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ABSTRACT OF THE DISSERTATION 

 
Magnetization dynamics in Pt/Ni80Fe20 nanowires induced by the spin Hall effect 

 
By 

 
Liu Yang 

 
Doctor of Philosophy in Physics 

 
 University of California, Irvine, 2015 

 
Professor Ilya Krivorotov, Chair 

 
 
 
 
 

Spin current is the flow of electron spin angular momentum. It can either be partially 

spin polarized current generated due to the exchange interactions of spins and local 

magnetization, or pure spin current generated from spin orbit interaction. Both sources of 

spin current are under intensive study for their efficient interaction with nanoscale 

magnetic structures, and potential application of magnetoresistive random-access memory 

(MRAM), spin torque nano-oscillators (STNOs) and other innovative devices.  

In this dissertation, spin Hall effect mediated magnetization dynamics in 

Platinum/Permalloy nanowires are excited by different means and studied experimentally. 

This includes stead state self-oscillation of magnetization in a ferromagnetic nanowire 

serving as the active region of a spin torque oscillator driven by spin orbit torques. Our 

work demonstrate that magnetization self-oscillations can be excited in a one-dimensional 

magnetic system and that dimensions of the active region of spin torque oscillators, for the 
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first time, can be extended beyond the nanometer length scale. We also demonstrate that 

via proper design of the nanowire shape, which results in spatial non-uniform spin current 

density, we can significantly decrease the phase noise of spin orbit torque oscillators. It 

also stabilizes the single-mode generation regime, and points out a path for partial control 

of multi-mode excitation in nanostructures. We also parametrically excite magnetization 

dynamics in the nanowires, and it demonstrates that nonlinear dynamic magnetic effect 

can have a larger efficiency than the direct linear excitation in spin Hall structures, and it 

provides additional information about excited spin wave mode systems owing to its 

threshold nature that is unavailable from direct excitation.   

  

 

 

 

 

 

 

 



1 
 

INTRODUCTION 

Magnetization dynamics historically has been mostly studied by ferromagnetic 

resonance [1, 2, 3, 4]. In this case a strong static magnetic field is applied to largely pin the 

magnetization, while a small dynamic radio-frequency field excites small magnetization 

motions. They are described by linearizing the Landau-Lifshitz equation around the 

equilibrium state and by analytically solving the linearized equation [5]. However, with the 

introduction of spin transfer torque and downscale of magnets [6, 7], highly nonlinear 

magnetization dynamics becomes a possibility. These new areas of research include stead 

state self-oscillation induced by spin polarized current injected in spin valves and magnetic 

tunnel junctions [8, 9], and strongly nonequilibrium dynamics states driven by parametric 

resonance in point contact devices [10]. Recently it is discovered that through spin orbit 

interaction in nonmagnetic heavy metals, pure spin current large enough to excite 

magnetization dynamics can be generated [11, 12, 13]. Besides, the pure spin currents do 

not require a conducting path. This provides a new possibility for previously non-

accessible magnetic device design, and new means of controlling large amplitude highly 

nonlinear magnetization dynamics. At the same time, implementing the spin orbit torque in 

planar geometry raises several important physics questions. Can we fully control the 

magnetic damping of planar ferromagnetic structures in extended length? Can we eliminate 

nonlinear scattering channels to induce large angle magnetization dynamics? Can we 

suppress the spin wave modes competition in multi-mode excitation? Can we efficiently 

control the nonlinear dynamics through the control of magnetization relaxation 
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characteristics and excite nonlinear dynamics parametrically at relatively low microwave 

drive? All of these questions depend critically on our quantitative characterization and 

control of the dynamical characteristics of nanomagnets.  

Besides the new physics, spin Hall effect induced magnetization dynamics can also 

lead to technological applications. It is with no doubt that data is being created at ever 

increasing speed and volume, usually in more and more complex and variable form, and 

dominantly in digital format [14,15]. The majority of data is stored in the form of magnetic 

medium, including PC hard disks, computer servers and digital tapes. It becomes a 

challenge to store, and to access, the new type of data at faster speed.  

Computer hard drive storage has been keeping up with and beating Moore’s Law 

pretty well. Cost/bit has went down by 100 million times, and cost/drive has went down 

1000 times, data bit density has increased by 340 million times [16], mainly due to the 

introduction of giant magnetoresistance and tunneling magnetoresistance. These new 

designs of magnetic read heads allows order of magnitude of increase in read out signal 

voltage, and as a result, a possibility to decrease the storage bit size by the same order of 

magnitude while still maintaining the signal noise ratio. However, as storage bits shrink in 

size, they become thermally unstable at room temperature and there are limits to the bit 

down scaling. With the introduction of perpendicular recording where magnetic grains can 

be shrunk in plane and elongated out of plane, planar storage density keeps on increasing. 

For further improvement in data bit density, it requires the usage of magnetic material 

with higher anisotropy and will maintain high level of thermal stability, but the writing 

process would be harder and requires energy assist. And the entire industry is betting on 

heat assisted magnetic recording HAMR to work. It uses a tiny laser light on each drive 
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head to heat up a portion of the disk before the writing operation, and leaves the magnetic 

information thermally stable while unheated at room temperature, even at smaller grain 

size [17].  An alternative to HAMR is Microwave assisted magnetic recording (MAMR), 

where a drive head that emits a microwave field from a spin torque oscillator (STO) to 

assist the writing operation in the media [18]. MAMR is much easier than HAMR in design 

and fab integration, and is expected to be in final products much earlier than HAMR, 

providing time to perfect the design of HAMR. STOs are broadband microwave signal 

generators where a direct current excites and controls a magneto dynamics via the spin 

transfer torque effect [21, 22].  It is important because of its potential application in 

microwave communication, for example, where several frequency bands could be handled 

by a single oscillator, and in MAMR application in hard drives as pointed out before. Even 

though it is under intensive study, output properties of STO, especially output power and 

spectral linewidth, are prohibiting its application. STO is the key design of MAMR and it is 

highly desirable to design STOs with better performance functionality.  

Besides the requirement to increase data bit density, it is also desired to develop 

storage with faster read and write speed. Currently, operations are more than Gb/s, and it 

is approaching the intrinsic oscillation frequency of magnetic materials, and magnetization 

dynamics, especially in nanoscale devices, is important for the design of faster hard drives.  

On the other hand, computer memory is lagging behind the progression of Moore’s 

Law. And this is important since the computer operating speed depends largely on the 

memory, and it has become the one of the critical bottlenecks in the progression of 

processing power. This is a major problem that spintronics set out to solve. Instead of using 

just the electric properties of electrons in electronics, spin angular momentum is also 
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employed to interact with magnetization, which would be faster and more energy efficient. 

A new kind of memory magnetoresistive random-access memory (MRAM) is proposed to 

replace the current SRAM and DRAM [19]. It is believed that the advantages of MRAM, 

mainly it’s non-volatility and fast speed, is so overwhelming over other types of memory 

that it might eventually become dominant for all types of memory, becoming the universal 

memory[20]. The core component of MRAM includes a magnetic tunnel junction (MTJ). 

Currently there are several fundamental physics problems that are preventing the 

industrial level adoption of this new technology, for example how to improve switching 

reliability and how to decrease switching current and time, and magnetization dynamics 

measurement of nanodevices helps to answer these questions.  

This dissertation will discuss the magnetization dynamics of Pt/Ni80Fe20 nanowires 

excited with the present of pure spin current, which is generated by spin Hall effect from Pt 

layer. It is composed of two parts, auto-oscillation and driven oscillation.  

In Chapter 1, I will introduce the idea of spin current from spin filtering and spin Hall 

effect, and the spin transfer torque from the spin current which can excite magnetization 

dynamics. In Chapter 2 I will talk about the nanowire fabrication process in detail. Chapter 

3 includes experimental methods. I will give a grief introduction to the experiment setup, 

and summarize my experience handling electrostatic discharge sensitive devices.  

In Chapter 4, I will demonstrate that using spin Hall effect, we can excite for the first 

time, spin current driven magnetization dynamics in more than 1µm in size. The reason is 

some nonlinear scattering channels (four-magnon scattering for example) which can 

contribute to nonlinear damping and attenuate magnetization dynamics, are turned off in 
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our one dimensional design. It has potential to output more coherent oscillation thanks to 

the large oscillation volume.   

In Chapter 5, we will demonstrate that using proper design of Pt/Ni80Fe20 nanowires, 

for example tapering the nanowire shape, we can achieve STO with better performance. 

This is due to the non-uniform current density, and as a result a non-uniform spin current 

which stabilizes the single-mode generation regime. As a result, cleaner and higher power, 

more coherent oscillation is achieved.  

In Chapter 6 we present driven magnetic dynamics in Pt/Ni80Fe20 nanowires under 

the influence of spin Hall effect. This includes direct excitation of the nanowire at the 

resonance frequency, and parametric excitation with microwave current drive at twice the 

resonance frequency.  It demonstrates that nonlinear dynamics in spin Hall devices can be 

controllably excited and provides a unique opportunity for the experimental investigation 

of mode dependent critical current and damping through the threshold behavior.  
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Chapter 1.   Background 

1.1. Spin polarized current 

In ferromagnetic metal, it is energetically favorable for electrons (mostly 3d valence 

electrons for transition metals) to occupy one spin direction than the other spin direction 

due to the quantum mechanical exchange interaction according to Stoner model [1]. As a 

result electron bands split into majority band and minority band, with sometimes quite 

different density of states at the Fermi level. It follows that electric currents flowing 

through ferromagnetic metals are spin dependent, since only electrons with energy close to 

the Fermi level participate in electrical conduction process, resulting in spin polarized 

current. 

 

Figure 1.1 Schematic of electrons transmitting through and getting reflected from 
ferromagnet metal, with the transverse spin component absorbed during the 

process.   
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Following the spin-dependent scattering theory, Slonczewski and Berger predicted 

spin transfer torque for current flowing perpendicular to the plane of metallic multilayers 

[2, 3]. Assuming ballistic conditions and using WKB wave function, Slonczewski pointed out 

that ferromagnet magnetization changes the flow of spin angular momentum of spin 

polarized current, and in return, flowing spins of electrons must exert a torque on the 

ferromagnet with same amplitude and opposite direction [2].  

M. D. Stiles and A. Zangwill showed through free-electrons models and first principles 

electronics structure calculations that, when Spin-transfer torques occur in magnetic 

heterostructures due to multiple processes of 1) spin-dependent reflection and 

transmission, 2) rotation of reflected and transmitted spins, 3) spatial precession of spins 

in the ferromagnet, when summed over all Fermi surface electrons, these processes reduce 

the transverse component of the transmitted and reflected spin currents to nearly zero for 

most systems of interest [4]. Therefore, to a good approximation, the torque on the 

magnetization is proportional to the transverse component of the incoming spin current.  

In the end, the sign of the spin transfer torque is such as to rotate the spin-angular 

momentum of the electron spins toward the direction of the ferromagnet magnetization, or 

equivalently to rotate the magnetization of the ferromagnet toward the direction of the 

moment of the incoming electrons, as shown in Figure 1.2. This torque can be strong 

enough to reorient the magnetization of the ferromagnet, and switch the static magnetic 

orientation [5, 6, 7]. It can also excite magnetization dynamics and result in steady state 

precession following the impinging of spin polarized current [8].  
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Figure 1.2 Schematic of current becoming spin polarized through F1 layer, and 
exerting spin transfer torque on F2 layer that prefers parallel or antiparallel 

magnetization direction with respect to F1 layer depending on current direction. 
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1.2. Magnetization dynamics with spin transfer torque 

When the magnetization deviates away from equilibrium, the magnetization 

precesses around the instantaneous local effective field direction [9]. Landau and Lifshitz 

introduced the Landau-Lifshitz equation to describe the rotational precessing of 

magnetization in field [10]. The equation of motion can be written as 

  

  
                        

where γ is the electron gyromagnetic ratio. Heff is the effective field, which is a 

combination of the external magnetic field, demagnetizing field, anisotropy field and 

exchange field. Demagnetizing field, also called stray field, is due to the magnetic charges at 

the boundaries when there is component of the magnetization transverse to the surface. It 

has a tendency to reduce the total magnetic moment, and it is typically numerically tedious 

to calculate except for the special case of ellipsoids. Anisotropy field arises when the 

magnetization of the non-isotropic nanoparticles is energetically preferred to constrain to 

lie along one or more easy axes in the absence of external field. There are several sources of 

magnetic anisotropy, including magnetrocrystalline anisotropy arising from the atomic 

structure of crystal, shape anisotropy which arises when the particle shape is not perfectly 

spherical, magnetoeleastic anisotropy due to tension. Exchange field is a quantum effect 

arising from the electron-electron exchange interaction. These terms add onto the external 

applied field and modify the effective field. In the absence of dissipation, the magnetization 

distribution stays on a constant energy surface, and λ is a phenomenological damping 

parameter introduced to describe the energy dissipation. 

In 1955 Gilbert introduced a slightly different form of damping torque[11]. 

https://en.wikipedia.org/wiki/Gyromagnetic_ratio
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Here α is the Gilbert damping parameter. These two forms are known to be equivalent 

and Gilbert damping term can be transformed into the Landau-Lifshitz form.  

Damping of magnetization dynamics can arise from many mechanisms, including 

intrinsic mechanisms of the materials such as magnetoelastic scatting, or extrinsic 

mechanisms like two-magnon scattering from inhomogeneities.  

In the case of spin-angular momentum exchange taking place in the ferromagnet, spin 

transfer torque arises as discussed before. This can happen when a spin polarized current 

passes through a magnetic layer with spin that is not collinear to the magnetization. In this 

case, the magnet absorbs the spin angular momentum that is transverse to its 

magnetization. The change of spin angular momentum exerts a torque on the spin 

polarized current to reorient the spin direction, and in return, there is an equal and 

opposite torque on the ferromagnet. This torque called spin torque can be described by the 

following equation.  

 

 

  is the current spin polarization and 
 
 

     
 is the current spin polarization direction, 

and the double cross term defines the direction of the spin transfer torque.  

 The orientations of all these torques are shown in Fig 1.3. The direction of the field 

torque is decided by the direction of the effective magnetic field and is perpendicular both 

to the effective field and the magnetization. The damping term always tends to reduce the 

precessional angle. The direction of the spin transfer torque is decided by the current 
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polarization direction. And it rotates the magnetization towards the direction of incoming 

electrons magnetic moments as previously stated. 

 

Figure 1.3 Magnetization m oscillates around effective magnetic field Heff under the 
combined effect of field torque, damping torque and spin transfer torque.  

Ralph and Stiles summarized possible dynamics of magnetization under the influence 

of spin transfer torque. [12] In the absence of damping or spin transfer torque, if the 

magnetization moment M is instantaneously tilted away from Heff, then it will precess in a 

circle due to the field torque   . If there is damping in addition to an effective field Heff, the 

damping torque will push m back toward the low energy configuration along Heff. It will 

precess with gradually decreasing precession angle back toward Heff along a spiral path. 

When a spin polarized current is applied, the spin transfer torque can be either parallel to 

the damping torque, or antiparallel to it, depending on the sign of the current, contributing 

to an effective damping term. When the effective damping term is positive, m simply still 

spirals back to Heff following any perturbation. For 0 or negative effective damping, m will 

spiral away from the low energy configuration with increasing precessional angle. One 
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possibility, which may occur if the damping torque increases with precession angle faster 

than the spin torque, is that the initial increase in precession angle may eventually be 

limited, so that M may achieve a state of dynamical equilibrium, precessing continuously at 

some fixed average angle in response to the direct current (see Fig. 1.4(c)). In this state, the 

energy gained from the spin torque during each cycle of precession is balanced by the 

energy lost to damping. The second possible class of spin-torque-driven magnetic dynamics 

is that the precession angle may be excited to ever-increasing values until eventually it 

reaches 180°, meaning that M is reversed. The above description is without considering the 

magnetic anisotropy. For real thin-film devices where magnetic anisotropy generally limits 

the magnetization to be close to the plane, oscillation and switching trajectory are pressed 

to be ellipse.  

 

Figure 1.4 D. C. Ralph and M.D. Stiles (2008) Trajectories of spin-torque-driven 
dynamics for the magnetization vector M. (a) with positive effective damping (b) 

with stable precession (c) with switching and (e,f,g,h) considering easy plane 
anisotropy.  
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1.3. Spin orbit torques 

In 1.1 we discussed the origin of spin polarized current, and it is due to spin filtering 

effect of electrons in ferromagnetic metal due to imbalanced density of states of spin up 

and spin down electrons in ferromagnets. More recently, it is recognized that non-magnetic 

conductors can play a more important role in the generation of pure spin current via spin 

Hall effects, a spin dependent scattering process. 

 

Figure 1.5 Schematic of spin dependent scattering. 

