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Abstract

Computer architecture has been developed following Moore’s law. However, it is reaching limitation and
innovation in computer technology is required for persistent development. “Spintronics” has a great possibility
as a candidate of “beyond Moore” technology. Electron possesses two degrees of freedom, “charge” and “spin”.
Whereas electronics uses only the charge degree of freedom, spintronics additionally uses the spin degree of
freedom, expanding possibility and flexibility in device application. Given that the spin is a source of magnet,
“spin current”, enables us to manipulate magnetization of the magnetic material by being injected into the
magnet, which is called the spin-orbit torque (SOT). SOT can be used for the writing process of the
magnetoresistive random access memory (MRAM), where magnetization is used as a nonvolatile memory
carrier. Since the MRAM utilizing spintronics technology is expected to possess a plenty of advantages such as
nonvolatility, low-power consumption, and high durability, writing process by spin-current injection has been
investigated intensively.

Strategy for improving efficiency of the writing process of the MRAM is to look for a novel material in which
spin current is efficiently converted from the electric current. In this sense, for example, topological insulators
have recorded gigantic charge-to-spin conversion efficiency. However, the record is reaching maximum and
study from the viewpoint other than simple material search is needed. In addition, most SOT research use
indirect method for estimating the SOT efficiency but not detecting the SOT-induced magnetization switching
directly because the latter needs complicated fabrication procedure. It is known that the SOT efficiency
estimated by indirect methods does not always have consistency between the current density required for SOT-
induced switching. Therefore, development of the method for detecting SOT switching without complicated
fabrication process is needed for agile and reliable estimation of the SOT switching efficiency.

In this study, first, the author developed a way for detecting SOT-induced magnetization switching without
any complicated fabrication process. At the same time, the author found out a novel way for estimating the SOT
efficiency indirectly. Then, the author carried out experiments aiming at improvement of efficiency in SOT
switching by manipulating injected spin orientation and utilizing self-induced SOT (SI-SOT) in the
ferromagnetic material (FM). Finally, the author investigated the anisotropic SI-SOT in a Weyl ferromagnet,
Co2MnGa (CMG).

In Chap. 1, basis of the spintronics is introduced. Then, the mechanism of the MRAM using the spin current



in the writing process and typical examples of widely used methods for estimating SOT are explained.

In Chap. 2, the author explains about development of the method for detecting SOT-induced magnetization
switching. So far, to detect SOT magnetization switching of a FM with in-plane easy axis, researchers have
generally used the tunnel magnetoresistance effect by fabricating magnetic tunnel junction (MTJ). Since
fabricating MTJ requires difficult fabrication processes, this method cannot be used flexibly. On the other hand,
the author focused on the rectification signal under irradiation of microwave in FM/nonmagnetic material (NM)
bilayer structures. Using the significant enhancement of the hysteresis in the rectification signal around zero
magnetic field due to the oscillation of the domain wall structure, magnetization switching of permalloy induced
by the SOT originating from the spin Hall effect (SHE) in Pt was successfully detected.

In Chap. 3, the author focuses on the background (BG) signal coexisting with the rectification signal
investigated in Chap. 2. The BG signal does not depend on the frequency nor magnetic-field amplitude. On the
other hand, it was found that the polarity of the background signal changes depending on the sign of the spin
Hall angle (SHA) of the NM layer. From the magnetic field angle, temperature, frequency, and current-
amplitude dependences, the author concluded that the BG signal is induced by the spin-dependent unidirectional
spin Hall magnetoresistance, the origin of which is the spin accumulation in the FM layer induced by the SHE
in the NM layer and spin-dependent electron mobility. Using the numerical expression of the spin-dependent
unidirectional spin Hall magnetoresistance, values of the SHA of Pt and Ta were estimated to be 0.052 and -
0.084, respectively, both of which are similar to those estimated in previous research.

In Chap. 4, the author demonstrates SOT magnetization switching using two current pulses. A rectangular
permalloy electrode was fabricated onto the Pt electrode shaped as a cross bar. By injecting two pulse currents
in-plane along and perpendicular to the magnetization direction, respectively, polarization of spin injected into
the permalloy was controlled. As a result, switching speed and power consumption in the writing process were
enhanced by more than one order of magnitude compared to the conventional SOT switching using only one
pulse current. In addition, the author demonstrated the analog operation of the magnetization, i.e., magnetization
direction was controlled along any direction by manipulating sign and magnitude of two current pulses, which
can be used for neuromorphic computing.

