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Abstract

Topological materials, such as topological insulators (TIs), have great potential
for ultralow power spin-orbit torque (SOT) spintronic devices thanks to their giant spin
Hall effect (SHE) originated from their topological surface states (TSSs). However, the
giant spin Hall angle (fsy > 1) is limited to a few chalcogenide-based TIs with toxic
elements and low melting points, making them challenging for device integration during
the silicon Back-End-of-Line (BEOL) process. In this thesis, we have focused on a half-
Heusler alloy topological semimetal (HHA-TSM), YPtBi, and evaluated the SHE in
YPtBi, to overcome this difficulty.

In Chapters 1 and 2, we introduce the background and fundamental physics for
spin Hall and ferromagnetic materials. These fundamental phenomena, especially, the
Berry phase effects play important roles in this thesis.

In Chapter 3, we propose a generalized angle-resolved second harmonic
technique to disentangle the magneto thermoelectric effects and SOT effective fields even
in strong perpendicular magnetic anisotropy systems, which is used to precisely evaluate
the SHE in YPtBi.

In Chapter 4, we evaluate the SHE in the YPt alloy which is one of the
components of YPtBi. Although the SHE in the YPt alloy has the intrinsic contribution,
the maximum value of Osy was 0.08 despite its higher resistivity than that of Pt. This
result highlights the importance of the contribution of TSS in YPtBi to the giant SHE.

In Chapter 5, we synthesize YPtBi thin films by using co-sputtering at various
substrate temperatures. According to the X-ray diffraction and X-ray fluorescence
measurements, YPtBi thin films are stable up to 600°C which is high enough for BEOL

process. To evaluate the SHE of YPtBi, we conduct the second harmonic measurement in



CoPt/YPtBi heterostructures. By tuning the electric conductivity of YPtBi and the spin
transparency at the CoPt/YPtBi interface, we successfully realize a giant Osu up to 4.1,
which is much higher than those of each element of YPtBi or their non-topological alloys.
We find that 6sy is inversely proportional to conductivity which can be explained by the
intrinsic mechanism of the SHE. Furthermore, 6su disappears when YPtBi thickness is 4
nm, indicating that the SHE is governed by TSS, which disappears below 4 nm due to
interference of the top and bottom TSS, as well known in other TIs. We then demonstrate
SOT magnetization switching in the CoPt/YPtBi heterostructures. Thanks to the giant
SHE originated from TSS, a small threshold current density of about 1x10% A/cm? is
observed, which is one order magnitude smaller than that in heavy metals.

In Chapter 6, we evaluate the stoichiometry effect on the SHE in YPtBi. To
understand the stoichiometry effect, we investigate the SHE while changing the
composition ratio of Y/Pt from 0.5 to 1.9. We find that the Osy — conductivity relationship
is similar to that observed in samples with exact stoichiometry, indicating that the SHE in
YPtBi is robust against the change of its stoichiometry.

In Chapter 7, we investigate the SHE in YPtBi grown at low temperature.
Although we observe the giant SHE in YPtBi in Chapters 5 and 6, the growth temperature
was 600°C, which was too high for BEOL process. To realize the giant SHE even at low
temperature growth, we deposit YPtBi down to 300°C using low Ar pressure. We then
successfully obtain a giant Osu up to 8.2 by recovering the spin transparency at the
CoPt/YPtBi interface and demonstrate efficient SOT magnetization switching by ultralow
current density of ~10° A/cm? in YPtBi grown at 300°C with the Ar gas pressure of 1 Pa.

In Chapter 8, we investigate the SHE in YPtBi grown on SiO»/Si substrates. We

demonstrate high SOT performance of sputtered YPtBi films grown on SiO»/Si substrates



using buffer layers. We find that a 1 nm-thick Ta buffer layer realizes high quality YPtBi
with large Osu of 1.3 and high conductivity of 1.4x10° Q'm™, which is comparable to the
most conductive topological insulator BiSb grown on Si0O»/Si substrate.

In Chapter 9, we theoretically propose a bias-field-free spin Hall oscillator
(SHO). We find the oscillation condition with no bias-field, and derive analytical
solutions for typical parameters such as oscillation frequency, driving current, and so on,
which are useful to design bias-field-free SHOs. We also confirm that YPtBi can
effectively reduce the driving current for the proposed bias-field-free SHOs.

In chapter 10, we summarize the achievements in this thesis. Our work opens the
door to the next generation spintronic devices with YPtBi having both giant Osu and high

thermal stability.
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Chapter 1. Introduction

In this chapter, we present a brief overview of spintronics. We also explain the
concept and generation method for a spin current which plays an important role in
manipulation of magnetization in spintronic devices. After that, we explain typical
spintronic devices: a magnetoresistive random access memory, racetrack memory,
and spin torque oscillator. Finally, we introduce the motivation and outline of this

work.

1.1 Spintronics

Spintronics is one of the hottest research fields which uses both charge and spin
degrees of freedoms of electrons to realize high performance devices with unique
functionality. Electrons can transport both charge and spin with their motions.
However, the electron’s spin direction is preserved within a spin relaxation length
because it is easily affected by some phenomena such as spin orbit interactions and
magnon scattering, while the charge degree of freedom is robust against any
scattering. Here, the typical value of the spin relaxation length is ranging from few
nm to few um even in high quality crystals, and thus, it had been very challenging to
evaluate spin transports by experimental approaches.

At the end of the 20th century, researchers became able to access spin transport
phenomena thanks to the improvement of device fabrication and growth technology,
so called the nano technology. Starting with the discovery of the anisotropic
magnetoresistance (AMR) effect,’:? variety of magnetoresistances such as the tunnel
magnetoresistance (TMR) effect’ have been discovered. Especially, the discovery of

the giant magnetoresistance (GMR) effect’ made a big impact on research on spin



transport properties of conduction electrons, and then, spintronics became one of the
hottest research fields in nanotechnology. Because these effects can convert magnetic
information into an electric signal, they have been applied to sensing applications
such as magnetic sensors, magnetic heads for hard disk drives, and so on.

The conduction electron’s spin can be used for not only sensing but also
magnetization manipulation. A spin current which is a flow of electrons' spin angular
momentum can exert torque on magnetization of a magnetic layer via the
conservation of angular momentum between conduction and localized electrons.’®
After the discovery of spin current, it has been studied intensively from not only
academic but also industrial sides because spin current can manipulate magnetization
with lower power comparing with an external Oersted field. Therefore, it is expected
that the research field on spintronics can be significantly expanded by utilizing spin
current, motivated by realization of ultra-low power consumption applications, in
addition to interesting physical phenomena provided by the combination of the

charge and spin degrees of freedoms.

1.2 Generation method of spin current

The spin current is a transport phenomenon of a spin angular momentum of
conduction electrons. As mentioned in Section 1.1, conduction electrons have both
the charge and spin degree of freedoms, and thus, we can define the electron flow
with up-spin and down-spin, respectively. Under the time reversal operation, both
velocity and spin direction are flipped. Because the charge current changes the sign

under the time reversal operation, the charge current density Jc should be defined as,

JC:JT—’—Ji’



where J; and J| are the current density for up and down spins, respectively. On the
other hand, because the spin current is a quantity with the time reversal invariant, the
spin current density Js should be defined as,

Jg=J, —J|.
Here, one can see that non-zero Js with zero Jc can be realized when J; = —J). Such
a spin current with no charge current is called the pure spin current, while that with

a charge current is called the spin polarized current.

Charge current (b)

Pure spin current

\
Electron o 1 ‘

Magnetization

Charge current

Spin polarized current

Figure 1.1. Schematic illustration of spin current originated from (a) the spin
filtering effect, and (b) spin Hall effect.

The spin polarized current is generally generated by using the spin filtering effect
in ferromagnetic materials. Figure 1.1(a) shows a schematic image of the spin
filtering effect.” When a charge current is injected into a ferromagnetic material,
some conduction electrons pass through the interface of the ferromagnetic material
and the others are reflected on there. Here, the reflection probability depends on the
relative direction between the spin direction of conduction electrons and

magnetization in the ferromagnetic material. Because a conduction electron’s spin



parallel to the majority spin in the ferromagnetic material has a higher transmittance,
the current passing through the ferromagnetic material becomes spin polarized along
the magnetization direction. The charge-to-spin conversion efficiency is determined

by the spin polarization P, and Js is given by,

h
Jg=—PJ
S 26 C»

where 7 is the Dirac constant and e is the electron charge. This mechanism is utilized
to generate the spin transfer torque (STT),”® and widely used for magnetization
manipulation in commercial magnetoresistive random access memory (MRAM).®
However, the spin filtering effect requires a large charge current because P is
typically 0.6 ~ 0.7 and cannot exceed unity, leading to high power consumption for
magnetization manipulation, low bit density due to large size of drive transistors, and
risk of device breakdown.

On the other hand, the pure spin current can be generated by using the spin Hall
effect (SHE) in non-magnetic materials.’ Figure 1.1(b) shows a schematic image of
the SHE. When a charge current is injected into a non-magnetic material, conduction
electrons are deflected by an effective field originated from the spin orbit interaction,
and get an anomalous velocity depending on their spin direction. Here, the
relationship between the spin angular momentum &, wavenumber vector for the
charge current k, and that for the bending direction &’ is given by,’

oxkxk,
which means that the pure spin current generated by the SHE is orthogonal to the
charge current. When a ferromagnetic layer is attached to a non-magnetic layer, the
spin accumulated on the interface caused by the SHE diffuses into the adjacent

ferromagnetic layer and generates a spin orbit torque (SOT).'%!!



The strength of the SHE is denoted by a spin Hall angle Osu, which defines the

relationship between Js and Jc as,

h
JS - %QSHJC'

Because the spin and charge currents are orthogonal to each other, one can obtain the

relationship between the spin current /s and the charge current /c,

h S,
Is = %QSHS_(SJ

Ic,
where Ss and Sc are the cross-sectional area for the spin and charge currents,
respectively. In generally, Ss is the contact area between the non-magnetic material
and adjacent ferromagnetic layers, and Sc is the cross-sectional area of the non-
magnetic material, and thus the structure factor Ss/Sc is typically 5 ~ 10 in spintronic
applications. This structure factor makes it easier to reduce the drive current than that
in the case of the spin filtering effect whose spin and charge current directions are
same. This is one of the reasons why the pure spin current generated by the SHE has
attracted much attention for low power consumption spintronic devices in recent
years.

To improve the charge-to-spin conversion efficiency in the SHE, it is essential
to explore spin Hall materials with large fsu. Because the SHE is originated from the
spin orbit interaction, large sy has been reported in materials with strong spin orbit

1822 35 shown

interaction such as heavy metals (HMs)'*!” and topological materials,
in Figure 1.2. From the viewpoint of the charge-to-spin conversion efficiency
including the structure factor, Gsy of ~ 0.1 in HMs corresponds to a similar or slightly

higher value than P, whereas fsu > 1 in topological materials is 1 ~ 2 orders

magnitude higher than that. Therefore, fsu ~ 1 is a critical value for spintronic



applications with low power consumption, high bit density, and high endurance.
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Figure 1.2. Benchmark of spin Hall angle in heavy metals and topological

materials at room temperature.'???

1.3 Spintronic devices
1.3.1 Magnetoresistive random access memory

MRAM is one of the most promising emerging non-volatile memories with fast
writing and reading speed. The main structure of MRAM is a magnetic tunnel
junction (MTJ) which is a sandwich of an insulator by two ferromagnetic (FM) layers.
Because each FM layer has different strength of magnetic anisotropy, their
magnetization does not flip simultaneously when an external magnetic field or spin
current is applied. Here, the magnetic layer with smaller magnetic anisotropy is
called the free layer, and the other one with stronger magnetic anisotropy is called

the pinned layer.
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When a voltage is applied to a MTJ structure, a quantum tunneling current flows
because the insulating layer is very thin (~ 1 nm). Then, the resistance of the MTJ is
determined by the relative direction of magnetization in both FM layers owning to
the TMR effect. Because the magnetization direction in the pinned layer does not
change, the resistance of the MTJ device only depends on the magnetization direction
of the free layer, indicating that one can read out the magnetization direction in the
free layer via the MTJ resistance. Furthermore, the magnetization direction in the
free layer can be controlled by an external magnetic field or spin current. Therefore,
the MTJ device can work as a memory device, where data is saved as the

magnetization direction of the free layer.

Toggle-MRAM STT-MRAM SOT-MRAM

Figure 1.3. Schematic illustration of 1st — 3rd generation MRAMS so called (a)
toggle-MRAM, (b) STT-MRAM, and (c) SOT-MRAM, respectively. Here, BL,

WL, and SL in (b) are bit, word, and source lines, respectively.

MRAM is classified into three generations by magnetization control methods.
Figure 1.3 shows schematic illustrations of MRAMs in each generation. The 1st
generation MRAM, so called toggle-MRAM, utilizes an external magnetic field to
manipulate magnetization.””> To manipulate the magnetization in the free layer,

currents are applied to both a bit line and word line. Because the magnitude of

11



synthetic magnetic field Hi is maximized at the cross point of both lines, one can
select the device and control its magnetization. However, toggle-MRAM has some
disadvantages such as a large writing current and bad device scaling.

The 2nd generation MRAM is STT-MRAM which utilizes a spin polarized
current generated by the spin filtering effect in the pinned layer to manipulate the
magnetization in the free layer.”* Because a torque working on magnetization is
determined by a spin current “density”, STT-MRAM has good device scaling
capability. However, STT-MRAM also requires large drive current due to small
charge-to-spin conversion efficiency of the spin filtering effect, resulting in high
writing power consumption than that of volatile static random access memory
(SRAM). Besides, such a large driving current results in low endurance because a
large tunneling current may degrade the insulating layer in a MTJ device.

To overcome these problems, the 3rd generation MRAM, so called SOT-MRAM,
has attracted much attention.'”!" SOT-MRAM can manipulate magnetization with
smaller driving current than STT-MRAM, because SOT-MRAM utilizes a pure spin
current generated by the SHE which has higher charge-to-spin conversion efficiency
than that of the spin filtering effect. Furthermore, SOT-MRAM can effectively reduce
the power consumption for a magnetization switching because the switching speed

1s 10 — 100 times faster than STT-MRAM.
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(a) & (b) — [ 2

mx 1 -1 mx 1 -1

Figure 1.4. Magnetization trajectory of switching by (a) STT, and (b) SOT
mechanisms, where orange curves show the time evolution of magnetization

motion. Magnetizations are switched from +z- to -z-directions.

Figure 1.4 shows the comparison of magnetization switching trajectory in STT
and SOT mechanisms. In case of the STT mechanism, long switching time is required
due to a small initial torque which is given by cross product of the magnetization
vector in the free layer and the spin polarization vector of spin current whose
direction is same as the magnetization direction of the pinned layer. Because those
vectors are nearly parallel or anti-parallel, the initial torque is small, and thus,
magnetization switching takes on the order of 10 ns. On the other hand, the SOT
mechanism can switch the magnetization by the order of 0.1 — 1 ns thanks to the
maximized initial torque, because the spin polarization vector can be set orthogonal

to the magnetization vector of the free layer.
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(a) WL WL

Read Tr. o—| Write Tr. o—I I:

Pinned Layer

Pinned Layer

Insulator

Insulator

BL Spin Hall Layer BL Spin Hall Layer

Figure 1.5. Schematic illustration of SOT-MARM with (a) two driving
transistors, and (b) one transistor, where BL, WL, and Tr. denote a bit line, word

line, and transistor, respectively.

Because the SHE requires an in-plane charge current for spin current generation,
two transistors, one for reading and the other for writing, are required for SOT-
MRAM as shown in Figure 1.5(a), whereas STT-MRAM uses only one transistor.
Although such a separation of reading and writing paths improves the endurance
because a writing current, which is larger than a reading current, does not pass
through the insulating layer of the MTJ device, this is not suitable for improving bit
density. For high bit density, one transistor driven SOT-MRAM is proposed, as shown
in Figure 1.5(b).% Even though this type can realize high bit density, a writing current
may degrade the insulating layer if the writing current is not small enough. Therefore,
selecting a spin Hall material with large Osu is the key point to realize both high bit

density and high endurance at the same time.
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Table 1.1. Comparison of area, write energy, write time, read energy, read time,
and standby power for SRAM, DRAM, STT- and SOT-MRAM:s. Here, AuzsPt7s

is assumed for the spin Hall material of SOT-MRAM.?%?7

SRAM DRAM STT-MRAM | SOT-MRAM
Area (F?) 120 6 16 20
Ewrite (17) 26.36 ~1000 357.22 15.13
fwrite (DS) 0.15 ~10 3.80 1.39
ERread (1J) 4.93 ~1000 6.15 3.22
IRead (NS) 0.11 ~10 0.37 0.32
Pstandvy (W) ~1x107 ~1x10! N/A N/A

Finally, we compare the performance of MRAM and other conventional
memories, SRAM? and dynamic random access memory (DRAM).”’ Table 1.1
shows comparison of performance of these memories. In this table, AuxsPt7s (Gsu =
0.35, conductivity = 1.2x10% Q'm™) is assumed for the spin Hall material of SOT-
MRAM.?*?® MRAMs have advantages of smaller cell size and no standby power
comparing with SRAM. However, large write current and write energy for STT-
MRAM significantly degrade its reliability and offset its advantage of non-volatility.
Therefore, SOT-MRAM is suitable for post-SRAM thanks to its comparable writing
energy with that of SRAM. Note that, the writing energy and write time can be
reduced by improving the performance of the spin Hall material, and thus, SOT-
MRAM has a potential to perfectly surpass the performance of SRAM. On the other
hand, MRAMs show smaller power consumptions by comparing with those for
DRAM including standby power. However, small cell size for DRAM is a strong

advantage from the viewpoint of bit density and cost. Therefore, development of new
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technologies such as the two-terminal SOT-MRAM, X-point technique, reactive ion

etching for ferromagnetic layers are required to replace DRAM by MRAMs.

1.3.2 Racetrack memory
Writing device Reading device
Ferromagnetic

Driving device  nano-wire Magnetization

/

1 )

T >

= Magnetic domain Shift

Figure 1.6. Schematic illustration of racetrack memory.

Racetrack memory (RM) is a kind of shift register which utilizes domain wall
motion in a ferromagnetic nanowire, originally proposed by S. S. P. Parkin.?’ Figure
1.6 shows a schematic illustration of RM. RM is basically composed of four parts, a
ferromagnetic nanowire, driving device (pulse current generator) for domain wall
motion, MTJ-based writing device, and MTJ-based reading device. Here, one bit
corresponds to the minimum magnetic domain in a ferromagnetic nanowire, and it
can be moved along the wire via domain wall motion. Because RM requests only two
transistors for writing and reading to handle the whole data in a ferromagnetic
nanowire, RM is a promising candidate for next generation non-volatile memory with
low cost and high bit density, especially substitution of the three dimensional (3D)

NAND flash based solid state drive (SSD).
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Table 1.2. Comparison of performance for 3D-NAND Flash, 2D-, and 3D-RM:s.

3D-NAND flash 2D-RM 3D-RM
Bit density | 10 Gbit/mm? 1 ~ 10 Gbit/mm? 10 ~ 100 Gbit/mm?
Write time | 100 ps 1 ~100 ns 1 ~100 ns
Read time 10 ps 5~100 ns 5~ 100 ns
Endurance | 10° ~ 10° 10'° 10%°

RM has two types of structure, one is 2D type and the other is 3D type.”’ In the
case of 2D-RM, a ferromagnetic nanowire is deposited a flat substrate. Because this
structure is easy to fabricate by current technologies, numerous research on RM has
been focused on 2D-RM. On the other hand, ferromagnetic nanowires for 3D-RM
must be deposited on the side wall of holes with high aspect ratio. 3D-RM can realize
higher bit density than that for 2D-RM although deposition process of vertical
ferromagnetic nanowires is still challenging. Table 1.2 shows comparison of
performance for 3D-NAND flash, 2D-RM, and 3D-RM. Here, we assumed the aspect
ratio of 100 for the calculation of bit density for 3D-RM. When we assume a standard
value of 10 — 100 nm for the magnetic domain size in ferromagnetic nanowires, 2D-
and 3D-RMs can realize the same or higher order bit density comparing with 3D-
NAND flash. Furthermore, the bit density easily improves by at least one order of
magnitude by using skyrmion which is a special chiral magnetic domain structure in
the strong Dzyaloshinsky-Moriya interaction system.’’ Furthermore, RM can reduce
the write time by 3 ~ 5 orders of magnitude compared to 3D-NAND flash by using
the SOT mechanism, although this comparison include uncertainty due to domain

movement time. Read time for RM also can be reduced by 2 ~ 4 orders of magnitude
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compared to 3D-NAND flash by using the TMR effect. These times for RM are single
bit read/write times, not random access properties which is much more important for
actual working time when we construct a circular RM.?! Here, access time is 10 —
100 ns even in a 10 um-long ferromagnetic nanowire because a magnetic domain
wall can be driven at 100 — 1000 m/s.*” These results indicate that RM is expected to
play an important role as a new high-speed nonvolatile memory alternative to SSD.
In particular, RM having high speed and high reliability can be realized by using SOT
mechanism which is superior to STT mechanism in terms of write speed and write

power consumption.

1.3.3 Spin torque oscillator

(a) (b)
Effective Magnetic Field Effective Magnetic Field

_ Damping torque
Pamping torque

Precession torque Precession torque

Damping-like torque

Figure 1.7. Schematic image of magnetization motion under an effective
magnetic field (a) without, and (b) with a damping-like torque caused by a spin
current.

A spin torque oscillator (STO) is a microwave oscillator which utilizes
precession motion of magnetization in a ferromagnetic layer. When an effective
magnetic field is applied, the magnetization moves to align to the effective magnetic
field to reduce its magnetic energy, where the effective magnetic field is defined by

the gradient of magnetic energy against the magnetization direction. At the same time,
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the magnetization processes with a high precession frequency of several GHz to few
THz, as shown in Figure 1.7(a). Although this precession stops when the
magnetization perfectly aligns to the effective magnetic field, one can obtain a
sustainable precession by applying a spin torque which cancels out the damping
torque, as shown in Figure 1.7(b). This sustainable high frequency oscillation can be
extracted as a microwave via dipole emission or voltage signal generated by the GMR

or TMR effects, and thus, a ferromagnetic layer can work as a microwave oscillator.

(@) & (b) [ 1

0 my 0 my

Figure 1.8. Schematic illustration of typical precession trajectory of a
magnetization with (a) in-plane precession mode, and (b) out-of-plane
precession mode, where the orange arrows and lines indicate the magnetization

and oscillation trajectory, respectively.

A prototype of STO was proposed by S. L. Kiselev, et al. in 2003.** Their STO is
driven by STT with in-plane spin polarization generated in Co/Cu GMR multi-stacks.
Figure 1.8(a) shows the schematic illustration of their typical trajectory of the
magnetization. This precession mode is so called the in-plane precession (IPP) mode
because the magnetization continuously goes left and right in the xy-plane. They

successfully demonstrated ~10 GHz oscillation and high tunability of the oscillation
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frequency, controlled by a driving current and an external magnetic field applied
opposite to the spin polarization direction. However, their STO did not work at zero-
bias field because the magnetization is switched along its spin polarization direction
without a bias field. To obtain effective oscillation with no-bias field, STO driven by
STT with out-of-plane spin polarization was proposed.** In this proposal, a
demagnetization field plays the same role as the external magnetic field in the IPP-
STO case. In this case, the magnetization can continuously precess around the z-axis
without a bias field, as shown in Figure 1.8(b). This precession mode is called the
out-of-plane precession (OPP) mode, and bias-field-free oscillation in OPP-STOs has
been successfully demonstrated.’” Now, it is recognized that STOs are promising for
high frequency communication and microwave assisted magnetic recording because
STOs have high oscillation frequency with high quality factor and work even in small
device size (nano-meter size). Note that STOs also work as a device for neuromorphic
computing thanks to their non-linear output against input current.’® These facts

indicate that STOs can play important roles to internet of things (IoT) technology.

1.4 Motivation and thesis outline

In this chapter, we have explained the history of spintronics, the method for spin
current generation, and examples of spintronic devices. We also have emphasized
that SOT plays very important roles to realize spintronic devices with ultra-low
power consumption. Because SOT is originated from the SHE whose strength is
given by Osu, spin Hall materials with large su (> 1) is necessary to realize ultra-low
power consumption spintronic devices. Currently, only few chalcogenide-based

topological insulators (TIs) show such a large 6su thanks to their strong SHE
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originated from their topological surface states (TSSs). However, applying TIs to
spintronic devices is still challenging due to their toxic elements and poor thermal
stability because they are composed of only V and VI group elements. Thus, research
on SOT-based spintronic devices has been mainly focused on HMs thanks to their
high aftinity of silicon Back-End-of-Line (BEOL) process despite their small sy of
~0.1.

The simple solution to realize ultra-low power consumption spintronic devices
is development of a new class of topological materials having both large fsu and high
affinity of BEOL process. Here, we focus on a half-Heusler alloy-topological
semimetal (HHA-TSM).>”** Half-Heusler alloys consist of three kinds of element
XYZ, and one can control the topology of their band structure by choosing the
combination of X, Y, and Z without using toxic materials. Because their TSSs have
been confirmed not only by first principle calculations but also by angle resolved
photoemission spectroscopy (ARPES),*”*? strong SHE originated from their TSSs is
expected. Furthermore, higher thermal stability of HHA-TSM (> 600°C) has been
reported,’’ which satisfies with the requirements for BEOL process. Therefore,
HHA-TSMs are promising candidates for a spin Hall material which combines the
advantage of HMs and TIs. However, there is no report on their spin transport
properties. In this thesis, we demonstrate a HHA-TSM, YPtBi, having the following
features: “high thermal stability (> 400°C)”, “large fsu (> 1)”, “toxic material free”,
and “can be deposited by sputtering technique”, to pave the way for SOT-based ultra-
low power spintronic devices. Then, we also investigate the performance of
spintronic applications with YPtBi.

