Gradient Force Magnetometry  

Alternating gradient force magnetometry (AGFM) technique is a quick and useful method for 

measuring magnetic properties with very high sensitivity down to 10 nemu [27]. The principle 

lies in sensing the force due to a magnetic field gradient. The sample is mounted on the end of 

a cantilevered rod incorporated with a piezoelectric element. The sample is first magnetized by 

a DC magnetic field and is simultaneously subjected to a varying AC field. This alternating 

field gradient exerts an alternating force on the sample which is proportional to the magnitude 



50 
 

of the field gradient and the magnetic moment of the sample. This results in the vibration of 

the sample which is detected by the deflection of the cantilever rod. The output signal can be 

greatly amplified if operated near the resonance frequency of the cantilever. The operating 

frequency is tuned between 10-100 Hz with quality factor, Q, in range of 25-250. The force 

due to a magnetic field gradient, FZ, can be expressed as follows: 

                                                            Z
Z

b
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Z





Z ZF m                                                       (3) 

where, m is the total magnetic moment, B is the magnetizing field and b is the gradient field.  

The AGFM used for the current study is PMC MicroMag 2900. Figure 2-9 shows a schematic 

of the AGFM set-up. Samples are diced to sizes 3 mm×3 mm with a known thickness of the 

magnetic layer. The magnetic moment obtained is normalized with the volume to obtain the 

magnetization in the units of emu/cc. There are separate probes for perpendicular and in-plane 

magnetic field directions. The system is calibrated by mounting a calibration sample of known 

magnetic moment. The magnetic moment of the silicon dioxide wafer which is the substrate 

for our samples is measured to incorporate diamagnetic correction in the M-H loops. 

 

Figure 2-9 Schematic of alternate gradient force magnetometry. The magnetic force gradient 

due to interaction of magnetic moment of the sample with the applied alternating field deflects 

the sample and the piezoceramic holder. The deflection gives information of the magnetic 

moment of the sample. 
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2.3.3 Magneto-Optical Kerr Effect  

Magneto-optical Kerr effect (MOKE) polarimetry provides an alternate method for obtaining 

magnetic hysteresis curves, even though they do not provide absolute values of the magnetic 

moments. The Kerr microscopy technique based on the Kerr effect [28, 29] is an effective tool 

for direct observation of DW and magnetization in the devices [30-33]. A linearly polarized 

laser light illuminates the test sample. The magnetization of the sample interacts with the 

polarized light beam and the light reflected from the sample is rotated in polarization with 

respect to the incident light. This light is passed through an analyser which is nearly cross-

polarized with the incident polarizer. The photodetector measures the incident intensity and a 

lock-in amplifier reads the corresponding voltage signal proportional to the incident intensity 

which is in- turn a measure of the magnetization of the sample. The reason behind the change 

in polarization of the plane polarized light is briefly discussed as follows. 

Light incident on the sample is referred to as p-polarized if the electric field is polarized in the 

plane of incidence and is s-polarized if the electric field is polarized perpendicular to the plane 

of incidence. When p-polarized light is reflected off a magnetic surface, the reflected light 

along with the p-component also has some s-component. In general the second electric field 

component is out-of-phase with the reflected p-component which makes the reflected light 

elliptically polarized. The major axis also gets rotated from the initial polarized plane. Similar 

is the case when an s-polarized light is reflected off a magnetic surface. This is referred to as 

Kerr ellipticity and Kerr rotation. The plane polarized light can also be considered as composed 

of two circularly polarized components L and R. These two components travel with different 

velocities in the magnetized medium since they experience different refractive indices. Upon 

reflection the two modes recombine to give Kerr ellipticity and rotation. A change in 

polarization of the in-phase component of the reflected light gives rise to rotation and a change 

in polarization of the out-of-phase component gives rise to ellipticity.  
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Figure 2-10 Geometries of magneto-optical Kerr effect measurement. The longitudinal and 

polar MOKE modify the polarization of the incident light whereas the transverse MOKE affects 

the intensity. 

 

In simplified terms, three types of Kerr effect exist as shown in Figure 2-10. In the 

longitudinal Kerr effect, the magnetization is in the plane of the sample and is parallel to the 

plane of incidence of the light. In the transverse Kerr effect also the magnetization is in the 

plane of the sample, however, it is perpendicular to the plane of light incidence. In the polar 

Kerr effect, magnetization is perpendicular to the sample plane and is parallel to the plane of 

incidence of light. The longitudinal and polar effects generally alter the polarization of light 

from plane to elliptical and cause Kerr rotation. But, the transverse effect does not change the 

plane of polarization. This is due to the fact, that transverse effect does not have Lorentz force 

component (s-polarized) or the induced component (p-polarized) has the same polarization as 

the incident polarization. 

Kerr microscopy is a technique based on the Kerr effect and gives a visual evidence of 

magnetization behaviour of the test device. For the PMA samples under study, polar Kerr has 

been employed to detect the presence of DW. Figure 2-11 shows the schematic of the Kerr 

microscopy technique. Halogen lamp is used as the light source. The light is plane polarized 

by passing it through a polarizer. This polarized light falls on the magnetized sample which has 

already been injected with a DW. The sample induces Kerr rotation and this reflected light is 

passed through another polarizer which acts as an analyzer. The reflected light is captured using 
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a camera and the image is processed to obtain the final Kerr image. The Kerr setup employed 

in this study uses a microscope provided with two polarizers for polarizing the incident light 

and capturing the reflected light respectively. 

 

           Figure 2-11 Schematic of Kerr microscopy set-up. 

 

 

 2.4 Electrical Characterization Techniques 

The electrical characterizations for the work presented in this theses were carried out using 

Cascade Microtech RF probe station, shown in Figure 2-12 (a), equipped with pico-second 

pulse generator from Pulse Labs (Picosecond 10300B), shown in Figure 2-12 (b). The probe 

station is equipped with 6 DC probes and 2 ground-source-ground (GSG) probes for handling 

high frequency signals. The AC and DC current sources and voltmeter were sourced from 

Keithley 2400 series. A 6 GHz oscilloscope from Teledyne Lecroy WaveRunner series was 

employed for signal detection. The out-of-plane and in-plane magnetic fields were applied 
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using in-house electromagnets built to provide maximum fields of 4 kOe and 600 Oe 

respectively.    

 

 

Figure 2-12 (a) Cascade Microtech RF probe station for electrically probing the devices (b) 

Pico-second pulse generator set-up. 

 

 

 2.4.1 Domain wall nucleation, detection and driving procedure 

Figure 2-13 shows the scanning electron microscopy (SEM) image of a 300 nm wide PMA 

Hall cross structure along with the schematic of the measurement set-up. The PMA nanowire 

is initially saturated with an out-of-plane magnetic field along the +z-direction. The strip-line 

at electrode A formed of Ta/Cu is used for nucleation of the DW. To nucleate a DW, switch 

S1 is closed and switch S2 is open. An electric pulse of voltage 6V (100 mA current) and pulse 

width 50 ns is applied to the strip-line at electrode A. The AC flows through the top part of the 

bias-tee through the strip-line and sinks into the ground via oscilloscope. The current generates 

a localized Oersted field and a DW is nucleated in the vicinity of the strip-line.   
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Figure 2-13 Measurement set-up to electrically nucleate, detect and drive the domain wall. For 

nucleation switch S1 is closed while S2 is open. For domain wall driving switch S2 is closed 

while S1 is open. 

 

To detect the presence of DW, anisotropic magneto-resistance (AMR) technique can be used 

[34-36]. The creation of a DW would drop the resistance of the nanowire. However, since the 

change in resistance is very small (~ 0.1 Ω), it can be masked by the electrical noise in the set-

up. An alternative method for detecting the presence of a DW is based on the principle of 

anomalous Hall effect [37, 38]. The change in magnetization of the nanowire from up to down 

would change the resistance at the Hall probes since the Hall resistance is proportional to the 

perpendicular component of the magnetization. It is to be noted that contribution due to planar 
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Hall effect is small and neglected in this case. To detect the presence of the DW a 100 µA DC 

read current is passed through the nanowire. The magnetic field is swept in the  ̶ z-direction. 

This drives the DW towards the Hall probe. A drop in the resistance at the Hall probe signals 

the presence and propagation of DW towards the Hall probe.     

    To drive the DW using electric current and the phenomena of spin-transfer torque (STT) [39, 

40], switch S2 is closed while S1 is open. The negative driving pulse is applied using the pulse 

generator, the AC flows from B to A in the nanowire and the electron motion is from A to B 

which flows to the ground through the oscilloscope. The DW would propagate from A to B 

against the direction of the current. After every pulse, a read current of 100 µA DC is passed 

through the nanowire and the Hall voltage is measured. The drop in Hall voltage would signal 

the propagation of the DW towards the Hall probe. By noting the distance between the strip-

line and the Hall probe, the DW velocity can be estimated from the known pulse width. This is 

a time-of-flight method for estimating the DW velocity. 
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Chapter 3 

Controlled Motion of Domain-Wall in Network Nanostructures 

with In-Plane Magnetization Anisotropy 

 

Ferromagnetic network structures are an important system to study both from a technological 

and fundamental standpoint. The ability to control the domain wall (DW) trajectory in such 

structures would potentially have applications in magnetic logic [1, 2]; with presence or 

absence of DWs being equivalent to logic bits and number of branches equivalent to the number 

of output states. Fundamentally, network structures provide a system to investigate and observe 

the existence of magnetic monopoles at room temperature in artificial spin-ice lattices [3-7]. In 

these network structures, the magnetization dynamics is initiated via absorption and emission 

of DWs at the vertex. The topological charge or defect at the vertex plays a key role in the 

magnetization reversal process [8, 9]. The vertex charge can govern the annihilation and 

emission of a new DW. The DW itself can be characterized by its topological charge which 

determines its chirality. A vortex DW is a combination of two  ̶ 1/2 edge defects (vertices) and 

+1 bulk defect (core). A transverse DW is composed of ±1/2 edge defects. The total topological 

charge of the DW is zero and is conserved during DW transformations [8].  

Recently, Pushp et al. [9] reported that a vortex DW would follow a trajectory in Y-branch 

structures which is strongly dependent on its chirality. Ziessler et al. [10] reported non-random 

path for transverse DWs in an artificial spin-ice lattice, which was attributed to the DW 

following a chirality dependent path through the network. Thus, deterministic trajectory of 

DWs through the network structures depends on the robustness and stability of the chirality. 

At low magnetic field strengths, the chirality of the DW is preserved. However, above a certain 

field strength, termed as the Walker field, the DW chirality alternates between Bloch and Neel 
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as is propagates. This is termed as Walker breakdown [11]. The DW is able to maintain its 

chirality only till it propagates a characteristic length called the fidelity length. For DWs 

propagating at larger fields and beyond their fidelity lengths, it is not possible to control their 

trajectories in a network structure. In such structures, the DW trajectory is expected to be 

stochastic. Burn et al. [12] showed that the trajectory of a DW propagating in a branch structure 

alternates between upper and lower branch at larger magnetic field strengths.    

This chapter focusses on achieving deterministic trajectory of DWs in network structures 

and to understand the DW transformations at the bifurcation with the help of topological 

defects. The first half of the chapter emphasizes on the chirality dependent selective trajectory 

of transverse DW in a Y-branch structure. The motivation for selecting Y-branch structure is 

kagome artificial spin-ice lattice which is a hexagonal structure of frustrated magnetic nanobars 

[5, 13, 14], and Y-branch offers a simple unit cell and a system to study this structure. The 

artificial spin-ice are important system for fundamental study as they allow the observation of 

magnetic monopoles at room temperature [4, 6]. The ferromagnetic material studied is perm-

alloy, Ni80Fe20. The micromagnetic simulations show that the DW undergo complex 

transformation with re-allocation of edge defect at the bifurcation. In the second half of the 

chapter, we show that by adding a geometrical asymmetry in the branch structure a constrained 

and deterministic motion of DW is possible independent of its chirality. The DW is able to 

propagate a deterministic trajectory in a branch structure over distances longer than its fidelity 

length. These concepts are applied to design and demonstrate a programmable logic device 

which is discussed in the next chapter. 
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3.1 Topological defects in ferromagnetic structures 

Ferromagnetic structures can be regarded as ordered systems possessing discrete symmetry and 

can be theoretically described using the Ising model [15]. Ferromagnetic systems can be 

described by a function that assigns to every point in the region an order parameter [15, 16]. 

The order parameter in a two dimensional film plane can be described by a unit vector of 

magnetization, such that it is constrained to lie in the plane. Thus, the order parameter can be 

taken as the circumference of a circle and also termed as θ-space, where θ is the angle made by 

the magnetization with respect to the x-axis. Figure 3-1 (a) shows the order parameter space. 

The order parameter is not defined at a singularity in the medium which is termed as a 

topological defect. In Figure 3-1 (a), the region Ω, encompasses the topological defect or 

singularity at the origin (shown by a red circle). The topological defect is associated with a 

winding number, which is the angle, θ, traversed while completing a closed circuit around the 

singularity or the defect when the magnetization vector is being mapped. Since the order 

parameter space is a circle, the winding number, n, is the number of times the order space is 

traversed an angle 2π while completing a loop around the defect.   

Tchernyshyov et al. proposed the concept of utilizing topological defects n = ±1 and n = 

±1/2 for describing the winding numbers or topological defects for DWs [8]. They proposed in 

analogy to the XY model [15], that the integer winding numbers in the bulk are obtained from 

solutions of the Laplace equation. The fractional winding numbers, n = ±1/2 can be obtained 

from method of images in the XY model for electrostatic charges. Consider the case of 

transverse DWs. A tail-to-tail up (TT-U) DW is shown in Figure 3-1b (i). As DW propagates 

along the x-direction, the spins would rotate in clockwise direction across the DW as shown by 

the schematic on the right. As θ is rotated along the anti-clockwise direction the order space is 

traversed in the clockwise direction by an amount π, thus the winding number for tip of the 

triangular region of the DW is  ̶ 1/2. Since total winding number is 0 as we  complete  the full  
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Figure 3-1 (a) The order parameter space around a topological defect in two dimensional plane 

represented by a circle (b) Topological defects in domain walls and their chirality (i) Tail-to-

tail ‘up’ (TT-U), spins rotate clockwise; (ii) Tail-to-tail ‘down’ (TT-D), spins rotate anti-

clockwise; (iii) Head-to-head ‘up’ (HH-U), spins rotate anti-clockwise; (iv) Head-to-head 

‘down’ (HH-D), spins rotate clockwise; (v) Vortex domain wall with clockwise chirality 

having bulk defect = +1 and two edge defects =  ̶ 1/2. 
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loop, the winding number at the base of the triangle is +1/2. This is equivalent to stating that 

the winding number or topological edge defect is  ̶ 1/2, when two spins diverge and one 

converge at the point; the edge defect is +1/2 when all spins diverge or converge at the point. 

Similarly the topological defects are shown for other configurations of the transverse DW in 

Figure 3-1b (ii-iv). Figure 3-1b (ii) shows the defects for tail-to-tail down (TT-D) configuration 

where spins rotate in anti-clockwise direction. Figure 3-1b (iii) shows the head-to-head up 

(HH-U) configuration where the spins rotate in the anti-clockwise direction. Finally Figure 3-

1b (iv) shows the head-to-head down (HH-D) configuration where spins rotate in clockwise 

direction. For the case of wider nanowires where magnetostatic energy dominates, vortex DWs 

are stabilized [17-19]. The vortex DW has a defect in the bulk with winding number +1 (even 

though the spins rotate clockwise in this figure) and two defects at the edges with winding 

numbers  ̶ 1/2, as shown in Figure 3-1 b(v). It is worth noting that the total winding number of 

topological defects in a DW add up to zero and the total topological charges or winding 

numbers are conserved during DW transformations [8].    

Tchernyshyov et al. [8] also pointed out that the fractional winding numbers only exist at 

the edges and not inside the bulk, since that would cause the order parameter, θ, to take multiple 

values. The multivaluedness would mean that the magnetization would be discontinuous across 

a line defect extending from the core of the half vortex to the film boundary, which would 

provide a potential confining the half vortex to the edge. From the electrostatic analogy, the 

defects +1/2 and  ̶ 1/2 would attract each other, which would hold the composite DW together. 

The extent of the DW is set by the width of the strip, which is also reported in simulations [17]. 

For wider strips, the magnetostatic energy would break the symmetry between positive and 

negative winding numbers. The +1/2 winding number would have larger magnetostatic energy 

than the  ̶ 1/2 defect [17]. The magnetostatic energy is minimized if the density of magnetic 

charges in the bulk vanishes i.e. ∇ ∙ �̂� = 0, and on the surface �̂� is parallel to the boundary. 
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Since +1/2 defects are energetically unfavourable, in such cases it is possible that +1/2 defect 

would decay into a vortex (n = +1) and an edge defect (n =  ̶ 1/2). In the exchange limit, such 

as for narrow width of nanowires, the +1/2 defect is a stable configuration. An antivortex is 

also a possible scenario which consists of bulk defect, n =  ̶ 1 and edge defects = +1/2. However, 

this configuration is energetically unstable due to presence of two +1/2 defects. The 

annihilation of DWs is possible if edge defects can also annihilate following the principle of 

conservation of topological charge. To explain this situation consider a ring shaped nanowire 

magnetized such that the inner surface of the ring has two  ̶ 1/2 charges. The DWs cannot 

annihilate since two  ̶ 1/2 charges cannot cancel. This is exactly what happens in the case of 

narrow width rings. However, if the width of the ring is large there is a possibility of +1/2 

charge to transform to a  ̶ 1/2 charge by emitting a vortex with +1 charge. The emitted vortex 

propagates to the inner edge where it can recombine with the  ̶ 1/2 defect to form a +1/2 defect. 

Now the defects can directly annihilate. In thin rings, the annihilation is less probable since the 

vortex is not energetically stable.    

      

3.2 Evolution of domain-wall at the bifurcation – a micromagnetic study 

The DW dynamics in a Y-branch structure was first investigated using object oriented 

micromagnetic framework (OOMMF) [20]. The branches were selected to have an angle of 

70° with respect to the horizontal x-axis. This value was selected based on simulations which 

showed that increasing the angle beyond 70° pinned the DW at the bifurcation and further 

increasing the field did not depin it. On the other hand, if the angle is lower, the two branches 

themselves switch before the DW reaching the bifurcation. Hence, to improve the field 

resolution for DW chirality detection, 70° was found to be optimum.The widths of the 

nanowires in the branch structure were chosen as 100 nm to stabilize a transverse DW [17-19]. 

The horizontal length of the nanowire where a DW is initialized is kept less than 200 nm to 
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prevent Walker breakdown [21]. The simulation parameters for the permalloy were selected as 

following: exchange constant   A = 1.3×10-11 J/m,  saturation  magnetization  Ms =  860×103 

A/m  and   anisotropy constant K = 0 J/m3 [18, 22]. The Gilbert damping coefficient α was 

selected as 0.01. The simulation cell size was set as 5 × 5 × 5 nm3 along the three axes. 

 

 

Figure 3-2 Schematics of the magnetization orientations in the network structure when a tail-

to-tail transverse DW with an “UP” chirality (TT-U) is injected: (a) before and (b) after the 

TT-U is propagated through the bifurcation. (c i-iii)  Snap shots of the simulated magnetization 

configurations during the reversal process. Images are labelled with corresponding winding 
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numbers of the edge defects. Point “A” indicates the position of the vertex at the bifurcation 

where the annihilation of vortex core occurs. Point “B” represents the final position of the edge 

defect n = 1/2 at the bifurcation. Shown below are the schematic representations of elementary 

edge defects with winding numbers +1/2 and 1/2. Copyright (2014) The Japan Society of 

Applied Physics. 

 

 

Figure 3-2 (a) shows the schematic of the magnetization configuration of the network or 

branch structure as a TT-U DW is initialized and driven in the nanowire. A field is applied to  

drive the DW, which then propagates selectively along the lower branch as shown in Figure 3-

2 (b). The spin evolution at the bifurcation was obtained to understand the selective trajectory 

of the DW.  The simulated magnetization configurations at the bifurcation under the application 

of gradually increasing field are shown in Figure 3-2 (c-(i-iii)).  The figure also includes the 

winding numbers of the topological defects or charges of the representative spins. At the 

bifurcation, an edge defect of  ̶ 1/2 is also observed, which is termed as the vertex. The DW 

upon reaching the bifurcation is pinned before it interacts with the vertex. A transverse DW 

has a clockwise orientation for ‘up’ chirality, hence when it approaches the bifurcation, the 

spins adopt a clockwise orientation. This pushes the vertex core towards the upper branch. Due 

to the transverse variation in DW width, the DW has a higher energy at the +1/2 defect than at 

the  ̶ 1/2 defect. As the magnetic field strength increases, the bottom part of the DW depins and 

its interaction with the vertex leads to the formation of a vortex DW as shown in Figure 3-1 (c-

ii). The vortex is stable state at the bifurcation due to dominant contribution of magnetostatic 

energy. The total winding number is conserved during the transformation, and the vortex is 

characterized by a +1 defect at the core and two  ̶ 1/2 defects at the edges. The vortex core is 

formed after the transformation of the +1/2 defect from TT-U to +1 defect. Also, a  ̶  1/2 defect 

is nucleated along the same edge of the transformed +1/2 defect to conserve the total winding 

number. Gradual increase of magnetic field strength leads to the vortex DW to move towards 

point A, where the core eventually annihilates as shown in Figure 3-1(c-iii). As per topological 

charge conservation, the annihilation of the vortex core (+1 defect) leaves behind a  ̶ 1/2 defect 
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at the bifurcation at point B and a new transverse DW is nucleated in the lower branch as shown 

in Figure 3.1 (c-iii). The propagation   of   transverse DW along the lower branch switches the   

magnetization. In summary, the transformation process is completed by displacement of edge  

 

 

Figure 3-3 Schematics of the magnetization orientations in the network structure when a tail-

to-tail transverse DW with a “DOWN” chirality (TT-D) is injected: (a) before and (b) after the 

TT-D is propagated through the bifurcation. (c i-iii) Snap shots of the simulated magnetization 

configurations during the reversal process with winding numbers of the edge defects identified. 

Point “C” represents the final position of the edge defect n = 1/2 at the bifurcation. Copyright 

(2014) The Japan Society of Applied Physics. 
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defect from A to B.      

