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ABSTRACT 

 

This thesis summarizes my studies of the spin Hall effect (SHE) in PtHf alloy. The 

SHE is an emerging route for spintronics which enables conversion of charge currents 

into spin currents without ferromagnets or external magnetic fields. The spin current 

generated by the SHE has been utilized to manipulate magnetization of adjacent 

nanomagnets. Therefore, a large conversion ratio between the spin and charge currents, 

i.e., a large spin Hall angle, is highly desirable in practical applications. By analyzing 

the data from the adiabatic (low frequency) harmonic Hall voltage measurement, the 

damping-like spin torque efficiency, which is the lower bound of the spin Hall angle, 

can be estimated. I demonstrated that the damping-like spin torque efficiency can be 

increased by over 50% by doping Hf impurity of 1% in Pt. 
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CHAPTER 1 

INTRODUCTION 

 

In conventional charge-based electronics, the spin degree of freedom is ignored and only 

the charge degree of freedom is employed. The emergence of spintronics, or spin-based 

electronics, has been an active research field in the past one or two decades [1]. The idea 

of introducing an extra spin degree of freedom or using the spin alone has opened up 

the possibility of next-generation electronic devices, allowing higher data-processing 

speed, lower power consumption, as well as nonvolatility.  

The emergence of spintronics can date back to the study of spin injection from 

ferromagnetic metal into normal metal [2] and the discovery of giant magnetoresistance 

(GMR) effect in 1988 [3,4]. The latter was rapidly transmitted into commercialization, 

and has been widely applied to read heads for hard disk drives. Together with the 

development in nanotechnology, GMR effect was established to be the read-out 

mechanism for magnetic random access memory (MRAM).  

Another important page in the realm of spintronics is the discovery of spin transfer 

torque (STT). STT was first predicted in 1996 [5,6], and demonstrated in experiment 

around 2000s [7–10]. The concept of STT allows people to manipulate magnetization 

of ferromagnet without external magnetic field, and therefore can be viewed as the 

milestone from field-control to spin-control of spintronics devices.  

In this chapter, I will review two basic and essentially inverse concepts in 

spintronics: magnetoresistance and STT. 
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1.1  Magnetoresistance 

 

1.1.1 Anisotropic magnetoresistance 

Anisotropic magnetoresistance (AMR) is a phenomenon that the longitudinal 

resistivity of ferromagnetic materials is a function of the angle between the direction of 

applied current and direction of magnetization. This effect was first discovered by 

William Thomson (Lord Kelvin) in 1856 [11]. He experimented with Fe and Ni and 

found that the electric conductivity decreases when the electric current is in the same 

direction of magnetic force and increases when current is perpendicular to the magnetic 

force. The theoretical basis of AMR is spin-orbit interaction. In a simple geometry, the 

expression of AMR can be written as [12]  

 
2( ) ( ) cos          (1.1) 

where 𝜑 is the angle between current and magnetization direction. Typical magnitude 

of AMR, defined as ( ) /   , is a few percent. Recently a large AMR exceeding 

50% was observed in cubic ferromagnets U3P4 and U3As4 on bulk single-crystal 

samples [13]. 

1.1.2 Giant magnetoresistance 

GMR is a quantum mechanical effect observed in ferromagnetic 

(FM)/nonmagnetic (NM)/ferromagnetic (FM) sandwich structure where the resistance 

of the material depends on the relative orientation of the magnetization of the two FM 

layers. The resistance is lowest when the magnetic moments are parallel (P state) and 

highest when they are antiparallel (AP state). The amplitude of GMR effect can be 

numerically characterized by the value (RAP-RP)/RP, where RAP and RP is the resistance 
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of AP state and P state, respectively. 

A simple way to understand GMR qualitatively is to think of the first FM layer as 

a spin polarizer. After conduction electrons passing through the first FM layer, they 

become partially spin-polarized. The spin-polarized electrons can keep their spin 

directions when transmitting through the spacer layer (usually copper) since the spin 

diffusion length (~100 nm in Cu at room temperature) is much larger than the spacer 

thickness. After injecting into the second FM layer, electrons with spin parallel with 

local magnetic moment will experience less scattering and have higher possibility to 

pass through while electrons with spin antiparallel with local magnetic moment have 

lower possibility to pass through. This picture is illustrated in Fig. 1.1. The resistor 

model of GMR consisting of two parallel channels is also shown here. 

 

Figure 1.1 Illustration of the GMR effect. Figure reprinted from Wikipedia. 
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The first experimental realization of GMR effect was carried out by Baibich et al. 

in (001) Fe / (001) Cr superlattices [3], as shown in Fig. 1.2. Later the theory of GMR 

was developed both in the classical and quantum formalism [14,15]. All the 

experimental and theoretical work above are carried out for the current in plane (CIP) 

configuration. The current perpendicular to plane (CPP) configuration was realized in 

spin valve [16] structure, and explained theoretically based on the Boltzmann equations 

in 1993 [17]. GMR spin valve has become the dominating technology for read heads in 

hard disk drives and increased the storage capacity by several orders of magnitude.  

 

 

Figure 1.2 GMR in Fe/Cr superlattices at 4.2 K. Figure reproduced from Ref. [3]. 
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1.1.3 Tunneling magnetoresistance 

The configuration of tunneling magnetoresistance (TMR) differs from GMR only 

by replacing the NM spacer layer with an insulator thin film. The thickness of the 

insulator layer is made thin enough to allow electrons tunneling through. This is a 

quantum mechanical phenomenon in which the tunneling probability of electrons is 

spin-dependent. Similar with GMR, the resistance of the material has its maximum 

when the magnetic moments of the two FM layers are in P state and minimum in AP 

state. Unlike GMR effect in which the resistance of the leads is usually comparable to 

the resistance of the spin valve, the resistance of the FM/insulator/FM structure can be 

a dominating factor in the material resistance. Therefore, the amplitude of TMR effect, 

defined as (RAP-RP)/RP, can be much larger than the GMR. 