In Chapter 1 and Chapter 2, we introduce the background and fundamental spin
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physic, respectively. These two chapters show that the SHE has novel potential for
low power consumption spintronic devices and emphasize the importance of the
Berry phase from topological surface states. In Chapter 3, we develop a new
evaluation method of fsu for strong perpendicular magnetic anisotropy (PMA)
system by considering the ordinary Nernst effect which plays an important role in
topological materials. In Chapter 4, we investigate the SHE in a non-topological YPt
alloy to clarify the importance of TSSs on the SHE by comparing with the result for
YPtBi in following chapters. In Chapter 5, we deposit the topological semimetal
YPtBi by using the sputtering technique and demonstrate its strong SHE via second
harmonic measurement and current induced magnetization switching. In Chapter 6,
we investigate the role of stoichiometry of Y and Pt on the SHE of YPtBi. In Chapter
7, we develop a low temperature growth method for sputtered YPtBi with maintained
spin Hall properties. In Chapter 8, we investigate the SHE for sputtered YPtBi on
Si0O2 / Si substrate to demonstrate the SHE performance in realistic spintronic devices.
In Chapter 9, we propose a new class of STO driven by the SHE with no bias field
and investigates its performance using sputtered YPtBi as the spin Hall layer. We

conclude this work in Chapter 10.
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Chapter 2. Fundamental spin physics in spin Hall and

ferromagnetic materials

2.1 Spin orbit interaction and its effect on band structure

In this section, we introduce the spin orbit interaction and its effect on the band
structure. The spin orbit interaction, which is one of relativistic effects, converts a
particle’s momentum and spin angular momentum to each other. Because the spin
orbit interaction is a relativistic effect, it is embedded in the Dirac equation naturally.
However, our interest is the spin orbit interaction in the non-relativistic limit. To
obtain the expression of the spin orbit interaction in the non-relativistic limit, we will
begin with the time-independent Dirac equation,’

[ca - (P +eA) + Bmye® + V] = By

() =G %)

(2

where ¢ is the velocity of light, p is the momentum operator, 4 is the vector
potential, mo 1s the electron rest mass, V' is a potential, £ is an eigen energy, o, (i =
x, Y, 2) s the Pauli matrix, and / is a 2x2-unit matrix. Here, one can obtain following

expression by substituting the relation ¢ = (¥, ¥,,),

o-(p+eA)y,, =c (E—myc®=V)y,
{U ' (13 + eA)wp =c! (E + TnOC2 o V)wap

where 1, and v, are wavefunctions for a particle and anti-particle, respectively.
This simultaneous equation tells us that a particle and anti-particle are essentially
mixed up together at relativistic limit. The wavefunction in the non-relativistic limit
b, can be obtained by solving simultaneously the above equation to find ¥,

within the second order of v/c under the normalization condition <wp|¢p) +
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<¢ap‘¢ap> =1 because the kinetic energy of a particle is much smaller than the

resting energy moc?,

p? +eho - B

= |1
wnr + 8m(2)c2

V-
Then, the Dirac equation at the non-relativistic limit, so called the Pauli equation, can

be obtained by substituting 1), . to the Dirac equation and re-approximating it within

the second order of v/c,

1 . eh . eh p*
24 - A2+ V+— - ——  o-B— %X _
Mo¢” + 2m, (B+ed)+V+ 4m?c? o (exP)+ 2m, 7 8mpc?
eh?
—— V- =Ey,,.
+ 8m(2)C2 € wnr wnr

Here, the 4th term of the left-hand side in the Pauli equation corresponds to the spin
orbit interaction. When a static electric field € is given by a central electric field,
one can see that the spin orbit interaction term is proportional to o - L, where L is
the angular momentum of a particle, which is the reason why this term is called as

the spin “orbit” interaction.

() Aso =0eV (b) Aso =0.5eV

Conduction band

N
____________ V
Valence band
E E Split-off
/_-

k k

Figure 2.1. Schematic image of band structure around /-point calculated by k& -
p perturbation (a) without, and (b) with the spin orbit interaction whose
strength is 0.5 eV.
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As mentioned above, the relativistic effects including the spin orbit interaction
originates from the mixing effect of a particle and anti-particle. In a vacuum system,
the energy barrier between these particles is about moc® (~MeV), resulting in an
ultimately small spin orbit interaction. Whereas the spin orbit interaction can be large
in materials because the energy barrier between a particle (electron) and anti-particle
(hole) is same scale as their band gap, and thus, it can affect their band structure.
Figure 2.1 shows the schematic image of band structure calculated by a Bloch
Hamiltonian with k- p perturbation with and without the spin orbit interaction,
where HH and LH are heavy and light hole bands, respectively, and 4sor is a strength
of the spin orbit interaction.” The spin orbit interaction can lift up its valence band
top as seen in Figure 2.1(b). Note that a part of the conduction band and valence band
can be inverted when the spin orbit interaction is strong enough. Such a band
inversion also flips the symmetry of wavefunction belonging to their bands, which
plays a very important role to change a topological invariant for topological materials
as discussed in the following sessions. Therefore, the spin orbit interaction can switch

a material from topologically trivial to non-trivial.

2.2 Berry phase

A time evolution for a particle is expressed as a change of a phase for its
wavefunction in quantum mechanics, indicating that understanding how a particle
gets a phase is necessary to know the particle motion. In this section, we explain the
Berry phase which is caused by a parameter change of a Hamiltonian. Now, we

consider a Hamiltonian H which contains time dependent parameters R. Then, the

time dependent Schrodinger equation is given by,
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ihd,|v(t)) = H[R(1)][v(1)).
If the time evolution of R is slower than the resonance frequency for the system, a n-
th eigenstate will belong to same n-th eigenvalue, and then, the solution of the
Schrédinger equation is given by,
|9(t)) = explif(t)] |4, [R(1)]).
By substituting [¢(¢)) into the time dependent Schrodinger equation, one can obtain

the following expression,

i0(t) = —3 [ dE,IR()) ~i [ v [-ifw, [RE))oul, R )]

0 0

Here, the 1st term of the right-hand side is the dynamical phase which generally
appears when one solves the time dependent Schrédinger equation. The 2nd term is
so called the Berry phase which originated by the parameter change of the
Hamiltonian.? It is now understood that the Berry phase plays an important role for
a topological invariant in numerous systems such as a quantum Hall and electric
dipole systems. By using a partial integration by #’, one can obtain a time-independent

expression,

R(t)

/ a1 [—i (4, [R()] 0y [, [R(E)])] = / IR - A,(R),

0 R(0)

A, (R') = —i(1, (R")[0p[¢,,(R)).
where A,, is the Berry connection. Here, one can understand that the Berry phase
originates from a curvature of a Hamiltonian in a R-space because the Berry
connection acting on a wavefunction as a covariant derivative has same role with the
Riemann connection which reflects a curvature of real space. Although the Berry
connection is an important quantity for quantum mechanics, it is not observable

because it is not gauge invariant. Therefore, observable Berry phase is defined as a
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contour integral of the Berry connection in a R-space. Here, similar with the
relationship between a magnetic flux density and vector potential, the Berry

curvature given by,

(¥, (R)|0g H[,,,(R)) x (,,(R)|0r H|¥, (R))
i[E,(R)— E,,(R)]?

m

Bn:VRxAn:Z

m#n
is also observable. The Berry curvature is the origin of the anomalous velocity, and

it can be observed in many phenomena such as the anomalous and spin Hall effects.*

2.3 Topological insulator

In this section, we explain the fundamental physics of TI which is a foundation
for topological materials. In mathematics, topology is one of the research fields
which classifies a diagram by focusing on invariants against a mapping function. In
condensed matter physics, a wave function is one of the mappings from the k-space
to the Hilbert space via Hamiltonian. Therefore, one can classify the materials from
the viewpoint of the topology by considering the invariant of wave functions. In the
following, we construct the expression of topological invariant for TIs.

The quantum Hall effect is one of the topological phenomena in condensed
matter physics whose topological invariant is an electric dipole caused by adiabatic
change of parameters for a Hamiltonian under the breaking of time reversal symmetry.
It is now understood that the topological invariant for the quantum Hall system is the
sum of the Berry phase for filled up states.” Similar to this, the topological invariant
for TIs is also related to be the Berry phase for filled up states because Tls are
superposition of the quantum Hall system with the time reversal symmetry. However,

the Berry phase is not well-defined topological invariant under the time reversal
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symmetry because wave functions forming a Kramers pair get the Berry phase with
opposite sign to each other during the adiabatic cycle, as the result, the Berry phase
in the system with the time reversal symmetry becomes always zero. To overcome
this difficulty, L. Fu and C. L. Kane introduced the time reversal polarization which
is defined by the difference of the Berry phase for a Kramers pair.® When we consider
the 2D (#-axis and k-axis) 4 bands model for simplify, the time reversal polarization

P, is given by,

™ dk ™ dk
PQEPQ—Plz—/ —A2+/ =4,

27 2

"k “dk,
:—/ﬂ%(—l<uz,k|ak‘uz,k>>+/ o (=i gyl 1)),

—T

where |u, ;) and |u,,) are wave functions which form the Kramers pair in the
valence band. We then introduce the W matrix whose elements are given by the

hopping integral via time reversal operator © to deform Py,

Peziln( wi2(0)?  wiy(m) )7

i w15(0) wyy(m)?

Wyp = <u1,7k|@‘u2,k>'
Here, we take a difference between P, defined at time reversal invariant (¢t = 0, 7/2)
to make P, gauge invariant by closing the adiabatic loop. Finally, we obtain the

topological invariant v for TIs,

where A, is the time reversal invariant momenta (TRIM). The system becomes
topologically non-trivial (topological insulator) when v = 1, and it becomes trivial

(normal insulator) when v = 0. Here, v should be defined by mod 2 because the
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system with even number of differences of P, is equivalent to the initial system.

One can define v with n bands by using the result of 4 bands,

H\/dﬁi

where Pf denotes the Pfaffian. In 2D system, one topological invariant of v is
enough to classify the topology of band structure, whereas 4 topological invariants
Vo, V1, Vo, and vy are required in 3D system.” v, is calculated by using w,
defined at all time reversal invariant momenta (TRIM) which are totally 8, while the
others are calculated at 4 TRIM on each plane, and thus, 1, represents the topology
of the whole crystal system (strong topological invariant) and the others represent the
topology of each crystal plane (weak topological invariant).’

We have introduced the topological invariant in the general system with the time
reversal symmetry. Here, the calculation of the topological invariant becomes
drastically simple and instinctive in the system with both the time and spatial reversal
symmetries. In such a system, the product of the W matrix becomes the product of
the eigenvalue of the spatial reversal operator K at each TRIM.® Note that the

eigenvalue of K is determined by the symmetry of the wavefunction. It indicates
that only band inversion can change that eigenvalue because wave functions in a
valence band have only p-orbital like symmetry without band inversion. As
mentioned in Section 2.1, such a band inversion occurs due to the split off for p-
orbital like valence band caused by the spin orbit interaction. Therefore, materials
with strong spin orbit interaction can become a TI when band inversion occurs at odd
number of TRIM, and this is the reason why the spin orbit interaction plays an
important role for TL.

Here, we consider the physical meaning of the topological invariant in TIs.
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According to the previous work, the number of topological invariants corresponds to
the number of recombination of Kramers pairs. A Kramers pair should exchange the
pair between TRIM at which the topological invariant has different value. Although
such an exchange requests continuous connection between neighboring bands, it is
forbidden that the existence of electronic states crossing its band gap because we
have considered an insulating “bulk” band. To avoid this contradiction, such an
electronic state appears as a “surface” state. This TSS is robust against perturbations
which preserve the topological invariant such as non-magnetic impurities and defects
because the TSS is protected by the topological invariant of bulk wave functions,
which is an advantage for realistic devices. Because the TSS should be degenerate at
TRIM due to the Kramers’ theorem, the TSS has a Dirac dispersion around
degenerate points, which brings rich physical phenomena discussed in detail in the

next section.

2.4 Fundamental physics of topological surface states

In this section, we explain fundamental properties and a magnetoresistance in
TSSs. We now consider a 3D TI thin film, where the length and width are sufficiently
larger than the thickness. TSSs appear on the top and bottom planes for the thin film.
Here, the effective Hamiltonian for the top-TSS is given by following within the 1st

order of k,

~ 0 k, + ik —if
. . Y z\ . 0 e
H = twy(o x k) = hug (ky_ikx . )_myFk <—ei9 ) )

where v is the Fermi velocity. The eigenvalues and eigenfunctions for this

effective Hamiltonian are given by,

1 1
E, = +hupk, 1, = = (zmei@)’
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where + (—) denotes the eigenvalue and eigenfunction for upper (lower) bands, and &
= 0 corresponds to the Dirac point. Then, the expectation value of the spin operator
is given by,

(Vylofh,) = £(sind —cosd 0).

On the other hand, the velocity of a Dirac electron is given by,

10F k :
= iVFE = +vp(cosf sinf 0).

v
These results indicate that the spin and velocity of a Dirac electron are always
orthogonal to each other, and the spin direction is determined by the k direction. This
relation between the spin and & is called spin-momentum locking. Because electrons
cannot change their direction without changing their spin direction, back scattering
of electrons is suppressed on TSSs.’

Next, we explain the Berry phase of TSS. By using the cylindrical coordinate

system for the calculation, one can obtain the Berry connection for upper and lower

bands as follows,

1

A, (k) = =il (RO (k) = (0 ).

Then, one can calculate the Berry phase,

-7 (C includes the Dirac point)
=—@Qdk-A, (k)=
T }é +(F) {O (C does not include the Dirac point)

This result indicates that both upper and lower bands have large Berry phase at the
Dirac point. Therefore, TSS, especially at the Dirac point is a hot spot for strong SHE

originated from the intrinsic Berry phase effect.
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Figure 2.2. Dirac dispersion calculated by effective Hamiltonian with 1st order
of k under (a) no magnetic field, and (b) magnetic field along the y-axis, and
corresponding spin distribution, where blue allows show the spin direction on a

Fermi surface.

Finally, we explain the magnetoresistance originated from TSS. When we
consider the effective Hamiltonian with 1st order of &, the magnetoresistance does
not occur because an external magnetic field just shifts the position of Dirac
dispersion in k-space maintaining the spin-momentum locking, as shown in Figure

2.2.
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Figure 2.3. Dirac dispersion calculated by effective Hamiltonian with 1st and
2nd orders of k£ under (a) no magnetic field, and (b) magnetic field along the y-
axis, and corresponding spin distribution, where blue allows show the spin
direction on a Fermi surface. Spins are tilting along the y-direction at where
black arrows are pointing, while the spin-momentum-locking is still maintained

along the x-direction.

Whereas the spin-momentum locking is easily disturbed by a field when the
effective Hamiltonian with higher order k-terms which causes asymmetry of upper
and lower bands.'” In generally, the Dirac-like band dispersion far from the Dirac
point is strongly distorted,'" and thus, the magnetoresistance can be observed by
applying an external magnetic field which destroys the spin-momentum locking.

Figure 2.3 shows the Dirac-dispersions and their spin distribution on the Fermi
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surface, where the effective Hamiltonian includes a A’*-term. When an external
magnetic field is applied along the y-direction, the spin-momentum locking parallel
with the field is broken, as seen for the spins indicated by the black arrows in Figure
2.3(b) becomes not orthogonal to each other anymore. Then a resistance parallel to
the field increases because the back scattering along that direction is allowed due to
broken of the spin-momentum locking. Such an anisotropic change of resistance
caused by the external field can generate AMR and planar Hall effect (PHE) even in
a non-magnetic material, and there are many reports on AMR and PHE originated
from TSS in TIs.'””!> Note that these magnetoresistances are proportional to the
square of an external magnetic field without saturation, which is different from those
in ferromagnetic materials.'”'> Therefore, one can confirm the existence of TSS by

measuring the AMR or PHE.
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2.5 Rashba—Edelstein effect

(@)

Fermi surface

(b)

Fermi surface

Figure 2.4. (a) Spin-momentum-locked Dirac-like dispersion (left hand side),
and its spin accumulation caused by the shift of Fermi surface (right hand side),
called as the Edelstein effect. (b) Rashba-splitting bulk state (left hand side), and
its spin accumulation (right hand side), called as the Rashba effect, where spins
for inside band depicted by red circle are omitted for simplify. Here, blue and
red arrows in the left figures for (a) and (b) indicate the spin direction.

When an electric field is applied to a TI, a current will flow resulting in a shift
of dk on the Fermi surface. Then, a spin accumulation do occurs on the surface
due to the spin-momentum locking of the TSS, as shown in Figure 2.4(a). Although
this accumulated spin cannot diffuse into other adjacent layers, it can show its effect
via an exchange interaction if the adjacent layer is a ferromagnetic material.'® Such

2D spin accumulation on a TSS is called as the Edelstein effect.!” Similar effect can
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be observed at the interface without spatial inversion symmetry. In the system whose
spatial inversion symmetry is broken, the spin degeneracy of the band is removed
because the band should follow the condition E(k,?T) # E(—k,T) except for the
TRIM. Then, the band structure on the Fermi surface has the spin texture, as shown
in Figure 2.4(b). Similar to the TSS case, this spin texture also generates a spin
accumulation when an electric field is applied, and it can propagate the spin angular
momentum. This effect originated from the lack of spatial reversal symmetry at the
interface is called the Rashba effect.'® In generally, we call the spin momentum

generation via 2D spin accumulation as the Rashba-Edelstein effect.

2.6 Spin Hall effect

In this session, we explain the SHE which plays the most important role for
magnetization manipulation. The SHE can generate a spin accumulation because
electrons having opposite spins are deflected to opposite directions due to the spin
orbit interaction, as mentioned in Section 1.2.'” Different from the Rashba-Edelstein
effect,'”!® the accumulated spin caused by the SHE can diffuse into the adjacent
ferromagnetic layer, and then, the damping-like SOT acts on the magnetization by
following the conservation of angular momentum, similar to the STT.?**!

Here, two extrinsic mechanisms and one intrinsic mechanism can contribute to
the SHE similar to the anomalous Hall effect (AHE).**’ Both extrinsic mechanisms
originate from the scattering by impurities with strong spin orbit interaction. One of
the extrinsic mechanisms is skew scattering which is caused by the shift of the Fermi
distribution function depending on the spins, and the other is side-jump which is

caused by the anomalous velocity given by the spin orbit interaction of impurities.
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On the other hand, the intrinsic mechanism is originated from the Berry curvature,
namely, it is only related to the band structure of the spin Hall material. Because the
Berry curvature acts an effective magnetic field, electrons get the anomalous velocity
perpendicular to their original velocities. Note that the band structure far from the
Fermi surface also contributes to the SHE because the intrinsic spin Hall conductivity
osH 1s given by the integral of the spin Berry curvature multiplied by the Fermi

distribution function.

1 Dirt Moderately dirty Super clean
. y (Intrinsic meclhanism) (Extrinsic mecfhanism)
\ \ 1
Band Impurity

NS
W AR

: ~

Berry phase S|de-1ump Skew-scattering

A

Ogy ~ constant

Spin Hall conductivity og,

Conductivity o,,

Figure 2.5. Schematic illustration of conductivity dependence of spin Hall
conductivity. The SHE is originated from three kinds of mechanisms, the skew-
scattering, side-jump, and Berry phase, and dominated one changes depending

on its conductivity.

Although these three mechanisms can contribute to the SHE, the dominating
mechanism for the SHE depends on the conductivity of spin Hall materials. Figure

2.5 shows the schematic illustration of osn as a function of the conductivity oxx. When
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a spin Hall material have high oxx, skew scattering dominates the SHE. In the skew
scattering region, osu is proportional to oxx. When ox is degraded, the main
mechanism for the SHE is switched to side-jump, and then, osy becomes constant
against the change of oxx. Further degradation of oxx changes the main mechanism
from the extrinsic to intrinsic one. Similar to the side-jump case, osu originated from
the intrinsic mechanism is also independent of the change of oxx. In the poor oxx
region, osy suddenly drops due to degradation of the Berry curvature caused by
fluctuation of their band structure. Because each mechanism shows unique oxx
dependence of osh, one can investigate the origin of the SHE by measuring osu at
various oxx. Although the side-jump and the intrinsic mechanism have same oxx
dependence, the strength of the side-jump mechanism also depends on the resistivity
contribution of impurities. Therefore, one can distinguish all mechanisms by using
following equation,”’
Ogn = s pIIP02, + agypii o2, + olf,

where ass, asy are coefficients for the skew scattering and side-jump, respectively,

Impjs a resistivity contribution from impurities, and ol}f is a spin Hall
conductivity originated from the intrinsic mechanism. According to this equation, we
cannot separate the contribution of the skew scattering and side-jump without
changing p™P. However, the contribution of skew scattering is negligibly smaller
than that of side-jump in almost samples except for very conductive samples grown
by the molecular beam epitaxy or electron beam evaporation methods. Meanwhile,

samples grown by the sputtering technique generally have relatively large

resistivity.”
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2.7 Magnetization dynamics in ferromagnetic materials

In this session, we explain the magnetization dynamics. When a spin current is
injected into a ferromagnetic layer, the time evolution of the magnetization is given

by the following the Landau-Lifshitz-Gilbert (LLG) equation,

dm

dm
ar = —ym X H g +am x — — yHp m x (m x pg) — yHpym X pg,

dt

where m is the unit vector of magnetization, y is the gyromagnetic ratio for electrons,
o 1s the Gilbert damping factor, ps is the spin polarization vector, which is opposite
to the spin angular momentum of injected electrons. Here, HpL and Hrr are the
damping-like and field-like effective fields, and they are originated from the SHE
and the Rashba-Edelstein effect, respectively. The effective magnetic field Hesr is
defined as the gradient of the magnetization energy. In the macrospin model, Hesr is

generally given by,

2K,

e e
S
where Hext 1s an external magnetic field, Ms is the saturation magnetization, N is the
demagnetizing tensor, Ky is the uniaxial magnetic anisotropy energy, and # is the unit
vector of a uniaxial easy axis. Although one can study the dynamics of the
magnetization by solving the LLG equation analytically, it is very difficult to solve
it in general case, because the LLG equation is a 3D non-linear differential equation.
Here, one can reduce the dimension of the LLG equation by using the definition of

the effective magnetic field H g = —dE/dM,
dE dm

E_ S eff'ﬁ'

Because this LLG equation in the energy-space treats the time evolution of energy,

we can easily predict the magnetization trajectory between the typical energy without

42



considering any complicating motion. Especially, the LLG equation in the energy-
space is useful when we predict the magnetization dynamics on a constant energy

curve such as a sustainable oscillation state.

2.8 Magnetoresistance and magneto thermoelectric effects in
ferromagnetic materials

In this section, we explain the magnetoresistance and magneto thermoelectric
effects by phenomenological ways. When a current flows in a ferromagnetic material,
conduction electrons are scattered depending on the magnetization direction because
localized electrons, which form the magnetization, and conduction electrons interact
via the spin orbit interaction or exchange interaction, resulting in the
magnetoresistance. According to the vector analysis, Ohm’s law with reference to the
magnetization direction is given by,

e=p|(m-Jo)m+ pyupm x Jo +pym x (m x Jg),
where p, and p, are resistivities when the current is parallel or perpendicular to
the magnetization direction, respectively, and p,pup 1s the resistivity for the AHE.
By deforming the Ohm’s law, one can obtain the following expression,

e=p dc+(p—p)(m - Jc)m+ pyypgm x Jc.
When the current is applied along the x-direction, the x and y components of
resistivity are given by,
Pa = P1+ (P — pL)m,
Py = (P — PL)MMy, + PAgE™, -

Then, by adopting the spherical coordinate system for m, one can obtain,

Pex = PL T (PH — py)sin® f, cos® ¢y,
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5 = sin 0y sin 2¢y + papg cos b,

where 0y and ¢ are the polar and azimuth angles for the magnetization, respectively.
Here, p,, is so called the AMR, and the 1st and 2nd terms of p,, correspond to
the PHE and AHE, respectively.

Next, we consider the magneto thermoelectric effects. Conduction electrons
driven by a thermal gradient also cause a magnetoresistance via interaction with
localized electrons. The magneto thermoelectric effects caused by an external
magnetic field and magnetization are called as the ordinary Nernst effect (ONE) and
anomalous Nernst effect (ANE), respectively. When a thermal gradient along the z-
direction exists, the Hall resistance originated from the ONE and ANE are given by,

Poy = Conp(Heyxy X VT,), = —ConpHey sin 0y cos ¢y VT,
Pry = Canp(m x VT,), = —Cyygsinb, cos ¢, VT,
where Cone and Cane are coefficients originated from the ONE and ANE,
respectively, O and gu are the polar and azimuth angles for the external magnetic
field, respectively. Because the magnetoresistance and magneto thermoelectric
effects convert the magnetization direction into electric signals, one can evaluate the
magnetization direction via these effects, and thus, they are sometimes utilized for

detection of a spin current.

2.9 Summary

In this chapter, we have explained the fundamental phenomena in spin Hall
materials such as the spin orbit interaction, and SHE. We then emphasized the
importance of the Berry phase on the SHE. We also have explained the magnetization

dynamics and magnetoresistance in ferromagnetic materials. In the following
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chapters, the investigation of the spin Hall physics, and development of spin Hall

devices are conducted based on the fundamental physics introduced in this chapter.
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Chapter 3. Development of Angle resolved second
harmonic technique for precise evaluation of spin
orbit torque in strong perpendicular magnetic
anisotropy systems

3.1 Introduction

As described in Chapter 1, SOT is an innovative technology for spintronic
devices because it can manipulate magnetization with small current, ultra-high speed,
and low damage. For development of SOT devices, it is essential to evaluate the
strength of SOT or charge-to-spin conversion efficiency.'” A low field second
harmonic technique has been used for quantitative evaluation of SOT thanks to its
simple experimental setup and high throughput.’* In non-magnetic/magnetic bilayers
with strong PMA, SOT is evaluated from the first and second harmonic Hall
resistances (177, and R?EZ ) under an alternating current (AC) while sweeping a small
in-plane external magnetic field Hex << HY along the current direction (x-
direction), where H is the effective magnetic anisotropy field of the magnetic

layer. When the contribution of the field-like SOT effective field and Oersted field

Hrr+or through the planar Hall effect is negligible, the damping-like SOT effective

ORZY /0Hy; 3

field Hpu is given by Hpp, = =277 570

In principle, the low field technique

cannot distinguish SOT from various magneto thermoelectric effects such as the
ONE, ANE and spin Seebeck effect (SSE), because contributions of those thermal
effects to RZY are also proportional to small Hex, i.e. R7y (ONE) ~ Hex and

Yy

RZ2(ANE/SSE) ~ M~ Hex/ HZ™, where M, is the x-component of the magnetization.
Nevertheless, the low field technique has been widely used to estimate the strength

of SOT while neglecting contributions from those thermal effects.”
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One way to avoid this problem is to apply a large Hex >> H(™, so called the
high field second harmonic technique.'”'> At high fields, we can distinguish SOT
from thermal effects thanks to their different Hex-dependency; R2¥ (SOT) ~

Y

Hou/(H,,, — H"), RZ(ONE)~ Hext, while R2“(ANE/SSE) becomes a constant.”
However, when it is difficult to realize the condition Hex >>H™ in samples with
very large H{™, the low field second harmonic technique is the only option. Thus, it
is essential to find a way to disentangle SOT from those thermal effects in such
samples. Recently, Yang et al. have shown that it is possible to disentangle SOT from
ANE by using an angle resolved second harmonic technique in samples with
relatively weak PMA."® However, their technique does not include ONE which is
important in several materials such as topological materials.'*

In this chapter, we generalize their technique by including ONE. We demonstrate
that the generalized angle resolved second harmonic technique can be applied to
resolve SOT, ANE/SSE, and ONE in samples with large H{™, which is the case of
interest. These results remind the importance of eliminating contributions from
thermal effects in low field second harmonic measurements, and provide an effective

way to precisely estimate SOT in samples with large H™. We then apply this

method to evaluate fsu in CoPt/YPtBi films having strong PMA in Chapter 5.
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3.2 Thermal effects on low field second harmonic signal
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Figure 3.1. (a) Schematic structure of sample A and the coordination system. (b),
(c) DC anomalous Hall resistance with Hext applied along the z- and x- direction,
respectively. (d) High field second harmonic Hall resistance as a function of Hext

measured with an AC current of 7.0 mA. Fitting to high field data yields an

effective spin Hall angle 65, of 0.007 and the contribution Ry gsp from

the ANE/SSE. (e), (f) Low field first and second harmonic Hall resistance as a
function of small in-plane Hext at 7.0 mA, respectively. Fittings using the low
field data yields 05, of 0.028, which is overestimated by a factor of 4.