 The chirality of DW was now changed to tail-to-tail down (TT-D) and the above 

simulations were repeated. Figure 3-3 (a) shows the schematic of magnetization configuration 

when a TT-D DW is nucleated in the Y-branch structure. The application of in-plane magnetic 

field leads to similar dynamics as that presented for TT-U previously. However, on this 

occasion, the DW propagates along the upper branch as shown in the schematic of Figure 3-3 

(b). In the case of TT-D DW, the upper edge has +1/2 defect and the bottom edge has  ̶ 1/2 

defect. The spins in the TT-D DW rotate in anti-clockwise direction. The vertex is displaced 

towards the lower branch as shown in Figure 3-3 (c-i).  The depinning process of the transverse 

DW leads to the formation of an anti-clockwise vortex DW. This transformation takes place as 

a result of the annihilation of the +1/2 defect and generation of a  ̶ 1/2 defect in the upper branch 

as shown in Figure 3-3 (c-ii). As the magnetic field increases, the vortex DW annihilates, 

leaving behind  ̶ 1/2 defect at the position C and a transverse DW in the upper branch. Thus 

motion of DW in the upper branch switches its magnetization. The edge defect is displaced 

from position A to position C. From the above analysis we can infer that the DW always 

propagates in the branch where initial +1/2 defect is present. Thus the chirality of the DW 

dictates the switching behaviour and the trajectory of the DW.   

 

3.3 Direct observation of chirality dependent domain-wall trajectory 

Figure 3-4 (a) shows the scanning electron microscopy (SEM) image of the fabricated Y-

branch structure. The structure is composed of thin film stack of Ta (5 nm)/Ni80Fe20 (10 nm)/Ta 

(5 nm), deposited using magnetron sputtering at a base pressure of 2×10-8 Torr. The film is 

patterned using electron beam lithography and Ar ion-milling techniques. In addition to the Y-

branch nanowires the structure also has a diamond shaped pad for DW nucleation and injection 

along with a transverse nanowire for setting the initial chirality of the injected DW. It has been 
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shown that the presence of a transverse nanowire also enhances the fidelity length of the DW 

to around 500 nm at an applied field strength of 50 Oe [21], since the transverse nanowire has 

a fixed magnetization owing to a strong shape anisotropy and it resets the chirality of the 

injected DW. We have confined the length of our nanowire to less than 400 nm to preserve the 

spin structure. The initial magnetization direction of the transverse nanowire selects the 

chirality of the injected DW. Thus the transverse nanowire acts as a chirality selector.  

The experimental procedure for nucleating and driving a DW in the structure is described 

as follows. First, the transverse nanowire or the chirality selector is magnetized along y-

direction using a large field of around 1-2 kOe. The field required to saturate the chirality 

selector is large since the width of the nanowire is less. The injected DW can either have up or 

down chirality depending on whether the chirality selector is magnetized along the +y or   ̶ y-

direction respectively. Next, the Y-branch is magnetized by applying 1 kOe field along the +x-

direction. To inject a TT-DW, magnetic field is applied along the  ̶ x-direction. As the field is 

gradually increased, the DW is nucleated in the diamond pad and pushed inside the horizontal 

nanowire after passing through the chirality selector. Thus, the DW of a certain chirality is 

driven away from the pad and it propagates to one of the branches, thereby switching its 

magnetization. The procedure described above was visualized using magnetic force 

microscopy (MFM) imaging technique. Figure 3-4 (b-i) shows the MFM image of the structure 

when the chirality selector and the Y-branch nanowire structure are magnetized along the +y 

and +x-directions respectively. As per our convention, the dark contrast indicates magnetic 

North Pole and the bright contrast indicates magnetic South Pole. Since, the spins inside a 

magnetic structure points from South to North, thus the arrows in Figure 3-4 (b-c) indicate the 

magnetization direction. When an in-plane magnetic field of strength 50 Oe is applied along 

the  ̶ x-direction, a TT-U DW is injected from the pad and reaches the bifurcation where it gets 

pinned due to low field strength. As the field strength is increased to 120 Oe, the DW  overcome 
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Figure 3-4 (a) Scanning electron microscopy image of the fabricated network structure. (b-i) 

Magnetic force microscopy (MFM) image of the initial magnetization configuration of the 

structure when the chirality selector is saturated with a +y field, and (b-ii) the final 

magnetization configuration after a TT-U is injected and driven towards the bifurcation. (c-i) 

MFM image of the initial magnetization configuration of the structure when the chirality 

selector is saturated with a y field, and (c-ii) the final magnetization configuration after a TT-

D is injected and driven towards the bifurcation. Copyright (2014) The Japan Society of 

Applied Physics.  
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the pinning potential and propagates into the lower branch as can be seen by the change in 

contrast of the lower branch from dark to bright. The contrast of the upper branch remains dark. 

Next, to inject and observe the trajectory of a TT-D DW, the magnetization of chirality selector 

was changed to point along  ̶ y-direction as shown in Figure 3-4 (c-i). Following the above 

procedure we observe from the MFM image shown in Figure 3-4 (c-ii) that the DW propagates 

along the upper branch. These findings indicate that the chirality of the transverse DW can 

govern the selective switching at either branch of the network. The MFM results correlate with 

the simulation results. 

To obtain the magnetization configuration at the bifurcation during the transformation 

process, further detailed MFM scanning was performed with gradual increase in the field 

strength. Figure 3-5 (a) shows the MFM image of the device after initial magnetization but 

before DW injection. The triangular shape of the bright contrast indicates the presence of vertex 

at point A. The simulated magnetization configuration is shown below for comparison. After 

DW is injected and the field is gradually increased, it approaches the bifurcation where it is 

transformed into a vortex. This is shown in Figure 3-5 (b) as a circular contrast at the 

bifurcation. The low magnetic contrast can be attributed to the flux closure at the vortex [23]. 

With further increase in the magnetic field strength, the DW selectively propagates into one of 

the two branches, which is along the upper branch for this case since the injected DW is TT-

D. Figure 3-5 (c) shows the edge defect is now located at point C. This is a direct evidence of 

edge defect displacement and conservation of topological charge during DW transformation 

and propagation along the network structure. 
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Figure 3-5 (a) MFM image of the network structure at the bifurcation prior to the DW injection. 

(b) MFM image after the DW reaches the bifurcation and (c) MFM image of the bifurcation 

after the DW motion through the network structure. Below are the snap shot images of the 

simulated magnetization configurations. Copyright (2014) The Japan Society of Applied 

Physics. 

 

 

3.4 Observation of Walker breakdown and stochastic trajectory of domain- 

wall in network structures 

For logic devices based on DW trajectory in network structures, the output can be defined as 

the magnetization direction of the branches. In order to associate the magnetization along x-

direction as the output, the branches need to be parallel to the x-axis. Hence, further study was 

devoted to a ‘U’-shaped branch structure instead of the ‘Y’-shaped structure. Simulations were 

performed to observe the DW trajectory in the ‘U’-shaped branch structure. The length of the 

nanowire conduit carrying the DW was increased beyond the fidelity length to 1 µm and the 

simulations were performed at two different field strengths.  
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Figure 3-6 Simulated magnetization configuration when tail-to-tail ‘down’ (TT-D) DW is 

propagated in the branch structure at two different field strengths. (a) When field is 50 Oe, TT-

D propagates along the upper branch as expected. (b) When field strength is 100 Oe, Walker 

breakdown occurs as shown by anti-vortex configuration at 10 ns, the DW propagates along 

the lower branch.  

 

Figure 3-6 (a) shows the simulated magnetization configurations at different simulation 

times when the applied field is 50 Oe. When the DW approaches the bifurcation it pins there 

due to a potential barrier. To overcome this pinning strength the field was increased to 250 Oe 

to enable further DW propagation. It is worth noting that the field required to overcome the 

pinning potential in simulations is much higher than that in experiments since simulations are 

performed at 0°K whereas in experiments, thermal effects reduce the pinning strength. This 

effect can be quantized by modifying the effective field in the LLG equation to include a 

thermal field term equivalent to 
3
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thH η , where, kB is the Boltzmann constant, 

TµM represents the effective micromagnetic temperature, ∆x represents the cell size and ∆t is 

the time step used to numerically integrate the Langevin equation and η is the vector 

representing stochasticity or fluctuation due to the temperature. Thermal fluctuations 

significantly reduce the minimum field, which promotes DW depinning as compared to the 

deterministic case at T = 0 °K.  A TT-D DW is driven and propagates along the upper branch 
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since it retains its chirality. Figure 3-6 (b) shows the simulated configurations when the applied 

field is increased to 100 Oe. At 10 ns, it is observed that the TT-D DW breaks down to an anti-

vortex configuration on account of Walker breakdown and obtains a TT-U chirality before 

entering the bifurcation (not showed here). Hence in the final configuration, after applying 

assist field of 250 Oe, the DW propagates along the lower branch instead of the upper branch. 

Thus we observe Walker breakdown leading to stochasticity in the DW trajectory.  

Recent reports suggest vortex DW to be a more robust configuration than transverse DW 

[9]. Also, the vortex DW requires lesser field strength or depinning field to propagate through 

a bifurcation since the nanowire conduits are larger in widths and there is lesser shape 

anisotropy. We selected vortex DW as opposed to transverse DW in our quest to obtain 

deterministic DW trajectory and demonstrate a logic device. We performed a series of MFM 

measurements on an array of branch structures to get a statistical estimate of DW trajectory set 

with an initial chirality.  The width of the nanowire was kept as 300 nm to stabilize a vortex 

DW. Figure 3-7 (a) shows MFM images depicting final magnetized configurations of 16 

devices. We performed 30 such measurements and data is shown for 6 of those measurements 

in Figures 3-7 (a-f).  The device is composed of “U”-shaped branch structure and a circular pad 

for DW nucleation. In the initial condition the device is magnetized along the +y and  ̶ x-

directions. When the field is gradually increased along the +x-direction a head-to-head (HH) 

DW, with anti-clockwise chirality (ACW) is injected and driven in the nanowire conduit. The 

chirality of the injected vortex DW depends on the magnetization direction of the chirality 

selector as explained subsequently. The ACW DW is expected to move along the lower branch 

[9] and change the magnetization contrast from bright to dark. The initial magnetization 

contrast of both the branches is bright since HH-DW is initialized.  However, in some of the 

cases the DW propagated along the upper branch (marked with ‘X’). A statistical analysis was 

performed to get a measure of successes in the trials.  Figure 3-8 shows the relative distribution 



75 
 

of successes and failures in the experiments. We performed t-test to obtain a 95% confidence 

level. The range of successful trials was found to be 65% - 75%. Thus when a DW propagates 

along a branch structure it may change its chirality and lead to stochastic trajectory. We need 

to modify the  structure  in  a  manner  that  the  trajectory  becomes  deterministic  in  order  to  

perform successful logic operations. Before proposing structural modification we would look 

at how the chirality and the trajectory of the injected vortex DW depends on the magnetization 

of the chirality selector. 

 

 

Figure 3-7 (a-f) MFM imaging to depict trajectory of anti-clockwise (ACW) vortex DW in a 

branch structure. The expected trajectory is along the lower branch where the contrast should 

be dark since initial contrast is bright for both branches. The ‘X’ markings indicate propagation 

of DW along the upper branch indicating Walker breakdown leading to stochastic trajectory of 
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the DW. The measurements were repeated 30 times. The six sets shown here are six of those 

measurements. 

 

Figure 3-8 Relative distribution of successes and failures with success representing number of 

devices exhibiting chirality dependent selective trajectory of DWs. 

 

 3.5 Chirality of vortex domain-wall in network structure 

The chirality of the injected vortex DW depends upon the magnetization direction of the 

chirality selector or the transverse nanowire which was demonstrated using simulations. Figure 

3-9 (a) shows the initial magnetization configuration when the chirality selector is magnetized 

in the +y-direction. The horizontal nanowire is magnetized along the  ̶ x-direction. As field is 

applied along the +x-direction, HH DW is injected and takes an ACW chirality as shown in the 

simulated configuration of Figure 3-9 (b). Similarly Figure 3-9 (c) shows the initial 

magnetization configuration when the chirality selector is magnetized along the  ̶ y-direction. 

On this occasion the injected DW takes up a clockwise (CW) chirality as shown in Figure 3-9 

(d).  
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Figure 3-9 Chirality of injected vortex DW as a function of initial magnetization direction of 

the transverse nanowire or the chirality selector. (a) Chirality selector magnetized along +y-

direction (b) Injected DW is clockwise. (c) Chirality selector magnetized along  ̶ y-direction 

(d) Injected DW is anti-clockwise. 

 

 

3.6 Geometrical asymmetry to control trajectory of domain-wall in network 

structure 

 To control the trajectory of DW in network structure, we propose a modification to the device 

design by adding a geometrical asymmetry. This asymmetry provides a potential barrier to the 

propagation of the DW and constrains it to move along a particular branch only. The advantage 

of this approach is that the propagation can be extended beyond the fidelity length and the 

motion is independent of the DW chirality and hence immune to Walker breakdown. 
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3.6.1 Constrained motion of domain-wall along the upper branch 

Figure 3-10 (a) shows the schematic of the structure when the output branch is displaced along 

the  ̶ y-direction by an amount equal to Doffset. This geometrically modified structure is termed 

as ‘pull-down’ (PD).  Figure 3-10b (i-iv) represents the simulated magnetization configurations 

 

 

Figure 3-10 Trajectory of a domain wall in asymmetric branch structures. (a) Schematic of 

‘pull-down’ (PD) structure, where output branch is displaced in the –y direction and the offset 

is labelled as Doffset. (b-i) Simulated initial magnetization configuration of the PD structure 

when ACW is injected in the nanowire. (b-ii) Simulated final magnetization configuration of 

the PD structure depicting DW moving to the upper branch. (b-iii) Simulated initial 

magnetization configuration of the PD structure when CW is injected in the nanowire. (b-iv) 

Simulated final magnetization configuration of the PD structure depicting DW moving to the 

upper branch. 
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of the PD device for Doffset = 200 nm, when ACW and CW vortex DWs are propagated in the 

structure. Figure 3-10b (i) shows the initial magnetization of the device before driving an ACW 

vortex DW. The ACW vortex DW propagates along the upper branch switching the 

magnetization direction of the upper branch from   ̶ x to +x-direction as shown in Figure 3-10b 

(ii). Figure 3-10b (iii) shows the initial magnetization configuration of the PD structure before 

driving a CW vortex DW. The CW vortex DW also propagates along the upper branch as 

shown in Figure 3-10b (iv). Thus, the DW propagates along the upper branch in the PD 

structure irrespective of its chirality.  

Experiments were carried out using MFM imaging technique to support the simulation 

results. Figure 3-11 (a) shows the SEM image of the fabricated device. The device fabrication 

process and thin film employed is similar to the one described in section 3.3. The width of the 

nanowire and the output branch structure were kept as 300 nm, however, the width of the 

transverse nanowire was maintained at 100 nm to increase the shape anisotropy. The distance 

between the transverse nanowire, also known as the chirality selector, and the output branch 

was kept as 1 µm. The Doffset was kept as 200 nm. Figure 3-11b (i) shows initial MFM image 

of the device when the chirality selector and the branch structure are magnetized along the +y 

and  ̶ x-directions, respectively. On gradually increasing the magnetic field in the +x-direction, 

HH DW with ACW chirality was injected and driven to the upper branch at a field strength of 

65 Oe. Figure 3-11b (ii) shows the final magnetization configuration when the magnetic 

contrast of the upper branch switches from bright to dark. Figure 3-11b (iii) shows the final 

MFM image of an array of such PD structures. Out of 16 structures, 15 showed a successful 

trial where the DW propagated along the upper branch. However, repeated measurements on 

the failed device showed that the device does not fail every time and hence fabrication related 

defect can be ruled out. The failure could be due to thermal instabilities. Figure 3-11c (i) shows 

the  initial  MFM  image  when  the  chirality selector and the branch structure are magnetized  
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Figure 3-11 Direct observation of vortex domain wall trajectory in the PD structure. (a) SEM 

image shows the PD structure, the output branch is displaced in the –y direction by 200 nm.  

(b-i) MFM image of initial magnetization configuration when transverse nanowire is saturated 

in the +y direction and the output branch is saturated in the –x direction. (b-ii) MFM image of 

final magnetization configuration when ACW is driven to the upper branch. (b-iii) MFM image 

of an array of PD structures. (c-i) MFM image of initial magnetization configuration when 

transverse nanowire is saturated in the –y direction and the output branch is saturated in the –x 

direction. (c-ii) MFM image of final magnetization configuration when CW is driven to the 

upper branch. (c-iii) MFM image of an array of PD structure.    
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along the  ̶ y and  ̶ x-directions respectively. On increasing the field in the +x-direction, a HH 

DW with CW chirality is injected and driven along the upper branch. The final MFM image is 

shown in Figure 3-11c (ii), where the magnetic contrast of the upper branch changes from 

bright to dark. Figure 3-11c (iii) shows the final MFM image of an array of such PD structures, 

here also similar to the previous case all except one device exhibit successful trial. The above 

measurements were repeated 20 times on a single PD device as well for both ACW and CW 

initial chirality configurations. It was observed that the DW always propagated along the upper 

branch. Although setting an initial chirality may be irrelevant since the final chirality at the 

bifurcation may be different from the initial one, this allows us to compare results for two 

different initial conditions. Thus by displacing output branch along the  ̶ y-direction we can 

constrain the DW motion along the upper branch. 

 

3.6.2 Constrained motion of the domain-wall along the lower branch 

Figure 3-12 (a) shows the schematic of the structure when the output branch is displaced along 

the +y-direction. This structure is termed as ‘pull-up’ (PU) structure. This is analogous to the 

PD structure with the DW now propagating along the lower branch due to the asymmetry and 

potential barrier along the upper branch. Simulations and experiments that were performed for 

the PD structure shown in the previous section were also repeated for the PU structure. Figure 

3-12b (i-iv) shows the simulation results for ACW and CW vortex domain walls propagating 

along the lower branch. Figure 3-13 (a) shows the SEM image of the fabricated PU structure. 

Figure 3-13b (i-iv) show the MFM results of the PU structure when ACW and CW vortex DW 

propagate along the lower branch. Thus by displacing the output branch along the +y-direction, 

the DW can be constrained to propagate along the lower branch.   
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Figure 3-12 (a) Schematic of ‘pull-up’ (PU) structure, where output branch is displaced in the 

+y direction and the offset is labelled as Doffset. (b-i) Simulated initial magnetization 

configuration of the PU structure when ACW is injected in the nanowire. (b-ii) Simulated final 

magnetization configuration of the PU structure depicting DW moving to the lower branch. (b-

iii) Simulated initial magnetization configuration of the PU structure when CW is injected in 

the nanowire. (b-iv) Simulated final magnetization configuration of the PU structure depicting 

DW moving to the lower branch. 
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Figure 3-13 (a) SEM image shows the PU structure, the output branch is displaced in the +y 

direction by 200 nm. (b-i) MFM image of initial magnetization configuration when transverse 

nanowire is saturated in the +y direction and the output branch is saturated in the –x direction. 

(b-ii) MFM image of final magnetization configuration when ACW is driven to the lower 

branch. (b-iii) MFM image of initial magnetization configuration when transverse nanowire is 

saturated in the –y direction and the output branch is saturated in the –x direction. (b-iv) MFM 

image of final magnetization configuration when CW is driven to the lower branch. 
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3.6.3 Evolution of vortex domain-wall at the bifurcation of asymmetric 

network structure 

The evolution of vortex DW at the bifurcation and its subsequent trajectory were analysed with 

the aid of topological charges. As presented in section 3.1, a vortex DW is composed of a bulk 

defect of a winding number +1 at the core and two edge defects of winding number  ̶ 1/2. Figure 

3-14 (a) shows the simulated magnetization configuration at the bifurcation for symmetric and 

PD structure when an ACW vortex DW is propagated in the structures. The combination of PD 

structure with ACW vortex DW is selected to demonstrate DW trajectory against the chirality 

determined path. Since in a symmetric structure the ACW DW would propagate along the 

lower branch but in PD structure, the trajectory of DW would be along the upper branch. The 

other combinations are generalization of this particular combination. An edge defect of  ̶ 1/2 

exists at the bifurcation in both the structures denoted by VS and VA for symmetric and 

asymmetric structures respectively in Figure 3-14 (a). The position of this edge defect is at the 

centre (VS) with the respect to the horizontal nanowire for the case of symmetric structure. In 

the asymmetric structure, the position of the edge defect is intrinsically pushed towards the 

lower branch (VA). 

Consider the DW evolution at the bifurcation for the symmetric structure as magnetic field 

is gradually increased. The interaction between the vortex DW at the bifurcation and the 

intrinsic magnetic texture present at the vertex, displaces the  ̶ 1/2 defect towards the lower 

branch from VS to VS' when the field strength is 58 Oe. When the field strength reaches 124 

Oe, the vortex core enters the upper branch and rearrangement of topological charges take 

place. The vortex DW carries the  ̶ 1/2 defect from VS' and leaves behind  ̶ 1/2 defect at point 

A. When the magnetic field is increased to 172 Oe, the vortex DW annihilates leaving behind  ̶ 

1/2 defect at point C. This process leads to the depinning of the  ̶ 1/2 defect at point A and 

subsequent  propagation of a  new DW in the lower branch. The DW  nucleation  in the lower  



85 
 

 

Figure 3-14 (a) Simulated magnetization configurations showing comparison of DW evolution 

at the bifurcation between symmetric and asymmetric structures (PD). The corresponding 

winding numbers are labelled and snapshots are taken at different field strengths. (b) Initial and 

final configurations at the bifurcation for PD structure (i) MFM image showing the vertex 

charge; (ii) Simulated MFM configurations at the bifurcation depicting the position of the 

vertex; (iii) Simulated spin configurations at the bifurcation. (c) Initial and final configurations 

at the bifurcation for PU structure (i) MFM image showing the vertex charge; (ii) Simulated 

MFM configurations at the bifurcation depicting the position of the vertex; (iii) Simulated spin 

configurations at the bifurcation. 
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branch requires higher field. The net result of the DW motion through the branch structure is 

the displacement of  ̶ 1/2 defect from VS to point C.  

Next consider the DW evolution at the bifurcation for the asymmetric PD structure as 

magnetic field is gradually increased. Geometrical asymmetry reduces the energy barrier 

towards the upper branch since it is less steep. The interaction of DW at the bifurcation with 

the magnetic texture at the vertex displaces the  ̶ 1/2 defect towards the upper branch (VA'). 