 

 

Figure 1.3 Giant TMR in (a) CoFe/MgO/CoFe and (b) Fe/MgO/Fe MTJs. Figure reprinted from 

Ref. [18,19]. 
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TMR effect was first discovered in 1975 by Julliere in Fe/GeO/Co magnetic tunnel 

junctions (MTJ) [20]. The TMR ratio was given by 2PP’/(1+PP’), where P and P’ are 

the spin polarizations of two FM layers. Giant TMR was first predicted in theory in 

2001 in a MgO based MTJ [21], and later realized by Parkin et al. [19] and Yuasa et 

al. [18] in 2004 with a TMR value as high as 200% (shown in Fig.1.3). In 2008, TMR 

ratio ~ 600% at room temperature and ~1000% at cryogenic temperature was reported 

by Ikeda et al. in CoFeB/MgO/CoFeB MTJ after proper annealing process [22]. The 

high TMR ratio in CoFeB/MgO/CoFeB trilayers made it an ideal candidate as 

nonvolatile storage cell in commercial MRAM devices.  

 

1.2  Spin transfer torque 

 

From above discussion we can see that the transport property of spin polarized 

electrons in TMR and GMR devices is influenced by the magnetic moments of FM 

layers. The reverse mechanism, i.e., control of magnetic moment by electrons, can also 

happen via transfer of angular momentum from spin-polarized electrons to local 

magnetization of FM layer. Imagine a spin-polarized current flows into a ferromagnet 

whose magnetic moment is not collinear with the spin direction. As the ferromagnet acts 

as a spin filter, the transmitted conduction electrons will have their spin aligned parallel 

with local magnetic moment while the reflected electrons will have their spin aligned 

antiparallel with magnetization. During this filtering process, conduction electrons will 

lose the transverse component of their spin angular momentum. Because of the 

conservation of angular momentum, the ferromagnet will absorb the transverse 
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component of spin angular momentum that is carried by the electrons, as shown in Fig. 

1.4. Since the change of angular momentum per unit time has the same unit with torque, 

people call this torque “spin transfer torque” (STT).  

 

 

Figure 1.4 Illustration of spin transfer torque. 

 

STT was first predicted by Slonczewski [5] and Berger [6] independently in 1996. 

In the paper, Slonczewski predicted that current flowing perpendicular to the plane can 

induce two different types of behaviors: either simple magnetic switching or dynamic 

precession of magnetization. Experimental observation of magnetization switching via 

STT was first carried out in magnetic stacks with point contact [9] and nanopillar 

geometry shortly thereafter [10]. The direct electrical measurement of persistent 

oscillation of magnetization driven by STT was done in spin valve system [23]. 

The motion of the magnetization under STT can be described by incorporating this 

(anti) damping-like torque into the Landau-Lifshitz-Gilbert (LLG) equation: 
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Figure 1.5 Illustration of damping and spin transfer torque. Figure reprinted from Ref. [24]. 

 

 
0

ˆ ˆ
ˆ ˆ ˆ ˆ ˆ( )

2
eff s

s

dm dm
m H m J m m

dt dt e M t
   


         (1.2) 

where effH   is the total effective field including the applied external field and the 

anisotropy field, γ is the gyromagnetic ratio, α is the Gilbert damping constant, Ms is the 

saturation magnetization, Js is the spin current density in the FM layer, t is the thickness 

of FM layer. The first term on the right-hand side represents the torque exerted by the 

effective field to make the magnetization precess around the effective field direction. 

The second term is the damping term which tends to drag magnetization towards field 

direction. The third term corresponds to the STT term which is either damping like 

torque or anti-damping like torque depending on the current flow direction. This picture 

is illustrated in Fig. 1.5. 
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Figure 1.6 Simulations of STT driven dynamics for the magnetization. Figure adapted from 

Ref. [24]. 

 

Based on the LLG equation of motion, we can get a qualitative analysis of the 

magnetic moment. When a sufficiently large current is applied and the direction of the 

STT is opposite to the damping torque, the derivation of m will be driven from 

equilibrium. The dynamics of m after this point can fall into two categories under the 

macrospin approximation. One possibility is that m achieves a dynamical equilibrium 

eventually, precessing around the mfixed with larger angle. This could happen when the 

damping torque increases more rapidly than the STT. The second possibility is that the 

precession angle increases until it reaches 180°, thereby achieving switching with m 

aligned antiparallel to mfixed. Simulations of the above two cases are shown in Fig. 1.6, 

with the magnetic easy axes along x̂ direction. 
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CHAPTER 2  

SPIN HALL EFFECT IN METALS 

 

2.1  Introduction 

 

Although the theoretical prediction dates back to as early as 1971 [25], the term 

“spin Hall effect” (SHE) was first coined by J. E. Hirsch [26] more than 20 years later. 

In the SHE, a charge current passing through a material with strong spin-orbit 

interaction can generate a transverse spin-polarized current. The reciprocal phenomenon, 

i.e. a spin-polarized current induces a transverse charge current, is called the inverse 

SHE (ISHE). A more detailed description in the presence of spin diffusion was proposed 

in 2000 by S. Zhang [27]. The above predictions are based on spin-dependent scattering 

and therefore be called the extrinsic SHE. The intrinsic SHE based on linear response 

microscopic theories was predicted by Murakami et al. [28] and Sinova et al. [29] 

shortly afterwards. The magnitude of the SHE is described by the spin Hall angle which 

is the ratio between spin current density ( / 2) /sJ e   and charge current density eJ  : 

/SH s eJ J  . Similarly, the magnitude of ISHE is given by the same spin Hall angle 

based on the Onsager reciprocal relations. 