Edwin H. Hall first discovered in 1879 that in the presence of a magnetic field, a 

conductor develops a transverse voltage due to the Lorentz force experienced by the 

electrons and it is linear to external magnetic field. [13] He also discovered that in 

ferromagnetic metals, besides the linear dependence term on magnetic field, as in non-

magnetic materials, there is an additional term that depends on the magnetization. This is 

known as anomalous Hall effect [14]. When electrons with different spin orientations move 

through a ferromagnetic layer, they acquire opposite transverse speed. This combined with 

the imbalance of majority and minority spins in ferromagnetic materials, result in a net 

transverse voltage. In 1971 D’yakonov and Perel’ pointed out that this spin dependent 

scattering is the result of charge and spin currents coupling from the spin orbit 
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interactions, and the same transverse velocity is also present in a non-magnetic material 

[15]. Without the present of spin numbers imbalance in non-magnetic material, net 

transverse charge current is zero.  However it does create spin accumulation with opposite 

spin polarity at opposite side of sample edges, known as spin Hall effect – the term first 

coined by Hirsch [16].  

 

Figure 1.6 Schematic of charge current generating pure spin current in spin orbit 
material from spin Hall effect. Pure spin current direction is perpendicular both to 

the spin polarization and the charge current direction.  

Only until recent few years has spin Hall effect attracted large attention, largely due to 

the experimental demonstration of spin dependent scattering in heavy metals large enough 

for practical excitation of magnetization dynamics [17, 18, 19, 20, 21, 22]. There are many 

mechanism that contributes to the spin dependent scattering, including intrinsic spin Hall 

effects due to spin-orbit coupling [23], and extrinsic spin Hall effects including spin skew 

and side jump scattering[24, 25].  Extrinsic mechanism refers to the acquisition of a 

transverse velocity during the scatting of electrons due to spin-orbit coupling. Spin skew 

scattering is a mechanism where the direction of the electron momentum after scattering 
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becomes spin-dependent. It was first proposed by Smit [24] that the spin-orbit coupling 

results in an effective magnetic field gradient within the scattering plane, therefore, a spin 

dependent scattering force. According to spin skew scattering, the spin Hall conductivity is 

linearly proportional to the longitudinal charge conductivity, leaving their ratio, spin Hall 

angle as a constant independent of impurity level. Spin skew scattering dominates the spin 

Hall effect in highly pure samples at low temperature. In contrast, side-jump scattering 

describes a spin-dependent displacement during each scattering. It is proportional to the 

impurity concentration, and mostly plays a small role in the spin Hall conductivity unless in 

alloys with high enough concentration of impurities. As a result, work has been done to 

increase the spin Hall effect through side jumping mechanism by doping rare earth 

elements into metals [29].  

The intrinsic spin Hall effect describes the spin dependent transverse velocities 

originated from the effect of spin-orbit coupling on the electronic band structure, and it 

occurs generally in between scattering events instead of during the scattering. Guo et al 

suggested that intrinsic spin Hall conductivity is strongly temperature dependent, for 

example for Pt it is expected that as temperature increase, intrinsic spin Hall effect will 

decrease, and the same trend is observed in experiment [26, 27, 28]. 

Pure spin current from spin Hall effect can be described by the following formula.  

          

Here     is the charge current unit vector, and n is the unit vector that describes the 

spin current flow direction.    describes the polarization of the pure spin current. It is clear 

from the equation that spin polarization is perpendicular to the charge current direction, as 

describe before, and it is also perpendicular to the spin current flow direction.  



17 
 

Similar to exchange mediated spin polarized current, pure spin current from spin Hall 

effect can exert a spin transfer torque on the ferromagnetic magnetization too. It can be 

describe by: 

     
 

        
             

   
    

  
 is the normalized magnetization,   is the gyromagnetic ratio,   is the plank 

constant, e being the unit charge, µ0 is the permeability and tF is the thickness of the 

ferromagnetic layer. Js is the pure spin current density.  

Adding the spin Hall torque term     onto the LLG equation, we get similar equation 

to the LLG with spin transfer torque: 

   

  
          

                
   

  
     

Due to the non-conservative nature of the injected pure spin current, it can act as 

damping like term, and resulting in either enhanced or damped effective damping term 

depending on the polarity of the pure spin current. Similar to spin transfer torque 

discussed previously, this spin torque can lead to the decrease of the relaxation rates of 

spin waves in both metallic and insulating ferromagnets [17, 18, 19, 20, 21, 22], and  excite 

large amplitude of magnetizations including steady state self-oscillation and switching of 

magnetization [20, 21, 22].  
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Figure 1.7 Schematic of charge current in heavy spin orbit metal generates pure spin 
current and inject into adjacent ferromagnetic material, modifies relaxation 

characteristics and driving magnetization dynamics.  
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Chapter 2.  Pt/Ni80Fe20 nanowire design and 

fabrication  

We have designed and fabricated nanowire samples by two different techniques, 

namely liftoff and etching techniques, for the study of self-oscillation and driven oscillation 

in the Pt/Ni80Fe20 nanowires. They will both be described. Fabrication turnaround time for 

nanowires is much shorter, involving much less processes than the magnetic tunnel 

junctions (MTJ) fabrication described in Dr. Duan’s thesis. The main reason is, for 

nanowires, current flows in the plane of the sample (CIP), whereas in the MTJs, current 

flows perpendicular to the plane of the sample (CPP). As a result, it is sufficient to apply 

and measure DC and RF voltage in the nanowires just with two leads at different sides on 

each sample. However, for the MTJs, there would be top and bottom leads in order to have 

CPP configuration, and a lot of additional processes are dedicated to ensure the top and 

bottom leads are sufficiently isolated to each other. Less fabrication processes, however, 

does not mean nanowire fabrication is easy. There are some issues that require special 

care/design in nanowires. First, nanowires have smaller cross section area, and for our 

purpose of dynamics excitation, it requires much higher current amplitude than MTJs.  As a 

result, working current density in the nanowire is much higher than MTJs. This leads to the 

issue of sample heating, which we estimated to be around 150K even for helium cooled 

samples, and substrate with good thermal conductivity should be chosen. This also 

requires good connection, and more importantly, sufficient contact area, between the leads 

and the nanowire. Otherwise, current density at the connections will degrade the contact 



22 
 

quality very quickly. Second, signal from Pt/Ni80Fe20 nanowires is based on the Anisotropic 

Magnetoresistance of Py (Ni80Fe20 = Permalloy = Py) layer, which on its best performance 

of 1%, is still 2 orders smaller than Tunneling magnetoresistance of MTJs. This leads to 

much smaller measureable signal, and a requirement for careful design and optimization of 

the layer material and thickness, and good isolation between the sample and current 

shunting sources.  

For both liftoff and etch defined nanowires, the fabrication process can be broken 

down to thin film deposition, pattern definition by e-beam lithography, nanowire formation 

either through liftoff or etching, and leads define. We will first quickly go through each 

method, and then go to more details in the fabrication process.  

The etching technique is a legacy method that we do not use any more. For this 

technique, all layers of the Pt(5 nm)/Py(5 nm)/AlOx(4 nm)/(GaAs substrate) samples are 

deposited by magnetron sputtering at room temperature. The 6 μm long nanowires are 

defined via e-beam lithography and Ar plasma etching using e-beam evaporated Cr mask. 

The Au(35 nm)/Cr(7 nm) leads with a 1.8 μm gap between them defining the active region 

of the nanowire are made via e-beam lithography and e-beam evaporation of the Au/

Cr bilayer followed by lift-off. The liftoff technique is the currently preferred method due to 

less edge magnetization damage. For this technique, the fabrication process of the 

AlOx(2 nm)/Py(5 nm)/Pt(7 nm)/(c-plane sapphire substrate) samples starts with the 

deposition of a 5-nm thick Pt layer onto a sapphire substrate at 585 °C and annealing for 1 h 

at the same temperature, which results in growth of a continuous Pt film as verified by 

high-resolution SEM and atomic force microscopy imaging. Then the nanowire is defined 

on top of the Pt film via e-beam lithography, brief Ar plasma cleaning immediately followed 
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by in situ room temperature sputter deposition of AlOx(2 nm)/Py(5 nm)/Pt(2 nm) trilayer 

and lift-off. The Au(35 nm)/Cr(7 nm) leads are defined via e-beam lithography and e-beam 

evaporation of the Au/Cr bilayer followed by lift-off. At the final fabrication step, Ar plasma 

etching is used to remove the 5-nm thick bottom Pt layer everywhere but under the 

Py nanowire and the Au/Cr leads. 

2.1. Thin film deposition 

As we mentioned before, because of the thermal conductivity of substrates, we went 

from Si wafer to GaAs substrates. However, GaAs does not have an unconducive oxide top 

layer like Si wafers, and the small band gap of 1.424 eV often makes GaAs substrate 

conductive, when impurities got introduced in the substrate, especially in the case of 

etching process to define the nanowire. This results in applied current that gets shunt, and 

more importantly, signal shunting that makes it hard to measure small signals. The first 

sample we fabricated directly on GaAs requires more than 20 mA of current into the 

200nm wide sample to generate self-oscillation, because the substrate is conductive and 

most current applied got shunt into the substrate.  

In order to solve this issue, an insulating layer needs to be introduced between the 

GaAs substrate and the nanowires, and we chose AlOx. This can be done by first sputter 4 

nm of Al onto the substrate, followed by a vacuum break that oxides the Al layer into AlOx. 

This proves to be sufficient to isolate the substrate even in the etching steps to be followed, 

owing to the slow etching rate of AlOx, and at the same time maintain smooth enough 

surface for the sputtering of 5 nm of Ni80Fe20 and 5 nm of Pt layer. The thickness of Ni80Fe20 

and Pt is chosen so that when current is applied into the bilayer, about the same amount of 
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current goes into the Pt layer to generate pure spin current from spin Hall effect, and same 

amount goes into Ni80Fe20 layer that generate voltage signal following any magnetization 

dynamics from the anisotropic magnetoresistance. Pt layer is on top of Ni80Fe20 layer, 

protecting it from getting oxidized, and we end up with GaAs/AlOx(4nm)/ Ni80Fe20 

(5nm)/Pt(5nm) (from bottom to top) thin film stacks.  

Reversed order of Pt/ Ni80Fe20 is needed because Pt is not transparent, and it is 

impossible to measure the dynamics of Ni80Fe20 layer using optical method through Pt cap 

layer of 5 nm. At the same time, AlOx mixes with Ni80Fe20 and damages the magnetic 

properties, and when we put the Ni80Fe20 on the top without direct contact with the 

substrate, it is natural to go with sapphire substrate (C-plane single crystal Al2O3), which 

we never have to worry about conductive substrate issues.  

The first attempt at making this kind of devices failed to yield working devices. And it 

was concluded from the measurement that spin Hall efficiency was bad. And we broke 

down the processes to target where the problem was. We used high resolution of Scanning 

Electron Microscopy (SEM) to image 3 nm of Pt grown on top of Sapphire, as shown in Fig 

2.1, and it is not a continuous film. In order to solve this issue, we sputter deposit 5 nm of 

Pt with decreased deposition speed which increases the film quality. After the deposition of 

Pt at elevated temperature of 585 °C degrees, at 15% of the 50W power instead of 30% 

power, the sample is baked at 585°C for 1 hour, which helps with the formation of high 

quality continuous Pt film. As confirmed from SEM and AFM imaging, (SEM image shown), 

at slow deposition speed at elevated temperature followed by 1 hour high temperature 

baking, we end up with high quality Pt film on Sapphire.  
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Figure 2.1 High resolution SEM images of Pt on Sapphire 

(a) 3nm Pt sputtered on sapphire at room temperature with 30% power (b) 5 nm Pt 
sputtered on sapphire at elevated temperature with 30% power (c) 5 nm Pt 

sputtered on sapphire at elevated temperature with 15% power 
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2.2 Spin coating 

The next step is definition of nanowires with e-beam lithography, and in order to do 

that, we have to coat the sample with ebeam resist, which is an electron-sensitive film that 

enables selective removal of the region either exposed (positive) or non-exposed regions 

(negative) by immersing it into a solvent. We mostly use PMMA in the fabrication of 

nanowires, which is a transparent versatile polymeric material with chains that break 

under exposure of high energy ebeam and can be dissolved by a solvent. First I will briefly 

talk about how to handle ebeam resist.  

When selecting bottles for PMMA, always choose brown ones. PMMA is not very 

sensitive to light, but we use one bottle for half a year sometimes, and it’s better to use a UV 

light proof bottle. We can also wrap the bottle with aluminum foil and make it more light 

proof but it’s not necessary.  

For the bottle cap, it’s better to use a cap without any debris/dust that might fall into 

the bottle. Most bottles, however, has a low quality buffering paper inside, we’d rather use 

a drop bottle cap since everything is glass, even though we use disposable pipettes and do 

not use the dropper.  

The bottle needs to be thoroughly cleaned before used for PMMA. Take off any rubber 

part, like in the dropper, and put everything else made of glass and hard plastic into a 

beaker, pour Acetone and cover the bottle, and then ultrasonic shake the beaker for 15~30 

minutes. After ultrasonic shake, take the bottle out and spray with IPA inside and outside 

thoroughly, before blow drying with N2. This can be done in the lab.  
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Bring the bottle into cleanroom environment and spray the inside of the bottle with 

Acetone, followed by IPA, and blow dry the bottle. Make sure the bottle is thoroughly dried 

inside the bottle, otherwise residue will get into PMMA.  

Pour PMMA into the cleaned bottle, and wipe out the tip of both bottles for any 

residues before capping the bottles.  

PMMA bottles needs to be upright all the time. Don’t put it upside down, or rotate the 

bottle by 90 degrees.  

When taking PMMA from the bottle, first get a disposable pipette, and clean it with a 

compress N2 blow gun for any dust. Then press the tip of the pipette and release air from 

the pipette, dip the pipette into PMMA, and then release and PMMA will suck into the 

pipette. Never press the tip of the pipette when it’s inside the bottle. Since air inside the 

pipette will go through PMMA and it will be bad for the solvent. This is important in that 

due to the viscosity of PMMA, air bubbles, especially small ones, will get trapped inside 

PMMA. When PMMA is spun on substrates, trapped air bubbles will make the coating less 

uniform. Also, the size of air bubbles are orders of magnitude larger than the nanoscale 

devices we are patterning, and at places where there is an air bubble, patterns cannot be 

defined.  

Before ebeam lithography session, we spin coat PMMA onto the substrate. First we 

dice the substrate sputtered with thin film stacks from 2.1 into a small piece, usually 1X0.5 

inch, which is easier to handle in our ebeam writer/SEM load lock system. After dicing, 

there would be debris at the cutting lines, and it is recommended to clean the sample first. 

Hold the sample with a tweezer, and blow with compressed N2 gas. It is important to hold 

the sample with a tweezer securely so that the sample does not get blown away by 
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compressed N2. Generally speaking, it is better to increase the contact area between the 

tweezer tips and the sample, since it makes the grip stronger, while trying to avoid contact 

of the tweezer to important area on the substrate surface where patterns are located. As a 

result, using a metal tweezer to hold one corner of the substrate is the best option. Then 

spray with acetone, and soak in a beaker with acetone and ultrasonic shake for 1 minute 

(optional). Then use a tweezer to pick up the sample by one corner from the beaker and 

spray with IPA, and blow dry with N2. It is important to keep tweezers clean and stored 

with the caps in personal boxes, since they will be in direct contact with substrates for 

nanoscale patterning. To clean them, spray acetone onto a clean and fiber free wipe, and 

scrub the tweezer tips with the wipe, both the inside and outside of the tips, followed by 

the same process with IPA. The physical rubbing will clean any adhesive dust on the 

tweezers.  

Then the sample is ready for spin coating with the following procedure.  

1. Remove the foil from the spin coater. The foil is used to keep the spin coater clean, 

since the chemical hood is negative pressure, and air, as well as dust in air gets 

sucked into the hood, creating contamination 10 times or more bigger than 

nanodevices we are making.  

2. Turn up the N2 pressure to 60 psi. N2 is used to prevent coating solvent from getting 

into the motor when spin coater is operating, and without enough N2 pressure, spin 

coater will not work and display “Need CDA” on the screen. 

3. Prebake the sample at higher than 100 °C for 1 minute to remove any water residue. 
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4. Check that the O ring is clean and the substrate is dry. It is important that in the case 

the O ring is dirty, cleaning should be done when the O ring is taken off the spin 

coater, not on the spin coater. The reason is that liquid and cleaning solvent like IPA 

and acetone at around the chuck tip will be sucked into the vacuum and damage the 

pump. And for cleaning, just spray IPA onto a clean and fiber free wipe and scrub the 

O ring with the wipe. New O rings are also available at around the spin coater. When 

the O ring is clean, place the substrate on the O ring and center it for uniform 

coating. Ensure that the substrate is larger than the size of the O ring. We have 

chucks of different sizes to accommodate different sample sizes.  

5. Open the N2 and Vacuum lines. Check that the pump is on and the N2 tank is not 

empty.  

6. Turn on the vacuum pressing the “vacuum” button on the keypad. Ensure that the 

vacuum reading on the screen is sufficient.  A typical value is in the range of 18-20.  