When the field strength is increased to 58 Oe, the vortex core enters the upper branch and 

rearrangement of topological charges take place. The vortex DW carries the  ̶ 1/2 defect from 

point VA' and leaves behind  ̶ 1/2 defect at point B. As the applied field reaches 98 Oe the vortex 

DW gets depinned and propagates along the upper branch, leaving behind  ̶ 1/2 defect at point 

D. The net result of the DW motion through the branch structure is the displacement of  ̶ 1/2 

defect from VA to D.  

Comparison between asymmetric and symmetric structures reveals that initially the vortex 

DW propagates along the upper branch for both the structures as shown in the third image 

comparison of Figure 3-14 (a). However, the depinning field of the DW in the symmetric 

structure is much larger than the asymmetric structure. The difference arises on account of the 

position of the  ̶ 1/2 defect at the bifurcation after the DW approaches it. In symmetric structure  ̶ 

1/2 defect is displaced towards the lower branch, whereas asymmetry displaces the  ̶ 1/2 defect 

along the upper branch in the asymmetric structure. The vortex DW carries the  ̶ 1/2 defect 

from the upper branch for the asymmetric structure as opposed to symmetric structure where 

the DW carries the defect from the lower branch, hence lesser field is required for the 

asymmetric structure. The difference is observed in the fourth image of Figure 3-14 (a), where 

in the case of symmetric structure, the vortex DW annihilates and a new DW is nucleated which 

propagates along the lower branch. For the case of asymmetric structure, the vortex DW itself 
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depins and propagates along the upper branch. The asymmetry changes the potential landscape 

and plays an important role in guiding the DW to the respective branch. The total topological 

charge before and after the transformation is conserved and remains  ̶ 1/2. The DW propagates 

in the branch opposite to the  ̶ 1/2 defect left by the DW transformation. Similar dynamics 

approach explains the DW trajectory in the case of PU structure. 

MFM imaging was carried out on the asymmetric structures to observe the spin 

configuration at the bifurcation. Figure 3-14b (i-iii) show the MFM images and the 

corresponding simulated magnetization configurations at the bifurcation for initial and final 

magnetization states in the PD structure. The MFM contrast in Figure 3-14b (ii) was simulated 

using MuMax tool [24, 25]. Point A denotes the position of the intrinsic  ̶ 1/2 defect pushed 

towards the lower branch. Point D denotes the position of the  ̶ 1/2 edge defect left  behind  at  

the  lower  corner  of the  bifurcation as the DW  propagates  along  the  upper branch. The 

MFM images for the PU structure are shown in Figure 3-14c (i-iii). In comparison to the PD 

case, the intrinsic defect is pushed towards the upper branch. Also in the final magnetized state, 

the edge defect is positioned at the upper corner of the bifurcation as the DW propagates along 

the lower branch. 

 

3.6.4 Potential energy barrier at the bifurcation as a function of the 

geometrical asymmetry 

The influence of Doffset on the potential energy required to overcome the barrier due to 

asymmetry was quantified by performing micromagnetic simulations for different values of 

Doffset. The Zeeman energy which is a measure of the pinning strength against the propagation 

of DW into one of the branches was determined. Figure 3-15 shows the plot of Zeeman energy 

versus Doffset when an ACW vortex DW is propagated in the PD structure. When Doffset = 0, the  
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Figure 3-15 Plot of Zeeman energy required to move the DW in one of the two branches as a 

function of Doffset. There is a competition between two potential energy barriers: one imposed 

due to selective trajectory and the other imposed due to geometrical asymmetry. Above 100 

nm the potential barrier due to geometrical asymmetry in the PD structure is lower for the DW 

to move in the upper branch. 

 

structure is symmetric. The DW propagates to the bifurcation as magnetic field is gradually 

increased and gets pinned at the bifurcation. The DW encounters two potential barriers along 

the upper and lower branch respectively. When the field increases, the DW propagates along 

the lower branch according to the chirality dependent selective trajectory [9]. As Doffset is 

increased along the downward direction, the potential barriers also change along the two 

directions. The DW experiences lesser potential barrier along the upper branch but the potential 

barrier increases along the lower branch due to geometrical asymmetry. However at low Doffset, 

the DW still choses to propagate along the lower branch as long as it can overcome the barrier 

due to asymmetry. From the simulations, it was observed that for Doffset < 100 nm, the DW 

choses to propagate along the lower branch i.e. it follows the same path as if the structure is 

symmetric. However, for Doffset > 100 nm, the DW cannot overcome the barrier experienced along 
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the lower branch and it sees a weaker potential along the upper branch and hence propagates 

along the upper branch. The plot in Figure 3-14 also shows that the Zeeman energy increases 

when Doffset = 50 nm after which it reduces. A possible explanation for this behaviour could be 

that below 100 nm the Doffset acts as a barrier and increases the pinning against the DW 

propagation along the lower branch which enhances the Zeeman energy. When Doffset is 

increased beyond 100 nm, the barrier is higher towards the lower branch and less towards the 

upper branch. This reduces the energy for DW propagation along the upper branch. Thus there 

is a critical Doffset beyond which the asymmetry starts to dominate and influence the trajectory 

of the DW.    

 

3.6.5 Effect of initial vortex core polarity on the domain-wall trajectory 

As mentioned previously the vortex DW is characterized by bulk topological charge and two 

edge defect charges. The bulk topological charge also defines the vortex core polarity which 

can be either +1 or  ̶ 1. We also examined the effect of initial vortex core polarity on the DW 

trajectory in asymmetric structure using simulations. Figure 3-16 shows the comparison 

between the DW dynamics when ACW vortex DW propagates with an initial core polarity as 

positive and negative respectively in a PD structure. The evolution of DW at the bifurcation is 

similar to the one explained in section 3.6.3. The positive core maintained its polarity as the 

DW propagates along the upper branch. However, the negative core switches its polarity to 

positive while the vortex core enters the bifurcation. The vortex core with polarity =  ̶ 1 is 

unstable as explained in section 3.1  Subsequently the DW also propagates along the upper 

branch.  
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Figure 3-16 Comparison of DW trajectory in the PD structure between initial polarity of the 

core as positive and negative respectively. The trajectory is independent of the core polarity. 

The negative polarity of the vortex DW being unstable switches to positive polarity before 

propagating into the upper branch.   
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3.7 Summary   

Field induced DW dynamics were studied in network structures with in-plane magnetization 

anisotropy. The evolution of the DWs were examined at the bifurcation of network structures 

with the aid of topological defects or charges. The trajectory of transverse DW was found to 

be chirality dependent in a Y-branch structure. The transverse DW transforms to a vortex 

configuration as the DW enters the bifurcation. The annihilation of the vortex DW at high field 

subsequently nucleates a transverse DW in one of the two branches. The motion of DW through 

the network displaces the edge defect at the bifurcation. At larger applied field strengths and 

DW propagation over distances longer than the fidelity length, the DW chirality does not 

remain fixed and was found to vary on account of Walker breakdown. This led to stochasticity 

in the trajectory of DW across the network structure. Vortex DWs which are considered more 

robust than transverse DW and depin at lower field strengths were adopted as the preferred 

DW configuration. However, the vortex DWs were also found to undergo Walker breakdown. 

To achieve deterministic trajectory of the DWs in the network structure for logic applications 

a geometrical asymmetry was proposed to provide a potential barrier to the DW motion along 

one of the branches. Two geometrical modifications were proposed in a U-shaped network 

structure. In one of the geometries the output branch was displaced along the  ̶ y-direction to 

constrain DW motion along the upper branch; in the second modification the output branch 

was displaced along the +y-direction to constrain the motion of DW along the lower branch. 

The evolution of DW was studied at the bifurcation with the aid of topological defects. The 

DW trajectory became deterministic independent of vortex core polarity or chirality and 

Walker breakdown. These principles are applied to propose programmable logic device 

discussed in the next chapter. 
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Chapter 4 

Programmable Logic via Gate Controlled Motion of Domain Wall 

in Magnetic Network Structure 

 

Spintronics which utilizes the spin as well as charge of an electron for data storage applications 

offers a non-volatile alternative to the conventional semiconductor based technologies. The 

binary state of an electron spin can be efficiently employed as logic bits and provide a device 

which has high endurance, is low-power and has high operating speed. Many proposals exist 

for spin-based or magnetic logic devices [1-10]. Magnetic logic based on the network called 

magnetic cellular automata was proposed by Imre et al. [6]. The researchers showed that the 

ferromagnetic islands which are magnetostatically coupled, perform the logic operation by 

adding up the stray fields at the nodal dots that have different threshold switching fields. 

However, the device is prone to fabrication related defects since the magnetostatic coupling is 

weaker compared to the demagnetizing field. In another study, programmable magnetic tunnel 

junctions [4, 11] based logic devices were proposed, but the current density required is very 

high. Allwood et al. [5] proposed domain wall (DW) based logic operation in patterned thin 

films using device design and rotating magnetic field. They employed four different structures 

for four different operations. However, a logic which is programmable at run-time would 

simplify the device architecture by removing the interconnects and potentially increase the 

computation speed. Semiconductor based logic schemes exist demonstrating the 

programmability by combining magnetism and semiconductor based technologies [12-14]. The 

logic operation in these devices is achieved via magnetic field controlled motion of charge 

carriers in p-n junction diodes. 
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In this chapter, we present a prototype of an all magnetic programmable logic structure 

capable of performing all basic logic operations in the same structure. The device functions by 

exploiting the deterministic trajectory of DW in asymmetric branch structure which was 

discussed in chapter 3. The programmability of the device is achieved by using a current-

controlled magnetic gate, which generates a local Oersted field. The transverse charge 

distribution of DW with certain chirality allows it’s trajectory to be manipulated by the local 

Oersted field generated using current carrying conductor. The DW transformation from vortex 

to transverse configuration close to the output branch plays a pivotal role in governing the DW 

chirality and hence the final output. Two universal logic operations NAND and NOR can be 

obtained by simply switching the current direction in the magnetic gate. At an instant, both the 

output and its compliment are obtained. The logic functionalities have been demonstrated using 

magnetic force microscopy (MFM) imaging and magnetoresistance measurements.   

  

4.1 Device design 

Figure 4-1 (a) shows the schematic of the programmable logic device. The device primarily 

comprises of two orthogonal nanowires and a half-ring or “U-shaped” branch. The half-ring is 

displaced by an amount d = 300 nm along the +y-direction. This makes the structure 

asymmetric or “pull-up” (PU) which was discussed in chapter 3 section 3.6. The magnetization 

directions of the two input nanowires correspond to two input bits: the magnetization of the 

transverse nanowire is input 1 and the magnetization direction of the horizontal nanowire is 

input 2. The final magnetization direction of the individual branches of the half-ring correspond 

to the output state. The directions of the magnetization and their corresponding bits are shown 

in the inset of Figure 4-1 (a). The clocking in the device is achieved via global in-plane 

magnetic field. The device is clocked by an alternating magnetic field. For each clock cycle, 

the initial output is pre-set to the logical state of input 2. Logic “1” is defined as magnetization 
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Figure 4-1 (a) Schematic depiction of an all-magnetic programmable domain wall logic. The 

magnetization orientations along the vertical and horizontal nanowires are considered as input 

1 and input 2, respectively. The output is read at the magnetization direction of the upper half-

ring and lower half-ring. The half-ring is asymmetric with respect to the horizontal nanowire 

as it is displaced towards +y-direction.  A non-magnetic metallic strip line is placed at the 

bifurcation which generates Oersted field when current is flow through it. The strip line acts as 

a magnetic gate to select between different logic operations. Also shown are the binary 

representations of the input and output according to the magnetisation direction of the 

ferromagnetic elements. (b) Scanning electron microscopy (SEM) image of the fabricated 

device with electrical connection for the metallic stripline. 
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pointing in the positive direction along the coordinate axis (+x or +y) and logic “0” is defined 

as the magnetization pointing in the negative direction along the coordinate axis ( ̶ x or  ̶ y). The 

output can be programmed by flowing current through the metallic stripline which is patterned 

on top of the structure at the intersection between the horizontal nanowire and the half-ring. 

The current flowing through the metallic stripline generates a localized Oersted field and this 

acts as a magnetic gate controlling the trajectory of the DW. By modulating the polarity of the 

magnetic gate, multiple logic operations are possible i.e. NAND, NOR, AND, OR, NOT and 

COPY. 

Figure 4-1 (b) shows the scanning electron microscopy (SEM) image of the fabricated 

device. The thin film is composed of Ta (5 nm)/Ni80Fe20 (10 nm)/Ta (5 nm) and deposited 

using magnetron sputtering technique. The device is patterned using electron beam lithography 

and Ar-ion milling techniques. The width of the nanowire is kept as 300 nm to stabilize a vortex 

DW [15, 16]. A circular pad is used for injection of DW into the horizontal nanowire. The 

vertical nanowire, 120 nm wide and 6 µm long, is placed 100 nm away from the bifurcation. 

The purpose of the vertical nanowire is to transform the vortex DW to a transverse DW, which 

is explained in more detail later. The metallic stripline of Cr(3 nm)/Au (30 nm) is patterned in 

the second lithography step to overlap with the upper half of the horizontal nanowire. The 

extent of overlap and its significance is explained in detail later.  

 

4.2 Device operation with gate open 

We first discuss the device operation when the current flowing through the metallic stripline is 

zero. The operation would be similar to the PU structure as discussed in chapter 3, section 3.6. 

Figure 4-2 (a) shows the MFM images of the device under operation. In case I, the horizontal 

and vertical nanowires are magnetized along the +x and +y directions respectively. Thus 

initially the contrast of the two output branches is dark and as per our convention the magnetic  
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Figure 4-2 (a-I) Magnetic force microscopy (MFM) images of the initial and final 

configurations of the device when a tail-to-tail DW with “Up” chirality (TT-U) is injected and 

driven. The TT-U propagates towards the lower half-ring and switches the magnetization 

direction (a-II) MFM images of the initial and final configurations of the device when a tail-

to-tail DW with “Down” chirality (TT-D) is injected and driven. TT-D also propagates along 

the lower half-ring and switches its magnetization direction. (b) Schematic to show the relative 

angles of the branches along the upper and lower half-rings deviated from the horizontal 

nanowire when the half-ring is displaced towards +y-direction.   
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field direction aligns from bright to dark contrast. When the magnetic field is gradually 

increased in the  ̶ x-direction, a tail-to-tail (TT) DW is injected with up chirality. In fact, the 

injected vortex DW is transformed to a transverse DW after propagating across the vertical 

nanowire. At a field strength of 100 Oe, the DW propagates along the lower branch as shown 

by the contrast change from dark to bright of the lower branch. In case II, the vertical nanowire 

is magnetized along the  ̶ y-direction. Repeating the above exercise, a TT DW with down 

chirality is injected and driven to the lower branch. Thus in the PU structure the DW always 

propagates along the lower branch irrespective of its initial chirality. 

The deterministic trajectory of the DW in the lower half ring (LHR) can be understood in 

terms of the potential barrier experienced by the DW at the bifurcation. When there is no offset 

i.e. the structure is symmetric, the DW experiences similar potential barriers at the upper and 

lower branch. The trajectory is then governed by the DW chirality as discussed in chapter 3. 

When an offset is introduced at the bifurcation, the DW experiences different potential barriers 

at the upper and lower branches. Figure 4-2 (b) shows a schematic depicting larger angle, α, 

along the upper half ring (UHR) and smaller angle, β, along the LHR. This indicates that the 

DW experiences relatively higher potential barrier along the UHR. The steep slope constrains 

the DW motion along the LHR irrespective of the chirality.  

 

4.3 Transformation of vortex to transverse domain wall and extent of 

overlap of gate with the nanowire 

The DW is constrained to propagate along the lower branch due to asymmetry, hence additional 

control is required to perform the logic operation. A transverse DW has a magnetic charge 

distribution that can be exploited by an external field and this provides us with additional 

control. The vertical nanowire placed close to the bifurcation assists in DW transformation 

from vortex to transverse configuration. Figure 4-3 (a) shows  the  micromagnetic  simulation 
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Figure 4-3 (a) Magnetization configuration of a vortex DW relaxed in the nanostructure (b) 

Magnetization configuration of the transverse DW transformed from the vortex configuration 

which is pinned under the vertical nanowire when driven by magnetic field (c) MFM image of 

the head-to-head DW with down chirality that is pinned under the vertical nanowire along with 

the zoom in image to show the triangular shape of the transverse DW configuration.     

 

results when a clockwise vortex DW approaches a vertical nanowire with magnetization 

pointing along the  ̶ y-direction. The vortex transforms to a transverse DW with down chirality 

as shown in Figure 4-3 (b). Figure 4-3 (c) show the corresponding MFM images. The transverse 

DW has a characteristic triangular shape and a transversely varying magnetic charge [17]. The  
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Figure 4-4 (a) Schematic to show the cross-sectional view of the metallic strip line overlapped 

with the NiFe nanowire. The current flows perpendicular to the plane of paper. (b) Simulated 

Oersted magnetic field distribution along cross-section of the NiFe due to the current flowing 

along the gate. (c) Magnetic field strength as a function of position along the NiFe nanowire. 

The magnetic field is higher beneath the magnetic gate and it drops as we move away from the 

magnetic gate. 

 

base of the triangle has a higher magnetic charge than the tip. A head-to-head DW (HH-DW) 

has a positive charge and a TT-DW has a negative charge [17]. 

The metallic stripline patterned at the upper edge of the horizontal nanowire generates a 

local Oersted field and this influences the trajectory of DW into the half-ring depending on the 

polarity and charge distribution of transverse DW. The Oersted field distribution around the 

magnetic gate is estimated using COMSOL simulations [18]. Figure 4-4 (a) shows the 

schematic of the magnetic gate overlapping with 25% of the nanowire. This structure was 

modelled in COMSOL as shown in Figure 4-4 (b). The color chart is the transverse magnetic 

field distribution underneath the gate inside the nanowire. This chart indicates that the nanowire 

directly underneath the Au pad experiences much larger field than the portion which is outside. 

Figure 4-4 (c) plots the magnetic field inside the nanowire as a function of position. The field 
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is estimated to be 110 G beneath the Au pad and around 10 G at the bottom edge. This field 

interacts with the magnetic charge of the transverse DW having higher charge concentration 

along the upper edge. The dual control of selective motion of transverse DW allows the device 

to perform logic operations within a single structure. By changing the polarity of the current in 

the magnetic gate, two universal logic operations can be realized. 

 

4.4 Logic operations – NAND and AND 

Here we discuss in detail the experimental verification of the NAND and AND logic 

operations. A current of 6 mA is passed from B to A through the stripline as shown in Figure 

4-5 (a). The Oersted field, which curls around the metallic line on top of the horizontal 

nanowire would attract the negative magnetic charge and repel positive magnetic charge. 

 

Inputs “0” and “0”. The MFM image in Figure 4-5 (b)-I shows the initial magnetization 

configuration when the horizontal and vertical nanowires are magnetized along the  ̶ x and  ̶ y 

directions respectively. This represents that logic level of “0” on both the inputs. When a 

magnetic field of 100 Oe is applied along the +x-direction, a HH-DW is injected into the 

horizontal nanowire. When it crosses the vertical nanowire magnetized along the  ̶ y-direction, 

the HH-DW adopts a down chirality. The positive charge is concentrated at the base which is 

away from the influence of metallic stripline. The DW is primarily influenced by the symmetry 

of the structure and propagates along the LHR. This is observed by a change in contrast along 

the lower branch from bright to dark. Now the magnetization in the lower branch points along 

the +x-direction while that in the upper branch is still in the  ̶ x-direction. Thus the output of 

the NAND gate when input is “0”, “0” is “1” along the lower branch. The complimentary 

output which is “0” of the AND gate is present at the upper branch. 
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Inputs “0” and “1”. Under this input combination, input 2 i.e. the horizontal nanowire is 

magnetized along the +x-direction, while the vertical nanowire remains magnetized in the  ̶ y-

direction. Figure 4-5 (b)-II shows the initial MFM image. The input 2 resets the output branches 

to show a dark contrast. Application of linear magnetic field along the  ̶ x-direction, nucleates 

and drives a TT-DW with down chirality along the upper branch as shown by the switching of 

the contrast of the UHR from dark to bright, while the LHR remains unchanged. The TT-D 

DW has negative magnetic charge concentrated at the base facing the stripline, thus it is 

strongly influenced by the gate magnetic field. The gate attracts the DW towards the UHR 

against the force of asymmetry. Without the presence of the gate current the DW would 

propagate along the LHR as dictated by the asymmetry. Thus the input combination “0”, “1” 

still results in UHR having output “0” which is the output of the AND gate and the LHR having 

output “1” which is the output of a NAND gate. The minimum current required by the gate to 

influence the DW trajectory and overcome the potential barrier due to asymmetry was 

estimated as 5×1011 A/m2. 

 

Inputs “1” and “0”. In this input combination, the vertical nanowire is magnetized along the 

+y-direction while the horizontal nanowire is magnetized along the  ̶ x-direction. As the linear 

magnetic field is increased along the +x-direction, a HH-DW with up chirality is injected and 

driven along the LHR as shown by the final MFM image in Figure 4-5 (b)-III. The 

magnetization in the LHR points along the +x-direction while that of the UHR remains 

unchanged along the  ̶ x-direction. The HH-U DW has positive charge concentrated along the 

base facing the stripline and is strongly influenced by the gate Oersted field, which repels it to 

the LHR. In this case both the asymmetry and gate field assist to push the DW to the LHR. 

Thus for input combination “1” and “0” also the UHR has output “0” corresponding to the 

AND gate while the LHR has output “1” corresponding to the NAND gate. 
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Figure 4-5 (a) Schematic of the device with orientation of the Oersted field and the current. 

The current is flown from B to A through the metallic strip. The red arrow represents the current 

direction and the blue lines represent the direction of current induced Oersted field. The Oersted 

field generated at the magnetic gate attracts the TT DW and repels the HH DW in this 

configuration (b) MFM images of the initial and final configurations of the structure for four 

different combinations of the magnetisation directions of chirality selector (y) and the nanowire 

(x). For ("0" & "1") combination, a TT-D is injected which is attracted towards the upper half-

ring as the Oersted field can overcome the potential barrier generated by the asymmetry at the 



105 
 

bifurcation. In the all other three cases, the DWs are driven towards the lower half-ring as the 

asymmetry dominates over the Oersted field at the bifurcation.   