 

2.2  Mechanisms of the SHE 

 

The SHE borrows its concept from a well-recognized phenomenon anomalous Hall 

effect (AHE) where the Hall resistivity of ferromagnetic materials includes an additional 
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term which depends on the magnetization. All these three spin-dependent Hall effects 

(AHE, SHE, ISHE) share the same microscopic mechanisms. These mechanisms were 

first identified in the AHE [30]. The extension to SHE and ISHE requires the coupling 

of spin-current generating mechanisms to spin-charge drift-diffusion transport 

equations [31]. 

 

 

Figure 2.1 Main mechanisms of SHE and AHE. Figure reprinted from Ref. [30] 

 

The AHE can be either an extrinsic (disorder-related) effect due to spin-dependent 

scattering of the charge carriers, or an intrinsic effect which can be described in terms 

of the Berry phase effect in the crystal momentum space (k-space). A natural way to 

distinguish them is based on the Bloch state transport lifetime τ. In the theory, the 

anomalous or spin Hall conductivity σxy can be separated into contributions proportional 
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to τ1 or τ0. In experiment, a similar classification is achieved by plotting σxy vs σxx, where 

σxx  τ. This partitioning gives us two contributions, one  τ1 and one  τ0. The first 

contribution is defined as skew-scattering mechanism 
skew scattering

xy 
 whereas the second 

can be further separated into two parts: intrinsic and side jump. The total anomalous or 

spin Hall conductivity can thus be defined as the sum of all three mechanisms, 

intHall skew scattering side jump

xx xy xy xy       . All the three different mechanisms of the AHE and 

SHE are schematically summarized in Fig. 2.1.. 

2.2.1 Intrinsic mechanism 

In the context of AHE, intrinsic mechanism was first identified by Karplus and 

Luttinger (KL) in 1954, suggesting that the AHE was originated from spin-orbit 

interaction in the material  [32]. KL showed that when applying an external electric field, 

electrons acquire an anomalous velocity which is perpendicular to the external electric 

field. The sum of the anomalous velocity over all occupied band structure is nonzero 

and therefore contributes an additional term to the Hall conductivity. Because this 

contribution depends only on the band structure, it has been defined as the intrinsic 

mechanism of AHE. The relation between AHE and Berry-phase curvature in 

momentum space was established by Jungwirth et al. [33] and Onoda et al. [34] in 2002. 

Its connection to the SHE was identified by Murakami, et al. [28] and Sinova et al. [29]. 
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Figure 2.2 First-principles calculation for intrinsic SHC in some 4d and 5d transition metals. γ 

is the quasiparticle damping rate. Pt shows the largest SHC for γ=0.02 while W takes the largest 

SHC for γ=0.2. Figure reproduced from Ref. [37]. 

 

The intrinsic mechanism seems to be the dominant contribution of SHE and AHE 

in materials with strong spin-orbit coupling. This intrinsic contribution can be accurately 

evaluated by first-principles calculations. Intrinsic spin Hall conductivity (SHC) of Pt 

is studied by Guo et al. [35] using this method. The SHC can be as large as ~200 (ħ/e) 

(Ω cm)-1 at room temperature and this intrinsic contribution explained the large SHE 

observed experimentally [36]. The intrinsic SHC in other 4d and 5d metals is calculated 

based on the tight-binding model [37], as illustrated in Fig. 2.2. Note that the SHC 

changes its sign at n=7 and 8, which is consistent from experimental observation. More 

recent studies on various nonmagnetic hcp metals and antiferromagnetic Cr showed an 

anisotropy of the intrinsic SHC [38], as shown in Fig. 2.3. 
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Figure 2.3 SHC 𝜎𝑦𝑧
𝑥  and 𝜎𝑥𝑦

𝑧  for some hcp metals and Cr. Figure reprinted from Ref. [38]. 

 

2.2.2 Skew scattering mechanism 

Skew scattering contribution is clearly defined as the one proportional to the Bloch 

state transport lifetime 𝜏  and therefore the dominant mechanism in nearly perfect 

crystals. It is due to the chiral scattering in the presence of spin-orbit coupling. Skew 

scattering was first identified by Smit in FMs [39,40]. Smit pointed out that when 

calculating the Hall conductivity, microscopic detailed balance failed and therefore the 

transition probability 𝑊𝑛→𝑚 between states n and m is not equal to 𝑊𝑚→𝑛 any more. The 

skew scattering contribution to the transition probability first appears at third order, 

which can be represented by an asymmetric part as 

 
1A

A sW     '

'

kk
k k M  (2.1) 

When this term is included in the Boltzmann equation, it generates a current 

perpendicular to both E and Ms. 

Recent studies of skew scattering in dilute ferromagnetic alloys using ab-initio 
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calculations showed that skew-scattering contribution to the spin Hall angle in alloys 

based on Pd, Pt, and Au can be a fraction of a percent [41]. Using the Boltzmann 

approach, Long et al. calculated the spin Hall angle due to the skew scattering off self-

adatom defects in 5d transition metal as well as in Au and Cu [42], and found that the 

spin Hall angle depends strongly on film thickness and orientation. 

 

2.2.3 Side-jump mechanism 

Having defined the intrinsic and skew-scattering contributions, the side-jump 

contribution is defined as  

 
intside jump Hall skew scattering

xy xx xy xy        (2.2) 

i.e., the difference between total Hall conductivity and the sum of intrinsic and skew-

scattering contributions. This definition has been controversial for a long time since not 

all the other contributions except intrinsic and skew-scattering can be simply identified 

as side-jump process. 

The semiclassical argument of the side-jump mechanism is to consider a Gaussian 

wave packet, when scattered by a spherical impurity with spin-orbit interaction

2 2 -1(1/ 2 )( / )SO z zH m c r V r S L      , gains a transverse shift for the incident wave 

vector which equals to 2 2 21/ 6 /k m c . This contribution was first identified by Smit [40] 

in 1958 and re-introduced by Berger [43] in 1964. The separation from intrinsic 

contribution cannot be done by DC measurement since they have the same dependence 

on 𝜏0. However, we can define the intrinsic contribution as the dc limit of the interband 

Hall conductivity in the limit of 𝜏 →  . This then leaves the contribution from side-
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jump.  