7. To deposit resist onto the substrate, first pick a new pipette from the box. Blow dry 

the pipette with N2, then compress the dropper slightly and insert into the resist 

without touching the sides. Draw in the resist slowly avoiding injecting air into it. 

Remove the pipette carefully and drop the resist onto the substrate. The resist 

should cover the entire substrate. For small chips (1 cm  by 1 cm) 2-3 drops is 

sufficient.  

8. Close the lid to the system. (this step can be done before step 6) 
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9. Select the desired recipe and press the “Start” button. Spin coating recipe should be 

chose in accordance to thickness requirement of the resist, which can be found in 

Dr. Duan’s thesis.  

10. Once the process is complete let the spinner come to a full stop before opening the 

lid. Forcing the spinner to stop will damage it.  

11. To remove the sample, turn off the vacuum by pressing the “vacuum” button 

12. Soft bake the coated sample at 180 °C for 45 seconds. 

13. Close the vacuum and N2 lines and set the N2 tank pressure back to 30 psi, which is 

used for compressed N2 blow dry. 60 psi is too strong and will blow the sample 

away from the tweezers. Close the spinner and put the foil back on top. Lower the 

window for the hood to prevent dust from getting in. After spin coating, sample 

should be stored in clean sample holders. Since the dimension of the pieces we use 

are arbitrary, sample holder springs cannot provide enough support of the pieces to 

stop them from moving around in the sample holder. As a result, we store these 

pieces without the springs. It’s better to be kept faced down, so that dust particles 

will not fall onto the surface. And if a sample holder is not clean, we can clean them 

with fiber free wipe sprayed with IPA, followed by compressed N2 gas blow dry.  

2.3 Ebeam lithography 

After spin coating of PMMA, sample is ready for ebeam lithography to define patterns, 

and the first pattern to be defined are the alignment marks. This is done at Calit2 on the 

Magellan SEM. Using the same electron beam source and blanker, but controlled by the 



31 
 

Nanometer Pattern Generation System (NPGS). Electron beam is first optimized using SEM 

imaging, and we typically scratch a short line at the corner of the sample, to make it easier 

to focus and optimize the beam condition on the otherwise supposedly smooth thin film 

surface. For Magellan SEM, EBL is done at 30 KV voltage, 7 mm working distance.  

NPGS software is installed on a different computer from the SEM imaging computer. 

When starting the NPGS computer, after logging in, the NPGS software will attempt to 

establish connection to the beam blanker, and will turn off the beam for ~ 30 seconds, and 

calibrate the DAC connections. It seems like this step is essential in the correct logic control 

of the blanker. It has happened in history many times that the NPGS computer is on and 

shows that it is ready for use, but the control for the blanker is turned on when it is 

supposed to be off and turned off when it is supposed to be on. This mostly happens when 

the NPGS computer and software is left on for extended period of time, and the SEM 

computer and software is restarted during the process, which messed up the control. As a 

result, I suggest restarting the NPGS computer with the SEM software on before Ebeam 

lithography. There are also ways to check NPGS control is functioning as it is supposed to 

be, which I will mention later. 

After restarting the NPGS computer and the initial test, NPGS software can be initiated 

by double clicking the icon on the desktop. This software is the interface that controls the 

alignment and writing process of Ebeam lithography.  

Since the size of pattern we are writing is of very different order, for example 

~100nm for the nanowire and 50µm for the leads, we typically use different current 

magnitude of electron beam for different sizes. Smaller currents write patterns slower, but 

have higher resolution, and are used for fine structures like the nanowire, and bigger 
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currents with lower resolution but faster speed are used for less critical structures like the 

alignment marks and the leads. The control of current can be done manually in the SEM 

software, but it becomes a hassle and prevents the auto-writing processes, especially in 

leads patterning, where it takes up to half an hour to write one leads, and during this time 

we have to manually change the beam current value many times.  

An alternative to control the beam current is from spotsize of NPGS. Spotsize in NPGS 

does not do anything in default mode. So by changing spotsize values it doesn't change our 

beam size. However, by changing the scope driver, we can predefine spotsize in NPGS 

runfile to control the beam current, so for 4 layers of different currents we can just set 

different spotsizes for each layer in NPGS runfile, and we don't need to change manually 

every 2 minutes like we did before. To change the scope driver, from options/system 

files/PG-CMND.sys, change the #9 line (scope driver) from scope.bat into scope2.bat, this 

enables spotsize to control the beam current for all runfiles in the personal folder. 

SEM software gives certain values of current values from the calibration when the 

SEM was setup. However, we should calibrate the actual current of the beam using the 

Faraday Cup to make sure it is up to date. This can be done by focusing the ebeam onto the 

Faraday Cup center and recording the current value from the Keithley currentmeter. The 

correct current value can be input into the NPGS runfile, which will adjust the correct 

exposure time calculated from the right current.  

Spotsize SEM current Actual current from Faraday cup 

-9 1.6pA 1.45pA 

-8 3.1pA 2.75pA 
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-7 6.3pA 6.2pA 

-6 13pA 13pA 

-5 25pA 26pA 

-4 50pA 52.5pA 

-3 100pA 105pA 

-2 200pA 205.5pA 

 

Table 1 Spotsizes with corresponding SEM currents and actual current as calibrated 
from Faraday cup 

In table 1 we list the spotsizes in NPGS and the corresponding SEM currents, together 

with the latest actual beam current calibrated by Faraday Cup. Positive spotsize just 

corresponds to higher current. 99 spotsize means no change, which corresponds to the 

default current of 26pA.  

After setting up the NPGS software, it is ready to use. Both pattern definition and 

alignment are done with the NPGS runfile and requires a pattern in the format of dc2 in 

DesignCAD. We have a copy of DesignCAD installed on the lab main computer. However, 

most group members prefer to use a free version of LayoutEditor and design patterns in 

format of gds, and then open it up in DesignCAD on the NPGS computer and change the 

format to dc2.  

Finding a nanoscale device on a macroscopic chip of substrate is even harder than 

finding a needle in the haystack, unless we have a coordinate system to help us, and this is 

another use of the scratch mark at the corner of the chip, besides using it to focus the SEM 

beam.  
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Typically I zoom in onto the tip of the scratch mark, focus my SEM beam, and then 

move up by 1 mm. We like to make our samples on the chip with 2mm spacing in both x 

and y directions, due to the historical reason that the maximum size of sample we can fit in 

some 4-port sample holders is 2mm X 2mm.  

The first step is to write alignment marks, so that when we come back to write the 

nanowire or leads, we have a reference to align to. How accurate the alignment is depends 

on the magnification when aligning the alignment mark. The more it is zoomed in, or the 

smaller the size of the alignment mark, better accuracy of alignment is. We typically use 

two sets of alignment marks, 15 µm X 5 µm L shaped alignment marks, and 2 µm X 2µm 

square alignment marks.  

 

Figure 2.2 Two sets of alignment marks in LayoutEditor. Squares in the center are of 
size 2 µm X 2µm, and L shaped alignment marts are 15 µm in length and 5 µm in 

width. 

 
The shape of patterns should be filled polygons. For polygons, ebeam just follow the 

contour of the polygons, not the inside of polygons.  For filled polygons, ebeam sweep back 

and forth inside the polygon, at defined line spacing and center to center distance from the 

runfile, and the connected dots form the polygon.  
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After the pattern is designed and transferred into dc2 format, we can start building 

the NPGS runfile. As in the Figure 2.3, for the initial alignment marks, we want them to be 

equally distanced at 2 mm X 2 mm, and just choose the entity to be “array”, and select the 

pattern to be written and the spacing parameters. One thing that needs to be paid special 

attention to is NPGS calculate everything according to the center position, for example, 

center position of a pattern and center position of an array. As a result, we should move the 

stage position to the center of the desired array before the array writing step, and this can 

be done with the “Moveonly” entity, as shown in step 1 in the figure 2.3.  

Then select the desired center to center distance, line spacing and beam 

current/spotsize, and area dosage. The software will calculate the exposure time using the 

following formula: 

          
                              

                                 
 

We typically use dosage of around 300 uc/cm2 for PMMA. A dosage test can be done 

with varied values of dosage, and the best dosage that yields the same size of designed 

pattern can be chosen. This is essential when changing the substrate, for example from 

GaAs to Sapphire. Sapphire substrate is much less conductive and builds up charges easily, 

and requires less dosage than GaAs. Also it is noticed that when using smaller beam 

current, it seems like area dosage can be lowered, even when the exposure time is adjusted 

to accommodate the smaller beam current. For example, writing the same pattern with 

same dosage but different current, and the smaller current defined pattern will turn out to 

be bigger than the one defined by a bigger current. That is why when we do calibration of 
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the dosage, we use the most critical pattern (nanowires) at the current we plan to use, and 

stick to the same current for nanowires for all lithography.  

 

Figure 2.3 NPGS runfile for moving the stage and writing nanowires. 

  

After the runfile is created and saved, it can be run and the NPGS will take over 

control of the blanker and ebeam current, and write alignment mark arrays (or any other 

pattern) as directed in the run file.  
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2.4. Development and evaporation 

After the ebeam lithography step, PMMA ebeam resist can be developed in developer. 

We typically use MIBK:IPA=1:3 solvent and develop for 45 seconds, followed by soaking in 

IPA for another 45 seconds. The longer the development process, the bigger the pattern 

will turn out to be. And after development, regions that are exposed by ebeam (polygon 

area in the design) will be dissolved into the developer. And now patterns are defined on 

the PMMA layer it is ready for deposition.  

 

Figure 2.4 Schematic of PMMA dissolve after ebeam exposure and development 

Sometimes there are residues of PMMA left behind the exposed area, and it will affect 

the adhesion of deposited films onto the surface. It is required to perform plasma cleaning 

to get rid of the organic residue before deposition.  

Standard Operating Procedures: Harrick O2 
 

1. Log in Harrick O2 

2. Open O2 from the back, just turn on the main valve, and do not adjust the PSI 

control. Turn on mechanical pump 

3. Turn on power of pressure gauge from the side, pressure range should be at 6M 
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4. Turn on O2 valve from the front of the door and vent, open door when positive 

pressure flows out and makes noise 

5. Turn off O2 valve and load sample into the chamber. Turn on pump valve after 

closing the door 

6. After pump down to 100 mTorr,  turn off pump valve, open O2 valve again and purge 

chamber and then pump, back and forth a few times 

7. After pumping down to 55 mTorr (Plasma can be sustained from 30 to 60 mTorr, 

depend on sample), turn on Power 

8. Start timing when plasma is on and purple glow shows up 

9. Turn off power, turn off pump, 

10. Purge a few times to get rid of toxic gases 

11. Open needle valve to vent, take out sample, close needle valve and pump, 100 mTorr 

is fine, Turn off pump 

12. Turn off O2 valve from the back, and turn down the pump 

13. Log off 

30 seconds of O2 plasma cleaning is enough. Longer is not better in this case. Since O2 

plasma etches not just residues, but also PMMA on the surface that is supposed to be 

protecting the surface, PMMA thickness becomes thinner, making it harder to liftoff.  

After O2 plasma cleaning, we can evaporate Cr/Au alignment marks with ebeam 

evaporator. Cr is used as seeding layer because of its good adhesion properties, and Au is 

chosen because it is brightly visible under ebeam, and this is essential for alignment 

process, since alignment is done with alignment marks covered by more than 100 nm of 

PMMA, and a sharply visible material is required. Also by using the same material stack 
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with leads, these evaporation processes can be done together with samples that require 

leads deposition. The SOP of ebeam evaporator is detailed in Dr. Duan’s thesis. I just want 

to point out a few things to be kept in mind during the operation that is not listed in Dr. 

Duan’s thesis. First, sometimes pressure will go up during evaporation, this is due to 

degassing from the target. Pressure impacts the mean free path, and as a result the 

deposition quality. Material quality is best to be controlled so that film quality is consistent, 

especially in the case of etching hard mask, since etching rate strongly depends on the 

material quality/density. As a result, when the pressure increases during the ramping up of 

current, it is best to slow down a bit and wait for the pump to catch up and maintain the 

pressure level. It might not be very important for alignment mark and leads deposition, but 

it is required for hard mask deposition. Second, deposition speed is best kept at low speed, 

<0.5A/s for the first and last 50 A. This helps with the seeding and roughness of deposition. 

Slower deposition gives better adhesion and smaller surface roughness. Third, for Cr 

source, which is left in air for storage, it is actually mostly oxidized into CrOx. However, the 

etching rate we are using seems to generate no issue of over or under etching. I think the 

reason is, etching rate of “Cr” is actually calibrated for a mixture of Cr and CrOx. That is why 

our “Cr” etching rate is smaller than literature.  

 

Figure 2.5 Schematic of evaporation of metal layer onto the sample after PMMA 
development 
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2.5 Liftfoff 

After the deposition, we can lift off the deposited part that is on top of the PMMA 

surface. During liftoff, they will come off into the solvent, together with the PMMA under it. 

The part that makes direct contact to the thin film under it, however, will remain after the 

lift off. To achieve best liftoff result, it is recommended that total thin film stack in 

evaporation step in 2.4 should be equal to or smaller than 1/3 of the PMMA thickness. If it 

is close to the PMMA thickness, all the evaporated thin film connects to each other through 

side walls, and it is hard to lift off. For thicker thin film stack, we can use 2 layers or even 3 

layers of PMMA to increase PMMA thickness. Generally it is hard to liftoff smaller patterns, 

like nanometer scale nanowires. Below is the recommended procedure for lift off.  

1. In the ideal case, first spray sample with acetone until color of unpatterned area changes 

when most photoresist comes off. This is the ideal case which gives the best lift off. 

However it takes a lot of acetone to do so. Also for some samples, it is impossible to do so 

(for example, thin Al2O3 lift off) because it requires soaking. In this case, just quickly spray 

the sample.  

2. Soak the sample in acetone. DO NOT SOAK OVERNIGHT or for extended period of time, 

for example for 2 hours. This is important because soaking overnight would solve all the 

photoresist, and metal above PR would re-attach to the surface, and it would be impossible 

to lift off again. Recommended soaking time is somewhere before 30 mins to 1 hr 

depending on the sample. 

3. Use a tweezer and pick up the sample. BEFORE acetone dries on the sample, spray with 

acetone on the sample to help wash off flakes.  
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4. Finish with IPA, N2 blow and check under microscope.  

5. If lift off is not perfect, soak in acetone, and ultrasonic shake for 10s.  

6. Repeat 3, 4, 5 until lift off is good. Total ultrasonic shake time depends on the sample, 

and the smaller the sample, the easier it is for the sample to come off, the shorter we can 

ultrasonic shake since nanometer samples might come off from the substrate. In the case of 

nanowires, however it seems to be very adhesive and does not come off in ultrasonic shake. 

7. If lift off is still bad, soak in acetone and use Q-tips and gently rub the area of sample. 

Finish with 4 

 

Figure 2.6 Schematic of device after liftoff 

After liftoff, we end up with alignment mark arrays on the surface.  

2.6. Alignment 

With the alignment marks on the chip, we can start defining nanowires. First O2 

plasma clean the surface to get rid of organic residues on the surface, then spin coat PMMA 

as instructed in 2.2. Now for ebeam lithography, we want to align with the alignment marks 

so that we know where we are writing the nanowires at. This can be done by adding an 

entity of alignment to the NPGS runfile.  
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First using the scratch mark as a reference, we can roughly move to where the alignment 

marks are supposed to be. Then alignment marks are used to accurately pin point where 

nanowires should be. For the alignment step, ebeam also scans and image the sample so 

that we know where the sample is located at. This exposure in ebeam, however, might 

leave undesired regions developed due to the ebeam exposure. To solve this, we use much 

bigger center to center distance and line spacing value of 300 nm, as shown in Figure 2.8. In 

this way, we have less area dose on the PMMA surface. We end up scanning the surface 

with less pixels, but it is enough for the alignment of micron sized alignment marks. Also 

when aligning, we can scan the surface just once, instead of over and over again like in SEM 

imaging, to reduce the total exposure time onto PMMA. When aligning in NPGS, an 

“overlay” of what the alignment mark is supposed to be is displayed on the screen, together 

with a window of SEM scan image. This window should be big enough so that at least part 

of the alignment mark is visible in the window. Then using arrows to move the overlay on 

top of the alignment mark in the SEM scan, coordinate system of the substrate and the 

nanowire design is aligned, and we can start writing the nanowires.   

 

 

Figure 2.7 Alignment windown in NPGS with overlay of alignment mark 
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Figure 2.8 Example of NPGS runfile for alignment procedure with “Alignment” entity. 
Center to center distance and line spacing are kept at 300 nm to minimize ebeam 

dosage to PMMA during the alignment step.  

 

Besides the alignment step, scanning window with low dosage can also be used to 

check if ebeam lithography is performing like it is supposed to be. This is recommended at 

the beginning of each ebeam lithography session, and will save hours of time in case ebeam 

lithography does not work, which can be frequent. Test write the alignment mark at an 

unimportant location, and then use alignment window to check if anything is written. If it is 

working, regions that are exposed to ebeam will have a blue color in contrast to the red 

background. This is fast and easy and so far proves to be the best way to make sure EBL is 

working as desired. 
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The biggest pattern NPGS can write once without moving the stage is the size of the 

scanned window. As a result, for bigger patterns like the leads, we use smaller 

magnification. However, for more critical patterns, like the nanowire, we zoom to the 

center with at least 2000 magnification, and use smaller current (for example 6.3pA), 

because it is sharper, and the nanometer scale pattern takes very short time to write, even 

for a small beam current.  