 

Inputs “1” and “1”. For this input combination, both the vertical and horizontal nanowires are 

magnetized along the positive directions (+y and +x-directions). As magnetic field is increased 

along the  ̶ x-direction, a TT-DW with up chirality is injected and driven along the LHR as 

shown by the final MFM image in Figure 4-5 (b)-IV. The contrast of the LHR changes from 

dark to bright and the final magnetization of the LHR points along the  ̶ x-direction while that 

of the UHR remains along the +x-direction. The TT-U DW has negative charge concentrated 

along the base and is away from the influence of the gate Oersted field. It is weakly attracted 

by the gate which is not able to overcome the potential barrier created by the asymmetry. 

Hence, the DW propagates along the LHR under the influence of asymmetry. Thus for the input 

combination “1”, “1” the output of the LHR is “0” which corresponds to the NAND gate output, 

while the output of the UHR is “1” which corresponds to the AND gate output. 

The logical output at the UHR and LHR are summarized in the truth table in Table 1. The 

logical outputs for UHR and LHR are complimentary to each other. For current flowing in the   

stripline   from  B  to  A,  the  LHR   corresponds  to  the   NAND  logic  gate  and  UHR 

corresponds to the AND logic gate. Thus in single clock cycle two complimentary logic 

operations can be realized simultaneously.  

 

4.5 Logic operations NOT and COPY 

The input 1 was fixed to logic bit “1” by magnetizing the vertical nanowire along the +y-

direction and current was flown in the gate from B to A. When the structure is saturated along 

the  ̶ x-direction, which corresponds to bit “0” for input 2, the DW propagation leads to the 

switching of the LHR resulting in logical output “1” as shown in the final MFM image of 

Figure 4-5 (b)-III. When the structure is saturated along the +x-direction which corresponds to 
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bit “1” for input 2, the final output of LHR reveals output “0” as shown in Figure 4-5 (b)-IV. 

Thus the output bit UHR always follows the input bit while LHR is always complimentary of 

the input bit. The truth table formed in Table 2 shows the structure operates as logical NOT 

gate when the output is read at the LHR while a COPY operation is obtained at the UHR. 

 

 

Table 4-1 NAND and AND logic operations Truth table formed based on the input and output 

magnetization orientations of the device which shows AND and NAND functionalities at upper 

half-ring and lower half-ring, respectively.  

 

 

Table 4-2 NOT and COPY logic operations Truth table formed based on the input and output 

magnetization orientations of the device for single bit logic operation by keeping the chirality 

selector fixed along +y direction. The results show COPY and NOT functionalities at upper 

half-ring and lower half-ring, respectively.  

 

4.6 Logic operations NOR and OR 

When the current flow direction is reversed in the stripline i.e. from A to B, the polarity of the 

local Oersted field can be switched, as shown in Figure 4-6 (a). This local field would now 
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attract the positive magnetic charge but repel the negative magnetic charge. Following the 

previous discussion of the NAND gate, the magnetic gate has no effect on the DW when the 

two input bits are same i.e. input 1 and input 2 are “0”(“1”) and “0”(“1”) respectively as the 

charge is concentrated at the lower edge of the nanowire. Thus the output for these input 

combinations remain same irrespective of the gate polarity as shown in Figure 4-6 (b) I & IV. 

The other two input combinations are discussed here. Figure 4-6 (b) II depicts the case when 

input 1 is logic bit “0” and input 2 is logic bit “1”. As magnetic field is increased along the  ̶ x-

direction, TT-DW with down chirality is injected. Since the magnetic charge is negative and 

concentrated near the gate the DW is repelled by the Oersted field. The asymmetry also propels 

the DW to the LHR. Thus the magnetic contrast of the LHR changes from dark to bright and 

the magnetization points along the  ̶ x-direction. The magnetization of the UHR remains along 

the +x-direction. Thus the input combination “0”, “1” leads to LHR having output “0” 

corresponding to the NOR gate output and the UHR having the output “1” corresponding to 

the OR gate output. 

When input 1 is logic bit “1” and input 2 is logic bit “0”, a HH-DW with up chirality is 

injected. Since the positive charge is concentrated at the upper part which is near the metallic 

stripline, the positive charge or the DW is attracted by the stripline in the UHR. In this case the 

applied Oerseted field is able to overcome the potential barrier created by the asymmetry. The 

magnetic contrast in the UHR switches from bright to dark as shown in the final MFM image 

of Figure 4-6 (b)-III. Thus the input combination “1”, “0” leads to the LHR having output “0” 

corresponding to the NOR gate output and the UHR having output “1” corresponding to the 

OR gate output. 

The results for logic operation, where the magnetic gate is programmed with current flowing 

from A to B are summarized in the truth table, Table 3. The logic output at the LHR corresponds 

to the NOR gate operation and at the UHR corresponds to the OR gate operation. The 



108 
 

experimental results show that the device can be programmed to perform both universal logic 

operations (NAND and NOR) by changing the direction of current flow through the metallic 

stripline. 

 

 

 

Figure 4-6 (a) Schematic of the device with orientation of the Oersted field when the current is 

flowing from A to B through the metallic strip. The Oersted field attracts the HH DW and 

repels the TT DW in this configuration (b) MFM images of the initial and final configurations 

of the structure for four different combinations of the magnetisation directions of chirality 

selector (y) and the nanowire (x). Here, for ("1" & "0") HH-U is attracted towards the upper 
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half-ring as Oersted field overcomes the potential barrier. In the rest of the input combinations, 

the DW is driven towards the lower half-ring as dictated by asymmetry at the bifurcation. 

 

Table 4-3 NOR and OR logic operations Truth table formed based on the input and output 

magnetization orientations of the device which shows OR and NOR functionalities at upper 

half-ring and lower half-ring, respectively.  

 

 

4.7 Verification of logic functionality using magnetoresistance 

measurements 

 The experimental verification of multiple logic operations in a single structure is also 

demonstrated using magnetoresistance measurements. As a proof of concept anisotropic 

magnetoresistance (AMR) detection measurements [19-21] were performed on our sample. As 

the switching of the individual branches is mediated via DW motion, we have directly probed 

the presence of DW within the branches. In-situ AMR measurements were performed on the 

device to test the logic operations by electrical means. The presence or absence of DW within 

a branch was detected to confirm successful logic operation. Figure 4-7 (a) shows the SEM 

image of the device with electrical contacts for AMR measurements. A notch is added in each 

of the branches to pin the DW. The potential difference across each branch (A1 to A2 and B1to 

B2) was  directly  measured  by  placing the DC  probes in a four-point probe arrangement. A  
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Figure 4-7 (a) SEM image of the device with electrical connections for anisotropic 

magnetoresistance (AMR) measurements. (b-I&II) AMR signal of the upper and lower 

branches during the DW motion through the structure, respectively.  A HH-D is injected and 

driven towards the bifurcation. The DW motion along the lower half-ring can be seen by the 

change in the magnetoresistance along the lower half-ring. The dip in magnetoresistance 

shows the pinning and depinning of the DW at the notch structure in the lower half-ring. 

 

 

 constant DC bias of 50 µA was applied across the current probes while measuring the voltage 

drop. The current in the stripline is flown from B to A to obtain NAND gate output in the LHR. 

Figure 4-7 (b) shows the in-situ AMR plots for the two output branches as external magnetic 

field is increased. ∆R = R(0)  ̶  R(H) is the change in magnetoresistance of the individual 

branches. The initial configuration of the device was with input 1 i.e. the vertical nanowire set 

to logic bit “0” or magnetized along the  ̶ y-direction, while the input 2 i.e. the horizontal 

nanowire set to logic bit “0” or magnetized along the  ̶ x-direction. Application of magnetic 

field along the +x-direction injects HH-DW with down chirality. Figure 4-7 (b)-I shows the 

change in resistance of the UHR which remains constant as magnetic field is gradually 
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increased. In the LHR, a drop in resistance appears at a field strength of 95 Oe which signifies 

the DW reaching the LHR and pinning at the notch. When field is further increased to 110 Oe, 

the resistance reverts back to the original value signifying depinning of the DW from the notch. 

The change in the magnetoresistance is found to be 0.2 Ω consistent with the DW resistance. 

This result verifies the NAND gate operation described in section 4.4 for input combination of 

“0”, “0”. 

Figure 4-8 shows the AMR measurements for NOR gate operation i.e. when the current in the 

stripline flows from A to B. The AMR output in the upper and lower branches are shown for 

different input combinations indicated on the left of the plots. The branch which receives the 

DW shows a drop in resistance with field and subsequent DW depinning leads to rise in the 

resistance. The branch which does not receive the DW shows no change in the resistance. These 

observations correlate with the MFM results shown in Figure 4-6. There are slight changes in 

the depinning field for some input combinations, for instance input combination “0”, “1” show 

a larger depinning field (close to 120 Oe) as compared to other input combinations. This could 

be due to slight stochasticity inherent on account of thermal effects. The AMR measurements 

presented are electrical validation of the logic operations. 

Logic gates realized thus far can be incorporated in actual circuits also. The magnetic signal 

can be electrically read using magnetic tunnel junctions (MTJ) integrated with output branches. 

The clocking field can be locally generated by an on-chip inductor in the form of a meander. 

The change in resistance can also be read as a voltage signal given the current flowing in the 

device. This voltage signal will be an analog signal which can be further amplified and digitized 

by passing through a comparator circuit.  

To integrate onto a chip, it is necessary to eliminate the need of a magnetic field since it is 

difficult to scale it to lower dimensions. Another current carrying stripline can be used to 

generate an Oersted field. The need of a pulsed field can be eliminated by using spin-transfer 
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torque (STT). The current driven DW is unidirectional irrespective of the type of the DW. The 

device is compatible with STT-MRAM and can be solely current controlled. 

 

Figure 4-8 AMR measurement results for NOR gate configuration when the current in the 

stripline flows from A to B. The results are plotted for lower and upper branches respectively 

for different input combinations indicated on the left. The dip in the magnetoresistance 

indicates presence of DW pinning and depinning in the respective branch. 
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4.8 Summary 

A prototype of DW based programmable logic device on single structure has been 

demonstrated. The device is composed of a half-ring or “U”-shaped branch structure which 

form the output branches; a horizontal nanowire and a vertical nanowire, the magnetization of 

which forms the input combinations, and a circular pad for nucleation of DW. The information 

is relayed by DW propagation in the branch structure. The branch is displaced in the vertical 

direction to create a geometrical asymmetry in the structure which constrains the DW to 

propagate in the lower branch. The vertical nanowire which serves as one of the input has 

additional functionality of transforming the vortex to a transverse DW. The transverse magnetic 

charge distribution in the DW provides additional control over the DW and allows it to be 

influenced by an external magnetic field. The external magnetic field to control the DW 

propagation is provided by a current carrying stripline fabricated over the horizontal nanowire 

such that it only overlaps with 25% of the nanowire. The partial overlap allows magnetic field 

control of the DW only when its base is facing the stripline. This is because the base has 

maximum concentration of the magnetic charge. Thus different chirality can be made to 

propagate in different branches by optimizing the asymmetry barrier and the gate current. The 

significant property of the device is that both the output and its complement can be obtained in 

single operation and two universal logic operations NAND and NOR can be obtained by just 

reversing the gate current polarity. The logic operations were validated using MFM imaging 

and electrical magnetoresistance measurements.    
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Chapter 5 

In-plane Current Induced Stochastic Domain Wall Nucleation in 

Perpendicular Magnetic Anisotropy Nanowires 

 

Thin films and nanowires exhibiting strong magnetic anisotropy in out-of-plane direction are 

promising candidates for storage media applications. In the case of conventional in-plane 

magnetized anisotropy (IMA) nanowires spin-transfer torque (STT) can be used to propagate 

domain walls (DWs). However, the current density required to drive the DWs is of the order 

of 1012 A/m2 or higher [1, 2]. This may lead to unwanted Joule heating effects. For the case of 

perpendicular magnetic anisotropy (PMA) nanowires, the threshold current required to 

manipulate DWs is much lower due to small width of DWs (~ 10 nm) [3, 4]. This is also useful 

for scaling as it provides larger device density. Hence, understanding DW dynamics in PMA 

nanowires is crucial for realizing device applications.  

Co/Ni multilayers have proven to be an attractive system to study domain wall dynamics 

due to their large perpendicular anisotropy and large spin polarization which can be tuned by 

varying layer thicknesses [5, 6]. Also, large DW velocity of the order of 750 m/s has been 

reported in Co/Ni multilayers coupled with synthetic antiferromagnets [7]. Conventional 

techniques of DW injection in such nanowires involves generation of local Oersted field by 

passing a current through a metallic stripline [8, 9].  Recently, there have been reports of 

alternate method of DW nucleation in trilayer stacks by passing an in-plane current. One report 

suggests spin-orbit torque induced perpendicular switching and chirality dependent DW 

motion in Pt/Co/AlOx stack [10], another report suggests Joule heating assisted DW nucleation 

in Pt/CoFeB/MgO stack [11]. Magnetization reversal in Co/Ni multilayer through spin-orbit 

torque induced by spin Hall effect in heavy metal underlayer has also been reported [12]. This 
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method employs an in-plane magnetic field along with an in-plane current to induce 

magnetization switching. Phung et al. [13] have reported an efficient method of deterministic 

DW nucleation in Co/Ni multilayers using an in-plane current by artificially inducing 

anisotropy gradient at the injection site.   

In this chapter, we explore field induced as well as current induced DW motion in Co/Ni 

PMA nanowires. Hall cross nanostructures were fabricated and probed via anomalous Hall 

effect (AHE) [14, 15]. Our investigations revealed multiple DW nucleations in lower 

anisotropy Hall cross junctions by application of in-plane pulsed current without the need of a 

localized Oersted field. The nucleation process was found to be stochastic with respect to 

current density and pulse widths. The DW nucleations were attributed to a combination of 

higher demagnetization energy at the Hall cross junction, STT and Joule heating effect. Further, 

we have applied this concept of stochastic DW generation and randomly varying Hall voltages 

to demonstrate a random number generation device.    

 

5.1 Magnetic Properties of Co/Ni Multilayers 

The existence of strong PMA in Co/Ni multilayers has been attributed to Néel surface 

anisotropy due to lowered symmetry at the interface [5]. Another reason previously 

proposed suggests that there is an appropriate number of valence electrons for the Fermi 

level to be near specific states. These specific states have spin-orbit interaction causing PMA 

[16]. A positive interface anisotropy contribution should overcome the negative volume 

anisotropy to sustain PMA in a system.  

The objective of the study was to grow Co/Ni multilayers possessing PMA but with rather 

low anisotropy. Thin film stack comprised of Ta (3)/Pt (3)/Co (x)/[Ni (y) /Co (x)]2/Pt (3)/Ta 

(3), where thicknesses are in nm. The stack repetition was kept as two since single repetition 

did  not  yield  PMA. The  structure  was  made  symmetric  to minimize contributions from 
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Figure 5-1 M-H loops for Co/Ni multilayers in out-of-plane and in-plane field sweep directions. 

Co thickness varies from 0.2 nm to 0.4 nm and Ni thickness varies from 0.4 nm to 0.8 nm 

across different samples 

 

interfacial effects for instance Rashba and spin-orbit torque as discussed subsequently in 

chapter 6. Ta was used as the seed layer to provide a smooth interface between the substrate 

and the magnetic films. Pt was used as the buffer layer to provide strong spin-orbit coupling 

between the heavy metal and ferromagnetic layer Co, it also provides fcc (111) orientation 

to favour PMA growth [17]. Co is preferred as the ferromagnetic layer in contact with the 

heavy metal instead of Ni, since exchange coupling stiffness and Curie temperature of Ni is  
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Table 5-1. Magnetic properties of Co/Ni multilayer with respect to magnetic layer  

                  thicknesses. 

 

 

 

much lower than Co, leading to disordered spins at the Ni/Pt interface [17].  The thicknesses 

of Co and Ni layers were varied from 0.2 nm to 0.4 nm and 0.4 nm to 0.8 nm, respectively. 

Beyond this range the stack was no longer PMA. The thin film stack was deposited using 

DC magnetron sputtering at a base pressure of 1×10 -7 Torr. The working pressure during 

deposition was kept as 2 mTorr with 20 sccm Ar flow rate and sputter power of 50 W. The 

sputter rate calibrated using X-ray reflectivity measurements for Co, Ni, Ta and Pt were 

found to be 0.03, 0.04, 0.05 and 0.07 nm/s respectively. The magnetic hysteresis curves for 

the thin films were obtained using alternating gradient force magnetometry (AGFM) 

technique. Figure 5-1 shows the M-H loops when field is swept in out-of-plane and in-plane 

directions. The figure shows the plot for 9 samples with different thicknesses of Co and Ni 

listed in the plots. The square loop on sweeping the out-of-plane field indicates the existence 

of PMA in the samples. The anisotropy field, HK is the field at which the  film saturates  in  
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Figure 5-2 Plot of areal magnetization vs thickness of Co/Ni multilayers. X-intercept gives 

dead layer = 0.74 nm. 

 

 

the in-plane direction and the area under the two curves represent the effective anisotropy, 

Keff = MSHK/2.  Table 1 shows all the parameters listed for the thin film, the table lists 

theaverage values. Figure 5-2 shows the plot of M×T vs total thickness of the thin films. 

The x-intercept yields the thickness of magnetic dead layer as 0.74 nm. Slope of the graph 

gives average magnetization as 896 emu/cc. In this plot the outliers corresponding to 

samples 7 and 9 have been ignored.  

The anisotropy has contributions from surface or interface anisotropy, KS, and volume 

anisotropy, KV. The relation which expresses the anisotropy is as follows: 

                                        2eff V SK T K T K                                                                       (1) 

where, T is the total thickness of the magnetic film. For multilayers such as Co/Ni, the 

contribution from individual layers need to be considered and the relation is modified as 

following [16]: 

                                        2Co Ni

eff V Co V Ni SK T K t K t K                                                        (2) 
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Table 5-2. Total effective anisotropy per unit area with different Co thicknesses keeping Ni  

                   thickness fixed at three different values. 

 

 

Table 5-3. Total effective anisotropy per unit area with different Ni thicknesses keeping Co  

                  thickness fixed at three different values. 

 

 

where, KV is now composed of two contributions from Co and Ni layers and KS is the net 

surface anisotropy contribution by the two layers. To compute the individual anisotropy, one  

metallic layer thickness is fixed and the other is varied. We have tabulated the contributions in 

tables 2 and 3 by fixing first Ni thickness and then Co thickness respectively, the table indicates 

average values. It is expected that Keff × T should decrease with the thickness of magnetic layer. 

However, from the results we find that the product is infact increasing in most of the cases 

except when Co is fixed at 0.4 nm or Ni is fixed at 0.8 nm (in which case the product first 

increases, then decreases). For other values of thicknesses, the trend is opposite. This is 

expected for very low thicknesses, if we observe the result in reference [16] where till Co 

thickness of 0.4 nm, the product infact increases and then decreases. This could be due to 

requirement of certain minimum Co thickness to initiate crystalline anisotropy. For our case 

when we increased Co beyond 0.4 nm to 0.5 nm the film  lost PMA. Figure 5-3 (a) is  the plot  
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Figure 5-3 (a) Plot of total effective anisotropy energy per unit area vs thickness of Ni with Co 

thickness fixed at 0.4 nm. (b) Plot of total effective anisotropy energy per unit area vs thickness 

of Co with Ni thickness fixed at 0.8 nm.        

 

  of Keff × T vs thickness of Ni when Co thickness is 0.4 nm. The linear fit has a slope of    ̶  0.1 

and intercept of 0.55. Substituting this value in (2) yields the following results:  

                                                    
72 1.2 10 0.55Co

S VK K                                                        (3) 

where, thickness of Co is taken as 1.2 nm since there are three Co layers in the stack. Also, 

                                                        61 10 /Ni

VK ergs cc                                                         (4) 

Figure 5-3 (b) shows the plot of Keff × T vs thickness of Co when Ni thickness is fixed at 0.8 

nm. It was assumed that Keff would be equal to zero at Co thickness equal to 0.5 nm. The linear 
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fitting would give the minimum value of volume anisotropy due to Co and surface anisotropy. 

The slope obtained is  ̶  0.72 and intercept is 1.13. Substituting in (2), the following is obtained: 

                                                 72 1.6 10 1.13Ni

S VK K                                                           (5) 

                                                   6  7.2 10   /Co

VK ergs cc                                                          (6) 

 Substituting from (6) in (3) yields KS = 0.7±0.12 ergs/cm2 or mJ/m2. Substituting from (4) in 

(5) yields KS as 0.645±0.15 mJ/m2. Clearly both the values correlate. This value is also 

comparable to the theoretical values provided in reference [5] for Co/Ni multilayers as 0.65±0.1 

mJ/m2. Thus the positive value of KS compensates the negative contribution from KV to sustain 

PMA. The largest thicknesses of Co (0.4 nm) and Ni (0.8 nm) were selected for nanowire 

fabrication since they yielded the least Keff × T. Thus the thin film stack employed for further 

study was Ta (3)/Pt (3)/Co (0.4)/[Ni (0.8)/Co (0.4)]2/Pt (3)/Ta (3).  

 

5.2 Field Induced Domain Wall Motion  

To study DW dynamics in the deposited stack, Hall cross nanostructures were fabricated. 

Figure 5-4 (a) depicts the scanning electron microscopy (SEM) image of the fabricated device 

along with schematic of the circuit (detailed circuit is shown in Chapter 2 Figure 2-14). A 300-

nm wide nanowire was patterned using electron beam lithography and Ar ion-milling 

techniques. Two Ta (5 nm)/Cu (100 nm) electrodes, labelled A & B, were formed at both ends 

of the nanowire to generate local Oersted field and flow current through the nanowire. The 

contacts were capped with 5 nm of gold to prevent oxidation. Pulse generator was connected 

at electrodes A & B. Two RF probes configured in ground-source-ground formation were used 

to probe the two electrodes.  Hall probe was used to detect the change in magnetization in the 

nanowire. The Hall resistance (RHall) which is proportional to the perpendicular magnetization 

of the Hall cross junction was measured by placing the voltage probes of an external Keithley 
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voltmeter on the Hall probes while flowing a constant DC bias of 50 µA between electrodes A 

& B.  