In Chap. 5, the author investigates current induced torque acting on the magnetization of the permalloy layer
connected with the asymmetric electrodes. Since the inversion symmetry and current induced torque are
strongly correlated with each other, in-plane asymmetry of the electric-current distribution induced by the
asymmetric electrodes is expected to generate current-induced out-of-plane torque and enable field-free
magnetization switching of a FM with out-of-plane magnetic anisotropy. From the spin-torque ferromagnetic
resonance measurement of the asymmetric permalloy electrode, the author successfully observed current-
induced out-of-plane torque. The author concluded that the current-indued out-of-plane torque observed in this
study originates from the out-of-plane Oersted field induced by the nonuniform electric current and resulting



inductive effect because the out-of-plane torque was strongly modulated by changing the frequency of the
microwave used in the spin-torque ferromagnetic resonance method. The author also demonstrated field-free
switching of the magnetization of a FM with out-of-plane magnetic anisotropy by using micromagnetic
simulation.

In Chap. 6, the author investigates the SI-SOT in a NM/FM bilayer structure, where the SHE of the FM
gives torque on the magnetization of the FM itself. In a NM/FM bilayer structure, it has been assumed that the
torque acting on magnetization is mainly caused by the charge-to-spin conversion in the NM layer. However,
the author found that the SI-SOT is comparable to the conventional SOT originating from the NM layer, giving
a new strategy for realization of efficient SOT generation in viewpoint of combination of the SOT and the SI-
SOT. Moreover, the author claims that the SI-SOT becomes dominant especially when the conductivity of the
NM layer is low based on spin-diffusion model. Since there has been a trend that a high resistive material shows
large SHA, the author proposes that revisiting of the SOT research especially using high-resistive material might
be needed with consideration of the SI-SOT.

In Chap. 7, the author investigates the SI-SOT in a Weyl ferromagnet, CMG, in which large SHE has been
reported in previous works. Surprisingly, it was found that CMG shows large SI-SOT comparable to a heavy
metal/FM bilayer structure even without any adjacent metal layer. Moreover, sign and magnitude of the SI-SOT
were strongly dependent on the applied-current direction with respect to the crystal axis. The author measured
the SI-SOT of CMG layers with changing thickness and capping material, as well as carried out structural
analysis and investigated theoretically with help from theorists. As a result, the author concluded that the large
SI-SOT and its significant anisotropy originate from the anisotropic distribution of the Weyl points and their
strong modulation by external strain.

In Chap. 8, the author summarizes the study and gives outlook of the research.
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Chapter 1. Introduction

1.1 Abstract

Since early 20th century, electronics, in which a flow of the charge of electron is utilized for memorizing,
transporting, and reading information and/or energy, has been contributing innovation of industry. Especially,
progress of computer architecture is remarkable. The fact that the performance of a current laptop far exceeds
the combined performance of all computer systems used on the Apollo 11 lunar mission in 1969 is one of the
examples of magnificent progress of electronics these days. Such development of the performance of computers
has been following Moore’s law [1], i.e., density of circuits becomes double per 24 months. However,
sustainability of Moore’s law is reaching physical limitation and innovation of computer architecture is required.
One of the candidates for overcoming the Moore’s law is “spintronics”, in which spin degree of electron,
classically explained by the rotation of the electron, is utilized in addition to the charge degree of freedom. In
the following, the author introduces the basis of the spintronics and application of it for the novel device
architecture.

1.2 Spin current

Electron possesses two degrees of freedom, charge and spin. The charge degree of freedom has been utilized
in electronics as an electric current, where only charge is transported because orientation of spin is random. If
electrons carrying electric current are spin-polarized along a specific orientation, not only charge but also spin
can be transported. This kind of flow of electron is called “spin-polarized current”, a typical example of which
is an electric current in a ferromagnetic material (FM). Moreover, if there is a flow of electron where up- and
down-spin electrons move opposite direction to each other, spin degree of freedom is transported without flow
of charge. This is called “(pure) spin current” (Fig. 1-1). In the spin current, energy never dissipate because time
reversal inversion symmetry is preserved. Therefore, spin current has been attracted great attention as a

candidate of a next-generation information carrier.

Charge Spin

Charge current ‘ ‘ _’ 4 0
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FIG. 1-1. Schematics of charge, spin-polarized, and pure-spin currents.