When calculating the side jump in systems with weak spin-orbit coupling, the only 

source to be taken into account is the spin-orbit interaction of the disorder scattering 

potential. However, in systems with strong spin-orbit coupling, there are two 

independent sources: intrinsic and extrinsic side-jump. Intrinsic side-jump stems from 

the spin-orbit coupled part of the wave packet scattering off the potential without spin-

orbit coupling, while extrinsic side-jump arises from non-spin-orbit coupled part of the 

wave packet scattering off the scalar potential with spin-orbit coupling. In heavy metals 

such as Pt and Ta, the contribution from intrinsic side-jump is believed to be very large. 

 

2.3  Experimental evidence of the spin Hall effect 

 

In the original work by Dyakonov and Perel [25], several experimental schemes to 

detect SHE were proposed. However, due to the lack of direct electrical signals, first 

experimental observation of SHE was done until 2004 by Kato et al. [44] using Kerr 

magneto-optical microscopy in semiconductors. Electrical measurement of the SHE 

was demonstrated by Valenzuela and Tinkham in 2006 [45], utilizing the ISHE in 

metallic systems. Following these initial experimental studies, many different 

techniques have been employed to study the spin Hall phenomena. However, the 

understanding of the experiments is still incomplete, especially when quantifying the 

spin Hall angle using different techniques. In this section I will review two major 

techniques to study the SHE: nonlocal spin transport and magnetization dynamics.  
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2.3.1 Nonlocal spin transport 

Johnson and Silsbec reported the spin injection and detection using a device 

consisting of a NM and two FM electrodes in 1985 [2]. In the device, spin-polarized 

electrons are injected from the first FM electrode into NM and results spin accumulation. 

The spin accumulation diffuses into the second FM detector which measures the locally 

induced voltage. It is a nonlocal measurement since there is no current towards the FM 

detector. This method allows sensitive measurement of very small signals, and has been 

widely used to study spin transport in various materials and structures. 

Using the nonlocal spin detection technique, Valenzuela and Tinkham measured 

the spin Hall conductivity of Al in 2006 [45]. As shown in Fig. 2.4(a), Al Hall cross is 

in contact with two CoFe electrodes. Current was injected from FM1 into Al and flows 

towards FM2 (Fig. 2.4(b)). The ISHE induces a voltage at FM2 and from which the spin 

Hall angle is determined to be (1-3) × 10-4 for Al. However, this approach is only 

suitable for materials with a long spin diffusion length.  

 

Figure 2.4 (a) Atomic force microscope image of the device fabricated with Al channel (dark 

color) and two CoFe electrodes (light color). (b) Spin Hall resistance RSH versus perpendicular 

field. Figure adapted from [45]. 
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To measure metals with short spin diffusion length, Kimura et al. proposed a 

modified device setup in 2007 [36], as shown in Fig 2.5(a). The device comprises a Hall 

cross where the transverse Pt arm acts as a spin current absorber whereas the 

longitudinal arm is made of Cu for its long spin diffusion length. Instead of flowing a 

lateral spin current, the spin current is vertical to the film plane. Both ISHE and direct 

SHE signals can be measured with this setup. The way to measure the SHE is shown in 

Fig. 2.5(b). Pt acts as a spin current source due to the SHE. The induced spin 

accumulation in Cu can be detected by the Py electrode due to the imbalance of the 

electrochemical potential on opposite sides of the interface. In the ISHE case, as shown 

in Fig. 2.5(c), spin current is injected from Py to Cu and diffuses into Pt wire. The 

generated transverse voltage via ISHE is measured. The spin Hall angle, obtained from 

both of the above configurations, was determined to be 0.0037, which is consistent with 

the Onsager reciprocal relation. 

 

 

Figure 2.5 (a) Schematic illustration of the nonlocal device to measure the direct SHE and ISHE. 

(b) The change of spin Hall resistance versus the applied field. (c) Spin accumulation signal 

with respect to the applied in-plane field. Figure adapted from Ref. [36]. 
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However, the spin absorption technique suffers from the shunting issue [46] which 

will lead to an underestimation of the spin Hall angle. Over the past few years, great 

efforts have been made to get more reliable interpretations of the experimental 

results [47,48]. This technique has been utilized to estimate the spin Hall angle and spin 

diffusion length in a number of transition metals [49] and alloys [48,50]. 

 

2.3.2 Magnetization dynamics 

When SHE is studied by magnetization dynamics, three different types of methods 

based on ferromagnetic resonance (FMR) are often employed: spin pumping (SP), 

modulation of damping (MOD) and spin-torque ferromagnetic resonance (ST-FMR). 

In SP-FMR, a pure spin current is injected from FM into NM due to SP operated by 

FMR and converted to a DC signal by ISHE. This method was first demonstrated by 

Saitoh et al. in 2006 [51]. In their experimental setup, Py/Pt bilayer film was placed into 

a microwave cavity. When the applied external field and the excitation RF field satisfy 

the Kittel formula, spin current can be injected into Pt layer and measured with ISHE. 

MOD experiment is essentially the inverse of SP-FMR. It was first proposed by Ando 

et al. in 2008 [52]. A DC current was applied onto the Py/Pt bilayer sample. The SHE 

of Pt will generate a STT on the precessing magnetization of adjacent Py layer and act 

as either damping torque or anti-damping torque depending on the direction of injected 

spins. Analysis of the linewidth of FMR peaks allows the extraction of the spin Hall 

angle. 
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Figure 2.6 (a) Experimental setup for the ST-FMR measurement. (b) ST-FMR signal on a 

Py(6)/Pt(4) sample. 