 

 

 

Figure 5-4 (a) Scanning electron microscopy of the fabricated device with external circuit 

connections. (b) Normalized Hall resistance variation of the nanowire when out-of-plane 

external field is swept (c) Domain wall nucleation by passing current through the strip line to 

generate Oersted field. (d) Field induced domain wall driving. The Hall resistance drops at the 

de-pinning field. 
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Figure 5-4(b) shows the normalized RHall measured by sweeping an external magnetic field 

along the out-of-plane direction. As per our convention the +1 normalized RHall corresponded 

to field saturation in the  ̶ z-direction and 0 RHall in the +z-direction. A square loop obtained 

indicated the existence of PMA in the nanowire. The coercivity was found to be 1 kOe. DW 

was injected in the nanowire by first saturating it with a large out-of-plane magnetic field of 

magnitude 3 kOe along the ̶ z-direction. This was followed by an application of a current pulse 

(85 mA, 50 ns) to electrode A. Localized Oersted field is generated near the electrode by the 

application of current pulse which causes magnetization reversal hence nucleating a DW. The 

reversal process is depicted by means of a schematic in Figure 5-4(c). This DW was then driven 

by an external magnetic field. Figure 5-4 (d) shows the plot of normalized RHall obtained by 

sweeping an external magnetic field along the +z-direction. Two steps were observed in RHall 

as the field was gradually ramped. The first step at 60 Oe corresponds to DW propagation and 

pinning at the junction between the Hall probe and the nanowire. The second step at 100 Oe 

corresponds to DW depinning [18] at the Hall probe and propagation through the nanowire and 

the Hall probe. 

 

5.3 Current Induced Domain Wall Motion 

The spin polarized current flowing into the nanowire can transfer its momentum to the localized 

magnetic moments of a DW leading to its motion. This process is termed spin transfer torque 

(STT) [19, 20]. To demonstrate STT process, a DW was nucleated in the nanowire by the 

process described in the previous section. Next, 10 ns current pulses were applied from 

electrode B to A. RHall was measured and recorded after each pulse. Figure 5-5 shows the 

variation of normalized RHall with pulse width duration. While the current density was below a 

certain threshold value no change in the value of RHall was observed. A drop in RHall was 

observed between pulse width 45 ns and 50 ns when the current density reached 7.6 × 1011 
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A/m2. This value corresponds to the intrinsic threshold current density reported previously by 

Koyama et al. [8].   

Figure 5-5 Spin transfer torque induced domain wall driving. At threshold current density of 

7.6 × 1011 A/m2 the RHall drops after integrated pulse duration of 50 ns. This indicates domain 

wall reaching the Hall probe. 

 

 

5.4 In-plane Current Induced Domain Wall Nucleation 

A pulsed current was applied between electrodes A & B to study the effect of in-plane current 

on the domain wall nucleation process. The nanowire was initially saturated in the  ̶ z direction 

and pulse current density was varied from 6.8 × 1011 A/m2 to 1.52 × 1012 A/m2 while keeping 

the pulse width constant at 50 ns. After the application of pulse, external magnetic field was 

gradually increased in the +z-direction and change in the RHall was noted as shown in Figure 5-

6 (a). At low current densities, there was no observable change in the magnitude of RHall 

indicating no change in the magnetization of the nanowire. However, as the current density 

increased to 8.7 × 1011 A/m2, drop in RHall was observed at external field strength of 150 Oe. 

This indicates magnetization reversal at the Hall cross junction. At the Hall cross junction, the 

demagnetization energy is higher and the spins at the edge experience lesser exchange 
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interaction thereby increasing the probability of DW nucleation in this region. The higher 

demagnetization energy generates a gradient in anisotropy much like the artificial generation 

of anisotropy gradient by Phung et al. [13].  As the current density increases, the drop in RHall 

occurs at lower field strength. At a critical current density corresponding to 1.08 × 1012 A/m2, 

the application of current pulse itself reduces the RHall without the need of an external field 

strength after the application of current pulse.  

 

Figure 5-6 Anomalous Hall effect (AHE) measurements on device with Co thickness = 0.4 nm, 

Ni thickness = 0.8 nm (sample IX). (a) Normalized RHall variation with external magnetic field 

as a function of current density. (b) Simulated magnetization state of the system when DWs 

are nucleated and the entire magnetic volume at the Hall probe is switched. (c) Simulated 

magnetization state of the system, when the DWs are driven away from the Hall probe upon 

application of pulsed current. (d) Statistical distribution of RHall as a function of current density.  
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Figure 5-6 (b) depicts the simulated magnetization configuration of the Hall cross junction 

when four DWs are nucleated at the junction. At lower current density, the area marked ‘red’ 

in Figure 5-6 (b), which indicates the reversed magnetized region is less in volume. As 

magnetic field is increased in the out-of-plane direction, the DWs would move away from each 

other and the magnetization of the Hall probe would also switch, which would be detected as 

a drop in the RHall. The external field required to switch the magnetization of the Hall probe 

would be same for all the current densities, when the magnetization at the junction of nanowire 

and Hall cross is completely switched. The Hall bar would be switched by two DWs moving 

in opposite directions along it. The magnetic field corresponding to the DW depinning in the 

Hall bar has a value of 75 Oe which is same for all the subsequent current densities as shown 

in Figure 5-6 (a). At the current density of 1.22×1011 A/m2, the RHall reached a minimum value 

indicating a large switched volume at the Hall cross. When the current density is increased 

beyond this value, the drop in RHall reduces, indicating the DW displacement away from the 

junction. The above observation may be described by examining the pinning and de-pinning 

strength of the DWs at the Hall probe. Previous reports indicate that the DW would experience 

repulsion at the Hall probe [18] and would precess until the field is strong enough to de-pin the 

DW from the Hall probe. At low enough current density, the DW is pinned near Hall probe 

since it is unable to overcome the potential barrier. At this current density (12.2×1011 A/m2), 

the RHall drops to its minimum value. Upon increasing the current density further, the DWs are 

de-pinned from the Hall probe and can propagate further into the nanowire as shown by the 

simulated configuration in Figure 5-6 (c). The DWs are nucleated and driven via STT at this 

point. Phung et al. [13] report a similar process of DW nucleation which they attribute to the 

DW extraction from the in-plane magnetized region to the out-of-plane magnetized region by 

STT. The anisotropy gradient in their structure is provided by ion-irradiation, whereas in our 

structure there is a naturally generated anisotropy gradient at the four edges of the Hall junction. 
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The spins at the edges are canted due to fringing field and are uncompensated, which are driven 

by STT and responsible for DW nucleation and propagation. The spin configuration at the Hall 

probe reverts to the original magnetization state and the RHall recovers to the original value after 

the DWs are de-pinned from it. The plot of normalized RHall with respect to the applied current 

density is shown in Figure 5-6 (d), these measurements were repeated 20 times. The spread of 

RHall indicates non-uniformity in reversed magnetization volume, which indicates the presence 

of stochasticity in the nucleation process. There is a possibility of multiple DW generation 

contributing to the stochasticity. The Kerr images depicting direct observation of DWs at the 

Hall cross and nucleation of multiple DWs are shown in the following section. 

 

5.4.1 Detection of domain wall at the Hall cross by using Kerr imaging 

Kerr microscopy technique is based on the principle of magneto-optical Faraday or Kerr effect. 

This is discussed in more detail in Chapter 2 section 2.3.3. Figure 5-7 (a) shows the Kerr image 

of the device magnetized along the ‒z-direction, Figure 5-7 (b) shows the image after an in-

plane current is injected. The dark contrast at the Hall junction represents the switched 

magnetic domains. Further set of trials lead to the nucleation of multiple domains on passing 

the current as shown in Figure 5-7 (c). The images emphasize the event of DW depinning and 

propagation away from the Hall junction after nucleation. The Kerr images were taken on 2 

μm width wires to get better resolution. Figure 5-7 (d-e) shows the images on 1.5 µm width 

wires. It is worth noting that although the electrical measurements are performed on 300 nm 

wide nanowires, the width of the nanowire and shape anisotropy would not play much role in 

PMA wires hence the nucleation process is similar in larger width nanowires. The thickness of 

the magnetic layers used for larger width nanowires, used in Kerr imaging, is the same as that 

of lower width nanowires. Even though the shape anisotropy, which is the ratio of 

thickness/width of the nanowire, is lower for the larger width nanowires, the interfacial 
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anisotropy is strong enough to retain perpendicular anisotropy.The electrical measurements 

with pulse width modulation for larger width nanowires are shown in Figure 5-9 (d) which is 

explained later. 

 

Figure 5-7 (a) Kerr image of device saturated in ‒z-direction. (b) Injection of in-plane current 

reverses magnetization in the Hall cross junction and contrast changes to dark. (c) Nucleation 

and de-pinning of multiple domain walls (DWs) in 2 µm nanowire. (d) In-plane current pulse 
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application to 1.5 µm nanowire nucleates and drives a single DW. (f) Similar magnitude of 

current pulse nucleates and de-pins multiple DWs in 1.5 µm nanowire. 

 

 

5.4.2 Back and forth motion of domain walls by spin-transfer torque 

nucleated at the Hall cross using in-plane current 

To validate the observation of rise in RHall due to depinning of DWs at higher current density, 

the experiment was extended by preparing the device in the minimum RHall state as that shown 

in Figure 5-6 (b). The nanowire is initially magnetized in the ‒z-direction, followed by 

application of current pulses. When the magnetization at the  Hall cross changes its direction, 

 

Figure 5-8 Statistical distribution of RHall as a function of current density. X-axis is not scaled 

to represent DW motion in both directions and compare with previous results. 

 

the RHall reaches a minimum and the magnetization at the Hall cross now points along the +z- 

direction. On increasing the current density, RHall increases due to displacement of DWs away 

from Hall cross which is now again magnetized along the  ̶ z-direction. These observations are 

shown in Figure 5-8 which is a re-plot of Figure 5-6 (d) with the addition of two more data 
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points for which the explanation follows. At this instant, a negative current pulse of magnitude 

8×1011 A/m2 was applied to the nanowire. It was observed that RHall approached its minimum 

value when 20 ns width current pulses were applied, changing the magnetization of the Hall 

cross back to +z-direction. This was followed by the application of current density equal to + 

8 × 1011 A/m2. This pushed the DWs away from the Hall cross and RHall recovered its maximum 

value when the pulse width reached 25 ns, thereby switching the magnetization of the Hall 

cross along the  ̶ z-direction.  The motion of the DWs is because of STT. 

 

5.4.3 Effect of pulse width modulation on domain wall nucleation process 

The effect due to pulse width modulation on the nucleation process was studied keeping the 

current density constant. Figure 5-9 (a) shows the variation of RHall with respect to the magnetic 

field which is swept after application of current pulses with different pulse widths. The current 

density is kept constant at 12.2 ×1011 A/m2. At low pulse width = 10 ns the drop in RHall occurs 

at larger magnetic field strength. This indicates that at lower operating power, current alone is 

insufficient to cause magnetization reversal and requires assistance from the field. Once DWs 

are nucleated, the de-pinning of DWs from the Hall junction occurs at around 75 Oe as shown 

in Figure 5-9 (a). Figure 5-9 (b) shows the plot of normalized RHall after the application of 

current pulse without applying any magnetic field. The measurements were repeated 20 times 

to get the distribution. When the pulse width is less than 15 ns, there is no drop in RHall 

indicating no reversal at the junction. When the pulse width lies in the range of 15 ns to 50 ns, 

the RHall varies between 0.8 and 1 indicating no or small reversal at the corners of the junction. 

Maximum reversal at the Hall junction is observed for pulse width equal to 55 ns when the 

RHall falls to its minimum value. The RHall recovers to its maximum value upon increasing the 

pulse width to 60 ns indicating depinning of the DWs from the Hall probe like the one observed 

in Figure 5-6 (c). This also indicates a possibility of multiple DW generation as shown in Figure 
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5-9 (c). In addition, measurements were performed for two different dimensions of nanowire 

width corresponding to 2 µm and 1.5 µm and the results are shown in Figure 5-9 (d) (i-ii).  

 

 

Figure 5-9 AHE measurements on device with Co thickness = 0.4 nm, Ni thickness = 0.8 nm 

(sample IX).  (a) Normalized RHall variation with external magnetic field as a function of current 

density. (b) Statistical distribution of RHall as a function of pulse width. Each measurement was 

repeated 20 times. (c) Schematic depicting a possible scenario showing multiple DW 

nucleation and propagation across the Hall junction (i) DW nucleation via expansion of 

reversed magnetic domains at the Hall junction (ii) Depinning and propagation of DW away 

from the Hall junction (iii) Nucleation and expansion of second DW at the Hall junction. (d) 
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Statistical distribution of RHall as function of pulse width for larger nanowire dimensions (i) 2 

µm (ii) 1.5 µm 

 

Although no clear trend is apparent, the measurements are skewed indicating larger drop at 

larger pulse widths. The magnitude of drop is different for different set of measurements as 

indicated by the spread in resistance. The large spread indicates variation in the reversed 

volume near the Hall junction. This indicates the possibility of stochasticity in the DW 

nucleation process by application of in-plane current. 

 

5.4.4 In-plane current induced domain wall nucleation process in device with 

relatively larger anisotropy  

We investigated the effect of pulse current on RHall for devices with larger anisotropy. Sample 

VII as discussed in section 5.1 with Co thickness 0.4 nm and Ni thickness 0.4 nm was chosen. 

The thin film was patterned into Hall cross structures similar to the one shown in Figure 5-4 

(a). The RHall was measured by sweeping the out-of-plane magnetic field, a square hysteresis 

loop was obtained indicating perpendicular easy axis of magnetization (not shown here). The 

coercivity of the nanowire obtained was 650 Oe. Figure 5-10 (a) shows the variation of 

normalized RHall as magnetic field is swept after the application of current pulse in the 

nanowire. The current density was varied from 6.6 × 1011 A/m2 to 1.4 × 1012 A/m2. There was 

no change in the RHall till the current density was kept below 7.8 × 1011 A/m2
. When the applied 

current density was 8.9 × 1011 A/m2, there was a drop in RHall at field orientation but it is not 

high enough for magnetization reversal at the Hall probe, which occurs at relatively high field 

strength. As the current density was increased to 1 × 1012 A/m2, the drop in RHall occurred at 

much lower field strength (100 Oe). 
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Figure 5-10 AHE measurement on device with Co thickness = 0.4 nm, Ni thickness = 0.4 nm 

(sample VII). (a) Normalized RHall variation with external magnetic field as a function of 

current density. (b) Statistical distribution of switching field with applied current density.   

 

Thus, there is a sudden transition in the magnetization reversal process. The trend in RHall 

was like the one observed previously as the current density was increased. In all the above 

results, it is to be noted that there is no change in the magnitude of RHall without field sweep 

after the pulse injection, unlike in the previous case of lower anisotropy devices, where the RHall 

was reduced by the application of current itself. This observation points to the fact that 

magnetization reversal can occur more readily for devices with lower anisotropy strength. 

Figure 5-10 (b) shows the plot of switching field distribution of the RHall at different applied 

current density values. Each of these measurements was repeated 20 times to get the 

distribution of the field at which RHall switches. At current density of 8.9 × 1011 A/m2, the 

switching field appeared to have a larger spread. As the current density was increased there 

was a drop in the switching field and the spread also became narrower. The spread in RHall 

would depend on the sample geometry and surface irregularities. The nucleation of DWs would 

be preferably triggered at geometrical in-homogeneities or at the junction of Hall probe and the 

nanowire.  
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Figure 5-11 (a) Kerr image of nanowire without Hall cross, magnetized along +z-direction. (b) 

Kerr image of nanowire without Hall cross after injection of in-plane current. 

 

 

5.4.5 In-plane current injection in nanowire without Hall cross 

We investigated the effect of current pulse injection on nanowire without the Hall cross 

geometry. Figure 5-11 (a) shows the Kerr image of 1.5 µm wide nanowire magnetized along 

+z-direction before the injection of any current pulse. Figure 5-11 (b) shows the Kerr image of 

the nanowire after injection of current pulses as high as 5×1012 A/m2 and pulse width 100 ns. 

We did not observe any DW nucleation in this case. This implies that Hall cross plays a crucial 

role in the nucleation process. Other factors, for instance Joule heating may assist the 

nucleation process but are not enough to cause the nucleation process on their own. 

The thermal activation would be more dominant if KUV ≤ 60 kBT [21], where KUV is the 

product of perpendicular anisotropy constant and the magnetic volume. For our device, KU = 

1.88×105 J/m3, V = 1.5×10-6 (width) × 2.8×10-9 (thickness) × 8×10-9 (DW width), where DW 

width is estimated using / UA K  and A = 1×10-11 J/m [22]. This gives the product KUV = 

40 eV, which is 1400 kBT. Thus temperature alone cannot account for compensating the 

anisotropy.    
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5.5 Magnetic random number generator 

The stochastic nature of DW generation process at the Hall cross and the randomness of the 

Hall voltage can be utilized to construct a random number generator (RNG) device. Random 

number generators find applications in online banking, cryptography, simulations and gaming. 

Since the Hall cross device uses a physical phenomenon as an entropy source, it would function 

as a true random number generator [23-27], as opposed to a pseudo random number generator 

which utilizes an algorithm to generate the randomness. Existing CMOS based true RNGs 

require extensive post-processing to ensure reliable output, which leads to significant power, 

performance and area overhead [28]. To overcome these issues, magnetic tunnel junction based 

RNGs have been proposed [29, 30], however, they require complex processing steps. The Hall 

cross based device in this study has simplified processing steps and is compatible with CMOS 

technology.  

Figure 5-12 (a) shows the Hall voltage variation for 200 runs. Each run corresponds to 

applying a current pulse of density 2×1012 A/m2 and pulse width 50 ns. The random analog 

output voltage can be converted to a digital signal using voltage amplifier and comparator. The 

proposed circuit for digital output generation is shown in Figure 5-12 (b). The band-pass 

amplifier and comparator are packaged in a chip. The Hall sensor would generate an output 

voltage in the range of 10 – 50 µV. Conventional differential amplifiers cannot be used since 

they suffer limitations from input-offset and noise. To overcome this issue a practical solution 

is proposed. The sense current for reading the Hall voltage is modulated with the help of a 

clock, which modulates the output voltage as well. This puts the signal in a higher frequency 

band compared to the input-offset of the low noise amplifier [31]. The first block in the 

detection of sense voltage is a differential low-noise amplifier followed by a band-pass filter. 

The low noise  amplifier  and  filter  would  amplify  the input  signal sufficiently  so  that the 
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Figure 5-12 (a) Random analog output voltage at the Hall probe across different runs, each run 

corresponding to 2×1012 A/m2, 50 ns pulse injection. (b) Schematic of proposed read-out 

circuitry and generation of random digital output. The sense voltage is modulated by a clocked 

sense current. Schematic of chip is also shown (Circuit in collaboration with Assoc. Prof. 

Arindam Basu, EEE department, NTU). (c) Test device random output (i) analog voltage at 

Hall sensor; (ii) digital voltage at chip output. 
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effect of the comparator offsets are negligible compared to amplified sense voltage. The 

bandwidth of the filter is optimized to obtain maximum signal to noise ratio. Figure 5-12 (c-i) 

shows the analog output obtained from a test Hall cross device. The voltage ranges from 20-50 

µV. Each pulse would either toggle the output or would remain the same, thus providing a 

random stream of output. This output is fed to the chip and comparator level is set to a value 

such that it roughly corresponds to the average of the amplified analog signal. The 

amplification of the band pass filter is 10000 and average analog voltage is 35 µV. Thus the 

comparator level is set to 350 mV. In practical devices the comparator level would be set by a 

micro-controller with an algorithm to detect the average level. Thus when the analog output is 

above 350 mV, the comparator would set the output to digital value 1 and if the analog output 

is below 350 mV, it would set is to digital value 0. The final output is shown in Figure 5-12 (c-

ii).   

Figure 5-13 shows a system level schematic integrating the power management unit along 

with the USB controller. Since the current densities required for output generation are of the 

order of 1012 A/m2, the power generation circuit can be fabricated by using a special high 

voltage CMOS process. This circuit would exploit methods to precisely control pulse width 

and amplitude of programming pulses. The random bits from the Hall probe are streamed to 

any commercially available serial communication module. Latest peripheral controllers which 

are equipped with USB 3.0 can support up to 8 GHz throughput. The power management unit 

would boost the 5 V available from the host to provide 10-11 V power to the programming 

circuit. Thus, following above steps, we can realize a USB plug and play random number 

generator device.    
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Figure 5-13 System level integration of the random number generator output. Outputs 

generated from each Hall probe is fed to a peripheral USB controller through a multiplexer. 

(Assoc. Prof. Arindam Basu, EEE deparment, NTU). 