1.3 Spin-orbit interaction

Electron’s motion and spin polarization are correlated by the spin-orbit interaction (SOI). Although the SOI
is explained by the theory of relativity, classical explanation is given by the model where an electron is revolving
around an atom. When a free electron is revolving anti-clockwise around an atom as shown in Fig. 1-2(a), a
view from the electron is that the atom is revolving anti-clockwise around the electron as shown in Fig. 1-2(b).
Since the atom possesses a positive charge, revolution of an atom corresponds to a circular electric current. As
a result, electron feels virtual magnetic field due to this circular magnetic field H, which is calculated by Biot-
Savart law as,

H =Ze(:3>< r)' (1-1)
where Z is the atomic number and e is the elementary charge. Magnetostatic energy, &m, between electron’s spin,
o, and H is given by [2],
e’h’uy Z

mZ 13

&m = —20ug-H = l-o (1-2)

where wg is Bohr magnetron, 7 is Dirac constant, uo is vacuum permeability, | is orbital angular momentum,
and m, = hl/(r x 7). Note that the CGS unit is used in Eq. (1-2). Given that &y is proportional to - a, up-
and down-spin prefers | with opposite signs to each other to minimize &, called the SOI.

(@) Nucleus (+e) (b)

Effective magnetic field

‘ Effective current ‘

Electron (-¢)

FIG. 1-2. (a) Schematics of an electron revolving around a nucleus and (b) a nucleus revolving around an

electron.

1.4 Charge-to-spin conversion

When an external magnetic field, Heyx, is applied perpendicularly to a film of a nonmagnetic material (NM),

electric current, J¢, flowing in-plane (IP) generates transverse electric field, E, due to the Lorentz force, called
(b) (c)

Effective
magnetic field

FIG. 1-3. Schematics of (a) the ordinary Hall effect, (b) the anomalous Hall effect, and (c) the spin Hall
effect.



Hall effect [Fig. 1-3(a)]. Similarly, in a film of a FM with magnetization, M, along out-of-plane (OOP) direction,
Jc along IP generates E, called the anomalous Hall effect (AHE) [3] [Fig. 1-3(b)]. AHE seems to be just a
counterpart of the Hall effect by replacing Hex: to M, however, origin of the AHE is known to be the SOI but
not the Lorentz force. As mentioned in section 1.3, up- and down-spins are moved to opposite direction to each
other owing to the SOI. Therefore, transverse current of majority spins does not cancel that of minority spin in
a FM, resulting in E along transverse direction due to transverse spin-polarized current. On the other hand, if
we consider the SOI in a NM, transverse charge current is completely canceled out because the number of up-
and down- spin are the same. As a result, pure spin current, Js, is generated along transverse direction to Jc,
called the spin Hall effect (SHE) [4]. Here, magnitude of the SHE is defined as the spin Hall angle (SHA), &
=Js/ Je.

In addition, there is a different type of the charge-to-spin conversion at the interface between two different
materials as shown in Fig. 1-4. There is an internal electric field, E, at the interface due to finite difference in
work function. In other words, electrons are much accumulated in one layer compared to the other. If an electron
moves forward at the interface with a momentum of p, accumulated electrons move backward from the
viewpoint of the moving electron, corresponding to a virtual electric current. The moving electron feels effective
magnetic field along E x p due to this virtual electric current, resulting in spin polarization. This is called the
Rashba-Edelstein effect (REE) [5].

| Spin accumulation |

__________

P Broken inversion symmet

Electric current
FIG. 1-4. A schematic of Rashba-Edelstein effect.

1.5 Spin torque

When a conduction spin that carries spin current is scattered by a localized spin, both spins are tilted along
opposite direction to each other due to exchange of angular momentum (Fig. 1-5). In a different viewpoint, spin
current changes angular momentum of the localized spin, called spin torque [6]. There are two types of spin

FM
 f . * ................. > ‘
Conduction spin Localized spin
(Spin current) (Magnetization)

FIG. 1-5. A schematic of the spin torque.



torque as shown in Fig. 1-6, damping-like (DL) torque expressed as 7o ~m x (M X @) that tilts m to the direction
of the magnetic momentum of the injected spin, and field-like (FL) torque expressed as 7= ~ m x grthat induces
precession of m around o, where m and oare vector of localized magnetic momentum and injected spin angular
momentum, respectively. When a NM with a large charge-to-spin conversion is attached to a FM, spin current
is injected into the FM by applying electric current in the NM layer as shown in Fig. 1-6. In this case, spin
torque is given to the magnetization of the FM layer, which is called the spin-orbit torque (SOT) [7,8].

7oL ~ m X (m X o)

4 4 Apiffusion

FIG. 1-6. A schematic of the spin-orbit torque in a NM/FM bilayer structure.