 

Finally, a third type of FMR techniques was developed by Liu et al. to access the 

spin Hall angle experimentally [53]. As shown in Fig. 2.6, an RF current was applied in 

the Py/Pt film plane. An oscillating spin current is injected into Py due to the SHE of Pt 

and exerts an oscillating STT on the magnetization of Py. The precession of 

magnetization leads to an oscillatory AMR and in turn leads to an oscillation of sample 

resistance. This oscillating resistance mixes with the RF current and yields a DC voltage 

signal which can be measured by a bias tee. The output signal consists of a symmetric 

Lorentzian peak and an anti-symmetric peak. From the ratio of the two parts, the spin 

Hall angle can be estimated. Compared with other techniques, ST-FMR measurement 

does not require complicated calibration of the system, and the estimation of SHE is 

more straightforward.   
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CHAPTER 3 

GIANT SPIN HALL EFFECT INDUCED BY HAFNIUM IMPURITIES IN 

PLATINUM 

 

3.1  Spin Hall effect in Alloys 

 

A series of pioneering work to this topic was performed in 1970s when Fert et al. 

first studied the AHE in metals doped with magnetic impurities (the dilute Kondo 

system) [54]. In this kind of system, the AHE current is proportional to M induced by 

an external field H, as is the case in high-purity ferromangets. However, time-reversal 

invariance is spontaneously broken in the system when H=0, which is different from the 

case in pure ferromagnets. Fert et al. argued that this behavior is due to the resonant 

skew scattering on magnetic impurity levels. The prototypical model is to consider spin-

up and spin-down virtual bound states near the Fermi level, as shown in Fig. 3.1. A spin-

up electron occupies the bound state below Fermi level, while a spin-down electron is 

raised above the Fermi level by the repulsion energy. This is because of the spin-orbit 

coupling which will split the magnetic 3d levels and the corresponding virtual bound 

states. Using this model, the linear dependence of AHE on impurity concentration, as 

well as the observed Hall angle (~10-2) can be satisfactorily explained. Thereafter, the 

skew scattering by rare-earth impurities in Ag, Au and Al was also studied [55]. Some 

more interesting results were presented by Fert et al. in 1981 [56]. They tested the CuMn 

and CuMnT ternary systems where T is a non-magnetic impurity such as Lu, Ta, and Ir. 

They found that there is no skew scattering in CuMn and only ordinary Hall effect is 
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present. However, after adding non-magnetic impurities with strong spin-orbit coupling, 

large Hall angles can be obtained and has been ascribed to the skew scattering on 5d 

impurity states split by spin-orbit interaction.  

 

 

Fig. 3.1 Splitting of virtual bound state by spin-orbit coupling for a magnetic impurity. Figure 

reprinted from Ref. [54]. 

 

In 2008, large SHE has been reported in perpendicularly spin-polarized FePt/Au 

system with the spin Hall angle equaling 11.3% [57]. The author concluded that the 

large spin Hall angle in Au is attributed to the skew scattering mechanism and the well-

matched spin resistances. Subsequent theoretical works using first-principle calculation 

and quantum Monte Carlo simulation showed that the this gigantic SHE in Au is due to 

resonant skew scattering due to spin-orbit interaction of Fe impurities in Au host 

metal [58,59]. Experimentally, the effect of doping Fe in Au was also investigated and 

in good agreement with theory [60]. The group also studied the SHE in Pt-doped Au 

films with different thicknesses [61]. The spin Hall angle for a 10nm thick sample is 
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12%, which is much larger than for the 20nm sample (0.8%). This indicates that surface 

or interface played a vital role on SHE. Combined ab-initio and quantum Monte Carlo 

calculations showed that skew scattering by Pt is the dominant contribution. 

In 2010, Gradhand et al. performed the ab initio studies of the large SHE caused 

by skew scattering in dilute Cu, Au and Pt based alloys [62,63]. More complete 

calculations, taking both intrinsic and extrinsic mechanisms into account, were 

performed later on [64,65]. The prediction was confirmed shortly thereafter by Niimi et 

al. for CuIr [48] and CuBi [50] in a lateral spin valve structure. In dilute alloy regime, 

the characteristic spin Hall angle of the skew scattering, obtained by dividing ρSHE by 

ρimp, is -0.24 for CuBi and 0.023 for CuIr using a 3D finite element treatment of the spin 

transport equations. The values are independent of impurity concentration and 

temperature, and thus the evidence of skew scattering, as shown in Figure 4.1. The 

global spin Hall angle of CuBi is -0.11. The large spin Hall angle in CuBi is consistent 

with the ab initio calculation [63], but the signs are opposite. This discrepancy was 

discussed extensively in theory [66–68], and concluded with different definitions of the 

spin Hall angle. Namely, the spin Hall angle defined by the ratio of transverse and 

longitudinal resistivities is of opposite sign to the spin Hall angle defined by transverse 

and longitudinal conductivities. As for CuIr, the SHE has been employed for 

magnetization switching in a three terminal magnetic tunnel junction [69]. Moreover, 

the sign change of spin Hall angle in CuIr between theory [66] and experiment [48] 

using consistent definition was explained by considering the local electron correlation 

in 5d orbitals of Ir [70].  
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Figure 3.2 Spin Hall resistivity ρSHE as a function of impurity resistivity ρimp. The slope of line 

gives the spin Hall angle. (a) For CuBi, the deviation from linearity from 1% and above shows 

the departure from dilute regime, which is consistent with the deviation from linearity of 

resistivity induced by impurity, i.e., ρimp = ρCuBi−ρCu with the Bi concentration, as shown in the 

inset. (b) The same plot for CuIr. As comparison, the dilute regime is extended up to Ir 

concentration of 12%. Figure reprinted from Ref. [50].  

 

The SHE in AgBi, CuPb [71] and AuW [72] have also been measured with lateral 

spin valve structures. Very recently, skew scattering off dilute ferromagnetic [41] and 

self-adatom impurities [42] based on ab initio method and Boltzmann equation have 

yielded contribution to the spin Hall angle of ~1%. Table 3.1 summarizes experimental 

measurements of the SHE in different alloys. 
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 T[K] αSH(%) Comment Ref. 