 

 

5.6 Summary 

Domain wall (DW) dynamics are investigated in perpendicular magnetized anisotropy        

Co/Ni nanowires. The magnetic properties of the multilayers were first ascertained at different 

thicknesses and samples with low anisotropy were selected. Hall cross nanostructures were 

fabricated and anomalous Hall effect was used to probe the DW dynamics. Field induced DW 

driving by sweeping an out-of-plane magnetic field and current induced DW driving using spin 

transfer torque were demonstrated. Without applying local Oersted field to nucleate DWs, 

application of an in-plane pulse current of current density ~ 1×1012 A/m2 and pulse width of 50 

ns, and then subsequent out-of-plane field sweep causes drop in Hall resistance (RHall). This is 
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attributed to DW nucleation triggered by the anisotropy gradient and higher demagnetization 

energy at the Hall cross junction. At higher current density, field assistance was not required 

to nucleate the DWs. Using Kerr imaging multiple DW nucleations were observed near the 

Hall cross. The spread in RHall with the applied current density and pulse width and the presence 

of multiple DWs indicate the stochastic nature of nucleation process. The device finds a 

possible application in random number generation with each Hall probe serving as the output 

signal and in-plane pulse current as the input trigger.   
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Chapter 6 

Spin-Orbit Torque Induced Domain-Wall Dynamics in 

Perpendicular Magnetic Anisotropy Structures 

 

Efficient magnetization switching is the key to realizing state of the art, high speed and reliable 

non-volatile memory and logic devices [1-4]. Conventional methods that rely on spin-transfer 

torque (STT) for magnetization switching [5, 6] have limitations as they require materials to 

spin polarize the current or ferromagnets (FM) with specific spin textures. Recently, a more 

efficient method of torque transfer has become prominent in systems with FM and heavy metal 

(HM) interface, namely spin-orbit torque (SOT), for magnetization switching [7-10] and 

domain wall (DW) driving [11-14]. SOT switching, which does not require materials to spin 

polarize the current, can arise in systems with strong spin-orbit coupling and inversion 

asymmetry through the Rashba effect [7, 11] and spin Hall effect (SHE) [8, 9, 15]. Although 

the contribution of Rashba effect and SHE are still under debate, recent studies point towards 

SHE as the more dominant contributor towards SOT. In SOT, the current flowing through the 

HM, which is in contact with the FM layer, can switch the magnetization of the FM layer. The 

commercial application of STT which is magnetic random access memory (STT-MRAM) 

suffers from tunnel oxide degradation due to high write currents. SOT based MRAM separates 

the read and write paths since current can be made to flow through just the HM layer and hence 

increases the device endurance [16]. Current induced effective fields, which are manifestations 

of the SHE and Rashba effect, are a direct measure of the SOT strength [17-19]. Spin Hall 

angle (SHA) which is the ratio of spin current to charge current is used to quantify the effect 

due to SOT. Pt and Ta have been extensively studied as capping and underlayer heavy metals 

on account of their large SHAs 0.07 and  ̶ 0.12 respectively [9]. Recent studies have focussed 
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on exploring alternate heavy metals possessing larger SHA, for instance, beta phase of W with 

record SHA of 0.31 [10]. Numerous studies have been carried out to tune the SHA by varying 

thickness of the heavy metal layer [18-21]. Most of the studies have been confined to single 

ferromagnetic layer, however at the cost of poor thermal stability which is a major obstacle for 

scaling down to a few nano-meters.  

Néel DWs can be efficiently driven by SOT, even along the current flow direction 

depending on the sign of SHA and chirality of the DW. An anti-symmetric exchange 

interaction, termed as Dzyaloshinskii-Moriya interaction (DMI) can stabilize Néel DW of 

either left-handed or right-handed chirality depending upon the sign of the DMI coefficient 

[22-24]. Very high DW velocity, e.g. 750 m/s was reported in magnetic layers with 

perpendicular magnetic anisotropy (PMA) coupled with synthetic anti-ferromagnets [25]. DW 

speed of 400 m/s was reported in Pt/Co/AlOx PMA nanowires on account of Rashba effect 

[11]. However, the current density required in the above studies was in excess of 3×1012 A/m2. 

Low current alternative was proposed by Metaxas et al., [26] where vertical current injection 

was used in a magnetic tunnel junction to drive the DW in the free layer. However, this method 

requires more complex device processing and the distance propagated by DW is confined to 

nanometres.  

There is a need of exploring DW dynamics in other multi-layers possessing large SOT 

strength. One such system that has not been explored extensively for studying DW dynamics 

is Pt/Co/Ta where the heavy-metal layers provides the SOT and DMI strength. Pt/Co/Ta stack 

has been reported to exhibit enhanced SOT on account of opposite signs of SHAs of Ta and Pt 

acting on top and bottom interfaces. However, it suffers from diffusion of Ta into Co which 

may lead to degradation of PMA [27]. We propose a multilayer stack with four interfaces 

namely Pt/Co/Pt and Pt/Co/Ta, and label it as Co/Pt double stack, which has higher thermal 

stability and stronger PMA than Pt/Co/Ta or Co/Pt single stack. We estimated the SHA using 
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AC Hall measurements. It was found that increasing the Pt spacer thickness two times reduced 

the SHA by nearly 1.4 times due to partial cancellation with the underlayer Pt; increasing the 

Ta capping layer thickness by three times increased the SHA by nearly three times. The current 

induced magnetization switching increased on increasing the SHA. DW dynamics were 

investigated in the stack by fabricating Hall cross structures. Hard-axis field was applied to 

prevent Walker breakdown and also to compensate or support the inherent DMI field. An 

enhancement in DW velocity was found in the current flow direction on increasing the Ta 

capping thickness and reducing the Pt spacer thickness. 

 

6.1 Experimental techniques and comparison of thermal stability for single 

and double Co/Pt stacks 

Thin films of single and double stack Co/Pt were deposited on silicon dioxide coated silicon 

wafers. Sample A, SiO2/Ta (3)/Pt (3)/Co (0.7)/Ta (1) & sample B, SiO2/Ta (3)/Pt (3)/Co 

(0.7)/Pt (0.5)/Co (0.7)/Ta (1), thicknesses are in nm, were deposited using magnetron sputtering 

at base pressure of 2×10-8 Torr. A Pt dusting layer of thickness 1 nm was deposited on top to 

prevent oxidation of the capping Ta layer. Since the Pt dusting layer is not in direct contact 

with the ferromagnetic layer, Co, it would not affect the SOT strength and DW dynamics. The 

M-H curves were measured for the two as-deposited samples using magneto optical Kerr effect 

(MOKE) technique. To compare the thermal stabilities of the two stacks, the films were 

annealed in vacuum at 250°C and 350°C for 1-hour and the M-H curves were again measured 

post-annealing. The maximum annealing temperature was chosen as 350°C to check for CMOS 

process compatibility. Figure 6-1 (a) shows the M-H curves for sample A before and after 

annealing. The as-deposited sample exhibits square hysteresis with a coercivity of 100 Oe on 

sweeping the out-of-plane magnetic field. As the sample is annealed to 250°C, it loses 

perpendicular anisotropy as indicated by the M-H  curve,  further  annealing  to  350°C  causes 
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Figure 6-1 (a) M-H loops of thin film stacks, Pt/Co/Ta measured before and after annealing at 

250°C and 350°C for 1 hour. (b) M-H loops of thin film stack Ta/Pt/Co/Pt/Co/Ta measured 

before and after annealing at 250°C and 350°C for 1 hour. 

 

 

little change in the M-H curve. Figure 1(b) shows the M-H curves for sample B before and 

after annealing. Sample B has a coercivity of 250 Oe before annealing which increases to 500 

Oe upon annealing to 250 ºC and the squareness of the hysteresis is maintained, further 

annealing to 350 ºC leads to very little change in the magnetization.  The above results indicate 

that single stack Co/Pt is not thermally stable and has lesser PMA strength than the double 

stack Co/Pt. The degradation of PMA could be due to inter-diffusion of Ta into Co as was 

proposed previously by Woo et al. [27] through their x-ray photoelectron spectroscopy (XPS) 

data. It is worth noting that the stack proposed by Woo et al, consisted of TaOx capping to 

break the inversion symmetry as opposed to our stack. There is lack of evidence to suggest that 

the presence of TaOx would enhance the SOT strength since it is not in direct contact with the 

ferromagnetic layer, unless the oxygen diffuses to the ferromagnetic layer [28]. The XPS 

results in fact, indicated a reduction in oxygen intermixing with Co with increase in Ta layer 

thickness and increase in the Ta layer thickness exhibited enhanced SOT in the stack proposed 
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Woo et al. Even though the Co and Ta intermixing would be limited in our stack, we cannot 

ignore the possibility of Co and Pt intermixing in the stack. However, recent report suggests 

no significant change in the magnetic quality or PMA degradation due to Co and Pt intermixing 

[29].We have also performed the XPS measurements for our stack, where we observe no trace 

of TaOx or Co oxidation and very little intermixing between Ta and the middle Co layer. The 

results are provided in Appendix A1. 

 

6.2 Magnetization and spin distribution of Co/Pt double stack device 

We first look at a qualitative picture of the spin current distribution in the heavy-metal layers 

of Co/Pt double stack on account of SHE. Figure 6-2 (a) shows a schematic depicting spin 

current distribution in the heavy metal layers of the stack under consideration when an in-plane 

current flows through it. The distribution takes into account the signs of SHAs of Pt and Ta 

which are positive and negative, respectively. The spin density is proportional to the heavy 

metal layer thickness with thicker heavy metals layers carrying more spin current. The bottom 

ferromagnetic layer, Co, experiences a net Slonczewski-like (SL) torque along the ‒y-direction 

since the bottom Pt layer is thicker as compared to the spacer Pt layer. The top Co layer would 

also experience net SL-torque in the ‒y-direction as the contribution from Ta and Pt layer would 

add up in this case. The combination of above two contributions would give rise to net SL 

torque along the ‒y-direction. It should be taken into consideration that the double Co/Pt stack 

would have lesser enhancement in SOT as compared to single stack Co/Pt due to partial 

cancellation of the torques from the Pt spacer layer. 

In order to test the magnetization anisotropy and current induced SOT switching, Hall cross 

structures were fabricated using electron beam lithography and Ar-ion milling techniques. 

Figure 6-2 (b) shows the SEM image of the structures with wire widths of 1.5 µm. AHE 

measurements revealed a square hysteresis on sweeping an external out-of-plane magnetic field 
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Figure 6-2 (a) Schematic depicting the Co/Pt double stack, in-plane current causes the 

respective spin current distribution in the heavy-metal layers; the sign of the spin depends on 

the spin Hall angle and the spin density depends on the thickness. (b) Scanning electron 

microscopy image of the fabricated Hall cross structure; the schematic depicts set-up for Hall 

measurements. (c) Dependence of normalized Hall resistance (RHall) on external out-of-plane 

magnetic field. (d) Dependence of normalized RHall on sweeping quasi-static in-plane current 

across the nanowire while applying a longitudinal field of 500 Oe. 

 

 

as shown by the Hall resistance (RHall) variation in Figure 6-2 (c), indicating the existence of 

PMA. To validate the existence of SOT in our stack, an in-plane field of 500 Oe was applied 

and a quasi-static in-plane current was swept across the wire. A hysteretic magnetic switching 

between up and down magnetization states was observed with the positive in-plane field 

favouring down magnetization state at positive current, as shown in Figure 6-2 (d). On 
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reversing the in-plane field direction, positive current now favoured up magnetization state 

[30].  

Figure 6-3 Schematic of AC harmonic measurement set-up. Definition of spherical coordinate 

system is illustrated together with direction of the magnetization, M and field, H. 

 

 

6.3 Harmonic Hall measurements and estimation of spin Hall angle 

The strength of SOT or the SHA can be determined using the technique of harmonic Hall 

voltage measurements. In this technique, an alternating current is applied across the nanowire 

and the voltage response is recorded at the Hall bars while sweeping an external magnetic field 

either in the longitudinal or transverse direction to the nanowire. Using analytical methods, the 

effective SL field and field-like (FL) fields can be estimated from the voltage response curves. 

The Hall effect typically has contribution from anomalous Hall effect (AHE) and planar Hall 

effect (PHE) [17, 31]. If ∆RA and ∆RP represent changes to the Hall resistance due to AHE and 

PHE respectively and a current flows in the nanowire along the x-direction as shown in Figure 

6-3, then the Hall resistance RXY can be expressed as [18, 31] 

                                21 1
    cos     sin sin 2
2 2

XY A PR R R                                            (1) 

 Application of current induced magnetic fields including the Oersted field can modulate the 
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magnetization angle from equilibrium value by an amount ∆θ and ∆φ. If the magnetization 

direction in equilibrium has angles θ0 and φ0 then, the angles in equation (1) can be expressed 

as θ = θ0 + ∆θ and φ = φ0 + ∆φ. The Hall voltage which is the product of Hall resistance and 

current can be expressed as  

                                                   XY XYV R I                          (2) 

When a sinusoidal current (I = ∆I sinωt) is applied the current induced effective fields also 

oscillate in sync with the current. The angles are also modulated as ∆θsinωt and ∆φsinωt. 

Substituting the modified equation (1) into equation (2) yields the modulated Hall voltage 

which can also be expressed in terms of the applied signal frequency as [31] 
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It is shown in reference [31] that the angular term variations ∆θ and ∆φ depend on the current 

induced effective fields, ∆HX along the longitudinal direction and ∆HY along the transverse 

direction. Thus second harmonic Hall voltage, V2ω contains information about the effective 

fields through ∆θ and ∆φ terms. Following the derivation in reference [31], the respective 

curvature and slope of Vω and V2ω versus the external field are calculated to obtain the ratios 
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BX and BY, defined as BX = (
𝜕𝑉2𝜔
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, finally 

it can be shown that 
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.                                                (4) 

The ± sign corresponds to M pointing along the ±z. When PHE is negligible, ξ = 0, then ∆HX 

and ∆HY become 2BX and 2BY respectively.  

To estimate SHA, we look at the expression for SOT in terms of the magnetization direction. 

If τ1 and τ2 represent the SL and FL torque terms respectively, then 

                                                   1 1
ˆ ˆ ˆ  m m                                                                     (5)                              

                                                     2 2  ˆ ˆm                                                                       (6) 

where, �̂� =  𝑗̂ × �̂�, 𝑗̂ and �̂� are unit vectors in the current and out-of-plane directions and γ is 

the gyromagnetic ratio [32]. The spin current can be written as ΦH jc/e, with ΦH representing 

the SHA. The resulting torque magnitude 𝜏1⃗⃗  ⃗ can be expressed as [32] 

                                                  
1

Φ
 
2

SHE H c

S F

j

eM t
                                                                           (7)   

where, tF is the thickness of the ferromagnetic layer, MS is the saturation magnetization and jc 

is the conduction electron current. In general, 𝜏1
𝑆𝐻𝐸  >>  𝜏2

𝑆𝐻𝐸 . The SL field HSLT and FL field 

HFLT can be determined from equations (5) and (6) as  

                                                 1
ˆ ˆ SLTH m                                                                          (8) 

                                                       2  ˆ
FLTH                                                                           (9) 

Thus, after obtaining HSLT from the harmonic measurements as shown in equation (4), SHA 

can be obtained by substituting in (7) and (8) if other parameters are known. 
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The harmonic measurements were performed on sample B after pattering it into a Hall cross. 

The frequency was kept as 33 Hz and in-plane external magnetic field was swept from  ̶ 600 

Oe to +600 Oe. Figure 6-4 (a) shows Vω versus HX (HL) at a current density of 1.17×1011 A/m2,  

 

 

Figure 6-4 Harmonic measurements: Ta capping thickness = 1 nm, Pt spacer thickness = 0.5 

nm (a) 1st harmonic and (b) 2nd harmonic on sweeping longitudinal field. (c) 1st harmonic and 

(d) 2nd harmonic on sweeping transverse field. Effective field variation with AC density are 

shown in (e) for HSL and (f) for HFL.   
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measured for up and down magnetized states of the micron-wire. The curves for up and down 

magnetized states are similar and symmetric with respect to the x-axis apart from their opposite 

signs. A polynomial fitting was performed on the parabolic curve for +MZ to obtain an equation  

of the form: 

                                                 2

1 2X XV B H B H   ,                                                                 (10) 

where B1 and B2 are the polynomial coefficients of the fitted equation. Figure 6-4 (b) shows 

V2ω versus HX at a current density of 1.17×1011 A/m2, measured for up and down magnetized 

states of the micron-wire. The curves for up and down magnetized states have the same slope 

and are linearly increasing but with different magnitudes. A linear fitting was performed for 

+MZ to obtain an equation of the form: 

                                                         2 0 XV B H C   ,                                                         (11) 

where B0 is the slope and C is the intercept of the curve. Substituting from (10) and (11) in (4) 

gives the following relation 

                                                       0

2

SL

B
H

B
                                                                         (12)  

A similar relation exists for HFL, when Vω and V2ω are measured versus HY (HT). Figure 6-4 

(c) and 6-4 (d) show the respective plots. Variation of Vω with HY has an identical trend as that 

of with respect to HX. However, V2ω versus HY has opposite signs of slope for +MZ and ‒MZ 

initial magnetizations. The effective fields HSL and HFL, estimated using equation (12) were 

plotted versus the applied alternating current density and found to vary linearly. Figures 6-4 (e) 

and 6-4 (f) show the linear relationship of HSL and HFL respectively, with the current density. 

HSL and HFL were evaluated as 18.13 Oe per 1011 A/m2 and 8.7 Oe per 1011 A/m2, respectively, 

from the slopes of the plots. The SHA (ΦH) was estimated for the device by substituting the 

value of HSL in equations (7) and (8). The magnetization, MS, was measured using alternating 

gradient force magnetometry (AGFM) and was found to be 800 emu/cc (shown in Appendix 
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A2). We obtained ΦH = 0.054. It should be noted that planar Hall effect correction was 

negligible in our stack due to the absence of angular dependence of magnetic field on the 

harmonic voltages.   

 

 

Figure 6-5 Harmonic measurements: Ta capping thickness = 3 nm, Pt spacer thickness = 0.5 

nm (a) 1st harmonic and (b) 2nd harmonic on sweeping longitudinal field. (c) 1st harmonic and 

(d) 2nd harmonic on sweeping transverse field. Effective field variation with AC density are 

shown in (e) for HSL and (f) for HFL.   
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To study the effect of Ta capping thickness on the SOT strength, Ta thickness was increased 

to 3 nm. AC harmonic measurements were performed as before at a current density of 

1.53×1011 A/m2. Figures 6-5 (a)-(d) show the plots which have the same trend as Figures 6-4 

(a)-(d). Figures 6-5 (e)-(f) show the linear relationship between HSL and HFL with the applied 

current density. HSL and HFL were evaluated as 49.1 Oe per 1011 A/m2 and 10.9 Oe per 1011 

A/m2, respectively, from the slopes of the plots. The SHA was calculated as 0.15, considering 

MS = 900 emu/cc (shown in Appendix A2). Thus on increasing the thickness three times, the 

spin Hall angle also increased nearly three times. This is due to the enhancement in spin current 

injection from the heavy metal Ta layer and hence larger torque on account of higher thickness. 

The thickness of Ta was limited to 3 nm due to the saturation of spin current density on account 

of finite spin diffusion length [33, 34].  

The effect of Pt spacer thickness was investigated by increasing the thickness to 1 nm while 

keeping the Ta capping thickness as 1 nm. AC harmonics measurements were performed as 

before at a current density of 1.96×1011 A/m2
.
 Figures 6-6 (a)-(d) show the plots, which have 

the same trend as Figures 6-4 (a)-(d) with the exception that V2ω intersect at lower fields for 

+MZ and ‒MZ magnetization directions when transverse field is varied. HSL and HFL were 

evaluated as 12.8 Oe per 1011 A/m2 and 5.7 Oe per 1011 A/m2, respectively, from the slopes of 

the plots. The SHA was calculated as 0.04, considering MS = 820 emu/cc (shown in Appendix 

A2). Increasing the Pt spacer thickness would compensate the SOT from the bottom Pt layer 

and partially cancel the strength. However, the top ferromagnetic layer would experience some 

enhancement in the SOT strength. The SHA would depend on the net effect of these torques. 
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Figure 6-6 Harmonic measurements: Ta capping thickness = 1 nm, Pt spacer thickness = 1 nm 

(a) 1st harmonic and (b) 2nd harmonic on sweeping longitudinal field. (c) 1st harmonic and (d) 

2nd harmonic on sweeping transverse field. Effective field variation with AC density are shown 

in (e) for HSL and (f) for HFL.   
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Figure 6-7 Normalized RHall versus in-plane current density depicting magnetization switching 

comparison between the devices with following stack composition (i) original: Ta (3)/Pt (3)/Co 

(0.7)/Pt (0.5)/Co (0.7)/Ta (1); (ii) thick Ta cap: Ta (3)/Pt (3)/Co (0.7)/Pt (0.5)/Co (0.7)/Ta (3) 

and (iii) thick Pt spacer: Ta (3)/Pt (3)/Co (0.7)/Pt (1)/Co (0.7)/Ta (1).  

 

 

To compute the magnetization switching current density of the devices, an in-plane field of 

500 Oe was applied and a quasi-static in-plane current was swept across the wire. A hysteretic 

magnetic switching between up and down magnetization states was observed with the positive 

in-plane field favouring down magnetization state at positive current, Figure 6-7 shows the 

comparison of switching current density for the three devices namely, original: Ta (3)/Pt (3)/Co 

(0.7)/Pt (0.5)/Co (0.7) Ta (1); thick Ta cap: Ta (3)/Pt (3)/Co (0.7)/Pt (0.5)/Co (0.7) Ta (3) and 

thick Pt spacer: Ta (3)/Pt (3)/Co (0.7)/Pt (1)/Co (0.7) Ta (1). The current density for switching 

the original device is 2.8×1011 A/m2, which reduces to 1.5×1011 A/m2 on increasing the Ta 

capping thickness and rises to 3.1×1011 A/m2 on increasing the Pt spacer thickness. Thus device 

exhibiting larger effective SOT field and SHA requires lesser current density for switching, 

making the switching process more efficient.   
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6.4 Spin-orbit torque driven domain wall dynamics in Co/Pt multilayers  

DW dynamics were investigated electrically in Co/Pt double stack (sample B) after patterning 

the thin films into Hall cross structures. The nucleation of DW was performed by injecting 

pulse current through a stripline patterned orthogonal to the nanowire in a second lithography 

step. Figure 6-8 (a) shows the injection and driving set-up. A constant in-plane magnetic field 

was applied along the  ̶ x-direction to create a left-handed Néel wall. The DW was driven by 

an application of current pulse and detected by a drop in RHall at the Hall probe due to AHE 

[35, 36]. Figure 6-8 (b) shows the SEM image of the fabricated device. The wire width and 

length were kept as 1.5 µm and 30 µm respectively. A Ta Hall bar of width 200 nm was also 

patterned to detect the position of the DW. The Hall probe was made non-magnetic to prevent 

DW pinning. Figure 6-8 (b) shows two Hall probes, however in our measurements first Hall 

probe was used for detection. The distance between the stripline and the first Hall probe was 

kept as 8 µm. The DW velocity was determined by noting the pulse width for the DW to reach 

the Hall probe. This was validated by Kerr microscopy imaging.  