1.6 Magnetization dynamics

Dynamics of magnetization induced by an AC magnetic field and/or spin torque is described by the Landau-
Lifshitz-Gilbert (LLG) equation as [9,10],

dm dm
E=—ymxH—ame+rDme(mxa)+rFmea, (1-3)

where y is gyromagnetic ratio, H is the magnetic
field acting on the magnetization, and « is ﬁ:
Gilbert damping coefficient. The first term in

Eqg. (1-3) corresponds to the precession of m

with a precession axis along H, whereas the

-

second term describes relaxation of the

Phase (rad.)

Amplitude (a.u.)

magnetization precession, called magnetization
damping. The third and fourth terms describe

<7 =
3 2 &
<

contribution from the DL and FL torques. Eq.
(1-3) indicates that magnetization can be f /lﬁ)
manipulated not only by magnetic field but also
by DL and FL torques.

When precession of m in the FM is induced by AC magnetic field and/or spin torque with a frequency of f

FIG. 1-7. A schematic of the ferromagnetic

under external DC magnetic field, Hex:, precession amplitude is enhanced and phase difference between AC
magnetic field or spin torque and magnetization precession rapidly changes from zero to « as shown in Fig. 1-
7 when f reaches the resonance frequency, fo, that satisfies the Kittel’s equation [11],
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fo= %\/[I‘OHext + (Nx = Ny JuoMs][pto Hexe + (N; = Ny o Ms), (1-4)

where M; is saturation magnetization. N is demagnetization factor along x, y, and z direction. Here, z is chosen
along OOP orientation, and Hex: is pointing along the x-y plane. This phenomenon is called the ferromagnetic
resonance (FMR).

1.7 Magnetoresistive random access memory

One of the most attractive devices in spintronics is magnetoresistive random access memory (MRAM) [12].
Here, the author introduces two kinds of MRAM with different writing processes, spin-transfer torque (STT)-
MRAM and SOT-MRAM.

STT-MRAM [Fig. 1-8(a)] is composed of a free layer/tunnel layer/pin layer structure that is called magnetic
tunnel junction (MTJ). By fixing coercivity of the pin layer to be much higher than that of the free layer, only
the free layer becomes writable by external forces. When an electric current for writing, lwrit, is applied
perpendicularly in the MTJ, spin-polarized current is injected from the pin layer to the free layer via tunneling
through the tunnel layer. Injected spins give torque on the magnetization of the free layer and reverse the
magnetization. Since the resistance of the MTJ changes with respect to the relative orientation of the
magnetization in the free layer to that of the pin layer (tunnel magnetoresistance, TMR) [13], magnetization
orientation in the free layer can be extracted electrically by injecting a reading current, lread, and correlated to a
“bit” of information. Since the STT-MRAM stores information in the magnetization, it has been attracted as a
nonvolatile memory device. However, STT-MRAM s less durable because lwite Needs to flow through the
tunnel layer at every writing process, which gradually destroy the tunnel layer and cause degradation.

On the other hand, SOT-MRAM [Figs. 1-8(b) and 1-8(c)] is composed of a MTJ on top of the SOT layer
with a material that possesses large charge-to-spin conversion such as a heavy metal. When lwite is injected into
the SOT layer, spin current is injected into the free layer via the charge-to-spin conversion, giving torque to the
magnetization and inducing current-induced magnetization reversal. Magnetization direction in the free layer is
read by the TMR in the same manner as the STT-MRAM. Advantage of the SOT-MRAM is that only a small
reading current, lwead, is required to flow through the tunnel layer. Therefore, writing process is much more
energy efficient and the device is much more durable compared to the STT-MRAM. However, SOT-MRAM
using a FM with OOP magnetic anisotropy requires assist magnetic field for deterministic magnetization
reversal. Although a FM with in-plane (IP) magnetic anisotropy can be switched without assist magnetic field,
it requires large power consumption due to longer writing time.

(a) (b) t () —
Pin layer I,MT e Assist field fmadT_

—
Liaa meT “ Insulator @ G
v v \
<

FIG. 1-8. Schematics of (a) the STT-MRAM, (b) the SOT-MRAM with OOP magnet, and (c) the SOT-
MRAM with IP magnet.



1.8 How to measure spin-orbit torque

SOT has been investigated intensively aiming at low-power and field-free SOT switching. In this section, the
author explains experimental ways for estimating the SOT efficiency, which is the indicator of the torque acting
on the magnetization per unit current density.