 

Figure 2.9 Design of 6 µm nanowire with triangle tips in LayoutEditor. 

When Magellan is perfectly aligned by the engineers, the beam aperture is not 

supposed to change when changing the beam current. However, this is usually not the case, 

and the shift in beam position and condition can be large when changing the beam current. 

As a result, we should adjust and optimize the beam condition at the current used for the 

most critical feature, the nanowire (6.3pA in this case). For the nanowire, we leave the ends 

of a wire to be triangles to minimize the reflection of spin wave modes at the edge of the 

wires. It is better to use longer wires due to bigger contact area under the leads, while the 

active region is defined by the gap between two leads where applied current is not shunted 

by the leads. With an aspect ratio of 30 or higher, the nanowire is very elongated. It is 

better to write the nanowire with ebeam scanning parallel to the nanowire axis. When 

ebeam scans along the hard axis of the nanowire, there is more turning of the ebeam path 

which increases writing time, and also for narrow wires with width around or below 100 
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nm, nanowire does not develop. After the ebeam lithography, it can be developed as 

instructed in 2.4.  

For the GaAs/AlOx/Py/Pt samples, we are going to evaporate Cr hard mask from 

ebeam evaporator, and we use O2 plasma cleaning to get rid of PMMA residues as 

mentioned before. Cr thickness is chosen so that it will survive the etching step later that 

defines the nanowire, meaning  

             
           
             

 
           

             
                

We typically leave 30 seconds ~ 1 minute etching buffer time to ensure that we do not 

etch into the Pt layer under Cr.  

For Sapphire/Pt thin film, we are going to sputter deposit Pt(2nm)/Py(5nm) 

/Al(2nm) in the sputtering system at room temperature, and the pre-deposition plasma 

cleaning can be done in situ with Ar plasma cleaning at 10% power for 30 seconds. Besides 

etching off residues of PMMA, this process also clean up the Pt layer so that good interface 

between Pt is formed, which is essential for spin Hall effect. After the cleaning, sputter 

deposit the multilayer stack at room temperature. 

After evaporation, we can lift off as instructed in 2.5 to form nanowire shapes on the 

chip.  

For Sapphire/Pt(7nm)/Py(5nm)/AlOx(2nm), the multilayer nanowire is defined and 

ready to connect to leads. For GaAs/AlOx(4nm)/Py(5nm)/Pt(5nm) samples, we need to 

etch define the wires first. At first we used Ar plasma etching at 90% power in the 

sputtering system. It works, but the plasma etching is non-directional. It will damage the 

magnetization from the edge of the nanwires. Also it is less reliable, and the etching rate 
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seems to be unstable after each vacuum break. Now that we use ion milling to etch define 

the nanowires, it is more repeatable, and there is less edge damage to the edges of the 

nanowire. AlOx in between the GaAs susbtrate and the Py/Pt thin film has a smaller etching 

rate in Ar plasma etching, and as a result we can pretty much always end up in the AlOx 

layer when etching.  

2.7. Lead definition 

After the nanowires are defined, we can connect them to leads. Again this is done 

through PMMA spin coating, aligning to the alignment marks, writing leads and 

development and Cr/Au evaporation finished with liftoff, which is very similar to the 

alignment marks definition steps. The main difference, however, is the leads are much 

bigger and requires a bigger current (~200pA) to expedite the writing process. This 

current, which is 30 times larger than the current used for the nanowire definition, has a 

big beam spotsize, and when defining two leads with a 2um gap in between, the actual gap 

will turn out to be much smaller.  

The solution to this is to define the leads step by step with 4 (or even more) current 

values. At first we define the first layer of leads with a relatively small current, for example 

26pA, that still have a relatively small spotsize. Then we ramp up the current for the second 

layer, and make the first two layers connected. And then repeat for the third and fourth 

layer with even higher current.  

We have tried two types of leads design, as shown below and different colors 

corresponds to different layers where different beam currents are used. It seems that 

squared leads liftoff better than triangular ones.  
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Figure 2.10 Two types of leads design in LayoutEditor. Different color of polygans 
corresponds to different layers with different ebeam current 

As mentioned before, when changing the beam current, there might be shifts of the 

beam position even though it is not supposed to. And as a result, we sometimes end up with 

disconnected layers, making the leads non-conductive. In this case, leads with longer 

overlapping region between layers is preferred. Or we can redo the leads definition step 

and put on patches to connect the disconnected layers. 

.  

Figure 2.11 Optical image of leads where the first layer (inner most triangles) are 
shifted up to the right with respect to the other layers. As a result, layers are 

disconnected. And I patched the gap with an additional lithography step. 
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After leads liftoff, the GaAs/AlOx/Py/Pt/Cr nanowire samples are ready to use. Leads 

are electrically connected to the wire through Cr layer, which is also conductive. For the 

Sapphire/Pt/Py/AlOx nanowires, there is still Pt covered on the chip everywhere, including 

under the leads. We need to etch the substrate down to sapphire so that current applied 

and voltage signal to be read do not shunt through the Pt layer. This process, can be done 

with Ar plasma etching, but ion mill etching is preferred due to less edge magnetization 

damage. After etching, the nanowires are ready for measurement. In this case, 

Sapphire/Pt(5nm) extends from the nanowire out to under the leads, and current goes into 

the leads not from the top of the nanowire as in GaAs/AlOx/Py/Pt/Cr samples, but through 

the bottom Pt layer. There is more conductive area, and it definitely works better.   
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2.8. Finished nanowires 

Besides the 200nm wide nanowire with 1.8um gap in between the leads, we also 

fabricated nanowires varying the length and the width. Also nanowire with tapered shape 

are designed and fabricated, which will be covered in Chapter 4. We also made nanowires 

with a notch in the middle. All these different designs of nanowire can be processed just by 

changing the pattern design, while keeping the fabrication process. There are some SEM 

images of the nanowires that we have made.  

 

Figure 2.12 SEM image of a 4 µm long nanowire 

 

Figure 2.13 SEM image of a tapered nanowire 
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Figure 2.14 SEM image of a nanowire with a step increase of width in the middle 

 

Figure 2.15 SEM image of a nanowire with a notch in the middle 
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Chapter 3. Experimental methods 

3.1. Spin torque ferromagnetic resonance 

 
Ferromagnetic resonance (FMR) is the main technique to study dynamical properties 

of magnetic materials. However, “conventional FMR detection methods lack the sensitivity 

to measure individual sub-100-nm-scale devices that are of interest for fundamental 

physics studies and for a broad range of memory and signal-processing applications” [1]. 

Sankey and Tulapurkar et al. demonstrated that they can excite precession not by applying 

an ac magnetic field as is done in other forms of FMR, but by using the ac spin-transfer 

torque from a spin-polarized ac current [1, 2]. When an alternating current is applied to the 

sample, spin transfer torque induces magnetization dynamics, leading to a changing sample 

resistance from the sample magnetoresistance. Alternating current and resistance get 

mixed and give rise to a direct voltage, which can be measured using lock-in technique. By 

sweeping the frequency of the applied alternating current, a peak in the direct voltage 

generated by the sample can be observed when the applied frequency matches the 

resonance frequency of the sample. This technique is called spin-torque ferromagnetic 

resonance [1] and has been widely used to understand magnetization dynamics induced by 

spin transfer torque. Analysis of the resonance frequencies, amplitudes, linewidths, and 

line shapes as a function of microwave power, dc current, and magnetic field provide 

detailed new information about the exchange, damping, and spin transfer torques that 

govern the dynamics in magnetic nanostructures. [1] 
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Fig 3.1 shows the schematic of our measurement setup, and we focus on the case of 

Pt/Ni80Fe20 nanowires. For ST-FMR measurement, modulated RF current is applied into the 

sample, which generates RF spin orbit torque and RF Oersted field. When RF frequency 

matches the natural resonance frequency, maximum driven oscillation amplitude is 

achieved, and this direct excitation is essentially spin Hall based ST-FMR [1].  More 

measurement details can be found in Dr. Chen’s thesis. Driven Py magnetization can also be 

achieved parametrically when RF frequency matches not the resonance frequency, but 

twice the resonance frequency. Under this circumstance, RF current oscillates the effective 

damping and resonance frequency (from Oersted field oscillation) at twice the resonance 

frequency, which lowers the effective damping at the resonance frequency and can also 

excite magnetization dynamics. Like auto oscillation, nonlinear magnetization dynamics of 

parametric resonance is also a threshold effect: it only happens when RF modulation is 

higher than the RF threshold Ith and can bring the effective damping to zero, and this 

distinct onset behavior, together with the twice frequency drive can be used to differentiate 

parametric resonance from direct resonance. 

 

Figure 3.1 Schematic of ST-FMR measurement circuit. 
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First of all, the applied periodic microwave current will heat up the sample, result in a 

resistance change. It is called bolometric heating. However, this voltage signal is not 

dependent on magnetic field or frequency, and simply shifts the background of the entire 

signal. Second, for direct excitation, the microwave current Iac applied to the nanowire 

excites magnetization dynamics in Py by the combined action of current-induced SO 

torques and the Oersted field from the current in Pt, and thereby generates AMR resistance 

oscillations at the frequency of the microwave drive; for parametric resonance, applied 

microwave current Iac oscillates system parameter of effective damping and resonance 

frequency, achieving the same effect of Py magnetization dynamics and AMR resistance 

oscillations. For both cases of driven oscillation, mixing of the current and resistance 

oscillations as well as variation of the time-averaged sample resistance in response to the 

microwave drive [3] give rise to a direct voltage Vdc that is measured as a function of 

magnetic field H applied to the sample. They are known as photovoltage and 

photoresistance respectively. Peaks in Vdc(H) arise from resonant excitation of spin wave 

eigenmodes of the nanowire. 

 

Figure 3.2 Resistance of a typical Pt/Py nanowire vs magnetic field along and 
perpendicular to the nanowire axis, due to anisotropic magnetoresistance, 1% in 

this case. 
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Figure 3.3 Meching, N. et al (2007) Sketch of the magnetization precession. The 
magnetic field H makes the angle α0 with the current I. The magnetization oscillation 

toward I has the amplitude α1 and that perpendicular to I β1. 

Here we aim to derive the mixed voltage signal for photovoltage and photoresistance 

in the configuration of Py nanowire for both direct excitation and parametric excitation. 

For anisotropic magnetoresistance, as shown in Fig 3.3,              
     , and θ(t) is 

the instantaneous angle between M and the current direction z’. 

                                       
                 

              
                   , as shown in Fig 3.3. 

         can be expanded to second order in           [3] 

                                 

   
          

          
          

        

And as a result, for direct exciatation where Iac=I0+I1 cos(ωt)  
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Where            
     is the bolometric voltage independent of oscillation 

amplitude, and  
 

 
       

          
         is the photoresistance part that is 

proportional to the DC current, and  
 

 
                   is the photovoltage part that is 

proportional to the AC current, and depend on the phase difference    between the drive 

and the oscillation.  

And similarly, for paramatric resonance where Iac=I0+I1 cos(2ωt) . 

                        
                     

            
     

 

 
       

          
        

 
 

 
       

          
              

Where            
     is the bolometric voltage independent of oscillation 

amplitude, and  
 

 
       

          
         is the photoresistance part that is 

proportional to the DC current, and it is exactly the same form as direct excitation, and 

 
 

 
       

          
              is the photovoltage part that is proportional to the 

AC current, and depend on the phase difference    between the drive and the oscillation.  

In the case where       ,            and                can be further simplified.  
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3.2. Electrostatic damage of devices 

I want to dedicate something to the mystery of device dying. This is one thing I’m sure 

everybody that deals with nanodevices have tried to figure out at some point in their 

measurement. As devices go down in size, they become more and more sensitive to 

electrostatic discharges (ESD). As a result, nanoscale devices die during the course of 

measurement, and weeks, and even months of measurement time become useless when 

they die before complete set of data is taken from one device.  

During my years of electrical measurement, I encountered numerous device dying, 

sometimes more than 10 devices a day! However this mostly happened during the early 

stage of my experimental career, because I did not form good habits and there are some 

operation errors which guarantee a device dying that I did not appreciate enough. And 

after asking around for experience on handling ESD sensitive devices, and summarizing 

from my own painful experience, I want to try to share my experience on the mystery of 

device dying.  

According to Wikipedia, ESD is the sudden flow of electricity between two electrically 

charged objects caused by contact, an electrical short or dielectric breakdown. In our case, 

it is mostly due to contact. There are two types of electric sparks that kills the devices: 

discharge from human, and discharge from the circuit, which is pretty much always human 

operation related.   

1. In order to minimize discharge from human operators, it is required that human 

operator ground themselves in the vicinity of and when handling ESD samples. This can 

be done by wearing an antistatic wrist strap that is connected through a good electrical 

conductor to the ground connections. The strap is bound with a stainless steel clasp 
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with a 1 megaohm resistor, which allows high-voltage charges to leak through but 

prevents a shock hazard when working with low-voltage parts. It will help prevent the 

buildup of static electricity on the human body and thus protect ESD sensitive devices. 

Besides the antistatic wrist strap, we also have antistatic garments in the lab that 

operators of super sensitive samples can try out. They have conductive threads in them, 

creating a wearable version of a faraday cage and shield ESD sensitive devices from 

harmful static charges from clothing on the operator. They also have to be connected to 

ground by a strap in order to work. Also it is recommended not to wear clothing that 

might produce excessive amount of ESD. These include wool, silk, and synthetic fabrics 

material clothing and shoes while handling ESD sensitive devices. We also have ESD 

safe packages which should always be used for storage and transportation of ESD 

samples and sample holders.  

2. Even with the wearing of grounding straps, there would still be some built ups on the 

operator which might be enough to kill some devices. All the ESDs are created when the 

human operator is moving: walking around, shaking, the so called “hand in hair 

syndrome”, and standing up. Plastic and fabric cushioned chairs are known to create a 

lot of ESDs, despite the fact that they are more comfortable. The best option is a metallic 

chair that is preferably directly connected to the ground through metal legs. And during 

the process of standing up when most ESDs are created, it is recommended to firmly 

hold an exposed metallic part of the chair frame (e.g. a head of a metallic bolt connected 

to the metallic frame) and do not let go of it until fully standing up. Whenever I walk up 

to a station with ESD sensitive devices, I would touch conductive metal part that is 
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connected to the ground, but not to the ESD device, to dissipate ESD on my body during 

moving. A great candidate is the metallic gas cylinder.  

3. Grounding boxes, and the correct procedure of using them. Grounding box is a switch 

that shorts the sample to ground when not measuring and the design and SOP of 

grounding boxes can be found in Xiao’s thesis. It helps to minimize the possibility of 

device getting killed. The right procedure to use grounding boxes is to turn on and 

ground the device when the measurement is not taking place, or when any changes to 

the electrical circuit is needed. This including touching down and rising of the probe. 

One important thing I want to point out is that, most device dying are actually related to 

human errors, and the most common error is grounding the grounding box when 

current is still applied into the sample. This almost guarantees a device dying, and 

operators just have to make it a habit to check if the current source is turned off before 

turning on and off the grounding box.  

4. Besides electrostatic discharge from human, device can also die if a high power 

electronic device is turned on or off in the same electrical power line. This happens 

because high power changes in the power line will result in a spike of voltage in the line, 

and a sample being measured electrically will experience this voltage spike. As a result, 

whenever I measure in room B116, I make sure that everybody else measuring in the 

same room is aware that my sample is ESD sensitive and they need to inform me before 

turning on or off any electronic device in the room so that I can ground my device first 

with the ground box. This is especially important for high power electronics like the 

pump, high power heater at the cryostation, magnet power supplies and so on, but it is 

less important for small power electronics like computer screens. However it is always 
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good to be careful. In the new B120 room, there are 4 power lines, and each 

measurement station is less affected by other stations in the same room.  

5. For measurement with a probe, besides grounding the device with a ground box before 

rising or touching down the probe, there are some other things that need to be paid 

attention to. A good stable electrical contact should be made. Imagine a probe that 

suddenly lifts off from a device and then touches back down onto the device, when 

voltage is supplied into the probe, there would be extra charge built up at the probe tip 

when it detaches the sample, and these extra charges will kill the device once the probe 

retouch the sample. In the real case, it may not be that the probe is taking off from the 

sample plain, but more likely to have contact from time to time, even when the probe is 

always touched on the sample, and this serves the same way in charge building up as 

probes taking off. As a result, it is important to make non-flaky contact, and it would 

also be a good idea to have the probe station on a stage less affected by vibrations, for 

example, human activities like walking around, slamming the door. It was found in the 

past that on weekends when there are less human activities, samples on the probe 

station do die less often. The best scenario is putting the probe station on a vibration 

isolated stage.  