Figure 6-8 (c) shows the plot of DW velocity with change in the applied current density 

under the application of an in-plane field of magnitude 500 Oe. When the field is along the  ̶ x-

direction, the up-down DW propagates along the current flow direction. This is consistent with 

previous reports which suggest that left-handed Néel wall propagates along the current flow 

direction, provided the underlayer has positive SHA [12]. The minimum current density for 

propagation was found to be 3.5×1011 A/m2. The DW velocity increases linearly with the 

applied current density and is found to reach a value of 440 m/s at an applied current density 

of 1×1012 A/m2. The current density was limited to this value to prevent random domain 

nucleations and joule heating effect. The DWs were found to propagate along the electron 

flow direction when the direction of the magnetic field was reversed. Also the minimum 

current density for finite DW velocity increased to 5×1011 A/m2. The field direction changed 
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Figure 6-8 (a) Schematic depicting the setup for domain wall (DW) injection and driving 

measurement. (b) SEM image of the nanowire with non-magnetic Hall probes for DW 

detection. DW velocity versus current density under a constant in-plane magnetic field along 

+x and ‒x-directions for Ta capping with thickness (c) 1 nm, and (d) 3 nm. Comparison of DW 

velocity for Ta capping thicknesses 1 nm and 3 nm; magnetic field was applied along the (e) ‒

x-direction, and (f) +x-direction. 
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the DW chirality to right handed, hence the direction of motion of DW also reversed [12]. 

At lower current densities, the DW velocity along the current flow direction was observed 

to be higher than along the electron flow direction. This indicates the existence of a small 

DMI that favours the left handed Néel chirality and opposes the DMI field. The DMI field, 

HDMI was estimated using DW creep method [37, 38] and was found to be 420 Oe. The 

details are shown in section 6.5. The direction of the DW chirality changed since the applied 

field is larger than HDMI. Against the current flow direction, STT is also expected to 

contribute to the DW velocity, but its contribution is negligible at lower current densities. 

The measurement results reveal that the SOT is able to compensate the STT effect when the 

DW propagates along the current flow direction. When the external field was removed, the DW 

was found to propagate in the electron flow direction, with minimum current density needed 

for propagation in excess of 6×1011 A/m2. This indicates the existence of Bloch DW being 

driven primarily by STT [32]. The magnitude of velocity was found to be much lower than that 

in the presence of field with maximum velocity around 60 m/s at a current density of 1×1012 

A/m2. We also performed micromagnetic simulations to test the direction of motion of DWs 

and their structure in the presence of an in-plane field which assists and opposes the motion 

along the current flow direction. The results are shown in Appendix A3.  

 

6.4.1 Effect of Ta capping thickness on domain wall velocity 

To investigate the effect of Ta capping thickness, the Ta thickness was increased to 3 nm, 

keeping the other layer thicknesses fixed including the Pt dusting layer of 1nm and the DW 

velocity was estimated. Figure 6-8 (d) shows the linear relationship of the velocity with the 

applied current density and has the same trend as that shown in Figure 6-8 (c). Figure 6-8 (e) 

shows the comparison between DW velocities with 1 nm and 3 nm Ta thicknesses respectively, 

when the applied in-plane field is in the ‒x-direction. The plots indicate that the velocity 
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increases nearly 1.5 times when the thickness is raised by 3 times. Increasing the Ta thickness 

enhances the current flow in the heavy metal layer thereby generating more spin current leading 

to larger SOT on the ferromagnetic layer. However, the efficiency of the heavy metal to 

separate the spin components would tend to reduce when the thickness is increased beyond a 

certain limit on account of finite spin diffusion length. Thus, the thickness of Ta was limited to 

3 nm, in our system. Figure 6-8 (f) shows the comparison when the field direction is reversed. 

In this case also the velocity enhances with increase in the Ta capping thickness. The velocity 

obtained by increasing the Ta layer thickness is as high as 530 m/s which is comparatively 

higher than reported previously at the applied current density of 1×1012 A/m2. The above 

electrical measurements were repeated for down-up DW and the results are discussed in 

Appendix A4. 

The electrical measurements were supported by direct imaging of DW motion through 

magneto-optical Kerr microscopy imaging technique. Figure 6-9 (a) shows the Kerr image of 

the device with dark contrast indicating magnetization along  ̶ z-direction. After DW injection, 

a current pulse of density 1×1012 A/m2 and pulse width 15 ns was applied to drive the DW. 

Kerr image in Figure 6-9 (b) shows that the DW reaches the first Hall probe propagating a 

distance of 8 µm in 15 ns. This gives a velocity of 530 m/s. Similar measurement was repeated 

with a pulse width of 18 ns, and the Kerr image in Figure 6-9 (c) shows the DW propagating 

past the first Hall probe and travelling a distance of 10 µm. When a 50 ns pulse was applied 

the DW moved past the second Hall probe propagating a distance of 25 µm, as shown in Figure 

6-9 (d).  
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Figure 6-9 Direct observation of SOT-driven DW motion in Ta/Pt/Co/Pt/Co/Ta structure using 

Kerr imaging technique. (a) Initial magnetization state in ‒z-direction. (b) DW motion after the 

application of a 15 ns pulse, the DW propagates 8 µm distance and reaches the first Hall probe 

(c) application of 18 ns pulse, DW depins from the Hall probe and propagates a distance of 10 

µm and (d) application of 50 ns pulse, DW reaches second Hall probe propagating a distance 

of 25 µm.  

 

 

6.4.2 Effect of Pt spacer thickness on domain wall velocity 

To examine the effect of Pt spacer thickness on DW velocity, Pt thickness was increased to 1 

nm while keeping Ta capping thickness fixed at 1 nm.  Figure 6-10 (a) summarizes the results 

at different applied current densities. The plots appear symmetric with respect to the x-axis. 

This indicates that the magnitude of the velocity along and against the current flow direction is 

same when the applied field direction is reversed. Thus this stack has lesser DMI strength than 

the one with lesser Pt spacer thickness. This comparison is quantified and described in section  
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Figure 6-10 (a) DW velocity versus current density in the presence of a constant in-plane 

magnetic field in +x and ‒x-directions for 1-nm-thick Pt spacer; plot symmetry across x-axis 

reveals low DMI strength. DW velocity for Pt spacer with thicknesses 0.5 nm and 1 nm when 

a magnetic field was applied along (b) ‒x-direction, and (c) +x-direction. Comparison indicates 

increasing Pt spacer thickness reduces velocity. 

 

 

6.5. It also implies that any increment in the velocity by STT is being compensated by the lack 

of DMI against the current flow direction. This is  expected  as the  DMI from  underlayer  and  

spacer Pt would tend to compensate each other if the thicknesses are closer [39]. Figure 6-10 

(b) shows the comparison of the velocities between devices with Pt spacer thickness 0.5 nm 

and 1 nm respectively, when the applied field is in the  ̶ x-direction. Increasing the Pt spacer 
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thickness would have two effects: firstly, it would lower the DMI strength; secondly, the SOT 

would also reduce from the bottom half of the stack, reason being that Pt/Co and Co/Pt 

interfaces are competing with each other with regard to the SOT. However, the SOT from the 

top half of the stack, which is due to the sum of Pt/Co and Co/Ta interfaces, would increase on 

increasing the Pt thickness as more spin current would induce torque on the upper Co layer. 

The net influence of the above contributions would affect the final DW velocity. The reduction 

in velocity is not very significant, the reason for this is not clear at present, it could be attributed 

to the net effect of various factors described above.  

Figure 6-10 (c) shows the comparison of the velocities when the direction of the field is 

reversed. When the current density is low, the device with Pt spacer thickness as 1 nm has 

larger velocity than the device with Pt spacer thickness as 0.5 nm. This result is 

counterintuitive, however, we note that the device with larger Pt spacer thickness has little 

effect from DMI, hence, when the field is in the +x-direction, there is little opposition to the 

applied field. Whereas, the device with less Pt spacer thickness would experience more 

resistance to the applied field on account of larger DMI strength. As the current density 

increases there is a cross-over and beyond current density of 8×1011 A/m2, the DW velocity for 

the device with Pt spacer thickness 0.5 nm is larger than the device with spacer thickness 1nm. 

This indicates that at larger current density the effect of SOT dominates and it appears that the 

bottom Pt/Co/Pt stack contribution increases the DW velocity for device with lesser Pt spacer 

thickness, even though the SOT contribution from the top Pt/Co/Ta stack would be lower. The 

above electrical measurements were repeated for down-up DW and the results are shown in 

Appendix A4. 
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6.5 Estimation of Dzyaloshinskii-Moriya interaction strength using domain 

wall creep method 

Techniques that rely on current induced spin torques to probe the DW characteristics would 

need to include collective effects of different components (adiabatic, non-adiabatic, spin-Hall-

like, Rashba-like). The analysis is not straightforward and remains unclear till now. Field 

induced dynamics, on the other hand, are more simplified to analyse and probe. Field-driven 

DW in the creep regime have velocities that are governed by a power law, and the dominant 

term arises from domain wall energy due to DMI. To estimate the field due to DMI, HDMI, a 

domain wall is nucleated and then allowed to expand or propagate under a pulsed out-of-plane 

magnetic field. An in-plane field is applied and the velocity or displacement of the DW is 

estimated from the Kerr imaging under the combined effect of the magnetic fields. The HDMI 

would oppose the in-plane field if it applied opposite to the chirality or handedness of the DW. 

HDMI would equal to the in-plane field when the velocity or the displacement is minimum. 

Thin film samples of compostion SiO2/Ta (3)/Pt (3)/Co (0.7)/Pt (0.5)/Co (0.7)/Ta (1), where 

thicknesses are in nm, were fabricated into 5 µm wide micron strips. An injection line was 

patterned in a second lithography step towards the middle of the wires. The width of the wires 

was chosen large to get a good contrast and image in the Kerr microscopy measurements. 

Figure 6-11 shows some of the Kerr images of the device when after injecting two domain 

walls in the middle, out-of-plane field of pulse width 150 ms is applied to drive DWs in 

opposite directions. An in-plane field is also applied along the  ̶ x-direction to speed up or slow 

down the DWs. The sequence of Kerr imaging is as follows: first the current is injected in the 

stripline to nucleate the DWs, which are allowed to expand slightly in the horizontal direction 

with small out-of-plane field. Then a reference image is taken. After this, the  out-of-plane  

field  is  applied  along with  an in-plane field to drive the DWs in  opposite directions. The 

image  is  again  taken and  subtracted  from  the  reference. This the reason that in the images  
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Figure 6-11 Kerr imaging to show DW creep in the presence of out-of-plane and in-plane 

magnetic field along  ̶ x-directionequal to (a) 0 Oe; (b) 330 Oe; (c) 400 Oe; (d) 520 Oe. The in-

plane field opposes DMI field for DW propagating towards right and minimum displacement 

occurs at field equal to DMI field. Here HDMI = 420-440 Oe. 
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Figure 6-12 Domain wall displacement as a function of in-plane magnetic field. Minimum 

displacement corresponds to DMI field = 420 Oe. 

 

shown below, the region next to the stripline appears without any domain (or gray in color as 

the background) since it is subtracted. It is observed that the domains are not perfect since the 

widths of the nanowires are large and there is a possibility of multiple domans or pinning sites 

deforming the domains. The images shown in Figure 6-11 are for gradually increasing in-plane 

field in the  ̶ x-direction. The field values are indicated in the images. The dark contrast 

represents down magnetization. Since the DWs have left hand Neel chirality, the DWs on the 

left of the stripline would always propagate faster since the in-plane field is assisting it. The 

DWs on the right of the stripline would propagate slower since the in-plane field would oppose 

field due to DMI or HDMI. For applied in-plane field much less than HDMI, the DWs propagate 

at reasonable speed. As the field is increased towards the HDMI, the speed or the displacement 

as observed in the Kerr images start to drop. The speed was found to be minimum at around 

400 Oe of applied in-plane field. When the applied field increases beyond HDMI, it overcomes 

the DMI field and the DW is able to expand again at a faster rate.  
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Figure 6-13 Kerr imaging to show DW creep in the presence of out-of-plane and in-plane 

magnetic field along  ̶ x-directionequal to (a) 100 Oe; (b) 185 Oe; (c) 300 Oe; (d) 400 Oe. The 

in-plane field opposes DMI field for DW propagating towards right and minimum 

displacement occurs at field equal to DMI field. Here HDMI = 185-200 Oe. 
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Figure 6-12 shows the plot of the displacement (normalized) with respect to the applied in-

plane field. The plot shows a minimum at about 420 Oe. This can be considered as a rough 

estimate of HDMI. This shows that the DMI field is less than the applied field of 500 Oe in the 

experiments and corroborates with our DW velocity measurments.  The DMI coefficient  was  

 

Figure 6-14 Domain wall displacement as a function of in-plane magnetic field. Minimum 

displacement corresponds to DMI field = 185-200 Oe. 

 

estimated from the equations provided in reference [37] and was found to be 0.35 mJ/m2, the 

details are given in Appendix A6.  

Similar measurements were repeated for stack with Pt spacer as 1 nm thick. The stack used 

in the measurements was SiO2/Ta (3)/Pt (3)/Co (0.7)/Pt (1)/Co (0.7)/Ta (1). Figure 6-13 shows 

the Kerr imaging as in-plane magnetic field is gradually increased. The minimum displacement 

is obtained at around 185-200 Oe also plotted in Figure 6-14. Thus the HDMI field for thicker 

Pt spacer thickness (= 1 nm) is roughly half of that when the Pt spacer thickness is less (= 0.5 

nm). DMI coefficient was estimated as 0.19 mJ/m2 and the details of calculations are provided 

in Appendix A6. It is worth noting the the field direction can also be reversed and 
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corresponding displacement graphs can be obtained which would be shifted along the 

horizontal axis. The Pt thicknesses that we have used in our experiments has values 0.5 nm and 

1 nm. This thickness is low enough to cause ferrromagnetic coupling between the Co layers 

[40]. If the ferromagnetic layers were de-coupled or antiferromagnetically coupled we would 

observe double swithcing in the hysteresis loops which we do not observe. Hence the Co layers 

in our stack are ferromagnetically coupled. 

 

6.6 Summary 

SOT induced DW dynamics have been investigated in Co/Pt double stack structures. Pt/Co/Ta 

thin film stacks are known to possess high SOT strength due to opposite signs of SHA of Ta 

and Pt. However the stacks were found to lose perpendicular anisotropy at higher temperature. 

A solution was proposed to this issue by adding additional Co/Pt interface to limit the 

intermixing of Co and Ta. High DW speed in excess of 500 m/s at a current density of 1×1012 

A/m2 was observed in the wires fabricated from this stack. An in-plane field stabilized chiral 

Néel walls propagated along or against the current flow direction depending on the direction 

of the applied field. The hard-axis field aided in velocity enhancement due to prevention of 

Walker breakdown. The DW velocity along the current flow direction was larger as the 

external hard-axis field assisted the DMI field, whereas it was lower along the electron flow 

direction when the field opposed the DMI field. The DW velocity was found to increase 

with Ta capping thickness on account of higher SOT strength, and the velocity was found 

to decrease with increase in Pt spacer thickness on account of lower DMI and SOT strength 

from the bottom Pt/Co/Pt interface. Thus, double layer Co/Pt stacks having enhanced thermal 

stability potentially leads towards new avenues of research in terms of high speed logic and 

memory applications. The high speed DW motion demonstrated in Co/Pt double stack Hall 

cross structures provides a template for an efficient memory device with potential high 
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read/write speeds. Further improvement in DMI strength by tuning the heavy metal 

composition and thicknesses can eliminate the need of external field and also lower the driving 

current density. 
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Chapter 7 

Conclusions and Outlook 

 

7.1 Conclusions and Outcome 

This thesis presents experimental work on domain wall (DW) dynamics in in-plane 

magnetization anisotropy (IMA) and perpendicular magnetization anisotropy (PMA) 

nanostructures and nanostrips. To study the IMA system, Ni80Fe20 (permalloy) nanostructures 

have been employed due to their near zero crystalline anisotropy and high permeability. Thin 

films of permalloy are deposited on thermally oxidized silicon substrates by using ultra high 

vacuum dc magnetron sputtering technique and patterned into branch network structures using 

electron beam lithography and Ar-ion milling techniques. The branch network structures 

provide a system to examine the trajectory of transverse and vortex DWs as they propagate 

across the bifurcation. The DW dynamics in network structures find applications in studying 

the charge carrier hopping and magnetic monopole formation in artificial spin-ice structures, 

which are useful from fundamental standpoint. The network structures could also be used in 

designing magnetic logic devices as also demonstrated in this thesis. 

The dimensions of the nanowire was kept around 120 nm to stabilize transverse DWs. A 

nucleation pad of larger dimension was patterned at one end to nucleate the DWs and a 

transverse nanowire was also placed to set the initial chirality of the injected DW. The 

trajectory of the injected DW across the bifurcation was found to be chirality dependent, e.g. 

head-to-head DW (HH-DW) with up-chirality propagated to the upper branch and HH-DW 

with down-chirality propagated to the lower branch. The direct observation of deterministic 

DW trajectory was observed using magnetic force microscopy (MFM) imaging. This was 

explained by the conservation and displacement of topological charges or defects during DW 
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transformation process. The transverse DW transforms to a vortex configuration as the DW 

enters the bifurcation. The annihilation of the vortex DW at high field subsequently nucleates 

a transverse DW in one of the two branches. The motion of DW through the network displaces 

the edge defect at the bifurcation. This chirality dependent trajectory was successful when the 

distance of propagation was less than the DW fidelity length and the field was small. As the 

field increases the DW chirality oscillates due to Walker breakdown and the trajectory becomes 

stochastic. To overcome the issue of stochastic DW trajectory, a geometrical modification to 

the branch structure was proposed to confine the DW trajectory in one of the branches. The 

micromagnetic simulations and MFM imaging revealed the propagation of DW to the lower 

branch when the “u-shaped” branch was displaced along the +y-direction and vice-versa when 

the branch was displaced along the  ̶ y-direction. Minimum displacement or the offset of the 

branch was determined to induce the potential barrier which would constrain DW propagation 

along a particular branch. The nanowire dimensions were increased to 300 nm to stabilize the 

more robust vortex DW and “U-shaped” branch structure was selected with the object of using 

it to propose a logic device. The trajectory of the DW was found to be independent of the vortex 

core polarity or chirality. 

The asymmetric “U-shaped” branch structure was employed to demonstrate a 

programmable logic device. The branch was displaced in the +y-direction to constrain the DW 

propagation along the lower branch. The programmability was achieved by fabricating a 

current carrying stripline at the bifurcation, overlapping with the horizontal nanowire, which 

served as a magnetic gate. A transverse nanowire was placed just before the bifurcation which 

served a dual purpose. The magnetization of the transverse nanowire provided one input bit 

and the shape anisotropy transformed vortex DW to a transverse DW just before it entered the 

branch. The transverse DW had a transverse charge distribution which allowed the DW 

trajectory to be controlled with the field provided by the magnetic gate. The magnetic gate 
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overlapped with 25% of the nanowire to ensure that it only affected the DW whose base was 

facing it, since the majority of the charge of the DW is concentrated in the base. The second 

input was provided by the magnetization direction of the horizontal nanowire. The optimization 

of gate current and asymmetry barrier allowed different DW chiralities to propagate along 

different branch. For instance, to realize NAND gate operation, all DW chiralities except tail-

to-tail (TT) with down chirality propagate along the lower branch. The TT-DW with down 

chirality is attracted to the upper branch due to the direction of the gate current and the 

transverse charge distribution of the DW. Thus one branch gives the output of NAND gate 

while the output at the second branch is that of an AND gate. Two complimentary outputs are 

realized in one operation. By changing the current flow direction in the gate, NOR and OR gate 

operations can be realized. The logic operations were validated by MFM imaging and electrical 

detection of anisotropic magnetoresistance (AMR).  

DW dynamics in PMA systems were investigated by fabricating Hall cross structures of 

Co/Ni multilayer. Co/Ni multilayers provide large perpendicular anisotropy and spin 

polarization which can be tuned by varying stack thicknesses. DW was nucleated by passing a 

current through a stripline, fabricated near one end of the nanowire, to generate local Oersted 

field. The DW was driven using either external out-of-plane field or by electric current utilizing 

spin-transfer torque (STT). The change in Hall resistance due to change in the magnetization 

when DW reaches it was observed by the phenomenon of anomalous Hall effect. Next, Hall 

cross structures with low anisotropy constant were fabricated and an in-plane pulsed current 

was applied to the nanowire. Multiple DWs were observed to nucleate without the application 

of local Oersted field. The DWs were detected by sweeping an external field and drop in Hall 

resistance was observed. Direct observation of multiple DWs were detected using Kerr 

microscopy technique. On increasing the current beyond a certain value the DWs were found 

to nucleate in the vicinity of Hall cross. The Hall cross provides a region of large 
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demagnetization energy. The electrons near the vicinity of Hall cross are canted and this 

provides a natural anisotropy gradient. The in-plane pulsed current triggers the canted spins 

which may give rise to nucleation of DWs. The stochasticity in the nucleation process was used 

to demonstrate a random number generator device. The analog signal from the Hall sensor was 

fed to a band-pass amplifier and comparator built on a chip. A random stream of digital output 

was obtained. 

Spin-orbit torque (SOT) induced DW dynamics were investigated in Co/Pt double stack. 

Reports indicate that Pt/Co/Ta stack exhibits enhanced SOT on account of opposite signs of 

spin Hall angle of Pt and Ta acting on opposite interfaces. However, we observed this stack 

loses PMA when annealed to high temperature on account of inter-diffusion of Ta and Co. We 

proposed a solution to this issue by inserting additional Co/Pt interface in the stack which 

enhanced the PMA strength and thermal stability. Harmonic Hall measurements were 

performed to determine the strength of SOT or spin Hall angle of the proposed Pt/Co/Pt/Co/Ta 

stack. The spin Hall angle was found to enhance on increasing the Ta thickness and decrease 

on increasing the Pt spacer thickness due to competing effects of two Co/Pt interfaces. To 

estimate the strength of Dzyloshinskii-Moriya interaction (DMI) field, DW creep method was 

used by fabricating micron-strips and measuring the in-plane field required to minimize the 

DW velocity. Hall cross structures were patterned to estimate DW velocity by time of flight 

technique and verified by Kerr microscopy imaging technique. The DW velocity was found to 

increase when Ta thickness was increased due to enhancement in SOT and found to decrease 

when Pt spacer thickness was increased due to reduction in DMI and SOT. The velocity was 

found to be as high as 530 m/s at an applied current density of 1×1012 A/m2. An in-plane field 

larger than DMI field was applied to prevent Walker breakdown and enhance the DW velocity. 

The DW velocity was found to be higher when external field was in the same direction as DMI 

field. The DW was found to propagate along the current flow direction opposite to that using 
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STT. On reversing the field direction the DW velocity reduced since it opposed the DMI field 

and the direction of propagation also changed to electron flow direction. Thus, double layer 

Co/Pt stacks having enhanced thermal stability potentially leads towards new avenues of 

research in terms of high speed logic and memory applications.      