We first demonstrate that contamination from thermal effects can lead to
significant overestimation of SOT in a sample with small spin Hall angle. For this
purpose, we deposited a heterostructure of Ta (1.0) / MgALO4 (2.0) / Ta (10) / Pt
(0.8) / Co (0.5) / Pt (0.8) / c-Sapphire substrate (sample A), where the layer
thicknesses are in nm, as shown in Figure 3.1(a). The laminated Pt/Co/Pt stack is
referred below as CoPt for short. Here, the parasitic SHE from the two Pt layers is

negligible because the Pt thickness of 0.8 nm is few times thinner than the typical
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spin relaxation length of Pt, and the Pt/Co/Pt stack is symmetric.'>!>"!7 The main non-
magnetic layer, Ta (10), is designed to have a high conductivity of 8.4x10° Q'm™! so
that its spin Hall angle is small. In addition, large spin loss at the Ta/Pt interface due
to spin back-flow and spin loss inside the Pt (0.8) layer further reduce the spin current
from Ta, resulting in a small effective spin Hall angle Ggflfl. The multilayers were
patterned into 10x60 um? Hall bar devices by optical lithography and lift-off
techniques for transport measurements. We assume that the top Ta (1.0) capping layer
is fully oxidized after exposure to the atmosphere. Figures 3.1(b) and 3.1(c) show the
anomalous Hall resistance measured by a direct current (DC) with Hex applied along

the z- and x-direction, respectively, where the x-direction is parallel to the applied

current direction. By fitting the low field data in Figure 3.1(c) to Rane(Hext) =

RAHE(O)\/ 1-(H,,/H™)?, we estimated H{™ = 6.3 kOe, which is moderately large.

We first use the well-established high field second harmonic technique to evaluate
Hgf}fl. Figure 1(d) shows Ri; as a function of Hex applied along the x-direction,
measured with an AC current of 7.0 mA at 259.68 Hz, which shows typical behavior
for a PMA sample.'”!? We estimate SOT effective fields by fitting high field data

using the following equation,'*"?

R H H
R}Q{w — AHE DL + R FL+OF + aout Hex + Rout , 3.1
y 2 ‘Hext | - Hl(sz PHE ‘Hext | ONE ‘ t | ANE+SSE ( )

where Raug is the anomalous Hall resistance, Rpur is the planar Hall resistance,
adNg and RYNg,ssp correspond to the contribution from ONE and ANE/SSE
caused by a temperature gradient along the z-direction. Using Ms = 321 emu/cc
measured by a superconducting quantum interference device (SQUID), fcop¢ = 2.1 nm

for the thickness of CoPt layer, and the current shunting ratio for the Ta (10) layer of
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2e H
O =ZC Mty -2
SH 7 S*CoPt JT

a

0.69 for calculating the current density Jt. in Ta, we obtained

=0.007, which is ~20 times smaller than that of resistive Ta with a lower conductivity
of 5x10° Q'm™ and an intrinsic spin Hall angle of 0.12-0.15.'® We also obtained
RN gisse= 0.25 mQ in this sample. Figures 3.1(e) and 3.1(f) show the low field
Ry, and R}y, where dots and solid lines are experimental results and fittings

92RY, OR2ZY
(8H 7 OH

= ) for the conventional low field technique, respectively. From the fittings,

we obtained Ggflfl =0.028, which is 4 times higher than that estimated from the high

field technique. This discrepancy comes from the large contribution from ANE/SSE

in low field R2?: the slope due to ANE/SSE at low field is RN ggp/Hi"=0.039

mQ/kOe, which is 75% of the observed slope 3 ny = 0.048 mQ/kOe.

3.3 Proposal of angle resolved second harmonic technique and its
validity
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Figure 3.2. Angle resolved second harmonic Hall resistance measured at 7.0 mA
with Hext=9.6 kOe applied in the xz-plane at varying polar angle 6,; in sample
A. (b) |H,| "dR2/dfy as a function of (|H,, |+ Hg™)™' at 7.0 mA.
Solid lines are fittings by equation (3.3), which yields 03 = 0.006 and
RY¥ g ssg= 0.23 mQ, consistent with those estimated from the high field data.

In case that the high field second harmonic data are not available, one can
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disentangle SOT from thermal effects by the angle resolved technique. Here, we
generalize this technique to include ONE, which has not been considered in previous

works,'>!?

and demonstrates the validity of the generalized angle resolved second
harmonic technique. When Hex: is applied in the xz-plane at a small polar angle 6y,

20J . . . . . . . .
R;; s given by, (See derivation of this equation in the appendix)

R |H,.|04
R2w _ ( AHE H R H ) ext
Yy — % 5 L + Rpyp e oF (H | + Heff) + aONE| exct|
ou | H ot |0n
+aQNE | Hoxi| F RiNg sse = BaNg+sse —| | _ti_ Gk (3.2)
ext k

where afyg and Ry g,sgp corresponds to contribution of the ONE and
ANE/SSE caused by a temperature gradient along the x-direction, respectively, and
the sign + corresponds to the up/down direction of Hexx or magnetization.

Differentiating equation (3.2) with 84, one can obtain

1 dRZ R _
‘ | d9 - ( A2HE H prL T RPHE FL+OF> <| ext| + Hlfff) 2
ext

RN e sk (| Hexel + HE™) ™ £ adip. (3.3)
Equation (3.3) indicates that one can disentangle contributions of SOT, ANE/SSE,

and ONE, by fitting the |H, | 'dR%’/dfy data to a polynomial function of

ext
(|H,.| + H™)~L. On the other hand, the low field technique with Hex applied along
the y-direction can be used to estimate %R aneHrLor + BpugHpr, since there is
no contribution of thermal effects in this case, thus the angle resolved measurement
in the yz-plane is not required. Figure 3.2(a) shows a representative #u-dependence
of sz measured with an AC current of 7.0 mA and Hex = 9.6 kOe applied in the

xz-plane. Figure 3.2(b) shows |H,| 'dRZ/dfy as a function of (|H,|+

ext
HH)~L, where dots are experimental results, and solid lines are fittings by equation

(3.3). From the fittings, we obtained 6 = 0.006 and Ry, qep = 0.23 mQ,
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which were consistent with the high field technique. Therefore, the angle resolved

method can accurately evaluate SOT by eliminating contributions from thermal

effects.

3.4 Angle resolved second harmonic measurement in strong

perpendicular magnetic anisotropy system
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Figure 3.3. (a) Schematic structure of sample B. (b), (¢) DC anomalous Hall
resistance with Hext applied along the z- and x- direction, respectively. (d) High
field second harmonic Hall resistance as a function of Hext at 3.4 mA. (e) Angle
resolved second harmonic Hall resistance measured at 3.4 mA with Hext= 9.6
kOe applied in the xz-plane at varying polar angle 0;; in sample B. (f)
|H.,.| 'dR2/d0y as afunction of (|H,, |+ HZ™)™' at3.4 mA. Solid lines
are fittings by equation (3.3).

xt

With the angle resolved technique validated, we now demonstrate our technique
in a sample with large H™ where high field data are not available. For this purpose,

we prepare a heterostructure of Ta (1.0) / MgAl1,04 (2.0) / Big.g5Sbo.15 (10.0) / [Pt (0.4)
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/ Co (0.4)]>/ c-Sapphire (sample B), as shown in Figure 3.3(a). Here, BiSb is a TI

*U and high electrical conductivity.”' The BiSb layer was

with a giant spin Hall angle
deposited by sputtering using BiogsSbo.is single target and has an electrical
conductivity of 1.5x10° Q'm!. The [Pt (0.4)/ Co (0.4)]> multilayers were chosen for
their large H{™. This stack was also patterned into 10x60 um?* Hall bar devices.
Figures 3.3(b) and 3.3(c) show the DC anomalous Hall resistance with Hex: applied
along the z- and x-direction, respectively. We obtained a large H{™ = 9.9 kOe from
Figure 3.3(c). Figure 3.3(d) shows the high field Ri; measured with an AC current
of 3.4 mA and Hex applied along the x-direction. Since H™ is large, we cannot
obtain enough high field data for a reliable fitting using equation (3.1). Thus, we
conducted the angle resolved second harmonic measurements. Figure 3.3(e) shows a
representative fy-dependence of Ri; measured with the same AC current of 3.4 mA
and Hex = 9.6 kOe applied in the xz-plane at varying 6u. Figure 3.3(f) shows
|H,,| *dR22/d0y asafunctionof (|H,|+ HE")™", where dots are experimental
results, and solid lines are fittings by equation (3.3). A parabolic (|H,, |+ HS™)?

out

term owing to strong SOT was clearly observed. In addition, there exists both ag\g

out

and  {'\p,gsp, Where the former originates from the ONE in the BiSb layer.
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Figure 3.4. (a) ad¥g, (b)) RNg ssk» and (¢) Hpp, + 26 Hyp, of sample B as
a function of the current density in the BiSb layer, extracted by the angle

resolved second harmonic technique.

out

Figures 3.4(a) — 3.4(c) show the fitting results of aQ¥p, RANg,ssp and
Hpyy, + 26Hyp, op parameters at various current density in the BiSb layer Jisp,
respectively, where & = Rpyp/Rapug. We note that RN gqp 1S negative, while
ad¥y is positive. Since ANE, SSE, and ONE are independent phenomena, it is not
unusual that RQNp.qqp and oy have different sign. Because our sample is
placed in vacuum, the heat generated by Joule heating inside the BiSb and CoPt
would flow toward the substrate, and we can expect the thermal gradient V7, > 0 for
both BiSb and CoPt. Therefore, the sign difference between RNp,ssp and adig
is likely due to the opposite sign of the magneto thermoelectric coefficient of
ANE/SSE and ONE.

By combining with the 2§Hp,;, + Hyyp,, o data obtained from low field RZY
measured with Hex: applied along the y-direction, we can further deconvolute Hpy;,
and Hpy , op. Using Ms = 579 emu/cc, tcopt = 1.6 nm, and the current shunting ratio
of 0.37 for the BiSb layer, we obtained 62 of 4.7. We note that there is a self-SOT

originated from the CoPt layer in this sample because of its asymmetric structure,

which needed to be subtracted from the total SOT.?>* We evaluated the self-SOT of a

55

1.5



stand-alone CoPt layer without the BiSb layer on top, which shows 0§f}fl =0.26,

consistent that observed in Pt/CoPt.”> Subtracting the self-SOT contribution from the

CoPt layer, we obtain Ggflfl of 2.0 for the BiSb layer.

Figure 3.5. H3°T = H; + 2¢Hy;, and the apparent SOT field Hx
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HZPT + HYT estimated from the low field data. The thermal contribution
HYT leads to underestimation of HZ°T by nearly 3 times. (b) Corrected HpL
and Hrw as a function of the current density in the BiSb layer.

To see how the thermal effects influence estimation of SOT from the low field

data of the sample B, we measured the low field Ri;’ with Hex applied along the x-

direction, and then subtracted «

out
ONE

out

and R{\g ssk

/HE™ from the gradient of

Riy to estimate the intrinsic SOT contribution. Figure 5(a) shows the apparent SOT

field Hx estimated by,

= [Hpp, +2§Hpy | + —5——

eff 2

k out
aonNg T

RAHE

out

RANE+SSE

eff
Hk

= H{OT + HIT.(3.4)

As shown in Figure 3.5(a), the apparent Hy (red) are about 3 times smaller than

SOT
HX

= Hpy, + 2{Hyy, (blue) due to the large negative RQ\p, g contribution.

In this case, the contributions of thermal effects lead to underestimation of SOT. By
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combining with the 2¢Hp; + Hpp op data obtained from low field RZY
measured with Hext applied along the y-direction, we estimated Hpr and HrL. Here,
we used ¢ =0.020 and calculated the Oersted field by % juotg;qpJpigy, ~ Where o and
tisb are the vacuum permeability and the thickness of BiSb layer, respectively. Figure
3.5(b) shows Hpr and Hrr as a function of Jisp. Hrr was about 10 times smaller than
HpL which is consistent with the previous report.'’ Subtracting contribution from the
self-SOT effect in the CoPt layer, we obtained 6Z=1.9 for BiSb, consistent with that
estimated from the angle resolved technique, as shown in Figure 3.4(c). If we did not
consider the thermal effects, 05 estimated after subtracting the self-SOT
ORy /oMy data would be -

O°R®,/OH

ext

contribution of CoPt from the apparent SOT field Hx = -2

1.1, whose magnitude and polarity are both different, highlighting the importance of

eliminating contributions of the thermal effects.

3.5 Summary

In this chapter, we have shown how thermal effects can contaminate the low field
second harmonic signals and reminded the importance of eliminating contributions
from thermal effects in low field data. We then generalized the angle resolved second
harmonic technique to include the ONE contribution, and demonstrated its
effectiveness in disentangling SOT, ONE, and ANE/SSE. These results provide an
accurate way to precisely estimate SOT in sample with large H{™ where high field
second harmonic data are not available. The generalized angle resolved second
harmonic is applied to YPtBi films with strong PMA CoPt layer discussed in Chapter

5.
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3.6 Appendix

Figure 3.6. Coordination system and schematic illustration for angle resolved

second harmonic measurement.

We derive the formulas for the second harmonic measurement. For this purpose,
we assume a heterostructure of a nonmagnetic layer and a ferromagnetic layer, as
shown in Figure 3.6. First, we consider an equilibrium state of magnetization under

Hext without spin current. Then, the magnetic energy E can be written by,

E 1 o
S = g HE - m e Ho, (35)
where, m is a magnetization unit vector and HE® is given by,
- 2K -
HE = Heftm, 2 = ( MU _ 47TMS> m,z, (3.6)
S

where Ky is a unidirectional magnetic anisotropy energy. By using the spherical
coordination system for the magnetization unit vector as shown in Figure 3.6,

equation (3.5) can be written as,

E 1
= —iHﬁff cos® 0, — [(HX

[T s Cos oy + HY  sing,)sinb, + HZ, cosb,], (3.7)
S

where 6, and ¢, are polar and azimuth angles of an equilibrium point for the
magnetization, respectively. When the magnetization points an equilibrium direction,

differentials of equation (3.7) by 6, and ¢, should be 0, thus
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1 oF 1
ﬁsg—@o =5 i sin 20, — [(HZX, cos ¢ + HY,, sin¢,) cos b, — HZ sinf,] = 0, (3.8)
1 OF

—— = (HZX_ si — HY inf, = 0. 3.9
MS 8@50 ( ext S ¢0 ext COS (bO) S 0 ( )

If a current is applied, the equilibrium direction of magnetization will slightly change

due to a spin induced effective filed AHgqp. These changes Af and A¢ can be

written by,
00, 00, v 00,
Al = DMz Sor t w5y — 3H§OT AH o + 5407, — DHzor AHEqr, (3.10)
_ 09, R y 09y

Here, we approximate 96,/0H.or and 0¢,/0Hiyr by 00,/0H. , and 0¢,/
OH! . (i=x,Yy, z), respectively. 96,/0H. , and 0¢,/IH]!  can be obtained from

equations (3.8) and (3.9) with differentials by H!_ .,
1 ) 0
87:[HﬁffCOSZQO—f—(HXtCOS(ﬁO—f—H . sin¢g) sin 6, + HZ  cos ] 9%

Mg 0H! 06, OH! .
+(HE, sin ¢y — HY  cos ¢,) cos b, al;iit —fi=0, (3.12)
]\25 % = (HXsin¢p, — HY . cos @) cos b, 8?{0éxt
+(HE, cos ¢y + HY  sin @) sin ) ——— aHéXt —g;, =0, (3.13)
where, fand g are given by
f = (cosf,cospy, coslysingy, —sinb,), (3.14)
g = (—sinfysin gy  sinf,cospy, 0). (3.15)

For simplicity, we assume that an in-plane component of magnetization is determined
by the direction of Hexi, which is reasonable except for samples with a strong in-plane
easy axis such as nano wires. When Hex is applied in the xz-plane under this

approximation, equations (3.12) and (3.13) are written as,
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9,

[ c03 20, + | Ho | cos(0 — 0] ml = f, (3.16)
aHéxt
: 09
|H,|sin 6y sin 6, 8H£;t =g, (3.17)
fi = (cosb,, 0, —sinf,), (3.18)
g; = (0, sinf,, 0). (3.19)

Therefore, Af and A¢ are given by,
AHEqrcosty — AHEqp sin 0,

Af = , 3.20
Hf cos 20 + |H,y | cos(0y — 6,) (3:20)
AH?
Ap =——_8SOT 3.21
* " MHogl sy 20

Here, when a current is applied along the x-direction with pg=(0 —1 0),

AHgqor is given by,
AHgoy = (Hppcosbty, —Hgpy op, —Hppsinb,cosgy)

= (Hppcosby, —Hppior, —Hpysinb), (3.22)

and thus, we finally obtain Af and A¢ as,
Hpy,

Af = 3.23
H cos 20, + |H, | cos(0y — 6,) (3:23)
H
Ap = — —__FLHOF 3.24
O ol siny &2

When an AC current is applied, Af and A¢ also change with the same frequency
with the current. Then, the effects of Af and A¢ appear in a second harmonic Hall
resistance because the anomalous Hall and planar Hall resistances can be expressed

as follows by using Taylor expansion,

Ry pg cos(0y + AB) ~ Rpyp cos 0y — Ryyp sin 6, A, (3.25)
Rpyg sin? (6, + Af) sin 2(¢, + A¢) ~ Rpyg sin? 0, sin 2¢,
+ Rpyg sin 20, sin 2¢, A0 + 2 Rpyp sin? 6, cos 2¢, A¢. (3.26)

By considering the ONE, ANE and SSE induced by a temperature gradient along the

z- and x-directions, the first and second harmonic Hall resistance at ¢,= 0 is given
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Ry, = Rypg cos by, (3.27)

R . . : )
Ri;’ — AHE o) 0y AO — Rpyp sin? 0y Ad — (ayg cos Oy — adig sin Oy) | H |

— (RN sse €08 0 — R3Np, ssg 5in b)), (3.28)
where magneto thermoelectric effects in Ry is omitted due to its smaller
contribution comparing with the AHE. By substituting equation (3.23) and (3.24) into
equation (3.28), we obtain

. .9
Rpng Hypyy, sin 6 Hygy,, or sin” 0,

2 Hffcos20, + |H,| cos(0y — 6,)

Ry = + Rpug

|H,,.|sin Oy
— (g €08 O — AN Sin O )| Heye| — (Ring . ssi €08 0y — R3Kp ssp sin bp). (3.29)
Equation (3.29) is the basement for all equations of second harmonic
measurement. First, we derive the equation for the high field method. In the high field
method, Hex larger than HET is applied along the x-direction. Then, the condition

6, = 0 = m/2 should be satisfied, and thus, one can obtain,

R H H
R)Q(W — AHE DL _|_ R FL+OF _|_ aout !Yex _|_ ROut i 3.30
y 9 |Hext | _ HIe(ff PHE |Hext | ONE | t | ANE+SSE ( )

Next, we derive the equation for the low field method. When a small Hex is
applied in the xy-plane, 6, will take small values. Under this situation, from

equation (3.8), 6, is written by,

|Hext|

90 =+ Hliff P

(3.31)

where, the sign + corresponds to the z-direction of m. By using (11.31), Ry, given

by equation (3.27) can be expanded as,

w 1 |liext| ?
ny — RAHE COS 00 =~ :l:RAHE ]. — = (—eff ) . (3.32)
2\ He

In the same manner, one can obtain Ri;’ with Hext along the x- and y-direction as
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follows.

R2%| — Rapp Hpy, sin 0, +R Hpy, or 8in® 6
o 2 Hli)ff cos 290 + |Hext| sin 90 e |Hext|

out in out :
+adNE [ Hexe| — RiNg ss €080y + RaNg sse sin by

R |Hex | ou in ou |Hex |
~ [ AR Hpy, + RPHEHFL] —tg + |:O'/Ol\tIE|Hext| F Ry\g + RAl\tIE—ef; . (3.33)
2 Hﬁff Hy

ol Ruayg  Hpp.opsinf, cosb, Hpy;, cos 6, sin? 6, Bin 9
=— - — Cos
= T Heos 26, + [Holsindy PR [ | A o5 fo
R |Hex | in
~+ [ A2HE Hgy,or + RPHEHDL:| HTfftQ T RiNe- (3.34)

Kk

Therefore, the second derivative of Ry, and first derivative of RZY by Hex are

given by,
d’R¥ R
Xy _ AHE
JHZ., =F Hlfffz , (3.35)
dRiw x 1 R Rout
dHy . = et [ AQHE Hpp, + RPHEHFL] + a(é)ul\tIE + %} ) (3.36)
ex k k
dR2| 1 [R,
dexty =+ Hﬁffz [ 2HE Hegror + RPHEHDL] . (3.37)

Then, we obtain the effective fields Hx and Hy from (3.35) — (3.37) as follows.

dRZ|,
W 2<Heff>2 Rout
H 2t — 4 [Hpp + 26Hp | + =5 [aout + ANE] : (3.38)
X d2 R;Jy DL FL RAHE ONE HEH
ngxt
dd%%;ﬂy
Hy =2 P }gf = —[Hyy, + 26Hp, . (3.39)
Xy
ngxt
R
¢ =_FHE (3.40)

RAHE

One can see that Hy contains contributions from the thermal effects, which can be
very large when the sample has large H{™. On the other hand, H. does not contain

contributions from thermal effects. Therefore, the low field method with Hex: applied
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along the y-direction can precisely evaluate the spin orbit torque. However, one has
to combine the angle-resolved method with Hex: applied along the x-direction because
Hpr and Hrr are entangled.

Finally, we derive the equation for the angle resolved method. When Hex: is
applied in the xz-plane, one can obtain the following equation from equation (3.8) for

small 6, and 0y,

| t‘
0, = —2 0 3.41
o ‘ xt| ]i off ( )

Therefore, equation (3.29) with small 6, and 6y also can be written as,

‘ xt|0

R :
R¥ = 4 <—AHE Hpp, + RpypH ) F o¥ng| Hey
y 2 DL PHE *FL+OF <| eXt| + Heff)2 ONE| t‘
ou ou ‘ ex |0
:tOéOlfTEeH‘ xt| + RANE+SSE = RANtEJrSSE ‘ | j_ Heff ’ (342>
xt k

where, the sign + corresponds to the up/down-direction of Hext or m. By calculating

the differential of (3.42) by 0}, we obtain

1 dRZ R _
‘ | d9 - ( A2HE H prL T RPHE FL+OF> <| ext| + Hlfff) 2
ext

RN g ssp (Hexe| + HE) ™! £+ 0 (3.43)
From equation (3.43), we can see that the SOT contribution has a (|H__, |+ H)=2

dependence, the ANE and SSE contribution have a (|H_ |+ H™)™! dependence,

ext
while the ONE has a constant contribution to |H,, | 'dRZY/dfy . Thus, by

measuring dR2 v/dfy as a function of Hex at various small 6y and fitting to

equation (3.43), we can separate the SOT contribution from that of the thermal effects.

3.7 References

1

I. M. Miron, K. Garello, G. Gaudin, P-J. Zermatten, M. V. Costache, S. Auffret, S.

Bandiera, B. Rodmacq, A. Schuhl, and P. Gambardella, Nature 476, 189 (2011).

63



10

11

12

13

14

15

S. Fukami, T. Anekawa, C. Zhang, and H. Ohno, Nat. Nanotech. 11, 621 (2016).

M. Hayashi, J. Kim, M. Yamanouchi, and H. Ohno, Phys Rev. B 89, 144425 (2014).
C. O. Avci, K. Garello, M. Gabureac, A. Ghosh, A. Fuhrer, S. F. Alvarado, and P.
Gambardella, Phys. Rev. B 90, 224427 (2014).

J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, S. Fukami, T. Suzuki, S. Mitani, and
H. Ohno, Nat. Mater. 12, 240 (2013).

J. Torrejon, J. Kim, J. Sinha, S. Mitani, M. Hayashi, M. Yamanouchi, and H. Ohno,
Nat. Commun. §, 4655 (2014).

S.-H. C. Baek, V. P. Amin, Y.-W. Oh, G. Go, S.-J. Lee, G.-H. Lee, K.-J. Kim, M. D.
Stiles, B.-G. Park, and K.-J. Lee, Nat. Mater. 17, 509 (2018).

L. Zhu, L. Zhu, M. Sui, D. C. Ralph, and R. A. Buhrman, Sci. Adv. 2019 5, eaav8025
(2019).

T-Y. Chen, C-W. Peng, T-Y. Tsai, W-B. Liao, C-T. Wu, H-W. Yen, and C-F. Pai, ACS
Appl. Mater. Interfaces 12, 7788 (2020).

Y. Fan, P. Upadhyaya, X. Kou, M. Lang, S. Takei, Z. Wang, J. Tang, L. He, L-T.
Chang, M. Montazeri, et al. Nat. Mater. 13, 699 (2014).

H, Wu, P. Zhang, P. Deng, Q. Lan, Q. Pan, S. A. Razavi, X. Che, L. Huang, B. Dai,
K. Wong, et al. Phys. Rev. Lett. 123, 207205 (2019).

N. H. D. Khang, S. Nakano, T. Shirokura, Y. Miyamoto, and P. N. Hai, Sci. Rep. 10,
12185 (2020).

H. Yang, H. Chen, M. Tang, S. Hu, and X. Qiu, Phys. Rev. B 102, 024427 (2020).
N. Roschewsky, E. S. Walker, P. Gowtham, S. Muschinske, F. Hellman, S. R. Bank,
and S. Salahuddin, Phys. Rev. B 99, 195103 (2019).