1.8.1 Current-induced magnetization switching

One of the most direct ways is to detect reversal of the magnetization induced by the SOT. Threshold current

density, Ju, of SOT switching for an OOP FM is correlated to the DL torque efficiency, &, as [14],

eptoMstem(Hycoopy — V2| Hyl)
]th = hg )
DL

(1-5)

and that for an IP FM as [15],
Jin = = (2_e> (temHyapyMs), (1-6)
$pL\ M
where tem is thickness of the ferromagnet, Hk is uniaxial magnetic anisotropy field along OOP or IP direction,
and Hy is assist magnetic field for OOP switching. Note that Eq. (1-6) is written in the CGS unit.

If we fabricate a MTJ on top, magnetization reversal of both the IP and OOP FMs can be detected. However,
fabricating MTJ requires growth of single-crystal tunnel barrier with high-quality interface, making
investigation of novel materials more difficult [16,17]. Therefore, AHE [18] and magneto-optic Kerr effect
microscope (MOKE) [19] are generally used for detecting SOT-induced magnetization reversal of a FM with
OOP and IP magnetic anisotropy, respectively.

It has to be noted that the value of & estimated from the SOT switching is sometimes deviated from the
real value because SOT switching is affected by the Oersted field via the electric current in the NM layer and/or
domain-wall nucleation in the FM layer [20]. Therefore, multiple methods are frequently used at the same time
as detecting SOT switching to obtain a reliable value of the SOT efficiency.

1.8.2 Spin-torque ferromagnetic resonance
Spin-torque ferromagnetic resonance (ST-FMR) is one of the most common ways to estimate the SOT
efficiency [21]. In this method, RF electric current, I+, with a frequency of f is applied to a NM/FM bilayer
structure as shown in Fig. 1-9(a). Oersted field, Hoe, and/or SOT excite magnetization oscillation and resulting
oscillation of the resistance via anisotropic magnetoresistance (AMR) effect, in which resistance changes
depending on the relative angle between electric current and magnetization, 6. As a result, DC voltage, Vpc, is
observed via bias tee owing to the rectification caused by I and oscillating resistance, which is especially
enhanced around the FMR condition. When Hex: is swept with a fixed f, spectrum of Vpc is composed of

symmetric and anti-symmetric Lorentzian functions as [21],
1dR yl.¢sinf

Ve =7+
4do df
2T (o

re F(Hext_Ho) )’ (1_7)

XS +A
) ( rz+ (Hext - Ho)z r2+ (Hext - HO)Z

where R is resistance of the NM/FM bilayer, 7"is half-width at half-maximum, Ho is magnetic field that satisfies
the FMR condition, S and A are amplitudes of symmetric and anti-symmetric Lorentzian components,



respectively. A typical ST-FMR spectrum is shown in Fig. 1-9(b).
S and A are composed of four and three different 8 dependences, respectively, as [22],
S = Sysin26cosf + S;sin26sinf + S,sin26 + S3sind, (1-8)
A = Aysin20cos6 + A;sin26sinf + A,sin26. (1-9)
Tables 1-1 and 1-2 show origins of each @ dependence in S and A, respectively. 8 dependence of A and S are
needed to be measured to extract a specific contribution. For example, FMR torque efficiency, &wmr, that is

expected to show similar value to & generated by the SHE in the NM layer, is calculated by taking the ratio
between So and Ao as, [21]

So eploMstymtrm 1+ Mg

= 1-1
fFMR AO A Ho ’ ( 0)

where tym is thickness of the NM layer and Mess is the demagnetization field along OOP direction.

(b)

FIG. 1-9. (a) A schematic of the device structure and (b) a typical spectrum of the ST-FMR measurement.
A black line indicates expected ST-FMR spectrum, and red and blue lines indicate symmetric and anti-

symmetric Lorentzian component, respectively.

Table 1-1 Origin of the angular dependencies of the symmetric Lorentzian component, S.

6 dependence sin26 cosé (blue) sin240 (green) sin2dsiné (purple) sind (brown)
Torque form M x (M x y) M x z M x (M x X)
Origin DL torque due to oy FL torque due to DL torque due to
Oz Ox
Oersted field z
Undesired effect SP ISHE and ANE SP ISHE and ANE




Table 1-2 Origin of the angular dependencies of the anti-symmetric Lorentzian component, A.