AuFe 295 7±3 NL (0.95% Fe)  [60] 

AuPt 295 12±4 NL (1.4% Pt, 10nm thick)  [61] 

AuW 

11, 

295 

10 NL (7% W)  [72] 

CuMnxTy - 

Lu(−1.2), Ta(0.7), Ir(2.6), 

Au(1.35), Sb(1.15) 

x~1.2-2.2×10-4, T=Ir, Ta, Lu, 

Au, Sb, y~1-20×10-4. 

A factor of 2 in the definition of 

αSH [65]. 

 [56] 

CuIr 10 2.1±0.6 NL (Ir from 0 to 12%)  [48] 

CuBi 10 −24±9 NL (Bi from 0 to 1%)  [50] 

CuPb 10 −13±3 NL (0.5% Pb)  [71] 

AgBi 10 −2.3±0.6 NL (1% Bi)  [71] 

Table 3.1 Experimental measurement of spin Hall angles and related parameters in alloys. 

NL=nonlocal. Metal in bold represents the host material. 

 

3.2  Harmonic Hall voltage measurement 

 

Harmonic Hall voltage measurement is a technique to evaluate the size and 

direction of current-induced torques/effective fields in magnetic heterostructures [73–

77]. A schematic illustration of a typical experimental setup is shown in Fig. 3.3. An AC 

current with frequency ω is sent into the Hall cross structure under an in-plane magnetic 

field, and the transverse voltage is measured. If we neglect the ordinary Hall effect 

which is much smaller than anomalous Hall effect and planar Hall effect in 
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ferromagnetic materials, the total resistance can be written as  

 
2cos sin sin 2H AHE PHER R R      (3.1) 

where 𝑅𝐴𝐻𝐸 and 𝑅𝑃𝐻𝐸  are the anomalous and planar Hall resistances (coefficients), θ 

and φ are the polar and azimuthal angle of the magnetization, respectively, as defined 

in Fig. 3.3. With the input current 𝐼 = 𝐼0𝑠𝑖𝑛𝜔𝑡, the Hall voltage is simply the product 

of I and RH: 

 
2

0 0cos sin sin sin 2 sinH AHE PHEV R I t R I t        (3.2) 

Due to the modulation of the effective field induced by injected AC current, the 

magnetization will oscillate around the equilibrium position 0 0( , )   . Therefore, the 

resistance RH will have the same frequency ω and can be expanded to first order as 

 

0 0

0 0 0

,

( , ) sin H
H H

dR
R R I t

dI  

      (3.3) 

With some simple algebra, the Hall voltage is 

 
0 2sin cos 2H H H HV V V t V t       (3.4) 

where the first and second harmonic Hall voltage components are given by 

 0 0 0( , )H HV I R    (3.5) 

and 

 

0 0

2
2 0

,

.
2

H
H

I dR
V

dI



 

   (3.6) 

Therefore, the first and second harmonic Hall resistance will be 

 
2

0 0 0 0 0( , ) cos sin sin 2H H AHE PHER R R R         (3.7) 
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Figure 3.3 Illustration of coordinate system for harmonic Hall voltage measurement. Figure 

reproduced from Ref. [75]. 
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(3.8) 

𝑅𝐻
𝜔 is the conventional Hall resistance, whereas 𝑅𝐻

2𝜔 can be further expressed in terms 

of the current-induced effective field.  

Notice that 

 
cos cos cos cos

,ext

ext

dB dBd d d d
b b

dI dB dI dB dB dB


 

  

   
      (3.9) 

 
sin 2 sin 2 sin 2

2cos 2 .
dBd d d d

b b
dI dB dI dB dB



 

  

   
     (3.10) 

where 𝐵𝜃  and  𝐵𝜑  represent the polar and azimuthal component of current-induced 

effective field, 𝑏𝜃 and 𝑏𝜑 their derivative with respect to the current. Also, we can derive 



  28 

the equations for small deviation of effective field 𝑑𝐵𝜃, 𝑑𝐵𝜑  from the equilibrium 

condition, 

  0sin ,B extdB dB     (3.11) 

 sin .ext BdB B d    (3.12) 

Thus, Eqn. (3.9) and (3.10) can be rewritten as 

 
 0

cos cos
,

sin B ext

bd d

dI dB

 

 
 


 (3.13) 
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  (3.14) 

Substitute into the expression for the second harmonic Hall resistance, we get  

 
2 20
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cos cos 2
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2 sin sin
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(3.15)    

Now let us consider the simple case where the system has a good perpendicular 

magnetic anisotropy (PMA), and the sweeping magnetic field is either along 

longitudinal or transverse direction. The first harmonic Hall resistance  𝑅𝐻
𝜔 =

𝑅𝐴𝐻𝐸𝑐𝑜𝑠𝜃0 for both φ = 0 and φ =
𝜋

2
. This gives that 𝑑𝑅𝐻

𝜔 = 𝑅𝐴𝐻𝐸𝑑𝑐𝑜𝑠𝜃0. We assume 

that the equilibrium magnetization does not deviate from z axis too much (𝜃0 ≪ 1). 

Therefore, 

 0 0sin extB

K
    (3.16) 
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0

1
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2

extB

K
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2

2 2

H A

ext

d R R

dB K



   (3.18) 

Using above relations, we have 

 

2 2 2
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where γ ≡ 𝑅𝑃𝐻𝐸/𝑅𝐴𝐻𝐸. In Cartesian coordinate, we define 
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Therefore, 
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When the planar Hall effect is negligible, i.e. γ ≪ 1. The current induced longitudinal 

field ∆𝐻𝐿 = 𝐵𝑥 and transverse field ∆𝐻𝑇 = 𝐵𝑦 can be written as 
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where 𝐻𝑇 nd 𝐻𝐿 represent the applied sweeping field along transverse and longitudinal 

directions, respectively. Therefore, after getting the first and second harmonic Hall 

voltage, the current induced effective field can be readily evaluated. A more detailed 

analysis for both out-of-plane and in-plane magnetized systems are presented in 

Ref. [76]. 