M.-H. Nguyen, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Lett. 116, 126601 (2016).

64



16

17

18

19

20

21

22

Y. Wang, P. Deorani, X. Qiu, J. H. Kwon, and H. Yang, Appl. Phys. Lett. 105, 152412
(2014).

N. H. D. Khang and P. N. Hai, Appl. Phys. Lett. 117, 252402 (2020).

L. Liu, C-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, Science 336,
555 (2012).

K. Garello, I. M. Miron, C. O. Avci, F. Freimuth, Y. Mokrousov, S. Bliigel, S. Auffret,
O. Boulle, G. Gaudin, P. Gambardella, Nat. Nanotech. 8, 587 (2013).

N. H. D. Khang, Y. Ueda, P. N. Hai, Nat. Mater. 17, 808 (2018).

Y. Ueda, N. H. D. Khang, K. Yao, and P. N. Hai, Appl. Phys. Lett. 110, 062401 (2017).
B. Jinnai, C. Zhang, A. Kurenkov, M. Bersweiler, H. Sato, S. Fukami, and H. Ohno,

Appl. Phys. Lett. 111, 102402 (2017).

65



Chapter 4.Spin Hall effect in YPt alloy

4.1 Introduction

Research on the SHE has been carried out focusing on materials with strong spin
orbit interaction, such as HMs'** and topological materials”® because the spin orbit
interaction is the origin of the SHE as described in Chapter 2. Although both HMs
and topological materials show large sy, the contribution of TSSs to the SHE is
definitely important. In the case of our material, YPtBi, large contribution of TSS to
the SHE is expected because YPtBi is a kind of HHA-TSM, while the SHE in its
components Y, Pt, Bi has no contribution from TSS. Here, to clarify the role of TSS
for the SHE in YPtBi, we compare the SHE in its contributing elements and alloys.
Among these elements, sputtered Pt films have demonstrated the largest fsu (0.05 —
0.16).%%'!" Although both the intrinsic mechanism (Berry phase) and the extrinsic
mechanisms (skew scattering and the side-jump) can contribute to the SHE similar
to the AHE,”'*'* the intrinsic Berry phase mechanism dominates the SHE in
sputtered Pt films due to their poor conductivity. Because osu takes a constant value
when the SHE originates from the intrinsic mechanism, sy is proportional to the
resistivity of Pt films, indicating that resistivity control techniques can realize large

Osh.
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Figure 4.1. Benchmark of 65, in Pt-based alloys.”'>'¢:1820:21

Alloying is one of the effective methods to increase Pt resistivity by increasing
scattering centers or change of the Fermi level. There are many reports on &sy for Pt-
based alloys utilizing wide variety of dopants from light metals, such as Al,'>!® to
HMs, such as Au.'>!'7?* Figure 4.1 shows the benchmark of sy in Pt-based alloys.
Alloying technique successfully realize large Osu by increasing their resistivity. Here,
one of the components of YPtBI, Pt1.xBix, shows larger sy than that for Pt by slightly
increasing its resistivity.”! However, there is no research on fsu in YPt despite its
much higher resistivity caused by heavy doping.

In this chapter, we focused on the SHE in sputtered YPt films to clarify the
importance of TSS in YPtBi via benchmark of sy in Pt-based alloys. We investigated
the origin of the SHE and its spin relaxation length As of YPt by measuring the
resistivity and thickness dependence of the SHE in YPt. We found the SHE in YPt is
governed by both the intrinsic mechanism and the extrinsic side-jump mechanism
with opposite polarity, and very long s comparing with that expected in a Pt-based

alloy with the same resistivity assuming the Elliott-Yafet (EY) mechanism.”****
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However, the maximum value of sy of YPt was 0.081 despite its high resistivity,
which is much smaller than that of YPtBi as shown later in Chapter 5. This result
highlights the importance of the contribution of TSS to the SHE in YPtBi as described

in Chapter 5.

4.2 Crystal analysis for YPt alloy and sample fabrication

MgAl,0, (2.0)
a-YPt (typy)

Pt (04
Co (04)
Pt (04)
Co (0.4)
Pt (0.4)

SiO, / Si subs.

Figure 4.2 (a) Cross-sectional transmission electron microscopy (TEM) image of
an YPt layer. (b) Fast Fourier transform of the TEM image. (¢) Schematic
structure of MgAl2O4 (2.0) / YPt (¢ypt) / [Pt (0.4) / Co (0.4)]2/ Pt (0.4) deposited
on oxidized Si substrates. (d) Optical image of a Hall bar device and

coordination system for second harmonic measurements.

The YPt layers were deposited by magnetron sputtering at room temperature

from an YPt target sintered from stoichiometric YPt powders. Stoichiometry of YPt
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thin films were confirmed by X-ray fluorescence spectrometry (XRF) measurements.
Figure 4.2(a) shows a cross-sectional transmission electron microscopy (TEM)
image of an YPt layer, which show no long-range atomic ordering. Figure 4.2(b)
shows the fast Fourier transformation (FFT) of the TEM image. The FFT image
shows a single ring with diameter of 3.90 nm! followed by a halo pattern,
corresponding to the nearest interatomic distance of 0.256 nm, which is different
from that of crystallized orthorhombic YPt.>” This value was also different from both
the lattice constant and nearest interatomic distance for both face-centered cubic
(fcc)-Pt and hexagonal close pack (hcp)-Y. Thus, the TEM and FFT images
confirmed that our sputtered YPt alloy thin films are amorphous.

For evaluation of the SHE, we prepared MgAlO4 (2.0) / YPt (typy) / [Pt (0.4) /
Co (0.4)]2/ Pt (0.4) / SiO2 / Si substrates by magnetron sputtering, as shown in Figure
4.2(c) (the unit of thickness for each layer is nanometer). The YPt layer thickness #yp;
ranges from 1.0 to 14.5 nm. The laminated [Pt (0.4) / Co (0.4)]>/ Pt (0.4) multilayers
are referred below as CoPt (2 nm) for short. Here, the 0.4 nm-thick Pt layers reduce
H of Co by their interfacial uniaxial magnetic anisotropy, which is essential for
accurate estimation of the effective spin Hall angle from the second harmonic
measurements. Note that the SHE from Pt layers are negligible because the Pt
thickness of 0.4 nm is few times to one magnitude thinner than typical As of
pt,'%:112027 and the Pt/Co multilayers are laminated in a symmetric fashion. We
fabricated 25x50 pm? Hall bars with Ta electrodes for second harmonics
measurements. Figure 4.2(d) shows an optical image of a device and definition of the
coordination system. We also fabricated four-terminal 60x100 um? Hall bars to

evaluate the sample conductance by the four-probe technique, which is essential for
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calculation of the resistivity of the YPt and CoPt layers, as well as the current density

in the YPt layer.

4.3 Ar pressure dependence of spin Hall effect for YPt alloy

Table 4.1. List of samples with structure of MgAlL2O4 (2.0) / YPt (tvet) / [Pt (0.4)
/ Co (0.4)]2/ Pt (0.4) studied in this work.

Samples YPt thickness typ; (nm) | Sputtering Ar pressure (Pa)
Al 14.5 0.3
A2 12.8 0.5
A3 12.3 0.7
A4 13.0 1.0
AS 11.0 2.0
B1 8.9 0.3
B2 7.5 0.3
B3 6.0 0.3
B4 4.6 0.3
B5 3.2 0.3
B6 2.0 0.3
B7 1.0 0.3

70



340 T 1]  2.0p"

| AL BRI LB B

 (a) ] E (b) 5
: ] 15F Sample A1 3
330f @ ]  Samp 5
[ ] 1.0 -
§ 320f 1 .. 05F .
g I 1 < oof
! - {1 x E
£ 310} - .
< [ L 1 05
A €] a
[ -1.0F
300 e [ :
; -15F
ogobm e ] _2.0:.1...1...1...1... A TS TP YT I
0.5 1.0 15 2.0 8 6 -4 2 0 2 4 6 8
Pa: (Pa) Hex (kOe)
1.0:'|"'|"'|"'|" 3-0_ rr Tl rrssrnr?
0.8F (©) [ (d) :
06:- Sample A1 2.5F Sample A1 -
. EHext//X [ ]
04F 20F ]
g 0.2F 3
S 0.0 Egghovenn 15F =
€ -0.2f .
04f 7 E
-0.6F 05F ]
-0.8F 3
1.0t 00 ———— ]
8 6 4 2 0 2 4 6 8 0.0 0.5 1.0 1.5
Heyx (kOe) Jypt (MA/Cm?)

Figure 4.3 (a) Resistivity of YPt thin films deposited with various Ar pressure
during sputtering deposition. (b) Anomalous Hall resistance of sample A1 with
14.5 nm-thick YPt deposited at Ar pressure of 0.3 Pa, measured with Hext applied
along the x- (green) and z-directions (blue). (¢c) Second harmonic Hall resistance
of sample A1 measured with Hext applied in-plane along the x-direction and bias
currents of 1 — 6 mA (1 mA step). Solid lines are fitting curves using equation
(4.1). (d) HoL as a function of the current density in the YPt layer for sample Al.

To investigate the physical origins of the SHE in YPt, we prepared a series of
samples MgA1bO4 (2.0) / YPt (11.0-14.5) / CoPt (2) with different Ar pressure of 0.3,
0.5, 0.7, 1.0, and 2.0 Pa during YPt sputtering deposition (Samples A1-AS5 in Table

4.1). The corresponding YPt thickness typ; is 14.5, 12.8, 12.3, 13.0 and 11.0 nm,
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respectively, as determined in advance by XRF for YPt stand-alone thin films
deposited with the same condition. Figure 4.3(a) shows the resistivity of YPt layer
pype in each sample measured by the four-probe technique. pyp: is 331 pQcm at 0.3
Pa but gradually decreases and saturates at 299 uQcm when the Ar pressure is
increased to 2.0 Pa. These values are 1.5 — 10 times larger than those of other Pt-
based alloys,'"** and comparable to that of B-W.*

Figure 4.3(b) shows the anomalous Hall resistance of a Hall bar device of sample
A1 with 14.5 nm-thick YPt deposited at 0.3 Pa, measured with Hex applied along the
x (green) and z-directions (blue). The dots and the red solid line are the experimental
data and fitting curve, respectively. The anomalous Hall resistance was negligible
when Hex was applied along the x-direction, indicating that the CoPt magnetic layer
has in-plane magnetic anisotropy (IMA). HEY of -0.7+0.1 kOe was obtained from
the anomalous Hall resistance data with Hex: applied along the z-direction. We then
evaluate the spin orbit torque of this sample by the second harmonic technique with
alternating currents at 259.68 Hz. In the case of IMA, Ri;’ measured at high enough

Hex: applied along the x-direction is given by,”*?’

Hgy, or
+ Rpyg —‘HJF | + @ongHexi| + Rangisse,  (41)
ext

R2w — RAHE HDL
w 2 |Hey| — HY"

where aonk is a coefficient reflecting contribution from the ONE, and Rang+ssk 1S @
constant reflecting contribution from the ANE and SSE. Fitting was performed
between 8.5 to 1 kOe and -8.5 to -1 kOe to extract the four parameters Hpr, HrL+0F,
oone and Rane+sse. Representative second harmonics data and the corresponding
fitting for sample A1 at bias currents of 1 — 6 mA (1 mA step) are shown in Figure
4.3(c), where the dots and solid lines are the experimental data and fitting curves

using equation (4.1), respectively. Figure 4.3(d) summarizes the obtained Hpr as a
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function of the YPt current density Jyp:, which shows that the Hpr term increases
with increasing charge current. Here Jyp: is determined using the parallel conduction
model. Error bars include the fitting uncertainty of Hpi for the total of 44 data points
in each curve, and the uncertainty of H™ and Raug estimated from Figure 4.3(b).
On the other hand, the Hrr+or term was negligibly small and beyond the fitting
uncertainty in our measurements, which is similar to heavily doped Pt(MgO) alloy.'®

We then calculate 6% of YPt films by,

2eMgtc,py Hpp,
h Jypy

o5l = (4.2)
where parameters Ms and fcopt are 532+3 emu/cc and 2 nm, respectively. Here, the

slope Hpir/Jyp: was calculated by the weighted least squares method, and then,

<t of 0.081+0.007 was obtained for sample Al.
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Figure 4.4 (a) 65, of samples A1-A5 with various YPt deposited at different Ar
pressure, as a function of their pypt. Dashed line is an approximation line. (b)
off of samples A1-A5 as a function of oyr. Solid line is fitting using equation

4.3).

Figure 4.4(a) summarizes 0‘§f}fl of samples A1-AS5 with various YPt deposited at
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different Ar pressure, as a function of their pyp.. Note that the intrinsic fsu may be

higher than S if we consider correction due to the spin memory loss,*"-!

the spin
back flow at the YPt/CoPt interface,’” and the Hall bar geometry effect.’* However,
we will not attempt such correction here due to the lack of critical parameters such
as spin mixing conductance at the YPt/CoPt interface. We observed a linear
dependence of S on pyp, which suggests that the intrinsic mechanism and/or the
extrinsic side-jump mechanism dominate the SHE in YPt films. We note that,

however, 6% of YPt films is nearly doubled when pyp; increases only by 10% from

299 to 331 uQcm. To explain this high sensitivity of Ggflfl to pyp, we deconvolute
the contribution of the intrinsic mechanism and the extrinsic side-jump mechanism
by plotting the effective spin Hall conductivity oghy = 26550y p, as a function of

o%p, in Figure 4.4(b). We fit the o&f — 0%, relationships by (red line),"

eff __ 2 int
OSH = QextOypy T OsH> (4.3)

where aext 1s a coefficient reflecting contribution from the extrinsic side-jump
mechanism. We obtained aext = (-5+1)x107 (4/2¢) Qcm and o}t = 700+100 (%/2e)
Q'em ™. Note that, the intrinsic mechanism, whose aiS‘}}I was smaller but comparable
to that of Pt,” contributes to the SHE in YPt films despite its amorphous structure and
no Pt-precipitation in the films. This result shows that although there is no long-range
atomic ordering in YPt alloy, there exists a finite Berry phase for the intrinsic SHE.
Furthermore, our result indicates the contribution of the extrinsic and intrinsic
mechanism has opposite polarity, which is a unique feature of YPt comparing with
other crystallized Pt-based alloys. Due to the opposite polarity, YPt has a strong
off

sensitivity of 65 to pyp because the extrinsic term drastically reduces the

contribution of the intrinsic term with a small decrease in pyp:.
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Figure 4.5. (a) Thicknesses dependence of pypt for YPt thin films deposited with
Ar pressure of 0.3 Pa. Dashed line is an approximation curve. (b) 65 of
samples B1-B7 as a function of the YPt layer thickness. Solid line is a fitting
curve using equation (4.4).

Next, we investigate the spin relaxation length in YPt. For this purpose, we
prepared another series of samples with different #yp; ranging from 1.0 to 8.9 nm
deposited with Ar pressure of 0.3 Pa (samples B1-B7 in Table 4.1). Figure 4.5(a)
shows typ-dependence of pyp, where the blue dots and the red dashed line are
experimental data and an approximation curve, respectively. pyp: tends to increase
with decrease of typy, similar to previous reports on HMs.!*!* The blue dots in Figure
4.5(b) show the experimental values of 055 as a function of typi. 6 is about 0.07
for thick #yp: but increases up to about 0.09 at 2 nm, then dropped to about 0.04 at 1
nm. This behavior can be explained by the tradeoff between enhancement of 0,

due to increase in pyp: and suppression of Hgf}fl

due to diffusion of opposite spins
from the rear side at small #yp., similar to Pt films on Ta buffers with strong thickness

dependence of resistivity.'’ In our case, although pyp; increased only 17% at small
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typ, the high sensitivity of ng}fl to pype causes the peak at 2 nm. We fit the

experimental data by utilizing the following function,>**

t
05 = Bl tye)) | 1 — s (52) ] (4.4

Here, Ogp1o(Pype) = Osmo/Oype = Cexe/Pype + O8iiPype is given by the fitting

result of Figure 4.4(b), while pyp«(fypi) is approximated by the red dashed line in
Figure 4.5(a). The red solid line in Figure 4.5(b) shows the best fit curve with As=
0.9 nm. In Pt-based alloys with the fcc structure, 4s can be calculated from their
resistivity and As of Pt assuming the EY mechanism.'® The estimated value of 1s using
the Pt-based alloy model is 0.3 nm,'" which is smaller than the obtained value of 0.9

nm for YPt. This result is surprising given the amorphous nature of YPt.

4.5 Summary

In this chapter, we have investigated the SHE and its mechanism in YPt alloy
thin films with various resistivity and thickness. It was found that 6 of YPt
increased linearly but drastically from 0.045 to 0.081 for a slight increase of pyp:
from 299 to 331 uQcm. This strong sensitivity of ng}fl to pyp: was found to be
governed by both the intrinsic mechanism and the extrinsic side-jump mechanism
with opposite polarity. By deconvoluting the contribution of the intrinsic and
extrinsic side-jump mechanisms, the large intrinsic spin Hall conductivity of
700+100 #/2e Q@ 'em™ was obtained despite its amorphous structure. Furthermore,
we found that spin relaxation length As of 0.9 nm for YPt is larger than that expected
for a crystallized Pt-based alloy with the same resistivity. Although these unique
results are very different from the conventional Pt-based alloys, YPt also cannot

realize ng}fl larger than unity. This result highlights the importance of the
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contribution of a TSS to the giant SHE in YPtBi discussed in Chapter 5.
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Chapter 5.Development of efficient spin source using
a half-Heusler alloy topological semimetal YPtBi
with Back-End-of-Line compatibility
5.1 Introduction
As introduced in Chapter 1, there are two families of materials that are currently
studied for efficient spin current sources: HMs and TIs. HMs, such as Ta,! W,” Pt,’
and their alloys with other elements, have the advantages of high melting point and
non-toxicity. Furthermore, some of them have been already adopted as buffering or
lining materials in silicon BEOL process. Thus, these HMs, considered as the first-
generation spin Hall materials, have been heavily studied by the industry as
candidates for spin current sources in spintronic devices. However, the spin Hall
performance of HMs is insufficient because their fsy is usually smaller than 1. On
the hand, TIs with TSSs, such as BixSes, (Bi,Sb)Tes, and BiSb, have demonstrated
very high Osy larger than 1 at room temperature in epitaxial TI thin films prepared by
molecular beam epitaxy.*® Moreover, the high fsy is maintained even in non-
epitaxial TIs prepared by the industry-friendly sputtering technique.”"'’ Thus, TIs are
very promising for magnetization manipulation with ultralow power consumption,
and considered as the second-generation of spin Hall materials. However, the
observed room-temperature high &sy is so far limited to only a few chalcogenide TIs
with toxic elements of either Se, Sb, or Te. Furthermore, those TIs have low melting
points, making them challenging for device integration during the silicon BEOL
process, which usually involves high temperature up to 400°C. As a result, despite
having very high fsu, the TI-based second-generation spin Hall materials have not

yet been adopted by the industry as candidates for spin current sources. In recent year,
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the research field of the SHE is expanded to other topological materials beyond TTs,

1.12-and Dirac semimetals.'>'* However, the realization of

such as Weyl semimetals
a spin Hall material having both high sy (>1) and BEOL compatibility is still
challenging.

In this chapter, we demonstrate a spin Hall material that combines the advantage
of HMs and TIs, using an HHA-TSM, YPtBi. We demonstrate that YPtBi can have a
high Osy up to 4.1, rivaling that of Tls, and a high thermal stability up to 600°C,
comparable to that of HMs. We show that the giant Osu can be explained by the SHE
of TSS rather the bulk states. We then demonstrate magnetization switching of a CoPt
thin film using the giant SHE of YPtBi by current densities lower than those of HMs
by one order of magnitude. Since HHA-TSM includes a group of three-element
topological materials with great flexibility, our work opens the door to the third-

generation spin Hall materials with both high sy and high compatibility with the

BEOL process that would be easily adopted by the industry.
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5.2 Comparison between conventional topological insulator and half-
Heusler alloy topological semimetal

(a)

(b)

Figure 5.1. Comparison of the crystal structure and band structure of (a)
topological insulator and (b) half-Heusler alloy topological semimetal. In the

band structures, TSS indicates topological surface states.

Figure 5.1 compares the crystal structure and the band structure of TI and HHA-
TSM. Most TIs crystallize in the trigonal or rhombohedral lattices including two
dimensional atomic sheets interacting via Vander Waal bonding, as schematically
shown in the left panel of Figure 5.1(a). While this crystal structure makes it easy to
grow high-quality TIs on many substrates, it results in low mechanical strength and
low melting points that in turn increase the crystal grain and surface roughness, which
are not favored for device integration. The schematic band structure of TIs is shown

in the right panel of Figure 5.1(a), which consists of a bulk band gap and one or multi
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TSS with Dirac-like dispersion and spin-momentum locking. The large Berry phase
curvature originating from the monopole at the Dirac cones of TSS is the key for
obtaining the giant spin Hall angle in TIs. The left panel in Figure 5.1(b) shows the
schematic crystal structure of HHA-TSMs, which are constructed from three kinds
of element XYZ, where X and Y are transition or rare-earth metals, and Z is the main-
group element, and thus possesses high controllability of lattice constant and band
structure via material combination.'>"” Unlike TIs, the crystal structure of HHA-
TSMs are cubic, matching those of many ferromagnetic materials and the MgO
insulating material typically used in realistic spintronic devices. Furthermore, HHA-
TSMs have high melting points, which make them compatible with the BEOL
process. In numerous combinations of X, Y, and Z, an inversion of the s-orbital band
with I's symmetry and the p-orbital band with I's symmetry occurs around the I" point,

and then TSS is generated through the change of band topology,*’-*!

as schematically
shown in the right panel of Figure 5.1(b). An ideal topological HHA would have zero
band gap and no Fermi surface. In reality, due to crystal defects, there can exist a
significant number of carriers and thus non-zero Fermi surface, making topological
HHA semi-metal rather than zero-gap insulator. Numerous works have successfully
observed such a Fermi surface and TSS in several HHA such as LuPtBi, YPtBi, and

LuPtSb using ARPES,?>* confirming that they are HHA-TSMs. Nevertheless, there

is no report on the spin Hall performance of these compounds.
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5.3 Deposition and characterization of YPtBi stand-alone thin films
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Figure 5.2. Crystal structure analysis of YPtBI thin films. (a) XRD 6-26 spectra
of 50 nm-thick YPtBi films deposited on c-Sapphire at different substrate
temperature ranging from 300°C to 800°C and the Ar pressure of 0.2 Pa. (b)
XRD 6-20 spectra of YPtBI films deposited at different Ar pressure ranging from
0.3 to 2.0 Pa at the substrate temperature of 600°C. Inset shows the peak
intensity of YPtBi(111) normalized by that at 2.0 Pa as a function of Ar pressure.
(¢) XRF spectrum of an YPtBi thin film deposited at 600°C. (d) Bi composition
at different substrate temperature. YPtBi is stable up to 600°C.

Here, we chose to investigate the SHE in YPtBi as a proof of concept for several
reasons. First, the band inversion between I's and I's of YPtBi1 are among the largest
as predicted from first principle calculation.'*!'* Furthermore, this compound does

not contain toxic elements, such as Pb,Th, or Sb. Finally, Y is stable in air and is easy
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to handle than other rare-earth elements, such as Lu, Ce, and La. We grew YPtBi thin
films on c-Sapphire substrate by co-sputtering multi targets. In this section, to
demonstrate the high thermal stability of YPtBi, we prepared two different series of
samples with different substrate temperature and Ar gas pressure. The sample
structure 1s MgAl,O4 (2.0) / YPtBi (~50) / c-Sapphire, where the layer thicknesses
are in nm. The cap MgAl1>,O4 (2.0) layer was deposited at room temperature. Figure
5.2(a) shows the X-ray diffraction (XRD) 6-260 spectra for YPtBi films deposited at
different substrate temperature 7s ranging from 300°C to 800°C and the Ar pressure
of 2.0 Pa. Clear YPtBi(111) peaks were observed at 7s = 300°C ~ 600°C, indicating
that YPtBi is stable up to 600°C. The lattice constant of 6.62 A evaluated from the
peak position of YPtBi(111) is consistent with the bulk value of 6.64 A.?° Therefore,
a strain effect on the band structure is negligibly small in our YPtBi films. Figure
5.2(b) shows the XRD 6-26 spectra for YPtBi films deposited at different Ar pressure
ranging from 0.3 to 2.0 Pa at 7s = 600°C. Peaks of YPtBi(111) were observed under
the whole Ar pressure range. The inset in Figure 5.2(b) shows the peak intensity /x
of YPtBi(111) normalized by that at the Ar pressure of 2.0 Pa. Ix increases with
increasing Ar pressure up to 1 Pa, above which /N saturates because higher Ar
pressure reduces the recoil energy of Ar ions which may implant into the YPtBi thin
films and reduce their crystal quality. We then used XRF to characterize the elemental
composition of the YPtBI thin film. A representative XRF spectrum of the YPtBi thin
film deposited at 7s = 600°C is shown in Figure 5.2(c). Fitting to the intensity of the
characteristic X-ray energy of each element allows us to determine that the atomic
composition Y:Pt:Bi of this sample is close to 1:1:1. Figure 5.2(d) shows the relative

atomic composition of Bi as a function of 7s. Since Bi is the most volatile among the
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three elements, this data allows us to determine whether YPtBi is stable or not at a
particular substrate temperature. The result in Figure 5.2(d) reveals that YPtBi is
stable up to 600°C, above which Bi composition significantly decreases due to
desorption from YPtBi, consistent with the XRD spectra in Figure 5.2(a). These
results demonstrate that YPtBi has a high thermal stability up to 600°C, higher than
the required 400°C of the BEOL process. This is a significant advantage of HHA-

TSMs compared with TIs.
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Figure 5.3. (a) Model of the YPtBi stack used for fitting of an XRR spectrum.
(b) XRR spectrum for the YPtBi stack, where the blue and red solid lines are the
experimental and fitting results, respectively.