6 dependence sin26 cosd (blue) sin28 (green) sin2@siné (purple)
Torque form M xy M x (M x 2) M x x
Origin FL torque due to oy DL torque due to o; FL torque due to o
Oersted field y X
Undesired effect

oi: Spin polarization along the i direction
SP ISHE: Spin pumping and the inverse spin Hall effect

ANE: Anomalous Nernst effect

1.8.3 Second harmonic Hall measurement

Second harmonic Hall (SHH) measurement is another common way for estimating the SOT efficiency. In
this method, AC electric current is applied to the NM/FM bilayer structure as shown in Fig. 1-10(a). Oersted
field, DL-SOT, and/or FL-SOT oscillates magnetization of the FM layer. In this case, there is an additional term
oscillating with f in the Hall resistance due to the AHE and planar Hall effect (PHE) because both depend on
the direction of magnetization in the FM layer. Therefore, not only first harmonic but also second harmonic
voltage is observed by lock-in-amplifier. Since the SHH voltage comes from the torques acting on the
magnetization, SOT efficiency can be estimated by analyzing the SHH voltage [23]. Here, f is typically 10
~1000 Hz, which is much smaller than that of ST-FMR. Therefore, oscillation of the magnetization is induced
by the change of the magnetostatic energy and is not characterized by the LLG equation.

Here, the author briefly derives the SHH signal generated by the SOT. Magnetization is assumed to be aligned
in the film plane by Hex: as shown in Fig. 1-10(a). Time evolution of the Hall resistance, Ryy(t), is written as,

dRy, _
Ryy(t) = Ryy (Heyy) + “H lH=H, H;sin(2mft), (1-1D)

where Hy = HpL + He + Hoe is the effective magnetic field due to DL-SOT, FL-SOT, and Oersted field.
Amplitude of each field is expressed as,

hJcnm
HpyrL) = $pL(FL) 5 < (1-12)

ettoMstpy’

1
Hpe = E]c(NM)tNM- (1-13)
By multiplying the AC electric current to Eg. (1-11) and taking time average, SHH resistance is given by R,%;’ =

1dRyy

2 dH

|H=n,, - Hi- Given that Hp. and Hr. + Hoe are pointing along OOP and IP direction, respectively, the

former oscillates AHE whereas the later oscillates PHE. Therefore, RZ%(¢) [a typical example of the signal is

shown in Fig. 1-10(b)] is composed of three different ¢ dependences as,

R2® = 1 R ! Hp, + R 2cos2¢ (Hg, + Hoe) + (Rang + RongHext)
xy =75 AHEHeXt+Hk DL PHE Hoge FL 0e) | COSQ ANE ONE{1ext)COSQ
+RPNESin2g0
= R,cos@ + R (2cos3¢ — cos@) + Rpygsin2¢. (1-14)



Here, thermoelectric contributions such as the anomalous Nernst effect (ANE), ordinary Nernst effect (ONE),
and planar Nernst effect (PNE) are included as Rane, Rong, and Rene, respectively [24]. Ra is composed of three
different components as,

RAHEHDL

Ry = —————
¢ Z(Hext+Hk)

+ RongHext + Rang- (1-15)

HpL can be extracted from Hex dependence of Ra as shown in Fig. 1-10(c), and & can be estimated using Eq.
(1-12).
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FIG. 1-10. (a) A schematic of the device structure. (b) Typical @ dependence and (c) Hex: dependence of
the SHH resistance.

1.8.4 Detection of spin-orbit effective field

FL-SOT can be estimated from the shift of the magnetoresistance (MR) curve. When Hey is swept along y
direction with application of DC electric current, Ipoc, along x direction as shown in Fig. 1-11(a), magnetization
feels not only Hex but also He + Hoe. Since only the latter one is proportional to Ipc, shift of the MR curve
induced by Ipc simply corresponds to Hr. + Hoe as shown in Fig. 1-11(b) [25]. By subtracting contribution from
Hoe using Eq. (1-13), FL-SOT can be estimated. In this case, however, we need to keep in mind that Joule
heating also modulates the shape of the MR.
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FIG. 1-11. (a) A schematic of the device structure and (b) a typical signal of the measurement of the shift
of the MR curve. Red and black lines are the MR curve detected with and without application of Ipc.