6. Once I noticed one Tee connector in my electrical circuit was broken, resulting in 

excessive reflection of voltage back into the sample. The reflected voltage together with 

the applied voltage adds onto each other and killed many devices. After I replaced the 

bad Tee with a good one, device dying stopped. When devices are systematically dying, 

it is important to stop and check if any of the connections are flaky, or if any connectors 

need to be replaced.  
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7. Things that we have tried but didn’t improve much include a humidifier and an air 

ionizer. I think the reason is, most device dying are still caused by human errors, or bad 

connection or vibrations or electrical shock, and humidifier or air ionizer would not 

help much with that. In the last two years of my measurement, I did not kill a single 

device, even when I have to transfer helium from external helium source, and I had to 

turn on and off the heater, the pump a lot. Being careful and form a good habit just goes 

a long way in measurement of ESD sensitive devices.  
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Chapter 4.  Nanowire spin torque oscillator 

driven by spin orbit torques 

Spin torque from spin current applied to a nanoscale region of a ferromagnet can act as 

negative magnetic damping and thereby excite self-oscillations of its magnetization, as we 

mentioned in the background. In contrast, spin torque uniformly applied to the 

magnetization of an extended ferromagnetic film does not generate self-oscillatory 

magnetic dynamics but leads to reduction of the saturation magnetization. Here we report 

studies of the effect of spin torque on a system of intermediate dimensionality -- a 

ferromagnetic nanowire. We observe coherent self-oscillations of magnetization in a 

ferromagnetic nanowire serving as the active region of a spin torque oscillator driven by 

spin orbit torques.  Our work demonstrates that magnetization self-oscillations can be 

excited in a one-dimensional magnetic system and that dimensions of the active region of 

spin torque oscillators can be extended beyond the nanometer length scale. 

 

 

 

 

 

 



62 
 

4.1.  Introduction 

A current of spin angular momentum incident on a ferromagnet exerts torque on its 

magnetization and drives it out of equilibrium[1, 2]. Owing to its non-conservative nature, 

this spin torque (ST) can act as effective negative magnetic damping and thereby excite 

magnetization self-oscillations[3, 4]. ST oscillators (STO) have been realized in nanoscale 

spin valves[3, 5, 6, 7], point contacts to magnetic multilayers[8, 9, 10] and nanoscale 

magnetic tunnel junctions[11, 12, 13, 14, 15]. Recently, a new type of STO based on 

current-induced spin orbit (SO) torques in a Permalloy(Py)/platinum(Pt) bilayer was 

demonstrated[16, 17, 18]. Spin orbit torques[19, 20, 21] in this system can arise from the 

spin Hall effect in Pt[22, 23, 24, 25, 26, 27, 28] and the Rashba effect at the Pt/

Py interface[29, 30, 31, 32]. 

In all STOs studied to date, the active region where the negative ST damping exceeds 

the positive Gilbert damping of the ferromagnet was restricted to nanoscale dimensions. A 

recent study[33] of spatially uniform ST applied to an extended ferromagnetic film 

revealed that coherent self-oscillations of magnetization cannot be excited in this two-

dimensional (2D) magnetic system. Instead, ST was shown to significantly reduce the 

saturation magnetization of the film[33]. The absence of ST-driven self-oscillations in a 2D 

ferromagnet was attributed to amplitude-dependent damping arising from nonlinear 

magnon scattering that prevents any of the multiple interacting spin wave modes of the 

system from reaching the state of large-amplitude self-oscillations. As a result, the energy 

and angular momentum pumped by ST into the film is redistributed among a large number 

of spin wave modes, leading to reduction of the saturation magnetization of the film. This 
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study raises an important question about the role of the magnetic system dimensionality in 

ST-induced magnetization dynamics. 

In this article, we demonstrate that spatially uniform ST can excite self-oscillations of 

magnetization in a 1D magnetic system—a ferromagnetic nanowire. We report studies of 

ST-driven dynamics in a Pt/Py bilayer nanowire, in which SO torques excite self-

oscillations of magnetization over a 1.8 μm long active region. This nanowire STO exhibits 

two types of self-oscillatory modes that arise directly from the edge and bulk spin wave 

eigenmodes of the Py nanowire[34]. Our work suggests that geometric confinement of the 

spin wave spectrum in the 1D nanowire geometry limits the phase space for nonlinear 

magnon scattering compared with the 2D film geometry and thereby enables STOs with a 

spatially extended active region. 

 
  

Figure 4.1 Schematic of a Pt/Py nanowire STO device: external 
magnetic field is shown as a black arrow, precessing 

Py magnetization is shown as a red arrow, green arrows indicate 
the flow of direct electric current applied to the nanowire, 

microwave voltage generated by the sample is depicted as a wave 
with an arrow. 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref34
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Figure 4.2 Scanning electron micrograph of the Pt/Py nanowire STO. The Pt/
Py nanowire is the grey strip in the lower part of the image. The bright areas on both 
sides of the image are Au/Cr leads. Scale bar, 1 μm. The inset shows resistance versus 
in-plane magnetic field applied perpendicular to the nanowire measured at the bath 

temperature Tb=4.2 K and a bias current of 0.5 mA. The black arrow shows the 
magnetic field sweep direction. 
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4.2. Results 

4.2.1 Sample description 

Sample material stack information and nanofabrication are discussed in detail in 

Chapter 2. Dimension of nanowires are 6 μm long and 190 nm wide, two Au(35 nm)/

Cr(7 nm) leads are attached to each nanowire with a 1.8 μm gap between the leads, which 

defines the active region of the device as shown in Fig. 4.1. The resistance of the device 

measured at bath temperature Tb=4.2 K versus magnetic field applied in the sample plane 

perpendicular to the nanowire is shown in the inset of Fig. 4.2. This plot reveals that the 

anisotropic magnetoresistance (AMR) of the Pt/Py bilayer is 1%. 

4.2.2 Electrical measurements 

To study self-oscillatory magnetic dynamics excited by SO torques, we apply a 

saturating magnetic field (H>0.5 kOe) in the plane of the sample in a direction nearly 

perpendicular to the nanowire axis. In this configuration, SO torques applied to the 

Py magnetization act as effective magnetic damping[25]. We apply a direct current 

bias Idc to the nanowire and measure the microwave signal emitted by the device using a 

spectrum analyzer [3]. The microwave signal Vac~IdcδRac is generated by the AMR 

resistance oscillations δRac arising from the magnetization self-oscillations [18]. Microwave 

signal emission, shown in Fig. 4.3, is only observed above a critical current Ic with the 

current polarity corresponding to SO torques acting as negative damping [25]. We 

measured the microwave emission for five nominally identical devices and found similar 

results for all these samples. 
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Figure 4.3 Power spectral density (PSD) of the microwave signal emitted by the Pt/
Py nanowire at direct current bias Idc=2.45 mA, bath temperature Tb=4.2 K and 

magnetic field H=890 Oe applied in the plane of the sample at an angle (a) β=85° and 
(b) β=80° with respect to the nanowire axis. The red, blue and green sections of the 
PSD curves correspond to the bulk spin wave modes, edge spin wave modes and the 

baseline, respectively. The inset in a shows the spatial profiles of the edge (blue) and 
bulk (red) spin wave modes across the nanowire width given by micromagnetic 

simulations. The inset in b shows angular (β) dependence of the integrated power in 
the fundamental harmonic of the bulk group of spectral peaks (red squares), the 
second harmonic of the bulk group of peaks (red crosses) and the fundamental 

harmonic of the edge group of peaks (blue triangles) measured at Idc=2.4125, mA 
and H=890 Oe. Lines are guides to the eye. 
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For all samples, the microwave emission spectra for Idc>Ic exhibit two groups of 

closely spaced peaks with a frequency gap between the groups of ~1 GHz. Each group 

consists of one to four distinct emission peaks separated from each other by tens to 

hundreds of mega Hertz. The high- and low-frequency groups of peaks appear at similar 

critical currents. Both groups of peaks are observed in the entire range of magnetic fields 

(H=0.5–1.5 kOe) employed in this study. For the high-frequency group of peaks, microwave 

emission is observed not only at the fundamental frequency shown in Fig. 4.3, but also at 

the second harmonic. As illustrated in the inset of Fig. 4.3b, the emitted power at the 

fundamental frequency is zero for magnetic field applied at an angleβ=90° with respect to 

the nanowire axis and increases with decreasing β. In contrast, the emitted power in the 

second harmonic has a maximum at β=90° and decreases with decreasing β. Such angular 

dependence of the emitted power in the fundamental and second harmonic is expected for 

a microwave signal arising from AMR. For the low-frequency group of peaks, no emission is 

seen at the second harmonic, which can be explained by the smaller amplitude of 

magnetization precession reached by these modes and an equilibrium magnetization 

direction within the mode excitation area being closer to the nanowire axis. Figure 

4.4 illustrates the dependence of the emission spectra on Idc for H=890 Oe and β=85°. 

To determine the origin of the microwave emission signals, we make measurements of the 

spectrum of spin wave eigenmodes of the nanowire using ST ferromagnetic resonance (ST- 

FMR)[35, 36, 37]. In this technique, a microwave current Iac applied to the nanowire excites 

magnetization dynamics in Py by the combined action of current-induced SO torques and 

the Oersted field from the current in Pt, and thereby generates AMR resistance oscillations  

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f2
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f2
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f2
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f2
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref35
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref36
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref37
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Figure 4.4 Dependence of the emission spectrum on Idc for H=890 Oe and β=85°. 
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at the frequency of the microwave drive[37]. Mixing of the current and resistance 

oscillations as well as variation of the time-averaged sample resistance in response to the 

microwave drive[38, 39] give rise to a direct voltage Vdc that is measured as a function of 

magnetic field H applied to the sample. Peaks in Vdc(H) arise from resonant excitation of 

spin wave eigenmodes of the nanowire. An ST-FMR spectrum of spin wave eigenmodes 

measured at β=85°, drive frequency of 6 GHz and Idc=2.0 mA<Ic is shown in Fig. 4.5. 

Similar to the microwave emission spectra, we observe two groups of modes in the 

ST-FMR spectra. In Fig. 4.6, we compare the field dependence of the eigenmode frequencies 

measured by ST-FMR at Idc<Ic to the frequencies of self-oscillatory modes measured at Ic. 

This figure demonstrates that the frequencies of all self-oscillatory modes at Ic coincide 

with the frequencies of spin wave eigenmodes of the system measured by ST-FMR. 

Therefore, all self-oscillatory modes of the system arise directly from spin wave 

eigenmodes of the nanowire. This type of eigenmode self-oscillation is qualitatively 

different from the spin wave bullet mode excited by SO torques in a planar point contact to 

an extended ferromagnetic film [16]. The bullet mode is a nonlinear type of oscillation, self-

localized to a region with dimensions below 100 nm and with frequency below the 

spectrum of spin wave eigenmodes of the film[40]. 

It is well-known that spin wave eigenmodes of a transversely magnetized thin-film 

ferromagnetic nanowire can be classified as bulk and edge eigenmodes[34, 41, 42, 43] 

These eigenmodes have spatially inhomogeneous profiles along the wire width with 

reduced (enhanced) amplitude near the wire edges for the bulk (edge) eigenmodes. The 

frequencies of the edge spin wave modes lie below those of the bulk modes due to reduced  

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref37
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref38
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref39
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f3
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f3
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref16
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref40
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref34
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref41
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref42
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref43
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Figure 4.5 ST-FMR spectrum of the nanowire device measured at the microwave 
drive frequency of 6 GHz, β=85° and Idc=2.0 mA<Ic. The red, blue and green sections of 

the curve represent the bulk modes, edge modes and the baseline, respectively.  

 
Figure 4.6 Frequency versus magnetic field applied at β=85°: (squares) spin wave 

eigenmodes measured by ST-FMR, (crosses) self-oscillatory modes at Ic, and (lines) 
bulk and edge spin wave eigenmodes given by micromagnetic simulations for an 
ideal nanowire. Colour scheme: red and blue represent bulk and edge spin wave 

modes, respectively.  
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internal magnetic field near the wire edges[41]. The frequencies of all eigenmodes are 

sensitive to the values of magnetic parameters of the Py film, which are different from their 

bulk values due to the influence of proximate nonmagnetic layers. In addition, the 

frequencies of the edge modes depend on the edge roughness and spatial variation of the 

film magnetic properties (magnetic dilution) at the nanowire edges induced by etching[43]. 

 
Assuming translational invariance along the nanowire axis, we perform 

micromagnetic simulations to find the spectrum of spin wave eigenmodes for magnetic 

field applied in the sample plane at β=85°.  

We find that the two lowest frequency spin wave modes are the edge and bulk modes, 

whose spatial profiles (defined as normalized out-of-plane amplitude of dynamic 

magnetization mz) across the wire width are shown in the inset of Fig. 4.3a. The 

frequencies of these two modes versus in-plane magnetic field are shown in Fig. 4.6. 

It is clear from Fig. 4.6 that the frequencies of the calculated edge (bulk) modes are 

similar to the low (high) frequency groups of eigenmodes measured by ST-FMR and 

observed in STO measurements. We thus conclude that the high (low) frequency groups of 

experimentally observed eigenmodes are closely related to the bulk (edge) eigenmodes of 

an ideal nanowire with translational invariance along the nanowire axis. As demonstrated 

by our micro-focus Brillouin light scattering (BLS) measurements described below, the fine 

splitting within a group originates from the spin wave spectrum quantization along the 

nanowire length. Such quantization can be imposed by reflection of spin waves at the edge 

of the Au/Cr leads, where the effective magnetic damping rapidly varies as a function of 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref41
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref43
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f2
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f3
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f3
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position along the wire. Figure 4.7 shows the dependence of the integrated microwave 

power emitted by the STO device on direct bias current Idc for the three spectral peaks 

comprising the bulk group. The sum of the integrated powers in the three peaks 

versus Idc is shown as well. Although the power in each individual peak exhibits 

irregularities as a function of Idc, the sum of integrated powers of the entire group of bulk 

peaks is a smooth function of Idc. The same trend is found for the edge group of peaks. As 

discussed in the Methods section, the maximum integrated power emitted by the bulk 

mode corresponds to the sample resistance oscillations that are 15% of the full AMR 

amplitude. Similar maximum amplitude of resistance oscillations is found for the edge 

  

Figure 4.7 Bias current dependence of the integrated emitted power in three 
individual peaks of the bulk group of self-oscillatory modes as well as the sum of 

integrated powers of all bulk modes Pb. 
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Figure 4.8 Bias current dependence of the spectral linewidths (FWHM) of the 
individual peaks in the bulk group. Symbols in c and d: (green triangles) bulk mode 

1, (blue triangles) bulk mode 2, (purple diamonds) bulk mode 3 and (red circles) the 
total power of three bulk modes. 

mode. This demonstrates that large-amplitude magnetization oscillations can be excited by 

SO torques in both the bulk and the edge modes of the nanowire. Figure 4.8 shows the full 

width at half maximum (FWHM) of three spectral peaks of the bulk group versus the bias 

current. The minimum FWHM for each of the peaks is observed near the current value 

corresponding to the maximum integrated power of the peak, which is typical for STO 

dynamics [4]. 

We also make measurements of the microwave signal emission as a function of 

temperature. Figure 4.9a,b shows the dependence of the total integrated power in the bulk 

and edge groups of peaks measured at several values of the bath temperature Tb. The 

integrated power decreases with increasing Tb and vanishes at Tb≈250 K. The actual 

temperature of the nanowire is significantly higher than Tb due to Ohmic heating. The 

nanowire temperature can be estimated from measurements of the nanowire resistance as 
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functions of Tb and Idc[18]. As described in the Methods section, the actual nanowire 

temperature at Ic and Tb=4.2 K is ~150 K. Figure 4.9c illustrates the temperature 

dependence of the nanowire STO spectral linewidth. This figure shows FWHM of the 

dominant (highest integrated power) bulk and edge peaks versus temperature. For each 

peak, the FWHM is measured at the current bias that maximizes the integrated power of 

the peak. The spectral linewidth of the edge peak decreases with increasing temperature, 

which cannot be explained by a single-mode STO theory[4]. However, such temperature 

dependence has been previously observed for multi-mode STOs and was successfully 

explained by an STO theory taking into account coupling between multiple self-oscillatory 

modes[48]. The linewidth of the dominant bulk peak is an order of magnitude smaller than 

that of the dominant edge peak for Tb≤100 K but it rises precipitously to a value similar to 

that of the edge peak for Tb>100 K, which might result from enhanced coupling between 

the bulk and the edge modes for Tb>100 K. 
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Figure 4.9 Bias current dependence of the integrated microwave power emitted by 

the bulk (a) and edge (b) spin wave modes measured at β=85°, H=890 Oe and several 
values of the bath temperature Tb=200 K (blue triangles), 150 K (red dots), 100 K 

(green diamonds), 50 K (yellow triangles) and 4.2 K (purple squares). (c) 
Temperature dependence of the spectral linewidth (FWHM) of the highest power 
bulk (red circles) and edge (blue squares) self-oscillatory modes measured at the 

bias current of the maximum integrated power of the mode. 
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4.2.3. BLS measurements 

To better understand the nature of the self-oscillatory dynamics induced by SO 

torques in the Pt/Py nanowire system and to directly confirm that the self-oscillatory 

modes occupy the entire active region of the nanowire, BLS measurements[49] of the 

current-driven magnetization dynamics in this system is made by our collaborators 

Vladislav E. Demidov and Sergej O. Demokritov at University of Münster. Since a 5 nm thick 

layer of Pt is not sufficiently transparent for BLS studies, we make a separate batch of 

samples for BLS measurements with the reverse order of deposition of the AlOx, Py and 

Pt layers. These AlOx(2 nm)/Py(5 nm)/Pt(7 nm)/(sapphire substrate) nanowire samples 

are prepared by e-beam lithography and lift-off technique as described in the Methods 

section. The microwave signal emission from these samples is similar to that of the samples 

in Fig 4.1 to Fig 4.9, with two notable differences: the amplitude of self-oscillations of the 

edge mode is significantly higher than that of the bulk mode and the microwave emission 

from the edge mode persist up to Tb=300 K. These differences are likely to originate from 

the different sample fabrication procedure: the lift-off fabrication process creates less 

nanowire edge damage than the Ar plasma etching process. 