 

3.3  Spin Hall effect of PtHf alloy 

 

As discussed in Sect. 3.1, the gigantic spin Hall effect in alloys has received much 

attention from scientific community because it allows better control of spin Hall angle 

by changing the combination of host and impurity materials as well as tuning the 

impurity concentration. Previous experimental studies mainly focused on doping metals 

with strong spin-orbit coupling into materials without a significant 

SHE [48,50,57,61,71,72]. On the other hand, Pt has been the most commonly studied 

spin Hall metal for its large spin Hall angle and low resistivity [35–37,47,78]. Here we 

demonstrate that the spin Hall effect in Pt can be further enhanced by doping with Hf 

impurities. 

Thin films of Ta(1)/Pt1-xHfx(4)/Co(t)/MgO(2)/Ta(1) (thickness in nm) are sputtered 

onto thermally oxidized silicon wafers in the AJA sputter system at a base pressure of ~ 

10-8 Torr. The Ta and Co layers are prepared by DC sputtering at 30 watts, while MgO 

layer is prepared by RF sputtering at 100 watts with a deposition rate of ~0.004 nm/s. 

The Pt1-xHfx alloy layer is grown by magnetron co-sputtering with x equals 0%, 2.5%, 

5%, 7.5% and 10% (in mass), respectively. The Co layer is grown on wedge structure 



  31 

with thickness ranging from 0.5-1.3 nm. All the as-deposited samples presented in this 

section has a PMA at the Co/MgO interface. 

The resistivity of the PtHf alloy is estimated by a parallel circuit model. We assume 

that the resistivity of Co to be 60μΩ·cm, and the MgO and (oxidized) Ta capping layers 

are insulating. We also neglect the 1nm Ta seeding layer because of the high resistivity 

and thin thickness (strong interfacial scattering) of Ta. By measuring the total resistance 

of the device, we can estimate the resistivity of PtHf. The resistivity of the PtHf alloy 

with respect to the Hf concentration is shown in Fig. 3.4. It clearly shows that the 

resistivity of alloy increases with the Hf concentration because of the increased 

scattering off Hf impurities. We assume each resistivity value has a relative error of 10%, 

which comes from the uncertainty of thickness during sputtering and fabrication process. 

 

 

Figure 3.4 Resistivity of PtHf alloy as a function of Hf concentration. 
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Figure 3.5 (a) Optical micrograph of the Hall bar. The width and length of the device are 5 μm 

and 60 μm, respectively. The scale bar is 10 μm. (b) Hall resistance loop with an external 

magnetic field normal to sample plane H⊥. (c) (d) First and (e) (f) second harmonic signals with 

longitudinal (c), (e) and transverse (d), (f) sweeping field. Signals taken from the 

Ta(1)/Pt97.5Hf2.5(4)/Co(0.8)/MgO(2)/Ta(1) sample. 
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The saturation magnetization Ms of the samples was taken from Pai et al. [79] using 

superconducting quantum interference device (SQUID) magnetometry. By fitting the 

FM layer thickness dependence of magnetization, the as-deposited Co has 𝑀𝑠 =

1084 ± 50 emu/cm3 and a magnetic dead layer of 𝑡𝐷 = 0.26 ± 0.04 nm. 

We used harmonic Hall voltage measurement introduced in Sect. 3.2 to quantify 

the spin Hall torques. The films are patterned by photolithography and Ar ion-milling 

into 5 μm × 60 μm Hall bars, as shown in Fig. 3.5(a). By applying a small AC current 

as well as an in-plane magnetic field parallel or perpendicular to the current direction, 

we excite the oscillation of the magnetization of Co. The planar Hall effect in the 

samples are very small because of the strong PMA (usually ~500 Oe, as shown in Fig. 

3.5(b)). The anomalous Hall resistance, which represents the z-component of the 

magnetization, has a signal modulated with the same frequency as the current. Therefore, 

the Hall voltage, which is the product of the current and the anomalous Hall resistance, 

has both first and second harmonic components that can be measured by lock-in 

technique separately. By fitting the data using Eqn. (3.25) and (3.26) we are able to 

extract the current induced effective fields/torques. 

One typical Hall resistance hysteresis loop for sample Ta(1)/Pt97.5Hf2.5(4)/ 

Co(0.8)/MgO(2)/Ta(1) is shown in Fig. 3.5(b), and the first and second harmonic Hall 

voltage signals with both longitudinal and transverse sweeping fields is shown in Fig. 

1(c-f). From the first harmonic signal we are able to extrapolate the anisotropy field 

using the formula 𝑉𝜔 = ∆𝑉𝐴𝐻𝐸[1 − 0.5(𝐻𝐿(𝑇)/𝐻𝑎𝑛)]2 [74], as shown in Fig. 3.5. Here 

we pick the thickness of Co to be 0.8 nm. The anisotropy field has a peak value for 

sample with Pt99Hf1 as the normal metal layer. After the peak value at 1%, the anisotropy 
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field decreases with increasing Hf concentration. 

 

Figure 3.6 Hf concentration dependence of the anisotropy field. 