1.9 Research purpose and outline of this dissertation

In this dissertation, the author investigates SOT in metallic bi-layer and single-layer structures aiming at
realization of efficient SOT switching for application to the writing process of SOT-MRAM.
First, the author established a novel method for detecting SOT-induced magnetization switching without any



complicated fabrication processes. As discussed in section 1.8.1, fabrication of MTJ is usually required to detect
SOT switching of a FM with IP magnetic anisotropy. In this case, not only additional electrical circuit but also
complicated fabrication process is needed as shown in Fig. 1-12(a). For agile investigation of SOT switching
using various materials, circuits, and/or device structures, the author developed a novel method for detecting
SOT switching without fabricating MTJ as shown in Fig. 1-12(b) (Chap. 2). In addition, the author found that
the background signal coexisting with the ST-FMR spectrum enables estimation of the SHA of the NM layer,
realizing more reliable estimation of the SHA (Chap. 3). Next, the author demonstrated ultrafast and low-power
consumption SOT switching by applying two current pulses, which is detected using the method established in
Chap. 2. At the same time, analog control of magnetization for neuromorphic computing was demonstrated
(Chap. 4). Then, the author found that current-induced OOP torque is generated by the asymmetry of the
electrode connected to the FM layer. Micromagnetic simulation showed the OOP torque enables field-free
switching of a FM with OOP magnetic anisotropy (Chap. 5). Next, SOT generated by the SHE ina FM in a
NM/FM bilayer structure, called the self-induced SOT (SI-SOT), was investigated. It was found that proper
selection of the FM layer can enhance the SOT in the NM/FM bilayer structure. Moreover, SI-SOT was found
to influence significantly on the estimation of the SOT efficiency especially when a low-conductive NM layer
is used (Chap. 6). Following this work, SI-SOT in a Weyl ferromagnet Co.MnGa (CMG) was investigated.
SOT efficiency was comparable to that of a heavy metal/FM bilayer structure even without adjacent metal layer.
Moreover, sign and magnitude of the SI-SOT were strongly dependent on the applied-current direction with
respect to the crystal axis of the CMG film. These findings stem from the topology in band structure and its
modulation by external strain (Chap. 7). Finally, the author summarizes this doctoral thesis (Chap. 8).
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FIG. 1-12. Schematics of the device structure for measuring SOT-induced magnetization switching with
(a) three and (b) two electrodes.
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Chapter 2. Detection of spin-orbit torque magnetization switching by low-

frequency spin-torque ferromagnetic resonance

2.1 Abstract

Spin-orbit torque has been investigated intensively aiming at application to the magnetoresistive random
access memory. A variety of materials such as heavy metals [21,26,27], topological insulators [19,28,29], and
Van der Waals materials [30,31] have been found to possess significant charge-to-spin conversion and resulting
spin-orbit torque generation in the previous works. However, in most cases, the spin-orbit torque efficiency is
detected with “indirect” measurement but not a demonstration of spin-orbit torque magnetization switching,
especially when a ferromagnet with in-plane magnetic anisotropy that shows field-free spin-orbit torque
switching is used. This is because measuring magnetization switching of an in-plane ferromagnet usually
requires fabrication of magnetic tunnel junction [26,27], which means complicated fabrication process is needed.
It is known that correlation between spin-orbit torque efficiency estimated from the indirect method and the
actual current density required for switching is weak [20], indicating importance of demonstrating spin-orbit
torque switching in the phase of developing material, structure, and/or circuit.

In this study, the author established a novel method to detect spin-orbit torque magnetization switching of an
in-plane ferromagnet using the spin rectification effect. It was found that the rectification signal measured by
irradiating microwave current to a nonmagnet/ferromagnet bilayer system shows hysteresis behavior
corresponding to the hysteresis of the magnetization around zero magnetic field. Moreover, the author found
that the hysteresis is significantly enhanced as decreasing microwave frequency. Using this feature, the author
successfully detected spin-orbit torque magnetization switching of a permalloy electrode as small as 100 nm
using the spin Hall effect of Pt. Since this method does not require any complicated fabrication process, i.e.,
simply composed of a nonmagnet/ferromagnet channel and two electrodes, this method will enable agile spin-
orbit torque research.

Results presented in this chapter were published in the papers:

M. Aoki, E. Shigematsu, M. Matsushima, R. Ohshima, S. Honda, T. Shinjo, M. Shiraishi, and Y. Ando, “In-
plane spin-orbit torque magnetization switching and its detection using the spin rectification effect at
subgigahertz frequencies”, Physical Review B 102, 174442 (2020).