Next, we investigated the surface roughness of YPtBi film which is one of the
most important parameters for realistic spintronic devices because the thickness of
adjacent ferromagnetic layer is ranging from several A to few nm. The X-ray
reflectivity (XRR) method was employed to evaluate the surface roughness of YPtBi
with a Ta cap layer, where Ta layer is necessary for protection of YPtBi from surface

oxidization, and thus it is impossible to evaluate the surface roughness of YPtBi by
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conventional surface analysis method such as the atomic force microscopy (AFM).
For XRR measurement, we deposited ~10 nm-thick YPtBi with a 10 nm-thick Ta
capping layer on a c-Sapphire substrate. Because Ta is partly oxidized after exposure
to the atmosphere, we employed a structure of TaxOs/Ta/YPtBi/c-Sapphire for fitting,
as shown in Figure 5.3(a). Figure 5.3(b) shows a XRR spectrum of this stack, where
the blue and red solid lines are the experimental and fitting results, respectively. The
fitting is in good agreement with the experimental result. Surprisingly we obtained
the YPtBi surface roughness of 2.4 A, which is 3 times smaller than the surface
roughness of BiSb topological insulator, despite high Ar pressure during the
sputtering. This atomically flat surface of YPtBi is a strong advantage for spintronic

devices such as MRAM with strong PMA.
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Figure 5.4. (a) Temperature dependence of the resistivity of a 11.8 nm-thick
YPtBi film. (b) Planar Hall resistance measured with an in-plane rotating Hext
of 8.4 kOe measured at 4K, where dots are experimental data and the solid curve
is a fitting given by equation (5.1). Inset shows the coordination system and
definition for the azimuth angle ¢,; of Hext. The sin2¢,; dependence of the
Hall resistance originates from the spin-momentum locking of TSS. (c¢)
Amplitude of the sin2¢;; planar Hall resistance as a function of Hext, which
increases as Hexi?, similar to those observed in TIs.

Next, we investigated the electrical properties of YPtBi. For this purpose, we
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prepared a thinner MgAl1,04 (2.0) / YPtBi (11.8) / c-Sapphire stand-alone sample. We
fabricated a 4-terminal Hall bar structure with size of 60x100 pm? by optical
lithography and ion-milling for electrical measurements. We obtained the charge
conductivity oypwsi of 1.5%10% Q'm™!, which is similar to that of bulk YPtBi.?” From
the Hall measurement, we confirmed a large carrier density of 7.1x10?> cm™. Figure
5.4(a) shows the temperature dependence of the resistivity pypmi of this YPtBi film.
We observed that pypami increases with lowering temperature, consistent with the
semi-metallic behavior observed in bulk YPtBi.”> However, the change of pypmi at
low temperature is only 4%, which is one order of magnitude smaller than that
(~50%) observed in bulk YPtBi. This can be explained by the increasing contribution
of metallic surface conduction at small thickness. We then employ the planar Hall
effect measurement to detect the existence of the spin-momentum locking of TSS in
YPtBi. Figure 5.4(b) shows the DC planar Hall resistance measured at 4 K with an
in-plane rotating magnetic field Hex: of 8.4 kOe. Here, dots show experimental data
and the solid curve is a fitting result by,”®

REyC =Rpiip Sin 20 +Rp: €08 ¢y +Ryg Sin (5.1)
where Rp5y is a planar Hall resistance originated from spin-momentum locking of
TSS, Roye and Ry, are an ordinary Hall resistance caused by the misalignment
of Hext from the xy-plane, ¢y is the azimuth angle for Hex, as shown in the inset.
We observed a clear sin2¢y; planar Hall effect despite YPtBi is a non-magnetic
material. Such a sin2¢y planar Hall effect has been reported in many non-magnetic

1.202%31 Because Hext breaks the time-reversal-

TIs with TSS crossing the Fermi leve
symmetry of TSS, back scattering increases due to selective destruction of spin-

momentum-locking along the Hex: direction, resulting in the sin2¢y planar Hall
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effect.” To further confirm this scenario, we shows in Figure 5.4(c) the amplitude

Rppp measured at various Hex, where dots are experimental data and the solid line is

a fitting result by a quadratic function. The observed Rppp ~ Hex is consistent with

previous reports on the planar Hall effect of TIs,**’

which provide evidence that our
YPtBi films have TSS crossing the Fermi level. Thus, a large SHE from the Berry

phase of TSS can be expected.

5.4 Spin Hall effect in YPtBi
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Figure 5.5. (a), (b) DC anomalous Hall resistance for sample A (oypi = 0.38x10°
Q'm! and 7co=0.5 nm) measured with Hext applied along the z-direction and the
x+2°-direction, respectively. (¢) Second harmonic Hall resistance of sample A
measured with Hext applied along the x-direction and an AC current ranging
from 1.0 to 3.4 mA, where dots are experimental data and solid curves show
fitting results given by equation (5.2). (d) HoL as a function of the current density
in the YPtBI layer.
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We now investigate Osy of YPtBI in three samples with different oypm;i of 0.38,
1.2, and 1.5x10° Q'm! (referred below as sample A, B, C). We prepared multilayers
of MgAL,04 (2.0) /Pt (0.5) / Co (tco) / Pt (0.5) / YPtBIi (typssi) / c-Sapphire. The YPtBi1
layers were deposited by co-sputtering YPt and Bi targets. The Pt/Co/Pt
ferromagnetic multilayers have PMA, and referred below as CoPt for short. Here, the
parasitic SHE from the Pt layers is negligible because the Pt thickness of 0.5 nm is
few times to one magnitude thinner than the typical spin relaxation length of Pt, and
the Pt/Co/Pt stack is symmetric.”**** The thickness of the Co layer tc, is 0.5 nm for
sample A and B, and 0.8 nm for sample C. The YPtBi layer thickness typwi for sample
A, B, and Cis 9.3, 11.5 and 11.8, respectively, as measured by XRR for stand-alone
YPtBi thin films deposited at the same conditions. After the deposition, these film
stacks were patterned into 25x50 um? Hall bar devices for transport measurements.
Figures 5.5(a) and 5.5(b) show the DC anomalous Hall resistance for sample A
measured at room temperature with Hex: applied along the z-direction and x+2°-
direction. Strong PMA with Hliff of 6.1 kOe was obtained thanks to the very flat
interface of YPtBi. Quantitative evaluation of fsy in sample A was carried out by
using the high-field second harmonic technique at room temperature with alternating
currents at 259.68 Hz. In the case of PMA, Ri;) measured at Hex higher than H{''

applied along the x-direction is given by,*>-*°

R H, H
R2o—AHE DL p FLYOF | H _|+R ’ 5.9
Xy 2 |H. - Hle(ff PHE —| H| ONE [ Hoxe [ TR ANE+sSE (5.2)

Here, fitting parameters are Hpr, Hf;ff, Hri+or, aong, and Rane+sse. Figure 5.5(c)
shows the high-field second harmonics data and the corresponding fitting for sample
A at bias currents of 1.0 to 3.4 mA, where the dots and solid curves are the

experimental data and fitting using equation (5.2), respectively. Figure 5.5(d) shows
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the relationship between the extracted values of Hpr and the current density in the

YPtBi layer Jypmi for sample A. Then, the effective spin Hall angle 9;% was

calculated from the slope of Hpir/Jyprwi by,

i 2eMtcop Hpp
SH s
h Jypg;

(5.3)

with the parameters of Ms =633 emu/cc and #copt = 1.5 nm. Thanks to the contribution
of TSS, large Ggflfl of 1.3 was observed in sample A. Furthermore, our fittings to
high-field second harmonic data indicate that the thermal contribution is negligible
in sample A, thus the low-field second harmonic technique® can also be used to

double check the value of #T..
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Figure 5.6. (a) First harmonic Hall resistance and (b) Second harmonic Hall
resistance as a function of Hext applied along the x-direction for sample A with
an applied alternating current of 1.4 mA. Here, dots and solid lines are
experimental results and eye-guides, respectively. Blue (red) correspond to the
up (down) direction of the magnetization. (¢) HpL as a function of the current
density in the YPtBI layer.

Figures 5.6(a) and 5.6(b) show the low field first harmonic resistance R and
Ri; as a function of Hex, respectively. Here, an alternating current of 1.4 mA at

259.68 Hz was applied. At low fields, Ry and Ri;’ show quadratic and linear
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dependence of Hext. We then evaluated Hpi by using following equation,
OR% /OH

Hpy, = —2W- (5.4)

Here, we neglect the contribution of HrL because this term was undetectable in the
high-field second harmonic measurements with large Hex. Figure 5.6(c) shows HpL
as a function of Jypwi. The value of 0 calculated from the slope of Hpr/Jypsi is
1.3, which is consistent with that estimated by the high-field second harmonic
technique. Therefore, we confirmed that sample A really has large 655 of 1.3. This
large egf}fl is comparable with those reported in TIs such as Bi>Ses and (BiSb),Tes,*”
and larger than that of topological Weyl semimetals.'''> Furthermore, this value is
one order magnitude larger than egf}fl of its contributing elements such as Bi, Pt, and
their alloys including YPt discussed in Chapter 4. This big difference strongly
supports the importance of TSS in YPtBi, which is the main difference between

YPtBi and those materials.
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Figure 5.7. DC anomalous Hall resistance for sample B (oypsi = 1.2x10° Q'm!
and 7co=0.5 nm) measured with Hext applied along (a) the z-direction and (b) the
x+2°-direction. (¢) Second harmonic Hall resistance of sample B as a function of
O measured with Hext = 5.1 kOe and an AC current of 3.4 mA, where dots are
experimental data and the solid line shows the gradient dR:‘:;," /dOg . (d)
|H.,.| 'dR2y/d0y (dots) as a function of (|H_,|+ HZ™)™' and the
corresponding fitting curves using equation (5.5).

xt

We then investigate the SHE in sample B and C with higher oypw; of 1.2 and
1.5%10° Q'm™!, respectively. Figures 5.7(a) and 5.7(b) show the DC anomalous Hall
resistance for sample B measured at room temperature with Hex: applied along the z-

direction and x+2°-direction. From Figure 5.7(b), we found that HZ' of sample B
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is as large as 7.4 kOe. This makes it difficult to estimate the effective spin Hall angle
by the high-field second harmonic technique in this sample. Instead, we performed
the angle-resolved second harmonic technique for this sample, which is described in
Chapter 3. Figure 5.7(c) show a representative Ri; — 0y data measured at Hext =
5.1 kOe and an AC current of 3.4 mA. The slopes correspond to de(;’ /dfy in the

following equation (5.5),

1 ARy (RAHE

|| df 2 Hpr, + RPHEHFL+OF> (| Hoo| + H{™) 2
e H

xt

£ Rynpssn ([ Hol + HET) ™ £ aong- (5.5)
Figure 5.7(d) shows |H,|dR2’/dfy as a function of (|H,.|+ Hg")™' and
the corresponding fitting at bias currents of 3.4 mA, where the dots and solid curves
are the experimental data and fitting results given by equation (5.5), respectively.
From the coefficient of (|H,, |+ H®)"2 term (ignoring the RpppHpr. op
contribution), Ms = 729 emu/cc and fcopt = 1.5 nm, we obtained 65 = 0.9+0.2 for

sample B.
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Figure 5.8. (a), (b) DC anomalous Hall resistance for sample C (oypi = 1.5x10°
Q'm™! and #co=0.8 nm) measured with Hex applied along the z-direction and the
x+2°-direction, respectively. (¢) Second harmonic Hall resistance of sample C
measured with Hext applied along the x-direction and an AC current ranging
from 1.0 to 3.4 mA, where dots are experimental data and solid curves show
fitting results given by equation (5.2). (d) HoL as a function of the current density
in the YPtBI layer.

On the other hand, since the sample C has the highest surface quality, H{™ of

°ff we increased the

CoPt could be even larger than that of sample B. To reduce H,
Co thickness from 0.5 nm to 0.8 nm in sample C. This allows us to perform the high-

field second harmonic measurement on sample C, which is faster and more simple
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than the angle-resolved second harmonic technique. Figures 5.8(a) and 5.8(b) show
the DC anomalous Hall resistance for sample C measured with Hex applied along the
z-direction and x+2°-direction. We obtain H" =6.1 kOe from Figure 5.8(b). Figure
5.8(c) shows the high-field second harmonics data and the corresponding fitting for
sample C at bias currents of 1.0 to 3.4 mA, where the dots and solid curves are the
experimental data and fitting using equation (5.2), respectively. Figure 5.8(d) shows

the relationship between the extracted values of HprL and Jypi for sample C. From

the slope HoL/Jyeisi, Ms = 837 emu/cc and fcop = 1.8 nm, we obtained 65 = 0.64 in

sample C.
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Figure 5.9. (a) Relationship between the effective spin Hall angle and the
conductivity of the YPtBi layer observed in sample A, sample B (oypi = 1.2x10°
Q'm! and #co=0.5 nm), sample C (oypBi = 1.5x10° Q'm! and #co=0.8 nm), and
sample E (oypi = 0.39x105 Q'm! and #co=0.5 nm). (b) Thickness dependence of
the effective spin Hall angle in another series of samples. Sample D (oypmi =

2.0x105 Q'm! and #co=0.5 nm) is a representative sample in this series.

Figure 5.9(a) summarizes the 65 — oypwi relation for each sample. 65 for

sample E which is discussed in the next section is also plotted. Here, sample E
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consists of an YPtBi layer with the same conductivity with that in sample A but
deposited by co-sputtering Y, Pt, and Bi target. Its 9;% is even larger, reaching 1.6.

We model the spin Hall angle by considering the contribution from a TSS spin Hall

conductivity o1 and a bulk spin Hall conductivity o5y,
TSS | B
ff_ OsH T Osu
=0 (5.6)
OypBi

Thus, 6%~055%/oypg; if TSS dominates the SHE, and 6%;~08,/oyp; if otherwise.
Regardless of which dominates, because the spin Hall conductivity is constant in the
moderately dirty regime with the dominating Berry phase mechanism,”’** €55 is
inversely proportional to oypi. The red solid curve in Figure 5.9(a) is a fitting result
of the egf}fl — oypi relation by equation (5.6), which reasonably agrees with the
experimental results and indicates that the SHE in YPtBi is indeed governed by the
Berry phase.

In order to see which of a3 or o8, dominates the SHE, we studied the YPtBi
thickness dependence of 6%, in another series of samples with structure of Ta (1.0)
/ MgALO4 (2.0) / Pt (0.8) / Co (0.5) / Pt (0.8) / YPtBi (¢ypi) / c-Sapphire, whose
typmi are 4, 6, 8, 10, and 20 nm. The YPtBi layers in this series were deposited by co-
sputtering Y, Pt, and Bi targets. A representative sample D with #ypgi = 10 nm and
high oyemi =2.0x10° Q'm™ shows @& = 0.12. Figure 5.9(b) shows the thickness
dependence of @5 in this series, where the dots and solid line indicate the
experimental data and fitting result by equation (5.6). At typmi = 8 nm, equation (5.6)
explains the experimental results very well. At fypii < 8 nm, Qfs’f}fl rapidly decreases
to below that expected from the equation (5.6). Notably, ng}fl reaches 0 at typwi = 4

nm. This behavior cannot be explained by the bulk SHE, whose thickness dependence

should follow @5 =68,[1-sech(typ,p;/As)], which means 65 ~ 68, at rypmi >> As
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and 65" ~1084 (typesi/Ag)? at tyemsi << As. Thus, the bulk 6% should approach
zero only at typsi = 0 nm (dashed line in Figure 5.9(b)). Meanwhile, if 9;% is
governed TSS, the observed rapid decrease and disappearance of ng}fl at typi = 4
nm can be explained by destruction of TSS due to interference of TSS on the top and
bottom surface of YPtBi, a phenomenon well known in TIs.*’ Thus, our results
indicate that the SHE in YPtBi is dominated by the intrinsic Berry phase mechanism

from TSS.
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5.5 Magnetization switching by ultralow DC and pulse currents
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Figure 5.10. (a), (b) DC anomalous Hall resistance for sample E (ovri =
0.39x10° Q'm! and #co=0.5 nm) measured with Hex applied along the z-
direction and the x+5°-direction, respectively. (¢) Second harmonic Hall
resistance of sample E measured with Hext applied along the x-direction and an
AC current ranging from 1.0 to 3.0 mA, where dots are experimental data and
solid curves show fitting results given by equation (5.2). (d) HpL as a function of

the current density in the YPtBi layer.

To demonstrate the magnetization switching by the SOT effect generated by

YPtBi, we prepared a stack of Ta (1.0) / MgALO4 (2.0) / Pt (0.8) / Co (0.5) / Pt (0.8)

/YPtBi (11.3) / c-Sapphire (sample E). Here, oypwsi was tuned to 0.39 X 10° Q'm™! to
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maximize 65;. We then fabricated a Hall bar device with size of 10x60 um? of this
stack for current-induced magnetization switching. Figures 5.10(a) and 5.10(b) show
the DC anomalous Hall resistance for sample E measured at room temperature with
Hex: applied along the z-direction and x+5°-direction. We obtained HSf = 3.4 kOe
from Figure 5.10(b). Figure 5.10(c) shows the high-field second harmonics data and
the corresponding fitting for sample E at bias currents of 1.0 to 3.0 mA, where the
dots and solid curves are the experimental data and fitting using equation (5.2),
respectively. Figure 5.2(d) shows the relationship between the extracted values of
Hpr and Jypi for sample E. From the slope Hpi/Jypi, Ms =435 emu/cc and tcopt =

2.1 nm, 6 of 1.6 was obtained in sample E.
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Figure 5.11. Ultralow current-induced magnetization switching in sample E
(ovpi = 0.39x10° Q'm™! and #co=0.5 nm). (a) SOT magnetization switching by
DC currents with various in-plane Hext (-1.4 to 1.4 kQOe) applied along the x-
direction. (b) Threshold switching current density in YPtBi as a function of Hext.
(c¢) SOT magnetization switching by pulse currents with various pulse width
ranging from 50 ps to 10 ms and Hext of 0.5 kOe. (d) Threshold switching current
density in YPtBI as a function of pulse width, where dots are experimental data

and solid lines show fitting results given by equation (5.7).

Figure 5.11(a) shows the SOT magnetization switching loops at room
temperature by DC currents under an in-plane bias magnetic field Hex (-1.4 ~ 1.4
kOe) applied along the x-direction. The switching polarity was reversed when Hext

with opposite direction was applied, indicating the switching was governed by SOT.
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Furthermore, the observed switching direction shows that the spin Hall angle of
YPtBi has the same polarity with that of Pt,*” and is similar to that of other Bi-based
TIs.*° Figure 5.11(b) shows the threshold current density L‘flPtBi as a function of Hex:.
Low Jy"™®' on the order of 10° Acm™ was achieved for entire Hex:. Figure 5.11(c)
shows the full SOT switching loops by pulse currents with various pulse width 7 from
50ps to 10 ms under Hex: of 0.5 kOe applied along the x-direction. Figure 5(d) shows
JYPBI a5 a function of 7. For a reasonable benchmarking, we note that the switching

current density in 10x60 pm? Hall bar of Pt (3) /[Co (0.4) / Pt (0.4)]x stacks is 3.2x107,
4.6x107, and 5.4x10” Acm™ at the pulse width of 100 ms forn= 1, 2, 4, respectively.*!

Thus, the switching current density in YPtBi is one order of magnitude lower than

that of Pt, demonstrating that YPtBi is as efficient as T1Is.

We then fit J;"®' by the thermal fluctuation model,***

7ire = ggee 12 (%)] , (5.7)
where, Jib®' is the threshold current density for YPtBi layer at 0 K, A is the
thermal stability factor, and 1/, (10 GHz) is the attempt frequency associated with
the precession frequency of a magnetization. From the fitting, we obtained A = 39

and JPB1 = 1.8x10° A/cm?. A is similar to that of CoFeB/MgO in perpendicular

magnetic tunnel junctions with diameter of 20 ~ 30 nm.
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Figure 5.12. Robust SOT magnetization switching by YPtBi in sample E. (a)
Sequence of 105 pulses with the current density in YPtB of 1.7x10° Acm and
the pulse width of 50 ps. (b) Hall resistance data measured for a total of 210
pulses under a bias field of 0.5 kQOe.

Finally, to demonstrate robust SOT switching using YPtBi, we applied a
sequence of 105 pulses with Jypwi of 1.7 MA/cm? and 7 of 50 s, as shown in Figure
5.12(a). Figure 5.12(b) shows the Hall resistance data measured for a total of 210
pulses under the bias field of Hexte = £0.5 kOe. We observed very robust SOT
switching by YPtBi, indicating that the spin Hall characteristics of YPtBi were

unchanged during the pulse sequences.
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5.6 Further improvement of spin Hall angle
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Figure 5.13. (a), (b) DC anomalous Hall resistance in sample F (oypi = 0.36x10°
Q'm™! and #co=0.5 nm) measured with Hex: applied along the z-direction and the
x+2°-direction, respectively. (¢) Second harmonic Hall resistance of sample F
measured with Hext applied along the x-direction and an AC current ranging
from 1.8 to 3.8 mA, where dots are experimental data and solid curves show
fitting results given by equation (2). (d) HoL as a function of the current density
in the YPtBi layer. (e), (f) SOT magnetization switching by DC currents with in-
plane Hext of 0.18 and -0.18 kOe applied along the x-direction, respectively.

In this section, we demonstrate the improvement of agf}fl in YPtBi by improving
spin transparency at the YPtBi interface. In previous sections, we have inserted an
interfacial Pt layer between the YPtBi and Co layers to make the Pt/Co/Pt structure
symmetric and to enhance the interfacial PMA between Co and Pt. However, spin
dissipation can occur in the interfacial Pt layer and reduces the effective spin Hall
angle of YPtBi. To eliminate this spin dissipation, we prepared a stack of Ta (1.0) /

MgALO4 (2.0) / Pt (0.8) / Co (0.5) / YPtBi (10) / c-Sapphire (sample F). Figures
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5.13(a) and 5.13(b) show the DC anomalous Hall resistance of sample F measured at
room temperature with Hex; applied along the z-direction and x+2°-direction. Despite
there is no Pt interfacial layer, we obtained PMA with H® = 4.6 kOe as shown in
Figure 5.13(b), which is larger than that of sample E (HS® = 3.4 kOe), thanks to the
flat surface of the YPtBi layer. Figure 5.13(c) shows the high-field second harmonics
data and the corresponding fitting for sample F at bias currents of 1.8 to 3.8 mA,
where the dots and solid curves are the experimental data and fitting using equation
(5.2), respectively. Figure 5.13(d) shows the relationship between the extracted
values of Hpr and Jyp; for sample F. From the slope Hpr / Jypmi, Ms = 443 emu/cc
and fcort = 1.3 nm, we obtain 6 = 4.1 for sample F, which is not only 2.6 times
larger than that in sample E but also larger than that of several conventional TIs such
as BizSes, (BiSb).Tes, and BixTeix.*>’ Note that, the improvement factor of 2.6
cannot be explained only by the elimination of spin dissipation in the Pt interfacial
layer, which is given by sech(tp, /AS") = 0.78, where fp and AS' of 1.1 nm are

thickness and spin relaxation length for Pt, respectively. This result indicates that

additional spin dissipation due to other mechanisms at the interface between the

44,45 46

YPtBi and Co layers, such as spin memory loss and spin back flow,™ is also
smaller than those between YPtBi and Pt. Figure 5.13(e) and 5.13(f) show the SOT
magnetization switching loops at room temperature by DC currents with Hext of 0.18
and -0.18 kOe applied along the x-direction, respectively. The switching polarity in
Figures 5.13(e) and 5.13(f) is similar to that of sample E, but opposite to what
expected from the SHE of the top Pt layer, indicating that the observed SOT

switching is governed by the SHE of YPtBi.
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5.7 Summary

In this chapter, we have demonstrated a proof of concept that by using an HHA-
TSM, we can combine the advantage of the high spin Hall performance of TIs (9;%
> 1) and the high thermal stability (> 400°C) of HMs, which make it much easier for
industrial adoption than the case of TIs. Our results open the door to the third-
generation spin Hall materials with both high fsy and high compatibility with the
BEOL process. Since HHA-TSMs include a group of three-element topological
materials with great flexibility for material choice, we call for further investigation
of the spin Hall performance of this family. Indeed, first principle calculations have
suggested at least ten materials in this group.'*'* Although the YPtBi thin films in
this chapter were deposited by using multi target sputtering, bulk single crystal of
some bismuthides, such as HoPdBi, LuPdBi, LuPtBi, YPtBi, GdPdBi, and DyPdBi

have been synthesized by the Bi-flux technique,”

indicating that it is possible to
make large single crystal targets of HHA-TSM for mass production. Contrasting to

the case of TIs, we found that there is no obvious physical nor technical difficulty for

HHA-TSMs to be used in realistic spintronic applications.
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Chapter 6.Effect of Stoichiometry on the spin Hall
angle in YPtB1

6.1 Introduction

In Chapter 5, we successfully developed an efficient spin source by using a kind
of HHA-TSM, YPtBi, which has both large fsu (>1) and high thermal stability
(6000C) that are important for BEOL processes. Although ideal HHA-TSM are zero-
gap TIs with no Fermi surface,' there are extrinsic carriers due to various crystal
defects that make those alloys semimetal with a finite Fermi surface. As described in
Chapter 5, we shown that Ggflfl of YPtBi is sensitive to its electrical conductivity,
which depends on the crystal growth parameters. However, the effect of
stoichiometry on sy in this alloy is not well understood. It is well-known that the
SHE in TIs, such as BixSes, strongly depends on stoichiometry, which brought
controversy about the value of Ggflfl and is a big problem for using TIs in realistic
spin devices. Because YPtBi is classified as a zero-gap T1I, there is a possibility that
the SHE in YPtBi can have a strong stoichiometry dependence. Thus, it is important
to understand the effect of stoichiometry on the SHE in YPtBi.

In this work, we investigate ng}fl of YPtBi when changing the composition ratio
of Y/Pt (denoted as r) from 0.5 to 1.9. From XRD analysis, we found that YPtBi is
highly ordered up to » = 1.5. Furthermore, the carrier concentration is minimized, and
the mobility is maximized, thus oypwsi is minimized (~0.36x10° Q'm™) when the
alloy was tuned to the exact stoichiometry condition (» = 1.0), at which Ggflfl reached
a maximum value of 1.7 in junctions with Pt/Co/Pt. Furthermore, we found that the
ng}fl — oypwi relationships is similar to that observed in Chapter 5 in samples with

exact stoichiometry, indicating that the SHE in YPtBi is robust against the change of
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its stoichiometry.

6.2 Crystallinity and the electric properties of YPtBi at various
stoichiometry
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Figure 6.1. (a) XRD spectra depending on r. Asterisks denote, from left to right,
the A1203(0003), (0006), and (00012) peaks of c-Sapphire substrate. Circles
denote, from left to right, the YPtBi(111), (222), (333), (444) peaks. Triangles
denote, from left to right, the peaks of parasitic alloys of Y(100), YPtx(110),
YPtx(200), and YPtx(222). (b) r dependence of the peak position for YPtBi(111).
(¢) Order parameter of the C1 structure at various r.