The main results of the BLS measurements are presented in Fig. 4.10. Figure 

3.10a shows a representative BLS spectrum measured by placing the probing laser spot at 

the centre of the nanowire. In agreement with the results of electronic measurements of 

samples with Pt on top, the BLS spectrum exhibits a series of auto-oscillation peaks with 

the typical frequency separation of hundreds of mega Hertz, which belong to the group of 

edge modes. By using the high-spatial resolution of the BLS measurements, we identify the 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref49
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f5
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f5
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f5
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Figure 4.10 (a) BLS spectrum acquired by placing the probing laser spot at the centre 
of the nanowire. BLS intensity is proportional to the intensity of the dynamic 

magnetization. The blue, red and green sections of the curve represent the edge 
mode 1, edge mode 2 and the baseline, respectively. (b) Spatial profiles of the 

intensity of the dynamic magnetization in the section parallel to the nanowire axis: 
(blue circles) edge mode 1 and (red squares) edge mode 2. The data were obtained 

at H=550 Oe and the bias current Idc=2.4 mA. 
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individual auto-oscillation peaks within the group. For this we fix the BLS detection 

frequency at the frequency of one of the peaks and record spatial profiles of the dynamic 

magnetization by moving the probing laser spot along the nanowire axis with the spatial 

step size of 50 nm. As seen in Fig. 4.10b, the spatial profiles corresponding to the two peaks 

are fundamentally different. While the profile for the first edge mode exhibits a slightly 

distorted bell-like shape, the profile for the second peak possesses three maxima. Based on 

the obtained data we conclude that the individual auto-oscillation peaks within the groups 

correspond to the standing-wave modes quantized in the direction parallel to the nanowire 

axis [50]. The first peak corresponds to the combination of the fundamental mode having 

no nodes and the antisymmetric mode possessing one nodal line at the centre. These two 

modes are indistinguishable in the BLS spectrum, likely due to their small frequency 

separation. The second peak apparently corresponds to the mode possessing two nodal 

lines at the positions of the minima of the measured profile. We note that, since the BLS 

technique is sensitive to the intensity of the dynamic magnetization, the measured profile 

does not show a change of the sign across the positions of the nodal lines. 

4.3. Discussion 

Recent experiments[33] demonstrated that application of spatially uniform SO 

torques to an extended ferromagnetic film does not result in excitation of magnetic self-

oscillations because the amplitudes of all spin wave modes of the film are limited by 

nonlinear magnon scattering processes. Therefore, our observation of self-oscillatory 

dynamics excited by SO torques in the entire 1.8 μm long active region of a ferromagnetic  

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f5
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref50
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref33
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Figure 4.11 (a) Spin wave dispersion relation for BVSW (red) and SSW (blue) modes 
of a 5-nm thick Py film at H=890 Oe (ref. 51). Arrows indicate energy- and 

momentum-conserving four-magnon scattering of two uniform mode magnons into 
two BVSW magnons with wave vectors k4 and −k4. (b) Spin wave dispersion relation 
of the 190 nm wide nanowire numerically calculated for β=85° and H=890 Oe. The 
red squares and blue circles indicate the bulk and edge modes, respectively. Lines 

are guides to the eye. Energy- and momentum-conserving four-magnon scattering is 
not allowed within both the bulk and the edge mode branches of the nanowire spin 

wave dispersion. 
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nanowire is surprising. We argue that quantization of the spin wave spectrum in the 

nanowire geometry reduces the number of available nonlinear magnon scattering channels 

and thereby enables excitation of self-oscillatory dynamics of the low-energy spin wave 

eigenmodes of the nanowire. 

Figure 4.11a shows the spin wave dispersion relation of a 5-nm thick extended Py film 

calculated for spin wave propagating parallel (backward volume spin waves (BVSW)) and 

perpendicular (surface spin waves (SSW)) to the in-plane magnetization vector [51]. 

Energy- and momentum-conserving four-magnon scattering processes from the uniform 

(k=0) mode into spin wave modes with a finite wave vector k4 are allowed for the BVSW 

but not for the SSW modes as schematically illustrated in Fig. 4.11a. This nonlinear 

scattering channel is always present in the 2D film geometry and it contributes to the 

nonlinear damping of the uniform mode. When such a film is patterned into a nanowire 

aligned perpendicular to the magnetization direction, the BVSW mode spectrum becomes 

quantized and the energy-conserving four-magnon scattering channel becomes suppressed 

for wires narrower than ~    
    , which is ≈0.5 μm for our 5-nm thick Py nanowires. Figure 

4.11b shows the spin wave dispersion relation numerically calculated for our 190-nm wide 

nanowire sample. The frequencies of the bulk and edge modes are shifted below the 

frequencies of spin waves in the extended film shown in Fig. 4.11a by the demagnetizing 

field of the nanowire. The dispersion branches of both the edge and the bulk spin wave 

modes do not have minima at k≠0 and therefore do not support the energy- and 

momentum-conserving four-magnon scattering within each of the branches. 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f6
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref51
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f6
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f6
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f6
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f6
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Since some nonlinear magnon scattering processes (such as the four-magnon process) 

responsible for limiting the amplitude of low-frequency spin wave modes in the 2D film are 

eliminated in the nanowire, ST excitation of large-amplitude self-oscillatory spin wave 

modes may become possible above the critical current. At higher currents, SO torques 

increase the occupation numbers for all magnon modes, which results in enhanced 

scattering in the remaining nonlinear channels and the associated decrease of the 

amplitude of self-oscillations seen in Fig. 4.7, as well as in the reduction of the saturation 

magnetization and the associated decrease of the self-oscillatory mode frequency with 

current seen in Fig. 4.4. Our data in Fig. 4.9 showing decreasing self-oscillation amplitude 

with increasing temperature suggest that enhanced population of thermal magnons and 

magnon–phonon scattering might also play a role in suppression of the self-oscillatory 

dynamics. Development of a detailed theory accounting for all magnon scattering channels 

in the nanowire in the presence of SO torques is required for quantitative explanation of 

our experimental data, and we hope that our work will stimulate the development of such a 

theory. 

In conclusion, we demonstrated that spatially uniform STs can excite self-oscillations 

of magnetization in a 1D ferromagnetic system—a Py nanowire. The self-oscillatory modes 

induced by ST in this system directly arise from the bulk and edge spin wave eigenmodes of 

the nanowire. The 1D nanowire geometry offers unique advantages for studies of 

magnetization dynamics driven by STs over the 2D extended thin-film system, in which 

spatially uniform ST does not excite magnetization self-oscillations. Our results suggest 

that the self-oscillatory dynamics in the nanowire geometry is enabled by geometric 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f3
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f2
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f4
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confinement of magnons that suppresses nonlinear magnon scattering. Our work 

demonstrates the feasibility of STOs with the active region dimensions extended beyond 

the nanometre length scale. 

 

4.4 Methods 

4.4.1. BLS measurements 

Micro-focus BLS measurements were performed at room temperature by focusing 

light produced by a continuous-wave single-frequency laser operating at a wavelength of 

532 nm into a diffraction-limited spot. The light scattered from magnetic oscillations was 

analyzed by a six-pass Fabry–Perot interferometer TFP-1 (JRS Scientific Instruments, 

Switzerland) to obtain information about the BLS intensity proportional to the square of 

the amplitude of the dynamic magnetization at the location of the probing spot. 

4.4.2. Estimate of the amplitude of resistance self-oscillations 

In this section, we estimate the maximum amplitude of the resistance oscillations 

achieved by the bulk and edge modes in the self-oscillatory regime. The measured 

integrated power at the fundamental frequency emitted by the bulk group of 

modes Pb (corrected for frequency-dependent attenuation and amplification in the 

measurement circuit) is plotted as a function of direct bias current Idc in Fig. 4.7. This 

power is directly related to the amplitude of the nanowire resistance oscillations δRac at the 

fundamental frequency of magnetization self-oscillations. These resistance oscillations 

arise from AMR of the nanowire. The microwave voltage generated by the nanowire STO 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f3
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device at the fundamental frequency of the bulk mode IdcδRac is detected by a 50 Ω 

microwave spectrum analyzer as microwave power Pb (ref. 3): 

   
 

    
        

   

     
                    (1) 

where R50≡50 Ω is the spectrum analyzer impedance and R is the nanowire 

resistance. From this equation, we can express the amplitude of resistance oscillations at 

the fundamental frequency as a function of the emitted power: 

      
     

       
                              (2) 

Using equation (2) and the maximum experimentally measured integrated power in 

the bulk group of modes Pb=10 pW at Idc=2.45 mA as shown in Fig. 4.9a, we 

evaluate δRac≈0.15 Ω. A similar maximum value of δRac arising from the edge mode self-

oscillations is calculated from the data in Fig. 4.9b. These values of δRac are substantial 

fractions of the full AMR amplitude of 1 Ω shown in the inset in Fig. 4.2b. This demonstrates 

that large amplitude of magnetization self-oscillations can be achieved by both the bulk and 

the edge modes of the nanowire STO. 

4.4.3. Sample temperature 

Direct current bias Idc can significantly increase the temperature of the nanowire due 

to Ohmic heating. To estimate the actual temperature of the nanowire at large Idc, we 

compare measurements of the wire resistance as a function of temperature at 

small Idc=0.1 mA to measurements of the wire resistance versus Idc taken at the bath 

temperature Tb=4.2 K (ref. 18). These data shows that resistance of the nanowire is 

http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref3
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f4
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f4
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#f1
http://www.nature.com/ncomms/2014/141205/ncomms6616/full/ncomms6616.html#ref18
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approximately quadratic in both Tb and Idc. This allows us to estimate the actual 

temperature of the nanowire directly. For example, at Idc=2.0 mA, the actual temperature of 

the nanowire T≈150 K. 
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Chapter 5.   Reduction of phase noise in 

nanowire spin orbit torque oscillators 

Spin torque oscillators (STOs) are compact, tunable sources of microwave radiation that 

serve as a test bed for studies of nonlinear magnetization dynamics at the nanometer 

length scale. In particular, the spin torque in an STO can be created by spin-orbit 

interaction, as we have demonstrated in Chapter 3, but low spectral purity of the 

microwave signals generated by spin orbit torque oscillators hinders practical applications 

of these magnetic nanodevices. Here we demonstrate a method for decreasing the phase 

noise of spin orbit torque oscillators based on Pt/Ni80Fe20 nanowires. We experimentally 

demonstrate that tapering of the nanowire, which serves as the STO active region, 

significantly decreases the spectral linewidth of the generated signal. We explain the 

observed linewidth narrowing in the framework of the Ginzburg-Landau auto-oscillator 

model. The model reveals that spatial non-uniformity of the spin current density in the 

tapered nanowire geometry hinders the excitation of higher order spin-wave modes, thus 

stabilizing the single-mode generation regime. This non-uniformity also generates a 

restoring force acting on the excited self-oscillatory mode, which reduces thermal 

fluctuations of the mode spatial position along the wire. Both these effects improve the STO 

spectral purity. 
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5.1. Introduction 

The discovery of giant spin Hall effect in nonmagnetic heavy metals such as Pt[1-3], 

W[4] and Ta[3,5,6,11] creates new opportunities for the manipulation of magnetization by 

spin currents, including switching and excitation of self-oscillations of magnetization[4-10]. 

Spin-orbit interaction in such heavy metals results in large spin-dependent deflection of 

electrons participating in electric charge current[13-17], which can be viewed as a pure 

spin current flowing perpendicular to the charge current[18-20]. This pure spin current 

can be injected from the heavy metal into an adjacent ferromagnet and apply spin torque to 

its magnetization[21,22]. Due to its non-conservative nature, this spin orbit torque can act 

as magnetic anti-damping[23,24] leading to the decrease of the relaxation rates of spin 

waves (SWs), which was observed in both metallic[2,12,25,26] and insulating[3,27] 

ferromagnets. 

A spin orbit torque uniformly applied to a spatially extended ferromagnetic film 

cannot reduce the spin wave damping to zero, and therefore, cannot excite self-oscillations 

of magnetization in the film even at high spin current densities [28]. The origin of this anti-

damping saturation is the non-linear spin wave interactions, which distribute the injected 

energy and angular momentum among a continuum of SWs with different wave vectors, so 

that the net damping rate for any SW mode remains positive[7]. Patterning of the 

ferromagnetic film into nanoscale dots discretizes the spin wave spectrum and closes many 

of the nonlinear SW scattering channels. In such a case, the relaxation rate of the lowest-

energy SW mode of the nanodot can reach zero, and self-oscillations of the mode can be  
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Figure 5.1 Schematic of the straight (a) and tapered (b) nanowire STO: applied 
magnetic field, electric bias current and precessing magnetization are shown by 

black, green and red arrows, respectively. 
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excited by the spin current [8]. Another route to excitation of self-oscillations by spin orbit 

torques is the application of a high spin current density to a nanoscale region of an 

extended ferromagnetic film by using the current concentrators [7,9,29,30]. In this case a 

nonlinear self-localized spin wave “bullet" mode can be excited [9,31,32]. Since the 

frequency of the bullet mode lies below the SW spectrum, the resonant scattering 

processes from this mode into a SW continuum are forbidden, which enables the self-

sustained excitation of this large-amplitude mode [7,9,29,30]. The characteristic 

dimensions of this bullet mode is determined by the exchange length of the ferromagnet, 

and are typically below 100 nm [31,33]. 

Recently, we have shown that the spin orbit torques can excite self-oscillations of 

magnetization in micrometer-scale ferromagnets, namely in quasi-one-dimensional 

ferromagnetic nanowires [10]. The geometric confinement of the spin waves in nanowires 

suppresses some nonlinear scattering channels such as four-magnon scattering[34,35], 

which turns out to be sufficient for the excitation of sustainable self-oscillations over 

micrometer-scale regions of the nanowire.[10] In spite of the large excitation volume and 

the associated diminished impact of the random thermal torques on the magnetization 

dynamics, the spectral linewidth of the microwave signal generated by nanowire STOs was 

found to be comparable to that of nanoscale STOs [23,36-50]. 

This result can be attributed to the simultaneous excitation of several SW modes in 

nanowire auto-oscillators, because it is known that the interactions between the 

simultaneously excited self-oscillatory modes can substantially increase the linewidths of 

the generated modes[51,52]. Therefore, new methods for selective excitation of a single  
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Figure 5.2 Scanning electron micrographs (SEM) of the straight (a) and tapered (b) 
nanowire STO samples. 500 nm white scale bars are shown in each SEM image. 
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self-oscillatory mode in a nanowire STO are highly desirable for the development of STO 

devices with high spectral purity. 

In this paper, we report experiments demonstrating that the single-mode regime of 

operation and the associated phase noise reduction can be achieved via proper design of 

the nanowire STO shape. We show that STOs based on tapered nanowires, such as the one 

shown in Fig. 5.2b exhibit reduced phase noise, and a wider bias current range of single 

mode operation in comparison to the straight nanowire STOs of similar dimensions. 

We employ numerical simulations to show that the spatial non-uniformity of the spin 

current density in the tapered nanowire STO is the key factor contributing to the improved 

phase noise. These simulations also reveal that the spin orbit torques excite a self-localized 

micrometer-scale bullet mode if nanowire SW modes exhibit negative nonlinear frequency 

shift. In the tapered nanowire devices, the spatial nonuniformity of the spin current density 

stabilizes the single-mode generation regime at higher bias currents. It also generates a 

confining potential for the bullet, which reduces the thermal fluctuations of the spatial 

position of this mode along the nanowire length, resulting in the reduction of the STO 

phase noise. 