 

7.2 Future Outlook 

 Although the DW based racetrack memory is a strong candidate for universal memory due to 

its high read/write speeds and scalability, it suffers from some practical limitations. For 

instance, high current density is required to de-pin and move the DWs. There is a possibility 

of mutual annihilation of multiple DWs during motion leading to a reduction in packing 

density. The stray magnetic field from dipolar interaction between successive DWs also limits 

the packing density by affecting neighbouring DWs. The DW motion and spin polarization is 

material dependent. Solutions have been proposed to overcome these shortcomings which 

include patterning notches to control data flow, pulsed current to move the DW, using synthetic 

antiferromagnetic coupling to reduce the stray field [1]. More recently, heavy 

metal/ferromagnet/oxide stacks have been employed which include DMI field and SOT for 

efficient DW motion. This has reduced the current density for propagation [2-5]. In SOT, the 

anitdamping torque is always perpendicular to the magnetization, hence the incubation delay 

of the switching process is less which has led to high speed device performance [6]. Another 

advantage of SOT based driving is that the nanowire dimensions can be made longer to increase 

device density without suffering from high resistivity problem, since current flows through the 

heavy metal conductor. Recently, Lorentz transmission electron microscopy (L-TEM) imaging 

showed that existence of DMI makes the DWs topologically protected, preventing the walls 

from mutual annihilation [7]. This property would permit more DWs to be closely packed 

thereby increasing the device density. In the following sections we would propose extension 
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of the work carried out in the thesis and highlight current and future research trends in magnetic 

devices. 

 

7.2.1 Programmable logic functionality 

The output of the DW based programmable logic device proposed in this thesis has been 

detected using anisotropic magnetoresistance (AMR) technique. The output can also be read 

using magnetic tunnel junction (MTJ) integrated with the device. The output branches can 

function as the free layer of the MTJ. The relative orientation of the magnetization between the 

free and fixed layer can be read as the change in the resistance of the sensor. Currently, the 

clocking is achieved via a global in-plane magnetic field. This can be generated locally by an 

on-chip inductor in the form of a meander to eliminate external magnetic field [8].  

The device footprint can be optimized by overlaying two structures with a shared magnetic 

gate to realize a 3-D logic as shown in Figure 7-1. The advantage of such structure is that in 

one operation NAND, AND as well as NOR, OR outputs can be achieved. This is due to the 

opposite direction of magnetic fields experienced by the two devices. Although, the fabrication 

of this structure would be challenging, the two structures would need to be isolated by 

depositing a thin insulating layer.  

 

Figure 7-1 A schematic of 3-D logic scheme with a shared magnetic gate to realize 

NAND/AND and NOR/OR operations in the same run. 
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7.2.2 Spin-orbit torque induced domain-wall motion assisted by 

Dzyaloshinskii-Moriya interaction 

The high speed DW motion demonstrated in this thesis is a work in progress. The process 

recipe and stack composition can be further optimized to enhance DMI and spin Hall angle to 

facilitate efficient high speed DW motion. The increase in DMI would eliminate the 

requirement of applying hard-axis magnetic field. The sign of spin Hall angle could be changed 

to induce the DW motion along electron flow direction which would boost the speed from STT 

as well. Torrejon et al. [9], demonstrated the change in the sign of DMI and hence DW velocity 

with change in the thickness of the heavy metal underlayers. They showed than in 

Ta/CoFeB/MgO and Hf/CoFeB/MgO the DW would propagate along the electron flow 

direction and in TaN/CoFeB/MgO and W/CoFeB/MgO the DW would propagate along the 

current flow direction for certain thickness of the heavy metal layer. However, the DW velocity 

obtained was less than 20 m/s.  

In this thesis, the DW dynamics were explored for Co/Pt double stack with Pt underlayer. If 

Pt is replaced with Ta, the sign of spin Hall angle would change and DW would propagate 

along the electron flow direction under the influence of both STT and SOT. However, we were 

unable to obtain perpendicular magnetic anisotropy (PMA) with Ta underlayer, necessitating 

the need of Pt as an underlayer for Co to induce PMA. We can investigate alternate heavy metal 

underlayers for instance Hf and W, which was recently reported to have large spin Hall angle 

[10]. The speed can also be increased by lowering the anisotropy of the nanowire [11]. This 

can be achieved by increasing the thickness of the magnetic layers as was shown in Chapter 5. 

However, increasing the thickness would also lower the strength of DMI since it is an 

interfacial phenomenon. Thus the thickness needs to be optimized to lower the anisotropy while 

maintaining high DMI strength. High DMI strength increases the short range repulsion between 

neighbouring DWs preventing mutual annihilation and allowing higher density of DWs. This 
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was demonstrated by Real et al. [12], where they showed Néel DWs forming coupled state in 

the presence of out-of-plane magnetic field, however, their current driven velocity was 

independent of the applied field. This property allows highly compressed DWs to be driven 

by current pulses. In our stack, to enhance the DMI strength the symmetry of the stack can be 

broken by adding an oxide layer such as MgO or AlOx Yang et al. [13] reported through first 

principle calculations that Pt/Co/MgO stack has DMI strength which is 1.6 times that of Pt/Co 

bilayer. The oxygen incorporation can also enhance DMI as was reported by Qiu et al. [14]. 

Recent reports also suggest Pt/Co/Ir stack to have much larger DMI than Pt/Co bilayer [13]. 

This is due to opposite orientation of DMI vector at the Co/Pt and Co/Ir interfaces which add 

up since they are acting on opposite interfaces. DW dynamics can be explored in Pt/Co/Ir 

stacks.  

Field free switching and DW motion can be achieved by integrating the device with 

antiferromagnetic layers. Recent studies [15, 16] indicate field-free SOT induced 

magnetization switching of ferromagnetic layers in contact with antiferromagnetic layer. The 

switching is induced by utilizing the exchange bias field originating from the antiferromagnetic 

layer. Yang et al. [1] demonstrated DW velocities in excess of 750 m/s along the current flow 

direction utilizing the SOT along with exchange coupling torque from synthetic 

antiferromagnetically coupled Co/Ni multilayers. The use of this concept can be extended to 

study alternate magnetic stacks for instance Co/Pt multilayer which have larger perpendicular 

anisotropy. The interplay of different torque mechanism can be explored in detail.  
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7.2.3 Voltage controlled magnetization switching and domain-wall motion 

For device applications, it is essential to locally control the DW motion which cannot be 

achieved using external magnetic field and current induced DW motion. Application of an 

electric field perpendicular to the plane of a PMA material can achieve this control by 

modification of the anisotropy [17, 18]. This technique is advantageous since it involves very 

low power for switching operation [19]. Theoretical reports suggest that the anisotropy can be 

altered if the surface states are modified by the application of electric field at the 

ferromagnet/oxide interface [20]. Schellekens et al. [19] considered Pt/Co/AlOx thin film stack 

and demonstrated dependence of DW velocity on the magnitude and sign of the applied voltage 

across the ferromagnetic layer. Recently, Bauer et al. [21] applied voltage controlled 

magnetization switching to create DW traps in Pt/Co/GdOx structures. GdOx has a high 

dielectric constant, which would lead to larger charging effects at the interface and hence 

enhanced modification of PMA. The researchers attributed the strong influence on DW 

trajectory to have ionic rather than electronic origin, due to the property of GdOx being a strong 

ionic conductor. The O2- vacancy transport in the GdOx permits voltage controlled O2- 

accumulation or depletion at the Co/GdOx interface. Since the PMA in Co/Oxide interfaces 

depends on the Co-O coordination, the voltage would lead to modification of anisotropy and 

thereby creating DW traps. This property can be used to realize bit selection in racetrack 

memory shift registers. 

Voltage-controlled racetrack memory could eliminate the need of notches and other 

geometrical pinning sites, thereby reducing the current and power required to de-pin the DW 

from these sites. The device could potentially employ electric gate to modulate the flow of DW 

providing greater control. However, in such systems the velocity of DW is low (0.1 m/s), 

limited by thermally activated creep regime. The only experimental study reported for electric  
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Figure 7-2 Schematic to illustrate sloped electric field in stack for domain-wall propagation. 

Adapted from [22]. 

 

 

field induced motion in Walker regime was carried out by Lin et al. [23]. The velocity of 20 

m/s was reported on Ta/CoFeB/MgO/TiO2/ITO structures, by applying voltage between 

bottom Ta/CoFeB electrode and the top indium tin oxide (ITO) electrode. It is worth noting 

that an external magnetic field is still needed to induce the motion. No experimental studies 

report the sole use of electric field to induce the DW motion. Yamada et al. [22] showed 

through micromagnetic simulations that presence of sloped electric field could lead to DW 

motion without the need of external magnetic field. The sloped electric field is provided by 

gradually varying insulator thickness across the stack, to give it a wedge shape as shown in 

Figure 7-2. The anisotropy of the stack also varies along the length of the stack. We can 

demonstrate experimental prototype of such structure which could pave the way forward for 

high density and low power domain wall based memory and logic devices. Essentially 

combination of high DMI, STT, SOT and voltage induced DW dynamics is the key to realizing 

universal DW based memory and logic devices. 
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Appendix A 
 

 

A.1 X-ray photoelectron spectroscopy of Co/Pt double stack 

X-ray photoelectron spectroscopy (XPS) measurements were performed on the Co/Pt double 

stack with the following stack composition: Ta (3)/Pt (3)/Co (0.7)/Pt (0.5)/Co (0.7)/Ta (3)/Pt 

(1), where thicknesses are in nm. Figure A.1-1 (a-c) shows the spectra of Pt, Ta and Co 

respectively with their respective binding energies. Clearly TaOx is not present and CoO is not 

formed due to the absence of satellite at 786 eV. Figure A.1-2 below shows the atomic 

concentration depth profile of the multilayer stack. The middle region Co/Pt/Co shows almost 

overlap between the Co layers, since the Pt thickness involved is very low (0.5 nm) which is 

less than sputter rate used in the XPS at 45° angle (0.51 nm/s). It can be masked by the 

neighboring strong Pt signal. Also the surface roughness could lead to reduction in signal 

strength. Moreover, we observe that Pt concentration keeps going higher from the middle 

portion of Co/Pt/Co indicating that Pt is indeed present. Since the measurement area is 200 µm 

× 200 µm, we cannot comment on the continuity of Pt from these measurements. The XPS 

sampling depth is less than 0.5-2 nm for metal, in order to reduce its effect, the take off-angle 

is reduced to 10 degree in these measurements to reduce etch rate. 
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Figure A.1-1. The spectrum of elements and their binding energies obtained using XPS, (a) Pt, 

(b) Ta and (c) Co. 
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Figure A.1-2. Atomic concentration of depth profile obtained by XPS measurements for the 

Co/Pt double stack. 

 
 

A2. Determination of anisotropy constant of Co/Pt double stack 

The out-of-plane anisotropy constant, Ku was estimated from the relation, Ku = MSHK/2, where 

MS is the saturation magnetization and HK is the hard-axis saturation field or the field at which 

the PMA sample saturates with the application of in-plane external field. Figure A2 (a) shows 

the M-H loops for original thin film sample having the composition Ta (3)/Pt (3)/Co (0.7)/Pt 

(0.5)/Co (0.7)/Ta (1). Figure A2 (b) shows the plots when Pt spacer thickness is increased from 

0.5 nm to 1 nm keeping other thicknesses fixed. Figure A2 (c) shows the plots when Ta capping 

thickness is increased from 1 nm to 3 nm keeping Pt spacer thickness as 0.5 nm.  

The plot in Figure A2 (a) is magnified to show clear square hystersis of the out-of-plane M-

H loop. The vertical line intersects the x-axis at the corresponding HK values, which are 4000,  
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Figure A2. AGFM measurements of thin film stack for estimation of anisotropy constant. (a) 

Thin film stack Ta (3)/Pt (3)/Co (0.7)/Pt (0.5)/Co (0.7)/Ta (1). The insset shows a magnified 

view of the out-of-plane M-H loop to indicate square hysteresis (b) Pt spacer thickness 

increased, Ta (3)/Pt (3)/Co (0.7)/Pt (1)/Co (0.7)/Ta (1). (c) Ta thickness increased Ta (3)/Pt 

(3)/Co (0.7)/Pt (0.5)/Co (0.7)/Ta (3). 

 

3000 and 3000 Oe respectively for the three thin films. The MS for three thin films are 

respectively, 800, 820 and 900 emu/cc. The KU for the three thin films are respectively, 

1.6×106, 1.23×106 and 1.35×106 ergs/cc. 
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A3. Effect of in-plane field on domain wall motion and structure  

In the presence of an in-plane field, the DW would be canted and have some tilt. It would have 

a Néel component. It would not be a perfect Bloch wall even if the width of the nanowire is 

large. If the DMI is present indeed the structure would be perfect Neel and in-plane field would 

either support or oppose the motion. Figure A3 shows the simulations performed using MuMag 

simulation tool [1, 2]. The simulation parameters are MS = 800×103 A/m, Ku = 5×105 J/m3, A 

= 18 pJ/m from reference [3], the spin Hall angle is 0.15, DMI coefficient, D = 0.3 mJ/m2. 

These are typical parameters observed experimentally for Co/Pt double stack. Ku is obtained 

by adding demagnetization term to Keff obtained in A2. Thus Ku = Keff + µ0MS
2/2. 

Figure A3 (a)-(i) shows the initial simulated configuration at time t = 0, when a small 

Dzyaloshinskii-Moriya interaction (DMI) , D = 0.3 mJ/m2 stablilizes a left handed Neel wall. 

A current is applied along the +x-direction. An in-plane field = 500 Oe was applied along the  ̶ 

x-direction to assist the left handed chirality. Figure A3 (a)-(ii) shows the final simulated 

configuration at a finite time. The DW propagates along the current flow direction due to SOT 

and while in motion, the spins adopt a chirality which is partially Neel and partially Bloch.  

Figure A3 (b)-(i) shows the initial simulated configuration at time t = 0, when a small 

Dzyaloshinskii-Moriya interaction (DMI) , D = 0.3 mJ/m2 stablilizes a left handed Neel wall. 

A current is applied along the +x-direction. An in-plane field = 500 Oe is now applied along 

the  +x-direction to oppose the left handed chirality. Figure A3 (b)-(ii) shows the final simulated 

configuration at a finite time. The DW propagates against the current flow direction as shown 

in our experiments. While in motion, the spins adopt a chirality which is Bloch, hence the 

motion is along the electron flow direction. In this case the in-plane field is able to overcome 

the DMI strength. 
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Figure A3. Micromagnetic simulations to show the effect of in-plane field on DW motion. 

Current is applied along +x-direction. DMI, D = 0.3 mJ/m2 (a) Field = 500 Oe along  ̶ x-

direction (i) Initial configuration (ii) Final configuration. (b) Field = 500 Oe along +x-direction 

(i) Initial configuration (ii) Final configuration.  

 

 

 A4. Domain wall velocities: Down-Up chirality 

Figure A4-1 (a) shows the results of domain wall (DW) velocity with applied current density, 

the DW being nucleated in a down-up chirality. The results are similar to the ones shown in 

Figure 6-8 (c) with the difference being that magnetic field in the +x-direction now favours 

DW motion along the current flow and opposite is the case with magnetic field in the ‒x-

direction. Only slight differences in the magnitude of the velocities were observed. The other 
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observations are similar to the ones reported for Figure 6-8 (c). Figure A4-1 (b) shows the 

results when Ta thickness is increased to 3 nm and Figures A4-1 (c-d) show the comparison.  

Figure A4-2 shows the plot when Pt spacer thickness is increased. The observations are 

similar to the ones reported in Figure 4 with the in-plane field direction reversed. Only slight 

differences in the magnitude of the velocities were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4-1. Down-up domain wall (DW) velocity versus current density in the presence of 

fixed magnetic field along and against x-direction (a) Ta capping thickness = 1nm. (b) Ta 

capping thickness = 3 nm. (c,d) Comparison of velocities for Ta thicknesses 1nm and 3nm 

respectively, (c) magnetic field along ‒x-direction (d) magnetic field along +x-direction. 

 

 

(a) (b) 

(c) (d) 

Ta capping = 1nm Ta capping = 3nm 

Hx = +500 Oe Hx = -500 Oe 
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Figure A4-2. Down-up domain wall (DW) velocity versus current density in the presence of 

fixed magnetic field along and against x-direction (a) Pt spacer thickness = 1 nm. (b-c) 

Comparison of velocities for Pt spacer thicknesses 0.5 nm and 1 nm respectively, (b) magnetic 

field along ‒x-direction (c) magnetic field along +x-direction. 

 

A5. Stray field of permanent bar magnet 

The bar magnet used in our study is a permanent magnet cylindrical in shape. The 

magnetization is primarily along the horizontal direction. We have simulated the magnetic field 

lines using COMSOL tool. Figure A5 (a) below shows the field lines. The vertical component 

of the magnetic field is very weak near its axis. Figure A5 (b) is the magnified view with the 

(a) 

(b) (c) 

Hx = -500 Oe 
Hx = +500 Oe 

Pt spacer = 1nm 
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device placed along the axis of the bar magnet. The stray field experienced by the device along 

the vertical direction is very less. 

  

Figure A5. (a) Field lines due to a permanent cylindrical bar magnet. (b) The device, placed 

along the axis of the bar magnet experiences field along the horizontal direction, the stray field 

along the vertical direction is weak.  

 

 

A6. Calculation of Dzyloshinskii-Moriya interaction energy 

Dzyaloshinskii-Moriya interaction (DMI) energy density, D, can be estimated from the DMI 

field, HDMI, using the simple relation, HDMI = D/(µ0MS∆) [4, 5], where MS is the saturation 

magnetization and ∆ is the domain wall width, given by ∆ = (A/Keff)
1/2, A and Keff being 

exchange stiffness parameter and effective anisotropy constant respectively. HDMI was 

estimated for two different thin film stacks in section 6.5. Labelling the first thin film stack Ta 

(3)/Pt (3)/Co (0.7)/Pt (0.5)/Co (0.7)/Ta (1) as stack A and the second thin film stack  Ta (3)/Pt 

(3)/Co (0.7)/Pt (1)/Co (0.7)/Ta (1) as stack B. Stack B has Pt spacer thickness which is double 

of that of stack A.  

First consider stack A. From A2, MS = 800 emu/cc = 800×103 A/m. Keff = 1.6×106 ergs/cc 

= 1.6×105 J/m3. The exchange stiffness can be considered as A = 18 pJ/m [3]. Thus ∆ = 10.6 

nm. HDMI = 420 Oe. Thus D = 0.35 mJ/m2. 

Next consider stack B. From A2, MS = 820 emu/cc = 820×103 A/m. Keff = 1.23×106 ergs/cc 

= 1.23×105 J/m3. ∆ = 12.1 nm. HDMI = 200 Oe. Thus D = 0.19 mJ/m2.   
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A7. Reliability and endurance of domain wall based devices 

The domain wall based devices are inherently radiation hard, non-volatile and ideally possess 

infinite endurance. They are expected to have retention over 10 years if the KUV > 40 kBT [6], 

where KU is the anisotropy constant, V is the magnetic volume, kB is the Boltzmann constant 

and T is the temperature. 

The reliability studies on DW based devices have been carried out by a group in our laboratory 

[7]. Read and write efficiencies were compared pre and post radiation. The devices were 

irradiated by proton beams of 25.3 MeV energy and 5×1012 p/cm2 areal flux. The devices were 

found to retain their magnetic properties and the Hall resistance values. 

The data retention can be quantified by noting the probability of switching between bits 0 and 

1 via thermal fluctuations, the switching probability is given by the following relation, 

                                                         exp( )G

B

E
P

k T


                                                                 (1) 

The devices are expected to retain data over a period of 10 years at operating temperatures 

between 80 °C to 120 °C. To test this, a number of devices are injected with DWs and their 

position is noted using Kerr imaging. They are then subjected to high temperatures by baking 

in an oven. The final position of the domains in the devices are compared with initial images 

and any deviation is attributed to thermal drift. The error rate would give the probability of 

switching. Substituting in equation (1), a thermal stability factor can be estimated. The value 

was estimated approximately equal to 34, indicating reasonable retentivity.  

 

A8. Geometrical asymmetry induced by steepness in branches 

The domain wall (DW) trajectory as demonstrated in Chapter 3 would still be deterministic if 

the branches have different slopes. The DW would propagate along the branch which is less 

steep, since the depinning energy barrier would be higher along the branch with steeper slope. 
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To validate this argument, simulations were performed using object oriented micromagnetic 

framework (OOMMF). The results are shown below.  

 

 

Figure A6 (a) Schematic of U-branch structure with upper branch having steeper slope. (b) 

Snapshots of simulated configurations (i) initial magnetization configuration when clockwise 

domain wall is driven in the branch, (ii) final magnetization configuration depicting 

propagation of domain wall along lower branch (less steep), (iii) initial magnetization 

configuration when anti-clockwise domain wall is driven in the branch, (ii) final magnetization 

configuration depicting propagation of domain wall along lower branch (less steep). 

 

Consider the case when upper branch has steeper slope as compared to the lower branch. Figure 

A6(a) depicts the schematic of one such configuration where the angle subtended by tangent 

to the upper branch is 75° and that subtended by lower branch is 25°. Figure 1(b-i-ii), shows 

the initial and final simulated configurations when clockwise vortex DW is driven in the branch 

and propagated along the lower branch. Figure A6 (b-iii-iv) shows the initial and final 

simulated configurations when anti-clockwise vortex DW is driven in the branch and 

propagated along the lower branch. Thus this structure behaves like a ‘pull-up’ structure. When 
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the lower branch has steeper slope, the trend reverses and the DW propagates along the upper 

branch as shown in Figure A7. This structure behaves like a ‘pull-down’ structure. 

 

 

Figure A7 (a) Schematic of U-branch structure with lower branch having steeper slope. (b) 

Snapshots of simulated configurations (i) initial magnetization configuration when clockwise 

domain wall is driven in the branch, (ii) final magnetization configuration depicting 

propagation of domain wall along upper branch (less steep), (iii) initial magnetization 

configuration when anti-clockwise domain wall is driven in the branch, (ii) final magnetization 

configuration depicting propagation of domain wall along upper branch (less steep). 
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