First, we investigated the relationship between the crystallinity and the electric
properties of YPtBi prepared by magnetron sputtering. For this purpose, we deposited
30 nm-thick YPtBi films on c-Sapphire substrate by co-sputtering from Y, Bi, and Pt
targets. To change r, we kept the sputtering power of the Bi and Pt target constant,

while changing the sputtering power of the Y target. The substrate temperature and
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Ar pressure were kept at 600 °C and 2.0 Pa, respectively. A Ta capping layer was
deposited on top of YPtBi to prevent oxidation of YPtBi for XRD measurements.
Figure 6.1(a) shows the XRD spectra of the 30 nm-thick YPtBi samples at various 7.
XRD peaks of the YPtBi(111) plane (filled circles) were clearly observed for r
between 0.5 and 1.5. However, except for the exact stoichiometry conduction » =1,
notable peaks from undesirable parasitic alloys (filled triangles) were also observed;
Pt-rich YPtx alloys emerged at » < 1.0, while Y was observed at » > 1.5 due to
oversupply of Pt or Y atoms. Figure 6.1(b) shows the » dependence of the peak
position of YPtBi(111). The shift of the YPtBi(111) peak indicates that not all
oversupplied atoms precipitates into undesirable parasitic alloys but parts of them
entered substitutional sites in the YPtBi crystal, which means that YPtBi is non-
stoichiometry at » # 1. We calculate the order parameter Sci for Y and Bi against Pt
in the C1 structure by using the integrated intensity ratio of YPtBi(222) at ~47° and
YPtBi(444) at ~107°, which affects the density of state (DOS) around the Fermi
level.” For the calculation, we took into account the powder ring distribution factor
and absorption factor corrections.’ Figure 6.1(b) shows the 7 dependence of Sci. Sci
varied from 0.8 to 1.0 with increasing . In this range of Sci, the effect of disorder on

DOS around Fermi level is limited.’
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Figure 6.2. r dependence of (a) ovrsi, (b) hole concentration p and mobility x4 of
30 nm-thick YPtBi samples.

We then conducted the electrical transport measurements for 30 nm-thick YPtBi by
using the van der Pauw method at room temperature. According to the Hall
measurement results, the carrier type in our 30 nm-thick YPtBi is hole, consistent
with observation by angle resolved photoemission spectroscopy.”® Figure 6.2(a)
shows the » dependence of cYPtBi. We observed that oyp; takes a minimum value
at = 1.0. Figure 6.2(b) shows the » dependence of the hole density p (blue circles)
and mobility u (red circles). At low » = 0.5 and high » > 1.5, p is as high as 10?'—
10?2 cm ™ and y is less than 10 cm?/Vs. However, at = 1, p is drastically reduced to
3x10%° cm3, while  is improved up to 24 cm?/Vs. As discussed above, this dramatic
change of p cannot be explained only by the change of the Sci1 parameter. Rather, the
extra carriers at » # 1 may be caused by extra electronic states arising from the defects

such as anti-site due to non-stoichiometry of YPtBi.°
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6.3 Spin Hall properties of YPtBI films at various stoichiometry
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Figure 6.3. (a) Schematic illustration of sample structure for spin Hall
measurements. (b) r dependence of oyesi in CoPt/YPtBi heterostructures. (c),
(d) Anomalous Hall resistance at r = 1.0 with Hext applied along the z-direction
and x+5°-direction, respectively, measured by a direct current. (e), (f) r
dependence of H and surface roughness.

Next, we investigated the spin Hall properties of YPtBi films at various r. For
this purpose, we prepared heterostructures of Ta (1.0) / MgAl,O4 (1.0) / CoPt (2.4) /
YPtBi (10), as shown in Figure 6.3(a), where CoPt (2.4) =Pt (0.8) / Co (0.8) / Pt (0.8)
(the number are the layer thicknesses in nm). Here, we assumed that the 1 nm-thick
Ta layer on MgAL,O4 was fully oxidized after exposure to the air. The parasitic SHE
from Pt layers is negligible because the thickness of Pt layer is few times thinner than
the spin relaxation length of Pt layer and the structure of CoPt is symmetric.’” After

the deposition, these film stacks were patterned into 10 x 60 pm? Hall bar devices
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with Pt/Ta electrodes for transport measurements. Figure 6.3(b) shows the r
dependence of oypwi, which was calculated from the total conductivity of the
CoPt/YPtBi heterostructures and the conductivity of a CoPt (2.4) standalone
reference sample measured by a four-terminal method. oypmi of 10 nm-thick YPtBi
in the heterostructure samples has similar » dependency with 30 nm-thick YPtBi.
Figures 6.3(c) and 6.3(d) show the anomalous Hall resistance at » = 1.0 with Hex
applied along the z-direction and x + 5°-direction, measured by a direct current. By
applying the generalized Sucksmith-Thompson method to Figure 6.3(d),'” we
achieved H! of 1.3 kOe. Figure 6.3(¢) shows the » dependence of HE™ where the
positive (negative) value of H{™ correspond to PMA (IMA). Here, PMA was
realized at most of » values thanks to the flat interface of YPtBi. However, H!
suddenly drops at » = 0.5 and around » ~ 1.2. Figure 6.3(f) shows the » dependence
of the surface roughness of the CoPt/YPtBi heterostructures evaluated by AFM. We
can see a correlation between Figures 6.3(e) and 6.3(f); samples with small surface
off

roughness tend to have high H¢™. Therefore, the degradation of H™ was likely

caused by an increase in the surface roughness.
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Figure 6.4. (a) Schematic illustration of the experimentally set up for the high-
field second harmonic measurement and coordination system. (b)
Representative high-field second harmonics data (r = 1.0) and the corresponding
fitting at alternating bias currents of 1.8 to 3.8 mA (0.4 mA step), where the dots
and solid curves are the experimental data and fitting using equation (6.1),
respectively. (c) Relationship between the extracted values of HpL and Jypi at r
= 1.0. (d)  dependence of %% (¢) Correlation between 65y and oypsi. The red
solid line indicates Hesf}fl is inversely proportional to oypei. (f) r dependence of
the power consumption of SOT magnetization switching for YPtBi normalized

by that for W in a bi-layer model.

We then evaluated 6@% by using the high-field second harmonic technique with an
alternating current at 259.68 Hz. Figure 6.4(a) shows the experimental set up for the
high-field second harmonic measurement and coordination system. In the high-field

second harmonic method, Rf(;’ measured at Hex higher than Hfapplied along the

x-direction is given by,”!'"+!?

RAHE H DL
2 |H ext | _Hleff

Ri;) = F0oNE [ Hlext| TR ANE+sSE- (6.1)
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Here, fitting parameters are Hpr, H:", aone, and Rane+sse. Figure 6.4(b) shows the
representative high-field second harmonics data for the stoichiometry sample (r =
1.0) and the corresponding fitting using equation (6.1) at bias currents of 1.8-3.8 mA
(0.4 mA step), where the dots and solid curves are the experimental data and fitting
curves, respectively. Figure 6.4(c) shows the relationship between the extracted

values of Hpr and Jypsi for this sample. Then, 9;% was calculated from the slope of

Hpi/Jypi by,

eeffzzeMStCOPt Hp
SH :
h Jypg;i

(6.2)

where the parameters Ms and tcopt are 431 emu/cc and 2.4 nm, respectively. Thanks
to the large Berry phase of TSS and suppression of the shunting current to the bulk
state by reducing extra carriers, large 9;% of 1.7 was observed. Note that, 9;%
larger than 1 is very rare in topological semimetals because of large shunting current
into the conductive bulk. Figure 6.4(d) shows the r dependence of €5 . 65 is
maximum at stoichiometry (» = 1.0) but drops quickly at other non-stoichiometry
conditions. This behavior is opposite that of oypsi shown in Figure 6.3(b). Figure
6.4(e) shows the correlation between oyemi and 65 where blue circles are
experimental results. Although the data was scattering, we can see a general trend
that egf}fl was inversely proportional to oyps; (red line). Furthermore, the Hgf}fl—oyptgi
relationships is similar to that observed in Chapter 5 in samples with exact
stoichiometry depicted in Figure 6.4(e) as rectangles. This implies that the SHE in
YPtBi is robust against the change of its stoichiometry, which is another evidence
that the SHE in YPtBi is originated from the intrinsic Berry phase mechanism of a
TSS because the bulk origin one should strongly depend on its bulk band structure

and change of Fermi level due to the change of its stoichiometry. This also explains
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why there is no correlation between the order parameter in Figure 6.1(c) and egf}fl in

Figure 6.4(d). Rather, the spin Hall angle is affected indirectly through the change of
OYPiBi.

Finally, we investigated how changing r affects the power consumption of SOT
magnetization switching. For this purpose, we consider a bi-layer of a spin Hall layer

and a ferromagnetic layer.” In this model, the power consumption Psor is

. t t ..
proportional to ”iggoigggfgsﬁ)ghﬂ, where osor, tsor and orwm, frum are the conductivity

and thickness of the spin Hall layer and the ferromagnetic layer (assumed to be
CoFeB), respectively. Figure 6.4(f) shows the » dependence of Psor for YPtBi
normalized by Psor for W, where we assumed fypwi = 10 nm, tw =4 nm, ow = 4.7x10°
Q'm!, 6%; = 0.3," tcores = 1 nm, and ocores = 6.0x10° Q7'm™". Here, the r
dependence of oypmi was approximated by a quadratic function best fitted to data in
Figure 6.3(b). We found that YPtBi provides smaller Psor than W within 0.7 < r <
1.3, and the smallest power consumption is realized at the exact stoichiometry

condition » = 1.0.

6.4 Summary

In this chapter, we have investigated the SHE in YPtBi while changing the Y/Pt
composition ratio . We successfully grew highly ordered YPtBi films at »=0.5—1.5.
Furthermore, the extra carrier density was minimized, and mobility was maximized
at the exact stoichiometry of » = 1.0, resulting in the minimum oypi. We achieved a

large Qfs’f}fl of 1.7 at » = 1.0, where the power consumption of magnetization

manipulation was minimized. We also found that the Ggf}fl—conductivity relationship

is robust against the change of its stoichiometry unlike the conventional TIs, which
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is strong advantage of this alloy for spintronic applications.
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Chapter 7.Giant spin Hall effect in YPtBi grown at
low temperature

7.1 Introduction

In Chapter 5 and 6, we have demonstrated that YPtBi has not only large 65 up

to 4.1 but also high thermal stability of 600°C, which is favorable for BEOL process.
In YPtBi, suppression of bulk carrier or bulk conductivity is a key to achieve large
ng}fl. Since YPtBi is basically a zero-gap TI, the bulk carriers are generated by crystal
defects. Therefore, previous chapters adopted high growth temperature of 600°C
during sputtering to improve the crystal quality. However, such a high growth
temperature exceeds the limitation of 400°C of BEOL process. For fabrication of
realistic SOT devices on top of silicon electronics during BEOL process, it is essential
to reduce the growth temperature to below 400°C.

In this chapter, we investigate the SHE of YPtBi grown at lower temperature
down to 300°C. We found that 65% and o0& of YPtBi decrease with lowering the
growth temperature from 05 =2.8 and o0& =0.89x10° (7/2¢) Q'm™ at 600°C to
Ot = 1.2 and oSl = 0.33x10° (7/2¢) Q'm™' at 300°C due to degradation of the
crystallinity and spin transparency at the interface of CoPt/YPtBi. On the other hand,
we found that by decreasing the sputtering Ar gas pressure, og can be recovered
by improving spin transparency thanks to higher migration energy of sputtered atoms.
We realized a giant 65 up to 8.2, and then performed SOT magnetization switching
by ultralow current density in the YPtBi layer grown at 300°C with the Ar gas

pressure of 1 Pa. Our results open up a way to achieve giant 65 in YPtBi grown at

low growth temperature suitable for BEOL process.
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7.2 Effect of growth temperature on the crystallinity and spin Hall effect
of YPtBI
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Figure 7.1 (a) XRD spectra of 30 nm-thick stand-alone YPtBi films deposited at
various growth temperature (7c). Asterisks denote, from left to right, the
Al203(0003), (0006), (0009), and (00012) peaks of c-Sapphire substrate.
Triangles denote, from left to right, the peaks of Bi(006), (202), and (300). (b)
Growth temperature dependence of the integrated peak intensity of YPtBi(111)
with the powder ring correction. (¢) Growth temperature dependence of the hole

carrier density p and mobility u.

First, we investigated how the growth temperature (7c) affects the SHE of YPtBi.
We prepared 30 nm-thick YPtBi films grown at 76 = 300, 400, 500 and 600°C by co-
sputtering Y, Pt, and Bi targets. The Ar gas pressure during YPtBi sputtering was
fixed to 2.0 Pa, and the atomic Y/Pt composition ratio was fixed to the exact
stoichiometry of 1.0 to minimize the bulk carriers by following Chapter 6. The

sample structure was Ta (1.0) / MgAl,04 (5.0) / YPtBi (30) / c-Sapphire (the number
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are the layer thicknesses in nm). Here, we assumed that the 1 nm-thick Ta layer on
MgAl,04 was fully oxidized after exposure to the air. Figure 7.1(a) shows the XRD
spectra for the YPtBi samples grown at various temperature. Peaks from YPtBi(111)
orientations were clearly observed in all samples. Peaks from residual Bi (filled
triangles) were also observed at 7 below 400°C, when the Bi de-absorption rate from
the YPtBi films is lower. Figure 7.1(b) shows the 7 dependence of the integrated
peak intensity of YPtBi(111) with the powder ring correction.! Although the
integrated peak intensity is nearly unchanged at 7 > 400°C, it dropped at 7 = 300°C
indicating degradation of the crystallinity. Figure 7.1(c) shows the 7 dependence of
the hole carrier density p and mobility # measured by using the van der Pauw method
at room temperature. p and x are nearly unchanged at 76 > 400°C and comparable to
those reported in another sputtered Bi-based half Heusler alloy.” However, p
increased to 10?! cm™ while x dropped to 7 cm?/Vs at Tg = 300°C, reflecting
degradation of the crystallinity. Therefore, weaker SHE is expected for the sample
grown at 300°C due to its poor crystallinity.

We then investigate the relationship between the growth temperature and the
SHE. For this purpose, we fabricated heterostructure samples consisting of Ta (1.0) /
MgALO4 (1.0) / Pt (0.8) / Co (0.8) / Pt (0.8) / YPtBi (10) / c-Sapphire, where the
YPtBi layer was grown at 300, 400, 500 and 600°C, and the Pt / Co / Pt layers were
grown at room temperature. Below, we will refer Pt (0.8) / Co (0.8) / Pt (0.8) as CoPt
(2.4) for short. Here, the parasitic SHE from the two Pt layers is negligible because
the thickness of the Pt layers is few times thinner than the spin relaxation length of

3-6

Pt and the layer structure of CoPt is symmetric.”” After deposition, these samples

were patterned into 10x60 pum? Hall bar devices with Pt/Ta electrodes for transport
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measurements.
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Figure 7.2. (a) — (d) Anomalous Hall resistance of 10x60 pm? Hall bar devices of
Ta (1.0) / MgAL204 (1.0) / Pt (0.8) / Co (0.8) / Pt (0.8) / YPtBi (10) heterostructures,
whose YPtBi layer was grown at 300, 400, 500 and 600°C, respectively.

Figures 7.2(a) — (d) show the anomalous Hall resistance of the Hall bar devices
measured with Hex applied along the z-direction (film normal). Although all samples
show PMA, the squareness ratio of the hysteresis of R,z becomes less than 1 at
300°C. These results suggest that the quality of CoPt on YPtBi also degrades with
decreasing 7g. Next, we used the high-field second harmonic Hall effect
measurement technique with an alternating current at 259.68 Hz for evaluation of
6t In the high-field second harmonic Hall effect method, Ri;" measured with Hext
applied along the x-direction (parallel to the current direction) and higher than Hliff

is given by,”*

o Rawe  H
Riy: [}HE H |D_LI_]eff +aoNE [Hext| TR ANE+sSE- (7.1)
ext k
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Figure 7.3. (a) Representative high-field second harmonic Hall resistance data
for the heterostructure sample grown at 600°C, measured with alternating bias
currents of 1.8 to 3.8 mA (0.4 mA step). Dots and solid curves are the
experimental data and fitting curves using equation (7.1), respectively. (b)

Relationship between the extracted values of HpL and Jypsi for this sample. (c),
eff

(d) Growth temperature dependence of Hesf}fl and ogy, respectively.

Figure 7.3(a) shows the representative high-field second harmonic Hall resistance
data for the sample grown at 600°C and the corresponding fitting using equation (7.1)
at bias currents of 1.8 to 3.8 mA (0.4 mA step), where the dots and solid curves are
the experimental data and fitting curves, respectively. Figure 7.3(b) shows the
relationship between the extracted values of Hpr and Jypwi for this sample. Then,

0% was calculated from the slope of Hpi/Jypwi by,

i 2eMtcop Hpp
SH s
h Jypgi

(7.2)
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where the parameters Ms and tcopt are 431 emu/cc and 2.4 nm, respectively. We

obtained large 0 of 2.8 in the sample grown at 600°C thanks to the large Berry

phase of TSS and its high crystallinity. By this way, we estimated 6% and ogf =

%QE%UYPtBi for all samples. Here, oypp; 1s the conductivity of the 10 nm-thick
YPtBi layer, estimated from the total resistance of the heterostructures and that of a
reference Ta (1.0) / MgAl,04 (1.0) / Pt (0.8) / Co (0.8) / Pt (0.8) sample without the
10 nm-thick YPtBi layer. Figures 7.3(c) and 7.3(d) show the 7 dependence of Ggflfl

and ogf, respectively. Both 6% and o&f monotonically decreases with lowering

TG, even though the crystal quality is maintained for 7 > 400°C. Degradation of Ggflfl
and ogf at Tg > 400°C is seemingly caused by the poor spin transparency due to
degraded interface quality between CoPt and YPtBi, while further degradation of

0K and o8l at T =300°C is caused by the poor crystallinity of YPtBi.
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7.3 Effect of sputtering Ar gas pressure on the crystallinity and spin Hall
effect of YPtBI
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Figure 7.4. (a) XRD spectra of 30 nm-thick stand-alone YPtBi films deposited at
300°C with various Ar gas pressure (Par). Asterisks denote, from left to right,
the Al203(0003), (0006), (0009), and (00012) peaks of c-Sapphire substrate.
Triangles denote, from left to right, the peaks of Bi(006), (202), and (300). (b) Ar
pressure dependence of the integrated peak intensity of YPtBi(111) with the

powder ring correction. (¢) Ar pressure dependence of p and u.

Next, we investigated the effect of sputtering Ar pressure (Par) on the SHE of
the sample grown at 300°C. Improvement of the bulk crystallinity and interface
quality of YPtBi is expected by lowering Pa: during YPtBi deposition, because lower
Pa: provides higher kinetic energy of sputtered Y/Pt/Bi atoms and recoil Ar atoms,
leading to higher migration energy for the atoms that arrive on the film surface.’

Figure 7.4(a) shows the Par dependence of the XRD spectra for 30 nm-thick stand-
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alone YPtBi samples grown at 300°C. We found that YPtBi(111) orientation is
maintained at lower Pa. Figure 7.4(b) shows the Par dependence of the integrated
peak intensity of YPtBi(111). The intensity was improved by reducing Pa:, indicating
improvement of the crystallinity. Figure 7.4(c) shows the Par dependence of p and u
in 30 nm-thick stand-alone YPtBi thin films measured by using the van der Pauw
method at room temperature. p monotonically decreases while x# monotonically
increases with lowering Par, indicating improvement of their crystallinity, which is

consistent with the XRD results.
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Figure 7.5. (a) — (d) Anomalous Hall resistance of 10x60 pm? Hall bar devices of
Ta (1.0) / MgAl204 (1.0) / Pt (0.8) / Co (0.8) / Pt (0.8) / YPtBi (10) heterostructure
samples, whose YPtBIi layer was grown at 300°C with Par of 2.0, 1.0, 0.7 and 0.5
Pa, respectively.

Next, we investigated the SHE of YPtBi grown at 300°C with various Par in
heterostructures of Ta (1.0) / MgAl>O4 (1.0) / Pt (0.8) / Co (0.8) / Pt (0.8) / YPtBi
(10) / c-Sapphire. Figures 7.5(a) — (d) show Rane of 10x60 um? Hall bar devices of

those samples measured with Hex: applied along the z-direction. We found that the

squareness ratio of the Raur hysteresis was recovered by reducing Pa;.
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Figure 7.6. (a) — (d) Surface morphology measured by atomic force microscopy
for the heterostructure samples, whose YPtBi layer was grown at 300°C with Par
of 2.0, 1.0, 0.7 and 0.5 Pa, respectively.

Figures 7.6(a) — (d) show the surface morphology for these samples measured
by atomic force microscopy. We observed that the grain size becomes larger as
expected from the higher migration energy of atoms arrived on the surface of YPtBi
at low Par, consistent of the improved bulk crystal quality shown in Figure 7.4 and

the enhanced hysteresis of Rane in Figure 7.5.
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Figure 7.7. (a) Representative high-field second harmonic Hall resistance data
for the heterostructure sample whose YPtBIi layer was grown at 300°C with Par
= 1.0 Pa, measured by alternating bias currents of 1.8 to 3.4 mA (0.4 mA step).
Dots and solid curves are the experimental data and fitting using equation (7.1),
respectively. (b) Relationship between the extracted values of HpL and Jvyrsi for
this sample. (c) Ar pressure dependence of 0§ifl of heterostructure samples with
YPtBi grown at 300°C. (d) Ar pressure dependence of &%, where the black
dashed line indicates the &% value of the sample grown at 600°C with Par= 2.0
Pa.

Figure 7.7(a) shows the representative high-field second harmonic Hall
resistance data for the sample grown at Par = 1.0 Pa with low conductivity oypmi of
0.14x10° Q'm™!, and the corresponding fitting using equation (7.1) at bias currents
of 1.8 to 3.4 mA (0.4 mA step), where the dots and solid curves are the experimental
data and fitting curves, respectively. Figure 7.7(b) shows the relationship between the

extracted values of Hpr and Jypwi for this sample. From this slope, we obtained a
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giant Hgf}fl of 8.2 thanks to suppression of bulk shunting current in this sample. This

10-12 and

value is larger than 65 of many conventional chalcogenide-based TIs,
comparable to that of sputtered BiSb topological insulator.® Figure 7.7(c) shows the
Par dependence of 6gf . Although 6gf does not increase monotonously with
lowering Par, we achieved large Ggflfl of 1.5 at Par= 0.7 Pa and 4.2 at Par = 0.5 Pa.
Figure 7.7(d) shows the Par dependence of o&if. oSff is drastically improved at Par
<1 Pa by recovering spin transparency at the interface between CoPt and YPtBi, and

exceeds that of the sample grown at 600°C with Pa; = 2.0 Pa denoted by the dashed

line.
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Figure 7.8. Current-induced SOT magnetization switching in the
heterostructure sample whose YPtBi was grown at 300°C with Par = 1.0 Pa. (a)
SOT magnetization switching by direct currents with various in-plane Hext (-
0.55 to 0.55 kOe) applied along the x-direction. (b) Threshold switching current
density in YPtBI as a function of Hext. (¢) SOT magnetization switching by pulse
currents with various pulse width ranging from 50 ps to 10 ms and Hex: of 0.18
kQOe. (d) Threshold switching current density in YPtBi as a function of pulse
width, where dots are experimental data and solid lines show fitting results given
by equation (7.3).

Finally, we demonstrated SOT magnetization switching by ultralow current
density in the sample with giant Ggflfl of 8.2. Figure 7.8(a) shows DC-induced SOT
magnetization switching with Hex; (-0.55 ~ 0.55 kOe) applied along the x-direction.
The switching polarity was inverted when the direction of Hex« was reversed,
consistent with the feature of SOT switching. Here, the switching polarity was same

as Pt.'* Figure 7.8(b) shows JXP'™®' as a function of Hex. Low JY'™® on the order of
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10° Acm™ was achieved for entire Hex:. Figure 7.8(c) shows the pulse current-induced
SOT switching with Hext of 0.18 kOe applied along the x-direction, where the pulse
width 7 was set to 50 us ~ 10 ms. Figure 7.8(d) shows JEIPtBi as a function of 7. The
switching current density in YPtBi is two orders of magnitude smaller than that in Pt
with CoPt ferromagnetic layer at 100 ms pulse current.'> We then fit JE}{IPtBi by the

thermal activation model,'®'’
JYPBI _ jYPBi [1_ ! n (i)] (7.3)
th thO A 7, ? )

From the fitting, we obtained A= 39 and J} ™' = 7.3x10° A/cm?,
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Figure 7.9. Robust SOT magnetization switching in the heterostructure sample

whose YPtBi was grown at 300°C with Par = 1.0 Pa. (a) Sequence of 105 pulses
with the current density in YPtBi of 6.8x10° Acm and the pulse width of 50 ps.
(b) Hall resistance data measured under an in-plane bias field of 0.18 kOe.

Finally, we demonstrate repeating SOT switching by pulse currents of Jypmi =
6.8x10° A/cm? and 7 = 50 ps. Figure 7.9(a) shows the sequence of total 105 pulse

currents. Figure 7.9(b) shows the Hall resistance data measured with Hext = 0.18 kOe
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applied along the x-direction. We observed very robust switching by YPtBi. These
results indicate that the YPtBi film grown at 300°C and low Par has SOT performance

not inferior to that of the sample grown at 600°C.

7.4 Summary

In this chapter, we have investigated the SHE of YPtBi films grown at lower
temperature. When we reduced the growth temperature from 600°C to 300°C, both
ng}fl and agfé decrease due to degradation of crystallinity of YPtBi and spin
transparency at the interface between CoPt and YPtBi. To improve the SHE for
samples grown at 300°C, we reduced the Ar gas pressure to increase the migration
energy of atoms arrived on the surface of YPtBi. We obtained better crystallinity of
YPtBi and achieved giant Ggflfl up to 8.2 by recovering spin transparency at the
interface of CoPt/YPtBi, which is larger than those of most TIs. We demonstrated
current-induced SOT magnetization switching with ultralow current density of 10°
A/cm? in the YPtBi layer grown at 300°C by both DC and pulse currents. These
results indicate the potential of YPtBi as an efficient spin source and open up a way

to achieve a giant 63 in YPtBi grown at low growth temperature suitable for BEOL

process.
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Chapter 8. Strong spin Hall effect in conductive
YPtBi sputtered on oxidized Si substrate

8.1 Introduction

Through Chapter 5 to 7, we have demonstrated the novel spin Hall properties of
YPtBi deposited on crystalized c-Sapphire substrates. However, realistic SOT
devices are fabricated on bare SiO2/Si substrates. Therefore, investigation of SOT
properties of YPtBi deposited on SiO»/Si substrates is strongly required for
development of next generation SOT devices with YPtBi.