5.2. Results 

5.2.1. Experiment 

The nanowire STO samples based on AlOx(2 nm)/Py(5 nm)/Pt(7 nm) multilayers 

were patterned on a sapphire substrate via e-beam lithography and liftoff as described in 

Chapter 2 (here Py = Permalloy = Ni80Fe20). The wires are 6 µm long with two Au (35  
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Figure 5.3 Normalized power spectra generated by the straight (a, c) and tapered (b, 
d) nanowire STOs at two bias current values. 
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nm)/Cr(7 nm) leads attached to each wire as shown in Fig. 5.1. The 1.9 µm long nanowire 

section between the leads is the STO active region, in which direct bias current applied to 

the wire generates the anti-damping spin orbit torque. The width of the straight nanowires 

is 190 nm, while the width of the tapered nanowires increases from 190 nm to 250 nm 

within the active region. 

In our measurements, the magnetization of nanowires is saturated by a 700 Oe in-

plane external magnetic field applied at the angle of 80o with respect to the wire axis as 

shown in Fig. 5.1. Direct current Idc applied to the nanowire excites self-oscillations of 

magnetization when the bias current exceeds a certain critical value (Idc > 4.45mA for the 

straight wire and Idc > 5.675mA for the tapered wire). The critical current is higher for the 

tapered nanowire because of its greater average width. Magnetization self-oscillations are 

converted into a microwave signal via anisotropic magneto-resistance of the Py layer [10]. 

The output microwave signal is amplified by a low-noise amplifier and measured by a 

spectrum analyzer. 

All measurements reported in this paper were made at the bath temperature of 4.2 K, 

although the sample temperature near the critical current is approximately 150 K due to 

heating of the nanowire by the bias current [10]. We studied 3 straight and 3 tapered 

nanowire samples and found similar results for all these devices. In this paper, we present 

the data for one representative straight and one representative tapered nanowire STO. The 

spectra of microwave signals generated by the straight and tapered nanowire STOs at two 

bias current values above the critical currents are presented in Fig. 5.3. Here we only show 

the low-frequency group of peaks observed in the spectra. At higher bias currents, we have 

also detected a group of low-amplitude peaks, having frequency that was 0.8 GHz higher  
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Figure 5.4 Measured dependence of the auto-oscillation frequency (a, b), integrated 
microwave emission power (c, d) and HWHM (e, f) on the bias current for the first 

(blue squares) and second (red triangles) peaks in the auto-oscillation spectra. 
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than the frequency of the low-frequency peaks. Following the analysis of Ref. 10, we 

identify the low-frequency peaks as the spin wave modes localized at the wire edges ("edge  

modes")[53,54], while the high-frequency peaks arise from the spin wave modes that have 

their maximum amplitudes within the central part of the wire ("bulk modes"). We also 

directly verified these conclusions using micromagnetic simulations of the spin wave 

spectra in the straight and tapered nanowires, as discussed in the next section. Since the 

critical current for the excitation of bulk modes is significantly higher than the range of the 

bias currents discussed in this work, we do not discuss the bulk modes in the rest of this 

paper. 

For both the straight and tapered nanowire STOs, we observed a single spectral peak 

in a range of bias currents above the critical current Ic (Fig. 5.3(a,b)). The frequency of this 

first peak is higher in the tapered nanowire STO than in the straight nanowire STO. This 

happens because the average demagnetizing field decreases with the increase of the wire 

width and the average tapered wire width is greater than that of the straight wire. The 

emission power in the first peak increases with increasing bias current until the second 

peak appears in the spectrum at the second critical current (I2 = 4.55mA for the straight 

nanowire STO; I2 = 5.875mA for the tapered nanowire STO) as shown in Fig. 5.3(c,d). For I 

> I2, the integrated power in the first mode decreases, and the spectral linewidth of this 

mode increases with increasing current, as illustrated in Fig. 5.3(c,d) and Fig. 5.4. At even 

higher bias current values, the third edge mode appears in the microwave emission 

spectra. 

Here we will not discuss this complicated regime, and will restrict our discussion to 

the single- and double-mode STO operation regimes, focusing on the differences between 
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the straight and tapered nanowire devices. While the general features of the emission 

spectra as a function of the bias current are qualitatively similar for the straight and 

tapered nanowire STOs, there are significant quantitative differences. First, the current 

range of the single-mode operation of the tapered nanowire STO (0.2 mA) is twice as wide 

as that for the straight nanowire STO (0.1 mA) as illustrated in Fig. 5.4. Second, the 

frequency gap between the first and the second peaks in the generation spectrum is much 

wider for the tapered nanowire STO in comparison to the straight nanowire STO. Third, the 

minimum spectral linewidth (half width at half maximum or HWHM) in the single-mode 

auto-oscillation regime is significantly smaller for the tapered nanowire STO (1.0 MHz) 

than for the straight nanowire STO (2.4 MHz), as shown in Fig. 5.3. All these large 

quantitative differences between the two types of the STO cannot be attributed to a small 

difference of the average demagnetization fields, which results in a 10% difference in the 

edge mode frequency. In the next section we explain the origin of the observed significant 

impact of the nanowire shape on the spectral properties of nanowire STOs. 

5.2.2. Theory 

In order to visualize the spatial profiles of the observed self-oscillatory edge modes, 

our collaborator Tobias Schneider performed micromagnetic simulations of the 

magnetization dynamics in the nanowire STO. First, we employed the spectral mapping 

technique to calculate the edge spin wave mode profile in the linear regime (see Methods 

for details). Since the applied magnetic field makes different angles to the two edges of the 

tapered nanowire sample, the frequencies of the modes localized at the opposite edges are 

different. The spatial profile of the lowest-frequency edge mode calculated by the spectral  
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Figure 5.5 (a) Spatial profile of the lowest-frequency linear SW mode of the tapered 
nanowire. (b) Spatial profile of the self-oscillatory bullet mode excited by direct 

current exceeding the critical value. Dashed rectangles show a zoomed in view of the 
edge mode. Yellow rectangles represent the Au/Cr leads. 
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mapping technique for the tapered nanowire STO is shown in Fig. 5.5(a). The mode extends 

over the entire nanowire length and is strongly localized near one of the edges. We have 

also performed micromagnetic simulations of the self-oscillatory magnetic dynamics in this 

nanowire sample driven by spin orbit torque. Such simulations are very time-consuming 

because of the significant spatial extent of the nanowire and long transient dynamics. For 

this reason, we performed these simulations for only a single value of the bias current 

above the critical current. The spatial profile of the self-oscillatory mode driven by direct 

current is shown in Fig. 5.5(b). It is clear from this figure that the self-oscillatory nonlinear 

mode directly originates from the linear edge mode but shows a higher degree of 

localization near the middle of the nanowire STO active region. We also applied this type of 

micromagnetic analysis to the straight nanowire STO and observed a similar behavior with 

the main difference being localization of the edge mode at both edges of the nanowire due 

to the higher symmetry of the system. We note that in real nanowire samples, equivalence 

of the two edges is broken due to the random edge roughness and non-uniform edge damage, 

and thus the localization of the lowest-frequency edge mode near one of the edges is expected 

as well. 

Since detailed micromagnetic simulations of the self-oscillatory dynamics as a 

function of the direct bias current are prohibitively time-consuming, our collaborator 

Roman Verba, Vasil Tiberkevich and Andrei N. Slavin develop a one-dimensional model 

describing current-driven magnetization dynamics in a nanowire STO. This model 

describes magnetization dynamics in the framework of nonlinear Ginzburg-Landau 

equation that is derived as a small-amplitude approximation of the Landau-Lifshitz 

equation: 



101 
 

 
  

  
                                                   (1) 

Here b = b(y, t) is the complex amplitude of the dynamic magnetization in the excited 

SW mode, which depends only on the coordinate along the wire axis (y-axis) (the mode 

profile along the wire width, i.e. its localization near the wire edge, is assumed to be 

constant), αG  is the Gilbert damping constant, N is the nonlinear frequency shift, J(y) is the 

spatial distribution of the bias current density along the nanowire axis and σ is the spin 

orbit torque efficiency constant (see Methods). 

The frequency operator    is given by:  

              
    

   
 

  

   
                                   (2) 

where ω0 is the spin wave resonance frequency in the linear regime, ωM = γμ0Ms and 

λex is the exchange length. In contrast to the previous studies[31], we also take into account 

the magnetodipolar interaction in the Damon-Eshbach geometry via the magnetostatic 

Green's function Gyy. 

The sign of the nonlinear frequency shift N is the key factor determining the type of 

self-oscillatory magnetization dynamics driven by spin orbit torque. It is known that for 

negative nonlinear shift, a nonlinear self-localized solitonic bullet mode is favored under 

the action of anti-damping spin torque; while for positive nonlinear shift, no self-

localization is found [9,31,32]. Fig. 5.4 demonstrates that the nonlinear frequency shift of 

the edge SW mode in our system is negative (N < 0), and, therefore, we should expect self-

localization of the excited self-oscillatory mode. We also note that in the previously studied 

nanowire STO samples prepared via Ar plasma etching [10], positive nonlinear shift of the 

edge mode was observed, and the nonlinear mode self-localization did not take place. This  
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Figure 5.6 Profiles of the self-oscillatory bullet mode in the single-mode regime  
calculated from Eq. (1) for the straight (a) and tapered (d) nanowire STOs at 

different bias currents. The height of the yellow shaded area represents the spin 
current density within the STO active region. (b, e) Time evolution of the amplitude 

|b| and relative phase ∆ϕ (see Methods) of the magnetization oscillations in the 
double-bullet regime of self-oscillations. (c, f) Snapshots of the dynamic 

magnetization profile Re[b] at two values of time. 
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demonstrates a strong sensitivity of the nanowire STO properties to the degree of magnetic 

edge damage, which depends on the sample fabrication technique (see Methods for 

details). Fig. 5.5(b) illustrates that the excited self-oscillatory mode given by micromagnetic 

simulations is indeed a nonlinear self-localized bullet mode, as expected for N < 0. The self-

localization is evident from the smaller spatial extent of the nonlinear mode in Fig. 5.5(b) 

along the wire length compared to the size of the linear mode in Fig. 5.5(a). The 

characteristic dimension of this bullet mode is approximately 1 µm, which is one order of 

magnitude larger than the size of the self-oscillatory bullet modes excited by spin torque in 

extended thin films in point contact STOs[9,31-33,40,42]. Such increase of the bullet size is 

a result of the enhanced role of the magnetic dipole interaction in the nanowire geometry. 

A detailed study of the effect of dipolar interaction on the bullet size will be presented 

elsewhere. 

Fig. 5.6 illustrates the bullet mode profiles obtained from the numerical solution of 

the Ginzburg-Landau equation (see Methods for details). In the straight nanowire STO, a 

single bullet mode with its maximum in the center of the wire is excited above the critical 

current as shown in Fig. 5.6(a). The amplitude of this bullet mode increases and its width 

decreases with increasing bias current, which is a clear evidence of the nonlinear self-

localization. When the current density reaches a second critical current I2, another bullet 

mode is excited within the SHO active region as illustrated in Fig. 5.6(c). A similar type of 

the two-bullet excitation was previously observed in a point contact STO [55]. The double-

bullet solution at I > I2 is not stationary - the magnetization profile oscillates between the 

single-bullet and double-bullet configurations, as illustrated in Fig. 5.6(b, c). As a result of 

these mode profile oscillations, the spectrum of the voltage signal generated by the STO 
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develops two prominent peaks in agreement with our experimental observations. At higher 

currents, additional bullet modes sequentially enter the active region, and the resulting 

magnetization dynamics becomes very complex. 

For the tapered nanowire STO, we solve the same Ginzburg-Landau equation, but 

with a spatially dependent current density J(y). Similar to the straight nanowire case, a 

nonlinear edge bullet mode is excited at the threshold current Ic. With increasing bias 

current, the size of this bullet mode decreases and the center of the mode shifts towards 

the wider end of the nanowire as shown in Fig. 5.6(d). At a higher critical current I2, a 

second bullet mode appears in the left part of the active region (where current density is 

higher). In contrast to the straight nanowire, where the mode profile oscillates between 

one- and two-bullet mode configurations, two different bullet modes coexist at all times in 

the tapered nanowire, as evident from Fig. 5.6(e). These two bullets oscillate with different 

frequencies - the left bullet experiencing higher current density has a lower oscillation 

frequency, as illustrated in Fig. 5.6(e) by the linear increase of the phase difference 

between the two bullet solutions Δϕ with time (see Methods for details). This can be also 

seen in Fig. 5.6(f) where the two different bullet modes are in phase at one moment of time, 

and have opposite phases at a later moment. The Fourier transform of the voltage signal 

arising from this double-bullet dynamics exhibits two distinct spectral peaks 

corresponding to the two different bullet mode frequencies. 

Fig. 5.7 shows the calculated self-oscillatory mode frequencies given by Eq.(1) versus 

the magnitude of the direct bias current. These dependences are in good agreement with 

the experimental data in Fig. 5.4: the single-mode current range (I2 - Ic) and the inter-mode  
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Figure 5.7 Self-oscillatory mode frequency as a function of the bias current 
calculated by numerically solving Eq.(1) for the straight (a) and tapered (b) 

nanowire STOs; blue squares - first bullet mode, red triangles - second bullet mode. 
Lines are guide for eyes and green arrows show the resonance frequency of the edge 

mode in the linear regime fSWR = ω0/2π. 
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frequency gap in the double-mode regime are significantly wider for the tapered nanowire 

STO. The wider single-mode current range is a direct consequence of the current-induced  

shift of the position of the first bullet mode away from the center of the active region 

towards the wider end of the nanowire (towards lower current density). This current-

induced shift allows the first bullet mode to remain within a region of lower current 

density (and thus, within a single-mode regime) over a wider range of the applied bias 

currents. The wider inter-mode frequency gap in the tapered wire arises from the spatially 

non-uniform current density as well. Since the two bullet modes are spatially separated 

along the wire length, they are exposed to different spin current densities in the tapered 

nanowire device. This results in significantly different amplitudes of the two bullet modes, 

as illustrated in Fig. 5.6(e), and due to the nonlinear frequency shift, an enhancement of the 

inter-mode frequency gap.  

The reduced phase noise of the tapered nanowire STO can be also explained by the 

spatially non-uniform spin current density. In the straight nanowire devices, the bullet 

mode position is weakly confined to the center of the nanowire by its interaction with the 

active region boundaries. Therefore, its position along the wire is highly susceptible to 

thermal fluctuations, resulting in fluctuations of measured voltage signal. In contrast, the 

bullet position in the tapered nanowire is mainly determined by the nonuniformity of the 

applied current density. Therefore, there is a current-induced restoring force that reduces 

the amplitude of thermal fluctuations of the bullet position along the wire length, thereby 

reducing the mode's phase noise. Another important effect which reduces the phase noise 

in the tapered nanowire STO is the enhanced bias current range of a single-mode 
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generation. This results in higher generation power in the single-mode regime, which 

decreases the phase noise of the generated signal [23, 56]. 

5.3. Discussion 

In this work, we demonstrate that phase noise of nanowire-based spin orbit torque 

oscillators can be significantly reduced via the nanowire shape design. We experimentally 

show that the single-mode regime of the STO operation is extended over a wider current 

range in the tapered nanowire STOs compared to the straight nanowire STOs. The degree 

of spectral purity of the microwave signal generated by the tapered nanowire STO is also 

significantly improved in comparison to the straight nanowire STO devices. 

To understand the observed effect of the nanowire shape on the STO operation, we 

developed a one-dimensional Ginzburg-Landau model of a nanowire STO. This model 

reveals that non-linear self-localized bullet modes are excited in the nanowire under the 

action of spin orbit torque if the excited spin wave modes possess negative non-linear 

frequency shift. These bullet modes have micrometer-scale spatial dimensions, which is an 

order of magnitude greater than the dimensions of the bullet modes excited in point 

contact STO devices, due to the enhanced role of magnetodipolar interaction in one-

dimensional systems. 

The model demonstrates that spatially non-uniform spin current density in tapered 

nanowire STOs is the key factor leading to the phase noise reduction in these devices. The 

non-uniform spin current density results in a current-induced displacement of the bullet 

mode from the nanowire center towards the region of lower current density, which 

extends the single-mode generation regime to a wider range of bias currents. In addition, 
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the nonuniform current density provides a restoring force that reduces the amplitude of 

thermal fluctuations of the bullet mode position along the nanowire length, thereby 

decreasing the STO phase noise. The model also predicts a transition to a double-mode 

regime of the STO operation experimentally observed at higher values of the bias current. 

5.4. Methods 

5.4.1. Sample information.  

Fabrication of the STO devices are discussed in detail in Chapter 2, and liftoff 

technique is used for all straight and tapered nanowires. 

The liftoff technique employed for fabrication of the nanowire STOs minimizes the 

nanowire edge damage, thereby decreasing the critical current for excitation of the edge 

mode self-oscillations. The critical current for excitation of the edge modes is lower than 

that for the bulk modes for the samples studied in this work. This result is in contrast with 

Chapter 3 [10], in which the critical currents of the bulk and edge groups of modes were 

nearly identical. The reason for this difference is the different methods of the device 

fabrication. Ar plasma etching of the nanowires employed in Ref. 10 creates significant 

edge damage, increases the damping parameter in the edge region, thereby increasing the 

critical current for excitation of the edge modes. 