 

The linear dependence of second harmonic Hall voltage V2ω with respect to the 

applied longitudinal and transverse field is shown in Fig. 3.5(e) and (f) respectively. The 

current-induced effective fields ∆𝐻𝐿 and ∆𝐻𝑇 as a function of the Hf concentration, are 

shown in Figure 3.6(a). The longitudinal effective field has a strong dependence on the 

Hf concentration while the transverse effective field nearly keeps constant. This 

different trends is an evidence of different origins of the two fields. If the longitudinal 

effective field  ∆𝐻𝐿  corresponds to a (anti) damping-like torque and the transverse 

effective field ∆𝐻𝑇 corresponds to a field-like torque exerted on the magnetization of 

Co by the spin current generated from the SHE from PtHf alloy, the damping-like spin 

torque efficiency
DL  and field-like spin torque efficiency 

FL  for the PtHf/Co interface 

can be defined as [80] 
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where 𝐽𝑒
𝑃𝑡𝐻𝑓  is the current density in the PtHf alloy layer. Recent theoretical and 

experimental work showed that if the interface is not completely transparent to the flow 

of spin current, the spin backflow will reduce the torque experienced by the adjacent 

ferromagnetic layer [79,81–83]. Therefore, the damping-like spin torque efficiency DL  

is the lower bound of the spin Hall angle 𝜃𝑆𝐻, which is the quantity to characterize the 

conversion ratio between charge and spin current in NM without adjacent FM layer. The 

damping-like (field-like) torque efficiency as a function of the Hf concentration is 

plotted in Fig. 3.7(b). The dampling-like torque efficiency for Pt/Co interface in our 

measurement is 0.10, consistent with some recent results on the same Pt/Co bilayer 

system [46,75,79,83]. After doping 1% Hf, however, the dampling-like torque 

efficiency increased from 0.10 to 0.17, which corresponds to a 70% increase. We 

attribute this sharp increase in the dilute alloy regime to the large extrinsic 

SHE [48,50,71,72]. The dampling-like torque efficiency experiences a decrease above 

1% and then increases as the Hf concentration. This is a reflection of the departure from 

the dilute impurity regime [50]. As is indicated by Pai et al. [84], Hf has a high mobility 

in NM/FM/MgO heterostructures. This may cause the inhomogeneous distribution of 

Hf in Pt above 1% concentration. More studies are required to elucidate the behavior of 

Hf in the PtHf/Co/MgO multilayer structure. It is worth noting that the limits of 

solubility are different for different host and impurity materials. 
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Figure 3.7 (a) Current-induced longitudinal and transverse effective fields as a function of the 

Hf concentration. (b) The damping-like (field-like) spin torque efficiency ( )DL FL  of PtHf alloy 

as a function of Hf concentration. The samples are Ta(1)/Pt1-xHfx(4)/ Co(0.8)/MgO(2)/Ta(1). 

 

The spin Hall conductivity 𝜎𝑆𝐻 , which is related to the spin Hall angle 𝜃𝑆𝐻  by

SH ( / 2 ) SHe   , is shown in Fig. 3.8(a). SH  has a sharp increase in the dilute regime 

(≤ 1%). After that, SH  decreases with the Hf concentration following a nearly linear 

relation. The power efficiency of the alloy, proportional to 
2 /DL PtHf  , is plotted in Fig. 

3.8(b). It is shown that 1% Hf doping can increase the power efficiency by a factor of 

128%. The power efficiency cannot be further enhanced by doping more Hf because of 

the high resistivity of alloy. 
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Figure 3.8 The spin Hall conductivity 𝜎𝑆𝐻 (a) and power efficiency 
2 /DL PtHf   as a function of 

Hf concentration. 

 

3.4  Discussion  

 

3.4.1 Discussion on the mechanisms 

In general, for intrinsic SHE, the spin Hall conductivity  𝜎𝑆𝐻  is assumed to be 

independent on the mean free path for scattering and a constant over the impurity range. 

Therefore, the spin Hall angle  𝜃𝑆𝐻  is inversely proportional to the electrical 

conductivity  σ . The extrinsic SHE, on the other hand, depends on scattering by 

impurities with a strong spin-orbit coupling. In extrinsic limit where skew scattering 

dominates, the spin Hall conductivity is largely dependent on scattering and one should 

have 𝜎𝑆𝐻~𝜎 , and therefore the spin Hall angle 𝜃𝑆𝐻  is constant. For side-jump 

contributions, 𝜎𝑆𝐻~𝜎2 if impurities are the only source of conductivity, and 𝜎𝑆𝐻~𝜎𝜎𝑖𝑚𝑝 

if σ includes an additional contribution from scattering potentials with weak spin-orbit 

coupling [48]. 

The dependence of spin Hall conductivity 𝜎𝑆𝐻 on electrical conductivity 𝜎 and 𝜎2 



  38 

is shown in Fig. 3.9 (a) and (b), respectively. The behavior can be explained with none 

of the three mechanisms. This is probably because the theories are only valid in the 

dilute regime. More studies are required in this concentration range where Hf is 

homogeneously distributed, to clarify the variation of spin Hall angle and spin Hall 

conductivity. A temperature dependence measurement of the spin Hall angle can be used 

to distinguish between skew scattering and side jump [57]. 

 

 

Figure 3.9 The spin Hall conductivity of 𝜎𝑆𝐻 as a function of (a) electrical conductivity 𝜎 and 

(b) 𝜎2.  

 

3.4.2 Results evaluated with differential resistivity 

The above results are based on the average resistivity of Co and PtHf. At the same 

time, we also measured the differential resistivity of PtHf to confirm our results. 

Differential resistivity reflects the resistivity in the middle of the cross section and hence 

is usually smaller than average resistivity because of the neglect of the interfaces with 

strong scattering. The differential resistivity of the PtHf alloy is determined by the four-

point probe technique. Two of the probes are used as current contacts are the other two 
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are used as voltage contacts. The current contacts are far away from the voltage contacts 

in order to ensure that the current flows are parallel. The distance between the two 

voltage probes is 300 μm while the widths of the bar are 10 μm, 20 μm and 30 μm, 

respectively. The samples used in the resistivity measurement are Ta(1)/Pt1-

xHfx(t)/Co(1)/Pt(1), with t = 3.5 nm, 4 nm and 4.5 nm, respectively. By measuring the 

voltage one can determine the differential resistivity of the PtHf alloy. The results are 

shown in Fig. 3.10. The result is consistent with the one evaluated with average 

resistivity. 
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Figure 3.10 Results evaluated with differential resistivity. Differential resistivity of PtHf (a), 

anisotropy field (b), transverse and longitudinal effective fields per current density (c), damping-

like spin torque efficiency (d), spin Hall conductivity (e) and power efficiency (f) as a function 

of Hf concentration.  
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