In this chapter, we investigate the SHE in sputtered YPtBi films grown on
Si02/Si substrates. Although crystallinity of YPtBi films on SiO»/Si were degraded
compared to that deposited on crystallized substrates, their spin Hall conductivity is
maintained, which may be attributed to the robustness of TSS in YPtBi. We revealed
that inserting an 1nm-thick Ta buffer layer can yield a giant sy of 1.3 and high
conductivity of 1.4x10° Q'm! at the same time by improving the crystallinity of
YPtBi. We then demonstrate pulse current induced SOT magnetization switching
with low current density of 10° A/cm?, which is one order smaller than that of heavy
metals. Our results demonstrate the feasibility of YPtBi-based SOT devices with

ultralow power consumption on SiO2/Si substrates.

8.2 Characterization of crystal quality and electrical property of YPtBi
single layer

We prepared three kinds of YPtBi thin films: one grown directly on bare Si02/Si
substrate, and two grown on a 1 nm-thick Ta buffer layer, or a 10 nm-thick CrOx
insulating buffer layers. YPtBi was deposited by the co-sputtering Y, Pt, and Bi

targets. The substrate temperature and Ar pressure during deposition were fixed to
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300°C and 0.5 Pa to improve ogf}fl. The stoichiometry ratio of Y:Pt was set to exact
stoichiometry of 1:1 to maximize fsu. First, we investigated the crystallinity of 30
nm-thick YPtBi films with Ta (1.0) / MgAl,0O4 (5.0) capping layer (the number are
the layer thicknesses in nm). Here, the 1 nm-thick Ta on MgAl,O4 layer was assumed

to be fully oxidized after exposure to the air.
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Figure 8.1. (a) XRD spectra of 30 nm-thick stand-alone YPtBi films deposited
directly on SiO2/Si, and on Ta, or CrOx buffer layers. (b) Buffer layer
dependence of carrier density and mobility for 30 nm-thick stand-alone YPtBi

films measured by the van der Pauw method.

Figure 8.1(a) shows the X-ray diffraction (XRD) spectra for each sample. The (110)
orientation dominated in the sputtered YPtBi films grown on amorphous SiO»/Si
substrate because the (110) plane corresponds to the close-packed plane for half
Heusler alloys, while YPtBi was oriented to (111) on c-Sapphire in Chapters 5 — 7.
Here, such a difference of orientation may not affect the spin Hall properties because
the number of TSS does not depend on the crystal orientation in YPtBi' unlike the
topological insulator BiSb.” By comparing the peak intensity of YPtBi(220) in all

samples, the Ta-sample has the strongest intensity, indicating the best crystal quality
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among them. Figure 8.1(b) shows the carrier density and mobility measured by the
van der Pauw method. Their carrier density (mobility) is one order higher (lower)
than that grown on a c-Sapphire substrate, indicating the degradation of the

crystallinity.

8.3 Spin Hall properties of YPtBi

Next, we investigated the spin Hall effect in sputtered YPtBi films on SiO2/Si
substrate. For this purpose, we fabricated heterostructures of Ta (1.0) / MgAL>O4 (1.0)
/ Pt (0.8) / Co (0.8) / Pt (0.8) / YPtBi (10) / buffer layer / SiO / Si. The sample with
no buffer layer, 1 nm-thick Ta, and 10 nm-thick CrOx buffer layers are referred as
Si0,-, Ta-, and CrOx-samples, respectively. After deposition, these samples were
patterned into 10x60 um? Hall bar devices with Pt/Ta electrodes for transport
measurements. Here, it is known that the parasitic spin Hall effect from Pt layers is
negligible thanks to the symmetric structure of CoPt and negligible thickness of Pt

layer comparing with its spin relaxation length.’*°
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Figure 8.2. Anomalous Hall resistance for SiO:2-, Ta-, and CrOx-samples, where
Hext is applied along (a) — (¢) the z-axis (perpendicular to the films), and (d) — (f)
the x-axis + 5° (the x-axis is parallel to the current).

Figures 8.2(a) — (c) show the anomalous Hall resistance with Hex applied along the
z-direction (film normal), and Figures 8.2(d) — (f) show that with Hex applied along
the x+5°-direction (the x-direction is parallel to the current) for SiO;-, Ta-, and CrOx-
eff

samples, respectively. The CoPt layers showed PMA in all samples, and their H

were 1.6, 2.0, and 2.3 kOe in Si0O»-, Ta-, and CrOx- samples, respectively.
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Figure 8.3. Anomalous Hall resistance for CoPt controlled stacks grown on (a)
bare SiO: / Si, (b) 1 nm-thick Ta, and (c) 10 nm-thick CrOx buffer layers,

respectively. Here, Hext was applied along the z-direction.

Interestingly, PMA disappeared when CoPt was deposited on bare SiO2/Si without a
10 nm-thick YPtBi layer. Figures 8.3 (a) — (c) show the anomalous Hall resistance
with Hext applied along the z-direction in CoPt controlled stacks grown on bare
Si02/S1, 1 nm-thick Ta, and 10 nm-thick CrOx buffer layers, respectively. Although
PMA was observed in the samples with Ta and CrOx buffer layer, CoPt became IMA
when deposited directly on bare Si0,/Si. This result indicates that 10 nm-thick YPtBi

acts as an efficient buffer layer for PMA-CoPt, which is an advantage for high bit

density magnetic memory devices.
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Figure 8.4. (a) Buffer layer dependence of conductivity for SiO:z-, Ta-, and CrOx-
samples. (b) Representative high-field second harmonic Hall resistance data for
Ta-sample measured by alternating bias currents of 1.8, 2.2, 2.6, and 3.0 mA.
Dots and solid curves are the experimental data and fitting using equation (8.1),
respectively. (¢) Relationship between the extracted values of HpL and Jyri for
Ta-sample. (d) Buffer layer dependence of the effective spin Hall angle.

Figure 8.4(a) shows the electrical conductivities oypmi of the 10 nm-thick YPtBi
layers, which were calculated from the four-terminal resistance of the whole stacks
and that of the CoPt controlled stacks. These values of 10° Q'm™ were one order
higher than the typical value of 10 nm-thick sputtered YPtBi film grown on c-
Sapphire due to higher carrier density. We evaluated 65 by using the high-field
second harmonic technique with an alternating current at 259.68 Hz at room

temperature. When we applied Hex higher than Hf;ff along the x-direction, the

second harmonic Hall resistance Ri;" is given by,”®
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Here, fitting parameters are Hpr, H", aone, and Ranessse. Figure 8.4(b) shows a
representative high-field second harmonics data for the Ta-sample and the
corresponding fitting using equation (8.1) at bias currents of 1.8, 2.2, 2.6, and 3.0
mA, where the dots and solid curves are the experimental data and fitting curves,
respectively. Figure 8.4(c) shows the relationship between the extracted values of
Hpr and the current density in the YPtBi layer Jypwi for Ta-sample. 9;% can be

obtained from the slope of Hpi/Jyprsi by,

2eMgtcop Hpy,
o Jypmi

Osn= (8:2)

where, Ms and Zcopt are 426 emu/cc and 2.4 nm, respectively. Large 65 of 1.3 was
obtained in the Ta-sample. Figure 8.4(d) shows the buffer layer dependence of Ggflfl.
Ta-sample shows the largest 05 among them thanks to its high crystallinity. Note
that the Ta-sample shows not only large ng}fl (> 1) but also high oypmi of 1.4x10° Q-
'm™! at the same time. Such a high conductivity of 10° Q'm™ is very important to
minimize the power consumption for SOT-MRAM because a spin Hall layer also
works as a bit line, and thus, low conductive spin Hall materials causes large power
dissipation there.” One can also confirm that their effective spin Hall conductivity
oft of 1.2 1.8x10° /2e Q'm™! are comparable to that in YPtBi films on c-Sapphire

substrates, despite their poor crystallinity. These results indicate the robustness of the

SHE originated by TSS in YPtBi.
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8.4 Pulse current induced magnetization switching by using YPtBi on
SiO: / Si
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Figure 8.5. (a) Schematic illustration of Hall bar structure for SOT switching.
(b) Cross-sectional image at the center of the Hall bar device, where the number
for each layer is layer thickness in nm. (¢), (d) Anomalous Hall resistance for Ta-
sample patterned into the Hall bar structure with Hext applied along the z- and

x+5°-direction, respectively.

Next, we demonstrate the pulse current induced SOT magnetization switching in
Ta-sample. For this purpose, we fabricated a small Hall bar device with a
ferromagnetic pillar on top of YPtBi. Figures 8.5(a) and (b) show a schematic
illustration of the Hall bar structure and cross-sectional stacking image at the center
of the Hall bar device, respectively. Here, the size for the main Hall bar (blue region
in Figure 8.5(a)) is 10 um-width and 30 pm-effective length, where the effective

length is determined by the distance between Pt/Ta electrodes. The size for the
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ferromagnetic pillar (orange region in Figure 8.5(a)) is 7 um-width and 10 um-length.
Figures 8.5(c) and (d) show the anomalous Hall resistance with Hex applied along
the z-direction and the x+5°-direction (the x-direction is parallel to the current),
respectively. Because the CoPt layer was formed into the pillar in this device, the
amplitude of the anomalous Hall resistance was reduced because less current flows
into the CoPt layer with smaller width. The effective magnetic anisotropy field H'
for this device was 1.4 kOe, whereas that of the Ta-sample for the second harmonic
measurement was 2.0 kOe. This degradation may come from additional damages

during the ion-milling and heating processes.

146



Bl PR )
(b .
g 4f o e
S) T 2F 1 &
S S F 1 &
& [k 023 S S 4 g
L M2kge ? B ]
>-£_4 - "
= 04tkge STHAE < mg >0
Lllllllllllllllll ol -IILILJIII LJIIlllIl- IllltJJIIIlIlllIIIllllJJIIIllll
9 6 3 0 3 6 9 -1.0 05 0.0 05 1.0 86-4-202 46 8
Jyptgi (MA/cm?2) Hext (kOe) Jyptsi (MA/cm?2)
8 3
6 [ (d) = (e) () ® 0.23k0e ® -0.23k0e
E 3 2+
— 47“._._—“"'*_._—
o™ = B -
E 2f up to down 3 6.6x10°
2 of Alcm?
2_2:_ down to up 4
& _45 3 50us
a - oa—o—" "
=5 oF 3
-0F o %2 loops
_8 : 1 lllllllﬁ 1 lllllll! 1 lllllill 1 lllLI:
10° 10* 10° 102 10" 0 10 20 30
T(s) Step

Figure 8.6. Pulse current-induced SOT magnetization switching in Ta-sample.
(a) SOT magnetization switching with various in-plane Hext (-0.41 to 0.41 kOe)
applied along the x-direction. (b) Threshold switching current density in YPtBi
as a function of Hext. (¢) SOT magnetization switching at various pulse width
ranging from 50 ps to 10 ms wit Hext of 0.23 kOe. (d) Threshold switching current
density in YPtBI as a function of pulse width, where dots are experimental data
and solid lines show fitting results given by the thermal fluctuation model. (e)
Random pulse sequence of 30 pulses with the current density in YPtBi of 6.6
MA/cm? and the pulse width of 50 ps. (f) Anomalous Hall resistance data
measured under an in-plane bias field of -0.23 and 0.23 kOe with random pulse

sequence.

Figure 8.6(a) shows the current-induced SOT magnetization switching with the pulse
width 7 of 50 ps and various Hex: applied along the x-direction. The SOT switching
with Pt-type polarity was observed which is consistent with the previous chapters.
Figure 8.6(b) shows the threshold current density JEflPtBi as a function of Hex. Low
JYPBL on the order of 10° A/cm? were achieved for entire Hexi, which are one order

of magnitude smaller than that in Pt with CoPt ferromagnetic layer at 100 ms pulse
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current.'’ Here, the total current density including the shunting current in the CoPt
layer is still on the order of 10° A/cm? thanks to the high current flow ratio of 44% in
the YPtBi layer with high oypwi. Figures 8.6(c) and (d) show the pulse current-
induced SOT switching with Hex of 0.23 kOe applied along the x-direction and J;F'®!
as a function of 7, respectively. By considering the thermal fluctuation model with

IL12 we obtained

the attempt frequency associated with the magnetization of 10 GHz,
the thermal stability factor 4 of 46 which is larger than that for the MgO/CoFeB
system (~38). We then conducted repeating SOT switching by pulse currents with
Jypi of 6.6x10% A/cm? and 7 of 50 ps. Figure 8.6(e) shows the random sequence of
applied pulse currents. Totally 60 of pulse currents were applied. Figure 8.6(f) shows

the Hall resistance data with Hex = 0.23 kOe applied along the x-direction. Robust

switching was successfully observed by using YPtBi grown on Si0,/Si substrate.
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8.5 Benchmark of spin Hall materials grown by sputtering on SiO: / Si
substrate

Table 8.1. Comparison of o, 65 , BEOL compatibility and normalized
switching power consumption Px for spin Hall materials deposited by sputtering
on SiO2/Si substrate. The bi-layer model is assumed for Px calculation, where
the thickness of the spin Hall layer is 4 nm for heavy metals and 10 nm for
topological materials, and the thickness and conductivity of CoFeB layer are 1
nm and 6x10° Q'm, respectively.

) BEOL
Materials o (Q'm™M) |0t o Px
compatibility

Ta'* 5.3x10° 0.15 O 1
Pt 4.2x10° 0.08 O 3.6x107!
wio 4.7x10° 03 O 2.9x10!
BixSeix'’ 5.5x10* 2.9 X 1.7x102
BiSb'® 1.0x10° 2.4 X 1.0x107?
YPtBi (this work) 1.4x10° 1.3 O 2.3x107?

Finally, we compared the switching power consumption for typical spin Hall
materials grown on SiO/Si substrates by using the sputtering method. Table 1
summarizes o, egflg, BEOL compatibility and the normalized switching power
consumption Pn. To calculate the Pn, we assumed a bi-layer model of a spin Hall
layer (thickness ¢ = 4 nm for heavy metals and ¢ = 10 nm for topological materials)

and CoFeB (thickness tpv = 1 nm and ocores = 6x10° Q'm™),"* where the switching

power consumption is proportional to (ot + opytpy)/ (otegf}fl)z in this model. As
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shown in Table 8.1, sputtered YPtBi has the same potential as the conventional
topological materials in term of low power consumption, and has better compatibility
with BEOL processes. Furthermore, YPtBi can reduce the switching power of 92%
comparing with W which is a well-known heavy metal for SOT devices,

demonstrating the advantage of YPtBi-based spintronic devices.

8.6 Summary

In this chapter, we have investigated the SHE in YPtBi deposited by the
sputtering technique on Si02/Si substrates. Although the crystallinity of YPtBi on
SiO2 substrate was degraded from those deposited on c-Sapphire, the spin Hall
conductivity was maintained, which may be attributed to the robustness of the TSS.
By using the 1 nm-thick Ta buffer layer, we successfully obtained not only large 6
of 1.3 but also high conductivity of 1.4x10° Q'm! which is a desirable feature for

low power SOT-MRAM. Our results demonstrate the feasibility of YPtBi-based SOT

devices such as SOT-MRAM and racetrack memory on SiO,/Si substrate.
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Chapter 9.Theoretical study on bias-field-free spin
Hall oscillators with an out-of-plane precession mode
and improvement of their properties by YPtBi

9.1 Introduction

As introduced in Chapter 1, STOs are promising candidates for next generation
microwave generators' and neuromorphic computing.” Although the oscillation
properties for STOs are promising in term of its oscillation frequency and quality
factor, their large driving current (requested several tens to several hundred pA at
least) caused by their small charge-to-spin conversion efficiency bottleneck because
such a large current degrades the reliability of STO.?

To deal with the large driving current problem, spin Hall oscillator (SHO) has
attracted much attention in recent years.*’ Because SHOs utilize the SHE for spin
current generation, the charge-to-spin conversion efficiency is much higher than that
for STOs in which is given by P (< 1). Furthermore, in principle, SHOs have higher
reliability since the driving current does not pass through the insulating layer of MTJ
unlike STOs. Until now, several type of SHOs with a MTJ,* nanowire,” and
nanogaps”’ have been proposed, and high frequency oscillations like STOs have been
successfully obtained. However, all of proposed SHOs request an external magnetic
field to obtain stable oscillations because their magnetization trajectory is IPP mode.

In this chapter, we propose and theoretically analyze a two-terminal bias-field-
free SHO with OPP mode by solving the LLG equation with macrospin
approximation numerically and analytically. Although we focus on a two-terminal
version from the viewpoint of the fabrication cost and device size, our analysis is also

available to design the three-terminal structures. We show the strategy to improve the
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performance of the bias-field-free SHO. Finally, we demonstrate how YPtBi

improves the performance of the bias-field-free SHO.

9.2 Proposal of device structure for bias-field-free spin Hall oscillator

Resistance

Figure 9.1. Schematic device structures of two-terminal bias-field-free SHO (a)

with a parallel resistance, and (b) without a parallel resistance.

Figure 9.1 (a), (b) show two schematic device structures of our proposed two-
terminal bias-field-free SHO. The spin Hall layer (spin source) is contact with the
free layer of the MTJ. The spin Hall layer is composed of a material having a strong
spin-orbit interaction such as HMs and topological materials. The free layer has an
in-plane hard axis parallel to the spin polarization vector of the spin current. The
pinned layer also has an in-plane hard axis parallel to that of the free layer to
maximize the TMR effect. Here, the in-plane component of the charge current in the
spin Hall layer plays an important role for the precession excitation because the SHE
converts only that into the pure spin current. In the SHO with a parallel resistance as

shown in Figure 9.1(a), any spin Hall materials are available since the parallel
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resistance provides the in-plane charge current path. Meanwhile, the perpendicular
current flowing through the MJT converts the magnetization precession of the free
layer into the electrical signal with microwave frequency. Here, we assume that the
insulating layer in the MTJ is thick enough so that the perpendicular current is small
and the contribution of STT from this current is negligible compared with SOT. On
the other hand, by comparing with the previous structure, the in-plane component of
charge current is small in the SHO without the parallel resistance as shown in Figure
9.1(b). In this case, small cross-sectional area and/or large fsu for the spin Hall layer
is required to drive it with small current via improving its charge-to-spin conversion
efficiency. Here, one can omit the insulating and pinned layer in the MTJ if one uses
the microwave stray-field as an output like microwave assisted magnetic recording
(MAMR). Then the SHO has simplest structure although output power becomes

small.

9.3 Strategy to realize bias-field-free spin Hall oscillator and simulation
conditions

Figure 9.2. Coordination system and simulation parameters. The orange and
red arrows show the magnetization of the free and pinned layer, respectively.

The blue arrows show the current flow paths.
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Table 9.1. Simulation parameters.

Parameters Values Parameters Values
Wss (nm) 10~19 Ms (emu/cc) 1200
tss (nm) 2 Lrv (nm) 20 ~ 35
Osu 0.4 Wem (nm) 10~19
a 0.005 fFm (nm) 20

In case of OPP-STOs, bias-field-free oscillation is achieved by using a
demagnetization field as a repulsive force instead of an external magnetic field. To
realize such a situation, the spin polarization direction for a spin current is set along
the film normal which corresponds to the magnetic hard axis for the free layer. These
results imply that one can obtain bias-field-free oscillations by setting the magnetic
hard axis parallel to the spin polarization direction even in SHOs.

To check our assumptions, we conducted numerical simulations. The magnetization
dynamics in the free layer is governed by the LLG equation with damping-like SOT

term,””’

dm

dm
E = —ym X Heff +am X — — VHDLm X (m X ps)a (9-1>

dt

where y is the gyromagnetic ratio, a is the Gilbert damping constant, m is the
magnetization unit vector, Hefr is the effective magnetic field, ps is the spin

polarization unit vector, and Hpr is given by,

B hOgy I
P 2e Mgty tgsWes

(9.2)
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where, trm 1s the thickness of the free layer, #ss and Wss are the thickness and the
width of the spin source, respectively. Here, we first focus on the damping-like SOT
term originated from the SHE by ignoring the field-like SOT term originating from
the Rashba-Edelstein effect.'’ The general case with both the damping-like and field-
like SOT term is discussed in Section 9.6. Figure 9.2 shows the schematic illustration
of our simulation target: heterostructure of a spin source and free layers, and the
coordination system for our simulation, where Wrm and Lrm are the width and the
length of the free layer, respectively. Here, we assume Wss = Wem. When the current
flows along the x-direction in the spin source, the spin current is injected to the —z-
direction with the spin polarization along the —y-direction. In this setup, bias-field-
free oscillation would be realized by setting the magnetic hard axis to the y-axis,
namely, N; > N{, N, should be satisfied, where N[, Nj and N, are the
effective anisotropic coefficients with respect to the x-, y-, and z-direction,
respectively. N, N and N, can be controlled by the shape of the free layer, the
bulk crystalline anisotropy, the interfacial anisotropy, among others. Here, we assume
that the effective anisotropic coefficients are controlled by only the shape of the free
layer without the loss of generality to simplify the simulation. Table 1 shows the
simulation parameters. We assume Tungsten (W) for the spin source material,!’ and
CoFeB for the free layer material,'”> The shape anisotropy is calculated by using the
demagnetizing tensor of a rectangular shape.'® We emphasize here that the size of the
free layer with the rectangular shape assumed in Table 9.1 is for controlling the
condition Ny > N, N, poorly by the shape anisotropy, which is for the sake of
simplicity and not suitable for realistic devices. In reality, the free layer should be a

nano wire along the x-direction with the thickness of only a few nm to avoid the
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current shunting effect. In this case, we can obtain a large magnetic anisotropy
constant Ky, along the z-direction by utilizing the bulk crystalline magnetic
anisotropy or the interfacial magnetic anisotropy. Similarly, we can obtain a large Kux
by using uniaxial strain-induced magnetic anisotropy and field annealing-induced
magnetic anisotropy, in addition to shape anisotropy along the x direction. For
example, N, with the shape anisotropic coefficient Nx and large Kux is given by

N, =N, — K, /2rM2.

9.4 Numerical simulation and analytical analysis

(a) = 1 (b) = 1
R AN
\ 7 /’/ \'\\
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P
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Figure 9.3. Time evolution of the magnetization unit vector m when (a) Lrm =
Wem = 20 nm and trv = 15 nm at Ic = 2 pA, (b) Lrm is changed to 21 nm at Ic =
45 pA, and (¢) Lrm = 21 nm at Ic = 46 pA. The green points, the orange solid
lines, the red solid line, and the red points show the initial points, the trajectories
of the magnetization, the oscillation trajectory in a self-oscillation state, and the
final points, respectively.

Figure 9.3 (a) shows the time evolution of m with Lim = fem = 20 nm and Wem =
15 nm at the constant bias current of Ic = 2 pA. We successfully observed the OPP
stable precession around the y-axis without any bias fields and at arbitrary small bias
currents. However, such a precession requires the strict condition of Lrm = tpm.
Figures 9.3(b) and 9.3(c) show the time evolution of m when Lrw is slightly changed

to 21 nm at Ic =45 pA and 46 pA, respectively. As shown in Figures 9.3(b) and 9.3(c),
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the magnetization stopped at an equilibrium point (Ic = 45 pA) or immediately
relaxed to the —y-direction (Ic = 46 pA) without sustainable oscillation. The same

magnetization behaviors were observed at other Lem #  tpwm.

Constant
energy
curve

Figure 9.4. Schematic illustration of the constant energy curves and important
points in the magnetization unit vector space. Green mo and Eo indicate the
initial point and the minimum energy. Blue ms.a and Esaa indicate the saddle
point and the saddle energy curves. Orange ma indicates the nearest point to mo
in the saddle energy curves. Red #max and Emax indicate the maximum point and
maximum energy. Red curves indicate constant energy curves for Emax > E >
Ejsaa.

To understand these behaviors and find a way to obtain OPP stable oscillations
in the general case of Lrm # frMm, we analytically solve the time evolution of the
energy of the magnetization.'*'” In the following derivation, we consider the case of
N, < N, (tem < Lrm) without the loss of generality. In this situation, one can define
the three kinds of typical magnetization energy: the minimum energy Emin on the x-
axis mo = (£ 1, 0, 0), maximum energy Emax on the y-axis mmax = (0, 1, 0), and

saddle point energy Es.d on the z-axis msaa = (0, 0, *1). Then, we found that OPP
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stable precession is obtained at Emax > E > Esad, Whose constant energy curves are
shown by red curves in Figure 9.4(a). This condition is consistent with that for the
STO’s oscillation condition for the OPP mode with a bias-field.'* Next, we calculate
the current required for OPP stable precessions. The time evolution of the
magnetization energy traveling from the initial state mo = (% 1, 0, 0) to an arbitrary

state is given by,

b dE
dt dt/ — WD + WDL + WFL' (9.3)
t

0

Here, the work done by the damping torque Wp, the damping-like torque Wpr, and

the field-like torque WrL are given by,

t
Wp = ~yalg / dt’ [(m - Heff)2 - Hesz]7 (9.4)
t
: (0]
Wp = ’YMSHDL/ dt’ [(m - pg)(m - Hg) — pg - H gl (9.5)
tg
t
Wey, = —’YOstHDL/ dt’ Hg - (m X pg). (9.6)
tg

Note that the work done by the field-like term is not originated from the field-like
SOT due to the Rashba-Edelstein effect but from the damping-like SOT due to the
SHE since now we exclude the field-like SOT term. This field-like term appears
when we convert the LLG equation into the Landau Lifshitz (LL) equation, while
this field-like torque originated from the SHE is weaker than the general field-like
torque originated from the Rashba-Edelstein effect. In a self-oscillation state, the
average value of the time derivative of the magnetization energy should be zero
during a precession period. Hence, the left-hand side of equation (9.3) becomes zero,
and then, the current required to excite a self-oscillation on an arbitrary energy curve

159



_ 20eMgtpytssWeg $dt[(m - Hyg)® — Hiyl
hOsy $dt[(m-pg)(m- Hyy) — pg - Heog]'

where the integral interval is a precession period, and WrL becomes zero in this

I.(F) = (9.7)

integral interval. Here, we assume that the magnetization precesses on the constant
energy curve, although the actual trajectory of the magnetization has fluctuations
around the constant energy curve. This approximation allows us to replace the time
integral by the angle integral on the constant energy curve which is derived from the
damping-less LLG equation.'® Then, the integrals of the numerator and the

denominator in equation (9.7) are,

%dt [(m - Hg)? — H]

_ 167Mg(Ny — N)) VI =P [p?K(B) + k2{E(B) — K(8)}], (9.8)

vk

it (m - p)(m - Hoge) — s Hot] = - 99

Therefore, equation (9.7) becomes

) = 160 M tpytssWss (Ny — Ny)
hOgup?