5.4.2. Micromagnetic simulations.  

Micromagnetic simulations are performed by using a modified version of the MuMax3 

software package by Tobias Schneider[57]. The computational domain containing the 

entire 6 µm long nanowire is discretized into 4096X256X1 cells, which results in the cell 

size of approximately 1.5X1.5X5 nm3. The saturation magnetization Ms = 530X103 A/m and 



109 
 

the exchange stiffness A = 0.5X 10-11 J/m were previously determined for this type of STO 

samples [10]. Spin wave eigenmode frequencies of the nanowire are found as peak 

positions in the Fourier transform of the dynamics magnetization excited by a sinc-shaped 

out-of-plane magnetic field pulse of 0.5 Oe amplitude and 50 ps duration [59]. The 

eigenmode spatial profiles are reconstructed by plotting the cell-specific Fourier 

amplitudes at the mode eigenfrequency. The auto-oscillatory mode of the system is found 

by solving the LLG equation with antidumping spin torque applied to the 1.9 µm long active 

region of the nanowire. The simulation time is set to 2.5 µs to minimize the transient 

contributions to the self-oscillatory dynamics. The spatial profile of the auto-oscillatory 

mode is reconstructed by plotting the cell-specific Fourier amplitudes at the self-oscillatory 

mode frequency. 

5.4.3. Numerical solution of the Ginzburg-Landau equation.  

The Ginzburg-Landau equation (Eq. (1)) is derived for a dimensionless complex 

magnetization amplitude b, which is related to the dynamic magnetization components as  

                   . Here ξ describes the ellipticity of the magnetization 

precession, which is assumed to be constant. The values of ω0 and δ used in the simulations 

are chosen to fit the experimentally measured frequency of self-oscillations at the 

threshold, and the threshold bias current Ic. The value of the nonlinear frequency shift N = -

0.1 ωM is derived from the measured dependence of the first self-oscillatory mode 

frequency on the bias current [23]. The other material parameters:             
 , 

     
 
  , αG are chosen to be identical to those used in our micromagnetic 

simulations. The integral kernel Gyy is approximated by the Green's function of a 25 nm 
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wide wire [58], because the localization length of the edge mode given by our 

micromagnetic simulations is approximately 25 nm. The spatial domain is discretized into 

sufficiently small cells, and the resulting set of equations is solved in the time domain 

starting from a random distribution of b until a stationary state of magnetic self-oscillations 

is reached. To illustrate dynamics of the relative phase between the two bullets in the 

double-bullet solution of Eq. (1), we multiplied b(t) by exp[iω1t], where ω1 is the frequency 

of the first bullet mode. The relative phase between the two bullets shown in Fig. 5.6(b,e) is 

simply Δ Φ = Arg [b(t)eiω1t]. This part is done by Roman Verba, Vasil Tiberkevich and 

Andrei N. Slavin.  
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Chapter 6. Parametric resonance in Pt/Py 

nanowires tuned by Spin Hall Effect 

 

Parametric resonance and direct linear excitation of Pt/Ni80Fe20 nanowires are 

experimentally studied and compared. It is found that, for each spin wave mode of edge 

and bulk mode that is directly excited in the nanowire, it can also be parametrically excited 

by driving at twice the resonance frequency. Pure spin current generated by Pt layer due to 

spin Hall effect can tune the relaxation characteristics and the threshold current of the 

parametric excitation of each mode to a large degree, and the linear dependence of onset 

current on spin Hall effect can be used to accurately fit for the critical current of each mode 

that is excited in the nanowire.   
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6.1 Introduction 

Pure spin current from spin Hall effect, as demonstrated in Chapter 4 and 5, can excite 

steady state self-oscillation in nanowire spin hall oscillators. The ability to controllably 

change the dynamical magnetic damping with pure spin current also provides a unique 

opportunity to study nonlinear dynamic magnetic phenomena, since the threshold of these 

nonlinear behaviors linearly depends on the relaxation characteristics, which can be tuned 

by spin Hall effect. He we demonstrate parametric resonance in Pt/Py nanowires tuned by 

the spin Hall effect. We show that we can excite parametric resonance at relatively low 

microwave power, and achieve large amplitude of parametric resonance of both bulk and 

edge spin wave modes. We demonstrate the using the linearly dependence of microwave 

threshold on spin Hall effect, we can accurately determine mode dependent damping 

parameter, thus providing insights into mode dependent oscillation dynamics.  

6.2 Results 

 

The nanowire devices studied in this work are patterned from 

Pt(5)/Py(5)/AlOx(4nm)/GaAs (Py = Permalloy=Ni80Fe20) multilayers deposited by 

magnetron sputtering. Multilayer nanowires that are 6 µm long and 190 nm wide are 

defined via e-beam lithography and Ar plasma etching. Two Au(35)/Cr(7) leads are 

attached to each nanowire with 1.8 um gap between the leads, which defines the active 

region of the device as shown in Fig. 6.1. When current is applied into the nanowire, spin 

Hall effect from Pt layer generates and injects pure spin current into Py layer from spin Hall 

effect [5,6,7,8,9,10], which modifies the effective damping [1,2]. Zero effective damping and 

Py magnetization auto oscillation can be reached under high enough DC current, which is 
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known as critical current Ic [Chapter 3, 4].  Besides auto oscillation, driven oscillation can 

be achieved with RF current, which generates RF spin orbit torque and RF Oersted field. 

When RF frequency matches the natural resonance frequency, maximum driven oscillation 

amplitude is observed, and this direct excitation is essentially spin Hall based ST-FMR[12].  

Driven Py magnetization can also be achieved parametrically when RF frequency matches 

not the resonance frequency, but twice the resonance frequency. Under this circumstance, 

RF current modifies the effective damping and resonance frequency (from Oersted field 

oscillation) at twice the resonance frequency, which lowers the effective damping at the 

resonance frequency and can also excite magnetization dynamics [15, 16, 17, 18, 19, 20, 21, 

22, 23, 24, 25]. Like auto oscillation, nonlinear magnetization dynamics of parametric 

resonance is also a threshold effect: it only happens when RF modulation is higher than the 

RF threshold Ith when it can bring the effective damping to zero, and this distinct onset 

behavior, together with the twice frequency drive can be used to differentiate parametric 

resonance from direct resonance. Ith is proportional to the relaxation characteristics, which 

is known to be able to be tuned by pure spin current from spin Hall effect, and can be tuned 

by DC current in the Pt/Py nanowire [18, 24]. In this chapter, we focus on driven oscillation 

of Py magnetization with RF current, under the influence of DC which is smaller than the 

critical current Ic. 

 

To study RF driven magnetization dynamics, we apply a saturating magnetic field 

(H>450 Oe) in the plane of the sample at the direction perpendicular to the nanowire axis 

(±0.1 degrees). In this configuration, spin current polarization from spin Hall effect is 

parallel to saturated magnetization along the nanowire hard axis, and modulation of 
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effective damping is maximized. We apply a DC current in the direction that lowers the 

effective damping and with magnitude smaller than Ic, which lowers the effective damping 

to a smaller value. A modulated RF current is also applied into the nanowire through a bias 

tee, and the rectified voltage is monitored by a lock-in amplifier [11]. This setup allows to 

measure direct excitation and parametric excitation of Py magnetization at the same time. 

When driven magnetization dynamics is achieved, either from direct excitation or 

parametric excitation, Py resistance oscillates from the anisotropic magnetoresistance. 

For hard axis field direction, spin current polarization is parallel to saturated 

magnetization and spin torque is minimum and ineffective in the excitation of direct 

excitation. Also dynamic Oersted field is parallel to the static saturated magnetization. At 

the same time, cos2θ dependence of Py layer anisotropic magnetoresistance does not mix 

with the direct linear drive to give a dc voltage, and as a result, direct dynamic 

magnetization is hard to excite and hard to detect electrically. But it is the optimum field 

direction for parametric excitation of saturated magnetization: both dynamic Oersted field 

and effective damping oscillation are maximum in this configuration. At the same time, 

cos2θ dependence of Py layer AMR oscillation mixes well with the twice frequency RF 

current drive in the parametric resonance. As a result, bigger oscillation amplitude and 

voltage signal can be expected from parametric resonance.  

Using the Landau Liftshitz Gilbert equations for the macrospin of a thin film, we can 

derive that voltage signal of parametric resonance is composed of photoresistance and 

photovoltage, and grows from 0 from threshold current Ith in the following pattern.  
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Figure 6.1 Layout of the experiment setup. Constant IDC and modulated fixed 
frequency Irf are applied to the Pt/Py nanowire and rectified voltage FMR signal is 

measured as a function of external field by the Lock-in amplifier. 
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Spin pumping combined with inverse SHE in the Pt layer can also give rise to an 

additional dc voltage term.[10, 12] However, due to the second order in θSH, as well as the 

strong ellipticity of the oscillation, this contribution is orders of magnitude smaller than the 

signal and is negligible.[12] 

In Fig 6.2. We plot voltage spectra of the measurement as a function of frequency and 

magnetic field, with Irf=0.3mA and IDC=2.2mA, which is just below the oscillation critical 

current and brings down the effective damping close to 0. We can see that multiple modes 

are excited. By comparing to Ferromagnetic Resonance (FMR) data from a similar sample, 

[Chapter 3], we can identify the two lowest frequency modes as direct excitation of edge 

mode and bulk mode (marked as E and B in the figure). This is due to the nonuniform 

internal spatial magnetic field from the demagnetization field which resulted in smaller 

effective at the edge of the nanowire [14].  It can be seen that bulk mode signal quickly 

drops to zero as hard axis field magnitude increases, and this is expected for ineffective 

drive of parallel spin current and ineffective voltage mixing to the saturated bulk 

magnetization as we mentioned before. For the edge mode, however, the signal is always 

pronounced even for the maximum field of 1500 Oe in the measurement. It means that 

edge mode excitation region, which is located along the edges of the nanowire, is never 

aligned along the field direction in the measurement due to stronger demagnetization field. 

Also it can be noted that bulk and edge mode frequencies in Fig 6.2 are slightly smaller than 

FMR frequencies in Chapter 4, which is due to the bigger Oersted field from the DC current 

used here. 
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Figure 6.2 Voltage spectra at IDC =2.2mA and Irf=0.3mA as a function of RF frequency. 
E, B, EP, BP indicates modes that can be identified as edge mode, bulk mode, and 

parametrically driven edge and bulk mode. Dotted white lines indicate applied RF at 
6 and 10 GHz, corresponding to one and two modes excited parametrically. 
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Two additional modes at higher frequencies, with frequencies close to twice these of edge 

and bulk modes, can be identified as parametrically excited edge and bulk modes (marked as EP 

and BP in the figure).  Both spin wave modes can be parametrically excited. Even though the 

same DC magnitude, and as a result Oersted field, is used in the measurement, parametrically 

excited modes drive frequency is not exactly twice as the direct excitation of bulk and edge 

modes. This is due to different excitation amplitude of parametric resonance and nonlinear 

frequency shift as oscillation amplitude increases. As we can see, bulk mode parametric 

resonance has bigger signal than direct excitation of bulk mode, but edge mode parametric 

resonance has weaker signal than direct excitation of edge mode. This again confirms that bulk 

mode is more aligned to the hard axis field, while edge mode excitation region, is more parallel 

to the nanowire despite the perpendicular field applied. Higher order modes are also excited and 

visible, which is clearer in Fig 6.3 and we will come back to later. Dotted white line in Fig 6.2 

corresponds to frequencies where there is only one mode parametrically excited at 6GHz and at 

10GHz where there are two parametrically excited modes.  

In order to compare directly and parametrically excited oscillation, we plot voltage signals 

at IDC =1.8mA and 6GHz Irf with varying magnitudes In Fig 6.3. From Fig 6.2, we can identify 

the mode at around 500Oe to the parametrically excited edge mode, and the mode at around 

1100 Oe to be the directly excited edge mode. Directly excited edge mode grows in magnitude as 

Irf increases, but is always visible even at low Irf current. This is expected for direct excitation, 

the voltage signal of which has square dependence on the Irf and we start seeing the voltage 

signal once it is above the noise level. The parametrically excited edge mode, on the other hand, 

has a threshold behavior, but it grows much faster in magnitude after the threshold. Also as 

oscillation amplitude and voltage grow, linewidth also becomes wider and more asymmetric, 
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which is caused by the nonlinearity of the dynamical system. There is also a nonlinear resonance 

frequency (field) shift that is associated with the growth of oscillation amplitude. It can be seen 

that higher order edge modes, with lower fields, can also be parametrically excited with higher 

threshold currents, which is consistent with higher critical currents of higher order modes. 

[Chapter 4] In directly excited edge mode, however, mainly the fundamental mode is seen in the 

Irf range of measurement due to the small oscillation amplitude. The lineshape of the direct linear 

excitation of edge mode is mainly symmetric, which means that it is mainly pure spin current 

excited, instead of Oersted field driven [12], and indicates a stronger spin torque contribution 

than Oersted field contribution in our nanowire. This is due to the small Oersted field from 

current in Pt layer acting on Py layer in the spin Hall geometry, which is less than 10% of 

external applied field according to our estimation. The quantitative voltage values are plotted and 

fitted to in Fig 6.4(a, b). We fit PR voltage up to a value where oscillation is still non–chaotic 

and can get Irf threshold from the fitting. Direct excitation of edge mode voltage magnitude can 

also be fitted up to voltage where it is still linear oscillation pretty well.  In Fig 6.5, we plot 

voltage spectrum at 10GHz where parametrically excited bulk mode and edge mode are excited 

at around 700 Oe and 1000 Oe respectively, as a function of Irf at 4 different IDC currents. It can 

be seen that, at each IDC, there is a threshold Irf for the bulk mode and edge mode respectively, 

and as IDC increases, spin torque from spin Hall effect lowers the effective damping of the 

modes, and threshold currents Irf, which is proportional to the static effective damping, become 

smaller for both bulk mode and edge mode. At the same Irf current, much higher oscillation 

amplitude can be excited for higher IDC currents compared with a smaller IDC. Also higher order 

spin wave modes are excited in the PR bulk mode, similar as higher order parametrically excited  
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Figure 6.3 Voltage signals at IDC =1.8mA and 6 GHz RF as a function of IRF. (offseted) 
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Figure 6.4 (a) Parametrically excited edge mode and normal edge mode voltage 
dependence on Irf are plotted in dots and fittings plotted in lines in (a,b) respectively. 
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edge modes in Fig 6.3. However, parametrically excited edge mode doesn’t show higher order 

spin wave modes at 10GHz, even at higher signal and oscillation levels than Fig 6.3 at 6GHz. It 

might be the coexistence of  high amplitude parametrically bulk mode is limiting the higher 

order edge more, or that high order modes is less pronounced at higher fields. In parametrically 

excited edge modes, there is splitting in the peak, which might due to oscillation at two edges of 

the nanowire. Both edge and bulk modes become increasingly more asymmetric at higher 

oscillation amplitude, and show increase in resonance field as oscillation increases as expected. 

In Fig 6.6(a, b) quantitative voltage magnitude is plotted for parametrically excited bulk and 

edge mode as a function of Irf for different IDC. It can be clearly seen that the threshold at which 

voltage starts to quickly grow above 0 lowers as IDC increases, for both bulk and edge mode. We 

can fit each trace to the model and get Irf threshold currents from the fitting.  

Using the fitted RF threshold current values from bulk and edge mode as a function of IDC 

in Fig 6.6, we can extract the critical currents Ic for these two modes from a linear fit and 

extrapolation, as in Fig 6.7. Extrapolation to IDC=0 mA yields the RF threshold with 0 DC 

current, which is much higher than the RF current range used in our experiment, and explains 

why no parametric resonance can be excited in our chase without the help of spin Hall effect. 

Extrapolation to Irf=0 mA yields the critical currents Ic of bulk and edge mode. These values are 

higher than the critical current values where we first observe auto-oscillations in these kind of 

devices[Chapter 4], which makes sense since auto-oscillation is thermally assisted and thermal 

noise would lower the critical current. As for the different slopes for bulk and edge mode, they 

are mainly due to different magnetization directions between the bulk and edge excitation 

magnetization area. As a result, spin Hall efficiency and parametric drive efficiency differs for 

these two modes. 
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Figure 6.5 Voltage spectra as a function of Irf for 4 IDC values at 10GHz. 
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Figure 6.6 Parametrically excited bulk mode and edge mode voltages dependence on 
Irf for each mode plotted in dots respectively in (a,b) at different IDC. Lines are guide 

for eyes. 
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Figure 6.7 Fitted RF threshold as a function of IDC for bulk mode (in green crosses), 
edge mode (in red dots), and linear fittings in lines. 

6.3 Discussion 
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allowing study of the otherwise hard to excite dynamics. Injection of pure spin currents 

provides an efficient mechanism for control of the parametric instability, and allows the 
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system makes it useful for potential applications such as parametric amplifiers of spin 

waves.  
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