V1= pp*K(B) + k*{E(8) — K(8)}], (9.10)

where K(f) and E(p) are the first and second kinds of complete elliptic integral,

respectively, &, p, and £ are defined as follows

e [y (9.11)
N/ =N’ '

N/, — E/2rxM?
y S
p= — 5 (9.12)
\/ N, — N,
p [1—k?

Then, the oscillation frequency is given by,



TMqyk(N!, — N2)\/1 — p?
f(m) = MM YK@X) Sy

In a self-oscillation state around the y-axis, the magnetization energy is larger than

(9.14)

the saddle point energy FEs.d. Therefore, the minimum current for sustainable

oscillation around the y-axis is given by

16ae M3ty tssWeg (N, — N/
L. = lim I(E)=—x S sy =N (9.15)
sad SH

On the other hand, the current at which the magnetization is fully relaxed to —y-

direction is given by

X
E‘)Emax heSH

(1+ k2). (9.16)
Then, the precession frequency takes a maximum value fiax,

Fax = _Nim  f(E) = 2Mgvk(N, — NJ). (9.17)

E—E_.. X

To begin the precession around the y-axis, the magnetization must overcome the
energy barrier AE between the initial and saddle points by the spin torque. The
minimum current for overcoming AE can be evaluated by solving equation (9.3) with
the integral interval from the initial to saddle points. However, the magnetization
travels from the initial to saddle points with complicating trajectory, which makes
difficult to solve the LLG equation analytically. Here, we approximate the trajectory
between the initial and saddle points to the saddle energy curve, whose trajectory is
shown by the blue curves in Figure 9.4(a).'* In the case of N/ < N/, the initial point

mo = (1, 0, 0) is replaced by the nearest point on the saddle energy curve ma = (£,

—v/'1 — k2, 0). Then, we obtain following equations,

tdE
dt’ =F ,—F 9.18
/to dt’ sad 0> ( )
t A Mo (N, — N/
/ dt’ [(m - Hg)? — HZg] = — s vy ) kv1— k2, (9.19)
t

0
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L wk
/ ' (m-ps)(m - Hug) = ps - Hotl = 5. (9.20)
to
t V1— k2
/ ' Hog - (m x pg) == (9.21)
t

0
By substituting equations (9.18) — (9.21) to equation (9.3) and solving for the current,

we obtain

;o 8meM3tpytssWes [(N, — NY) + 20(N] — N )kv'1 — k2]
o WOy (7k + 20T — k2)

. (9.22)

L.+ contains two terms: the energy term which required to overcome AE (the first term
inside of the square brackets), and the damping term which required to cancel out the
damping torque from the demagnetizing field (the second term inside of the square
brackets). According to equation (9.22), the energy term has more influence on /Iei
than the damping term since a is typically much smaller than unity. When N, < N_,
N, and N, are exchanged in equations (9.8) — (9.22). According to equations
(9.15) and (9.22), Lri is always larger than Imin at arbitrary N, N, < N; Furthermore,
ILeri easily exceeds Imax by a small difference between Lrm and trv because /i is much
more sensitive to the change of AE than Imax, as shown in equations (9.16) and (9.22).
These results indicate that the magnetization cannot reach the saddle point when we
apply a constant current smaller than /., while the magnetization immediately
relaxes to the y-axis after passing through the saddle point without any stable
precession when we apply a constant current larger than /i, which is consistent with

the numerical simulation in Figures 9.3(b) and 9.3(c).
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Figure 9.5. Time evolution of the current and the magnetization with (a) only a
DC current of 1.1 pA and no initial pulse current, and (b) with a 46 pA pulse
current excitation followed by a DC current of 1.1 pA.

Here, one can confirm that /min is always smaller than /. by taking the ratio of
equations (9.15) and (9.22). This relationship indicates that a sustainable oscillation
can be obtained even in the case of Lrv # frum if the magnetization overcome AE
once. Such a sequence is possible by applying a very short initial pulse current larger
than /. followed by small constant driving current whose amplitude is Imax > Ic >
Inin. To check this assumption, we simulate the magnetization dynamics by applying
an initial short pulse current with larger amplitude than /... Figures 9.5(a) and 9.5(b)
show the magnetic dynamics without and with the initial short pulse current at Lym =
21 nm, respectively. The applied DC current in Figures 9.5(a) and 9.5(b) is 1.1 pA,
which is larger than Imin. Without the short pulse current, the effective precession was
not observed because the magnetization could not overcome AE. On the other hand,
the sustainable OPP around the y-axis was observed by applying the pulse current
whose amplitude and pulse width are 46 pA and 1 ns, respectively. Here, the rise and

fall times for the pulse current were assumed to be zero. As shown in Figure 9.5(b),
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one can realize the stable OPP without any bias-fields evenin Lem # fpm if the pulse
width is longer than the traveling time for the magnetization between the initial to

saddle points, which is typically shorter than 1 ns.
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Figure 9.6. Lrm-dependence of (a) the critical current Icri, (b) the maximum
current Imax (red), the minimum current Imin (green), and the maximum
precession frequency fmax (orange), respectively. (¢) Ic-dependence of the
normalized frequency f/ fmax with Lrm ranging from 20 to 35 nm. The solid and
dashed lines show the analytical results, and the dots show the numerical
simulation results.

We then checked the validity of equations (9.10) — (9.22) by solving the LLG
equation numerically while varying Lrm and Wpwm. Figure 9.6(a) shows Lpwm-
dependence of /i (blue), and Figure 9.6(b) shows that of Inax (red), Imin (green), and
fmax (orange), respectively. The solid lines show the analytical values given by
equations (9.15), (9.16), (9.17), and (9.22), and the dots show the numerical
simulation results. Here, the simulation results of /max, /min, and fmax in the region of
Lem 2 21 nm were obtained with the pulse current excitation. For comparison, we
also plot another critical current (orange dashed line) by using the torque valance

approximation,'’
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I = AmeM3tpytssWes (N, — NY)
cri hQSH

. (9.23)

The equation (9.23) says that only the energy term determines /.:i, while the damping
term also affects /. in our derived equation (9.22). As shown in Figures 9.6(a) and
9.6(b), Ii rapidly increased with an increase in Lrm, and immediately exceed Imax,
which well explains why there is no oscillation for Lem #  trm. The analytical values
are in good agreement with the numerical simulation results for Imin, /max, fmax.
However, equation (9.22) overestimates i when Lrm is large, whereas equation
(9.23) overestimates /i for entire Lrm. This difference between the simulation results
and the analytical values of /i given by equation (9.22) is caused by the invalidity
of the saddle energy curve approximation at large Lrm, discussed in detailed in the
next session. Figure 9.6(c) shows the current dependence of the precession frequency
with several Lrm ranging from 20 to 35 nm, where the solid lines are analytical values
and dots are simulation results. The analytical values are also in good agreement with
the simulation results. In the case of Lkm #  trv, the magnetization starts to precess
at Imin, after that, the precession frequency is roughly proportional to the current until
it saturates at /max. This current dependence of the precession frequency is consistent
with the typical behavior for the bias-field-free OPP mode.'®?! Note that the
precession frequency is strictly proportional to the current in the case of Lrm = frm,
and one can obtain the following relationship from equation (9.10) and equation

(9.14), which is useful for design the oscillator,

_ VhOsy
47TaeMstFMtSS WSS c

(9.24)
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9.5 Critical current evaluated by saddle
valance approximations
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Figure 9.7. Schematic illustrations of (a) — (¢) Lrm-dependence, and (d) — (f) Wrm-
dependence of the actual trajectory (orange solid lines) and the saddle energy
curves (blue solid lines) in the magnetization unit vector space. The green dot is
mo, the orange dot is ma, the blue dots are msad, and the red dots are the
maximum energy points. The structure parameters of Lrm : Wrm : trm are 25 —
35nm : 15 nm : 20 nm in (a) — (¢), and 21 nm : 10 — 19 nm : 20 nm in (d) — (f),
respectively. (g) — (i) Lrm-dependence of Ioi with Wem = 10, 15, and 19 nm,
respectively, Lrm = 21 nm, and #rm = 20 nm. The blue dots are the numerical
simulation results, the blue solid lines are the analytical values given by equation
(9.22), the orange dashed lines are the analytical values given by equation (9.23),
and the orange solid lines are the analytical values given by “reduced” equation
(9.23).
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We have derived the analytical expression of /i by using the saddle energy curve
approximation in Section 9.4. Although this approximation is accurate at small Lrwm,
it is not at large Lrm. In the saddle energy curve approximation, the actual trajectory
of the magnetization from the initial point mo to the saddle point msaa is replaced by
the trajectory on the saddle energy curves from ma to msad, where the actual trajectory
exists between the saddle energy curves and the xz-plane. Figures 9.7(a) — (c) show
the schematic illustrations of the actual trajectory (orange solid lines) and the saddle
energy curves (blue solid lines) with various Lrm of 25 — 35 nm, where the green dot
is mo, the orange dot is ma, the blue dots are msaq, and the red dots are maximum
energy points. Here, we set Wem and #em to 15 nm and 20 nm, respectively. One can
confirm that the difference between the actual magnetization trajectory and the saddle
energy curves increase with an increase in Lgm, and thus, the saddle energy curve
approximation becomes invalid at large Lrwm.

The validity of the saddle energy curve approximation also depends on Wpm.
Figures 9.7 (d) — (f) show the schematic illustrations of the actual trajectory and the
saddle energy curves with various Wrm of 10 — 19 nm, where Lrm and #pv are 21 nm
and 19 nm, respectively. The difference between the actual magnetization trajectory
and the saddle energy curves decreases with decreasing Wrm because the saddle
energy curves approach to the xz-plane. Furthermore, the sensitivity of N, N/, and
N to Lrm becomes lower when Wrv becomes small. Therefore, the validity of the
saddle energy curve approximation improves by decreasing Wrm even at the large
Lrwm.

Figures 9.7(g) — (i) show the Lrm-dependence of /., where the blue dots are the

numerical simulation results, the blue solid lines are the analytical values given by
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equation (9.22), the orange solid lines are the analytical values given by equation
(9.23), and the orange dashed lines are the analytical values given by “reduced”
equation (9.23), where a “reduction factor”, or a constant value of C, is multiplied to
equation (9.23) which is discussed below. The analytical values given by equation
(9.22) are in good agreement with the simulation results when Wgwm 1s small, while

those given by equation (9.23) are not.
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Figure 9.8. Wrm dependence of the reduction factor C in the “reduced” equation

(9.23).

In contrast, the analytical values given by “reduced” equation (9.23) agree very
well with the simulation results for whole Lrym and Wrwm, while the reduction factor C
has a Wrm dependence, as shown in Figure 9.8. The origin of the reduction factor is
seemingly related to the assistance of the precession torque by the demagnetizing
field whose contribution was neglected in the derivation process of equation (9.23).
Although further investigations are necessary to clarify the origin of the reduction

factor, the common point of equations (9.22), (9.23), and “reduced” equation (9.23)
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is that the critical current is mainly proportional to AE, or N, — N_, and thus, we
should reduce the energy imbalance between the x- and z-axes to reduce the critical
current. Therefore, we should design the SHOs so that to have the same effective
magnetic anisotropy along the x- and z-axes. In the ultimate with N, = N/, no L

is required as shown in Figure 9.3(a).

9.6 Analytical analysis in the general case with both the damping-like
and field-like SOT term

In this section, we discuss about the effect of the field-like SOT. The LLG

equation with the damping-like and field-like SOT terms is given by,

dm

dm
- mx H g + am x —— —yHp m x (m x ps) — Hpym X pg,  (9.25)

dt

By calculating the time evolution of the magnetization energy starting from equation

(9.25), one can obtain the following expressions corresponding to equations (9.3) —

(9.6).
[dt’ Zf = Wp + Wpp, + Wep. (9.26)
0
Wp = ~yaMg /tdt/ [(m - Hoge)? — Hg, (9.27)
to
Wpr = vMg(aHgy, + Hpy) /ttdt/ [(m - ps)(m - Heg) — ps - Hegl, (9.28)
0
Wy = vMg(Hpy, — aHpy) /ttdt/ H_ g - (m X pg). (9.29)

0

Because both AHpL and HrL are proportional to a charge current /c, we can solve
equation (9.26) in the same manner as equation (9.3). By introducing the coefficients
¢pp, and &ppdefined by Hpy = &pp I and Hyp = &gy 1o, respectively, we get
the following formulas for Ic(E), Imin, Imax, and I in the general case with both

damping-like and fied-like SOT terms.
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_ SaMgy(N) — N}) - ,
lo(B) = g2 VI PIPREB) +K{EG) - KB},
~ 8aMgy(N] — N;

]

b+ ot
_ 27ronS(N§ — N)’{) (14 k2)
e alpr, + &pL, ’

;o ArM[(N; — N 4 2a(Ny — NV — k7]
U (amk — 2v1 — k) &gy, + (k4 201 — K2)épy

(9.30)
(9.31)

(9.32)

(9.33)

According to equation (9.30), the effect of the field-like SOT term is small since «

is typically much smaller than unity.

9.7 Improvement of performance for spin Hall oscillator
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Figure 9.9. (a) Maximum precession frequency fmax as a function of the uniaxial

crystalline anisotropy Kux along the x-direction with different Wrm ranging from
10 to 15 nm. The dashed line shows the condition /max = Imin. (b) Spin source
material dependence of the driving current Ic for our SHOs. Ic for a STO with

CoFeB as the spin polarizing layer is also shown for comparison.

The performance of our SHO can be improved by optimizing the materials for

the spin source and free layers. First, we demonstrate the improvement of the

oscillation frequency. So far, we have used only the shape anisotropy to control the
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effective anisotropic coefficients in the above simulations. In this case, the maximum
oscillation frequency is limited by the saturation magnetization because the driving
force of the precession is only the demagnetizing field. On the other hand, the
oscillation frequency can be improved by using the uniaxial bulk crystalline
anisotropy and the interfacial anisotropy. Figure 9.9(a) shows the relationship
between fmax and Kux along the x-direction with different Wrm ranging from 10 to 15
nm. Here, fmax Was calculated by using equation (9.17). One can understand this
improvement of frnax originated from the uniaxial anisotropy by substituting the
relationship N/ = N, — K, /2mMZ into equation (9.14). The dashed line in
Figure 9.9(a) shows the line for /max = Imin, namely, precession cannot be obtained on
the right side of this line. However, one can shift the dashed line to the right side by
introducing anisotropy along the z-direction (for example, by perpendicular
crystalline or interfacial magnetic anisotropy) because Imin decreases with a decrease
in the energy imbalances in the xz-plane. Therefore, we can expand the effective
precession region and obtain higher frequencies by controlling the magnetic
anisotropy.

Although the main concept of our SHO is bias-field-free oscillation, one can
improve fmax by applying an external magnetic field because it can accelerate the
precession. In our setup, an external magnetic field applied along the +y-direction

can iImprove fmax as follows,

T oy
271' ext”’

fr/nax - fmax + (9'34)

or 2.8 GHz per 1 kOe, where H? e is an external magnetic field applied along the +y-

direction. Such an external magnetic field is readily available in MAMR applications

because there is a very large magnetic field of ~10 kOe in the gap between the main
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pole and the trailing shield of the write-head. Thus, high frequency of 25 GHz or
higher is obtainable for MAMR applications with the write gap field of 10 kOe by
using our OPP-SHO. Furthermore, /i decreases by applying small HYcx thanks to the
precession torque from HYex.. However, large HYex: also increases I.i because the
damping term in equation (9.22) increases, and thus, /i takes a minimum value as a
function of H¥ex due to the trade-off between those effects.

Finally, we demonstrate the reduction of the driving current. In our simulations,
we assumed W as a spin Hall material. Although W has the largest Osu of ~0.4 among
HMs, much larger Osu are available by using topological materials. Figure 9.9(b)
shows the comparison of the driving current for 3 GHz oscillation using HMs (W, Pt,
Ta) and topological materials (Bi2Ses, YPtBi) for the spin source.'!*>* The structure
of the SHO is assumed Wss : tss = 15 nm : 2 nm for the spin source, and Lem : Wrwm :
trm = 20 nm : 15 nm : 20 nm for the free layer. For comparison, we also simulated
the bias-field-free OPP-STO with a perpendicular spin polarizing layer. The structure
of the STO is assumed Lrm : Wem : fem = 50 nm : 50 nm : 2 nm for the free layer
whose volume is almost same with that for the SHO. CoFeB is assumed for the spin
polarizing layer of the STO.!” According to Figure 9.9(b), the driving currents of
SHOs with HMs are already smaller than that of the STO. Note that, topological
materials including YPtBi effectively reduce the driving currents of SHOs (~100 nA).
These ultra-small driving currents improve long-term durability of the SHO, and this

comparison also highlights the advantage of YPtBi.

9.8 Summary

In this chapter, we proposed OPP-SHOs which can oscillate without any bias-
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fields, by controlling the hard axis. The effective oscillation can be excited at
arbitrary situation N7, N, < Ny, by applying an initial short pulse current i
followed by a small constant current /max > Ic > Imin. We derived analytical equations
for Icri, Imax, Imin, fmax and showed that they agreed well with numerical simulation
results, indicating that these equations are useful for design of bias-field-free SHOs.
Furthermore, we showed how to improve the performance of our SHOs in term of its
frequency and drive current. Oscillation frequency can be increased by controlling
the magnetic anisotropy, or by applying a magnetic field along the +y-direction.
Although HMs can reduce drive currents, topological materials, especially YPtBi,
can significantly reduce the driving current. Our results pave the way for bias-field-

free SHO applications and highlight the high spin Hall performance of YPtBi.

9.9 Appendix
In this section, we derive equations (9.10), (9.14), and (9.22) under the

assumption of Ny < N, . The equations under the condition of N, < N; can

be obtained in the same manner. When m precesses on a constant energy curve of E,
the following equations (9.35) and (9.36) should be satisfied.

m; +mi +m; =1, (9.35)

E = 2n Mg (N;m? + NymZ + N/m2). (9.36)

Here, equation (9.35) is the definition of the magnetization unit vector, and equation

(9.36) is the energy conservation under the zero-bias-field. By substituting equation
(9.36) to equation (9.35), we obtain the following equations,

m?2 + k*m?2 = p?, (9.37)

m, = pcosu(t), (9.38)
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m, = Lsin u(t), (9.39)

a
P 9.40
N’ N” (9.40)
N/ — E/2rM?
y S
_ 9.41
b \/ N, - N, (941)

where u as a function of time is the angle with respect to the x-axis in the xz-plane.
On the other hand, the dynamics of the magnetization on a constant energy curve is

given by the damping-less LLG equation, and thus, the infinitesimal time dt is given

by,
du —1 du
dt = = . (9.42
47TMS”Y]€<N§ - Nz/>my 47rMS’yk:(N}’, — NZ’)\/I — p? \/1 — [2sin?u ( )
p [1—k?
== . 4
=2\ (9.43)

Here, equation (9.14) can be obtained by integrating equation (9.42) with the integral

interval of the one precession period,

I WMS’yk:(N;—NZ’) 1 —p2

F) = = — il
I $dt f()7du(1—52sin2u)?

(9.44)

Equation (9.10) can be obtained by replacing the integration variable of ¢ by u in

equation (9.7) by using equation (9.42) as follows,

k2
ptl(om - Hoge)? — ) = ~(mM)P(N; = N2 (0= %) i (1= 25 2 sin’ o)

167 Mg (N, — / ( — k2 )
= \/ 1— du + k%2\/1— B2sin?2u |, (9.45
vk /1 —32sin?u P ( )

?{dt [(m - pg)(m - Hg) — pg - H ]

4
= —4mMg (N, — N})p? 7{ dtm,=——— [ du. (9.46)

vk

e
[N}
S—
VB
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2

?{dt H g - (m x pg) = 4nMg(N; — N)’{)%?{dt cosusinu = 0. (9.47)

Equation (9.22) also can be obtained by the same way of integration variable
replacement. Because p = k and f = | are held on the saddle energy curve, the
integration for equations (9.19), (9.20) and (9.21) becomes very simple as shown

below,

t t
/ dt' [(m - Hyg)? — HZg] = —(4mMg)* (N, — N )?k* (1 — k?) / dt’ (1 — sin® u)
to to

4w Mg (N, — N -3
_ S(Vy X)k:\/l—k2/ ducosu, (9.48)
0

/tdt/ [(m - pg)(m - Hege) — Pg - H g

0

iy

t k 2
t 0

0

t t
/ dt' Hyg - (m X pg) = 4mMg(Ny — N)’()k/ dt’ cosusinu
t t

0 0

_ N, — N, _%du cosusinu (9.50)

Y(Ny — NV = k2 V1—sin?u
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Chapter 10.  Conclusion

In this research, an efficient spin source YPtBi with both large fsu and high
thermal stability has been developed, and a spintronic application using YPtBi has also
been proposed. Here, the important results are highlighted as follows.

In Chapter 1, we have introduced the background for this thesis. The spin current
generation method and spintronic devices were reviewed, and the potential of a pure spin
current generated by the SHE was emphasized.

In Chapter 2, we have explained the fundamental phenomena in spin Hall
materials such as the spin orbit interaction and the SHE. We then emphasized the
importance of the Berry phase on the SHE, and explained that TSSs in topological
materials play an important role because their Dirac points are hot spots for Berry phase.
We also explained the magnetization dynamics and magnetoresistance in ferromagnetic
materials.

In Chapter 3, we have generalized the angle resolved second harmonic technique
to include the ONE, and demonstrated that it can disentangle the contribution from SOT,
ONE, and ANE/SSE. These results provide an accurate way to precisely estimate SOT in
a sample with large H™. The generalized angle resolved second harmonic was applied
to CoPt/YPtBi films with strong PMA.

In Chapter 4, we have investigated the SHE and its mechanism in YPt alloy thin
films with various resistivity and thickness. It was found that 65 of YPt increased
linearly but drastically from 0.045 to 0.081 for a slight increase of pypt from 299 to 331
uQcem. This strong sensitivity of ng}fl to pypt was found to be governed by both the
intrinsic mechanism and the extrinsic side-jump mechanism with opposite polarity. By

deconvoluting the contribution of the intrinsic and extrinsic side-jump mechanisms, the
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large intrinsic spin Hall conductivity of 700£100 A#/2e Q'cm™ was obtained despite its
amorphous structure. Furthermore, we found that spin relaxation length of 0.9 nm for YPt
is larger than that expected for a crystallized Pt-based alloy with the same resistivity.
Although these unique results are very different from the conventional Pt-based alloys,
YPt also cannot realize ng}fl larger than unity. This result highlighted the importance of
the contribution of a TSS to the giant SHE in YPtBi.

In Chapter 5, we have successfully realized an efficient spin source by using a
HHA-TSM, YPtBi, having both giant 9;% (> 1) and high thermal stability (> 400°C).
The YPtBi layers were deposited using the co-sputtering technique, which makes it much
easier for industrial adoption. Existence of a TSS in our sputtered YPtBi films was
confirmed by using the planar Hall technique. We revealed that the SHE in YPtBi is
dominated by the intrinsic SHE from its TSS by evaluating conductivity and thickness
dependence of agf}fl We also performed current induced SOT switching by using
CoPt/YPtBi heterostructure. Thanks to its giant 9;%, full switching with ultra-low pulse
current density of 10® A/cm? was demonstrated. Although we focused on YPtBi in this
thesis, there are a lot of material combinations since HHA-TSMs include a group of three-
element topological materials, and thus, we call for further investigation of the spin Hall
performance of this family. Indeed, first principle calculations have suggested at least ten
materials in this group. Although the YPtBi thin films in this thesis were deposited using
multi target sputtering, bulk single crystal of some bismuthides have been synthesized by
the Bi-flux technique, indicating that it is possible to make large single crystal targets of
HHA-TSM for mass production. Contrasting to the case of TIs, we found that there is no

obvious physical nor technical difficulty for HHA-TSMs to be used in realistic spintronic

applications.
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In Chapter 6, we have evaluated the SHE in YPtBi while changing the Y/Pt
composition ratio » to investigate the effect of stoichiometry on the SHE. We successfully
grew highly ordered YPtBi films at » = 0.5— 1.5. Furthermore, the extra carrier density
was minimized, and hole mobility was maximized at the exact stoichiometry of » = 1.0,
resulting in the minimum oypwsi. We achieved a large 655 of 1.7 at » = 1.0, where the
power consumption of magnetization manipulation was minimized. We also found that
the ng}fI—O'YPtBi relationship is robust against the change of its stoichiometry unlike the
conventional TIs, which is a strong advantage of this alloy for spintronic applications.

In Chapter 7, we have investigated the SHE of YPtBi films grown at lower
temperature. When we reduced the growth temperature from 600°C to 300°C, both 63
and agfé decrease due to degradation of crystallinity of YPtBi and spin transparency at
the interface between CoPt and YPtBi. We then reduced the Ar gas pressure to increase
the migration energy of atoms arrived on the surface of YPtBi for 300°C growth. By
improving spin transparency via recovery of interfacial quality, we successfully achieved
giant Ggflfl up to 8.2, which is larger than those of most Tls. We demonstrated current-
induced SOT magnetization switching with ultralow current density of 10° A/cm? in the
YPtBi layer grown at 300°C by both DC and pulse currents.

In Chapter 8, we have investigated the SHE in YPtBi deposited by the sputtering
technique on Si0»/Si substrates. Although the crystallinity of YPtBi on a SiO»/Si substrate
was degraded, the spin Hall conductivity was maintained, which may be attributed to the
robustness of the TSS. By using the 1 nm-thick Ta buffer layer, we successfully obtained
not only large 65 of 1.3 but also high conductivity of 1.4x10°> Q'm™! which is desirable

feature for low power SOT-MRAM. Our results successfully demonstrate the feasibility

of YPtBi-based SOT devices such as SOT-MRAM and racetrack memory on SiO»/Si
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substrate.

In Chapter 9, we have proposed OPP-SHOs which can oscillate without any bias-
fields by controlling the hard axis. The effective oscillation can be excited at arbitrary
situation N, N, < N{,byapplying an initial short pulse current /c:i followed by a small
constant current /max > Ic> Imin. We derived analytical equations for Zcii, Imax, Imin, and fmax,
and showed that they agreed well with numerical simulation results, which indicates that
these equations are useful for design of bias-field-free SHOs. Furthermore, we showed
how to improve the performance of our SHOs in term of its frequency and drive current.
Oscillation frequency can be increased by controlling the magnetic anisotropy, or by
applying a magnetic field along the +y-direction. Although HMs can reduce driving
currents, topological materials, especially YPtBi, can significantly reduce the driving

current.
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