M. Aoki, E. Shigematsu, M. Matsushima, R. Ohshima, S. Honda, T. Shinjo, M. Shiraishi, and Y. Ando,

“Enhancement of low-frequency spin-orbit-torque ferromagnetic resonance signals by frequency tuning
observed in Pt/Py, Pt/Co, and Pt/Fe”, AIP Advances 11, 025206 (2021).
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2.2 Introduction and research purpose

Spin-rectification effect (SRE), in which non-zero DC voltage is generated under irradiation of microwave
current owing to oscillation of resistance originating from magnetization precession, is generally utilized to
observe the FMR such as the ST-FMR method (see 1.8.2) [32]. On the other hand, the SRE is also observed at
around zero magnetic field, which is called the non-resonant SRE (nr-SRE) [33]. Origin of the nr-SRE is
oscillation of the resistance induced by modulation of magnetic-domain states due to Oersted field and/or SOT.
Figure 2-1(a) shows a typical MR curve of a NM/FM bilayer system with IP magnetic anisotropy. Resistance,
R, of a typical FM such as Co, Fe, and Ni, increases around zero magnetic field due to domain-wall nucleation
and AMR. When a RF current, I+, is applied, Oersted field, Hoe, is generated, which is converted into oscillation
of the resistance, Rac. Since both Iis and R4 are oscillating with the same frequency, non-zero DC voltage, Voc,
is generated due to rectification effect. Characteristic of the nr-SRE is the hysteresis behavior corresponding to
direction of magnetization because the sign of the slope in the MR curve changes with respect to the sign of M
as shown in Fig. 2-1(b). Therefore, one might expect that magnetization reversal of a FM with IP magnetic
anisotropy can be detected using the nr-SRE. However, signal amplitude of the nr-SRE is much smaller than
that of the ST-FMR, limiting sensitivity for detecting magnetization reversal [33]. If signal amplitude of the nr-
SRE can be significantly enhanced, magnetization switching of a small FM will be detected, which is a great
advantage in sense of search of novel materials for SOT-MRAM application compared to MTJ method because
the device structure for measuring nr-SRE is simply composed of a NM/FM bilayer and two electrodes. In
addition, this method might be used for a small FM that is not applicable to the MOKE method because nr-SRE
is not limited by the resolution of light.

The purpose of this research is to establish a way for detecting SOT magnetization reversal by enhancing the
amplitude of nr-SRE.

(a)
Rn

Ju()Huxl (mT)

FIG. 2-1. (a) A typical MR curve and schematics of magnetic-domain structures of a NM/FM bilayer
structure with IP magnetic anisotropy. AC Oersted field, Hoe, is converted into the oscillating resistance,
Rac. (b) A typical spectrum of the nr-SRE adapted from: X. F. Zhu et al., Phys. Rev. B 83, 140402(R) (2011)
[33].
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2.3 Experimental setup

2.3.1 Sample fabrication

First, rectangular-shaped Pt (15 nm)/FM (4 nm)/MgO (2 nm) structure was fabricated on a MgO (001)
substrate by using electron-beam (EB) lithography and EB deposition technique. Then the sample was
immediately moved into DC magnetron sputtering system to fabricate capping layer of SiO, (7 nm) [Figs. 2-
2(a) and 2-2(b)]. Pt is chosen as the NM layer because it possesses high SHA and is expected to realize SOT
magnetization switching owing to spin-current injection into adjacent FM [18,21]. Permalloy (Nis:Feis, Py),
Co, and Fe are used as the FM layer. After fabrication of Pt/FM/MgO/SiO. multilayer, size of the FM layer was
downsized using rectangular masks made of negative resist and Ar+ ion milling [Figs. 2-2(c) and 2-2(d)]. Then,
coplanar waveguide made of Ti(3 nm)/Au(100 nm) was fabricated using EB lithography and EB evaporation
after etching of surface oxidation layers using Ar+ ion milling [Fig. 2-2(e)] without breaking vacuum.

(a) (b) (©)

(d) (e)

FIG. 2-2. Schematics of the device after (a) development of positive resist, (b) fabrication of channels, (c)
development of negative resist, (d) Ar ion milling, and (e) fabrication of electrode.

2.3.2 Measurement setup

Figures 2-3(a) and 2-3(b) show schematics of the device structure and measurement circuit, respectively.
Microwave current, I, with a frequency, f, and power, P, was irradiated using a commercial signal generator
(KEYSIGHT N5173B EXG). Rectification voltage, Vpc, is measured using a nanovoltmeter (Keithley
Nanovoltmeter 2182 A) via a vias tee. A pulse current for inducing SOT magnetization switching was injected

Y OH.,
(a) L (b) L

blas tee pulse orrf current |49

X

? %L Pt/FM/MgO/Sloo§‘
=+

FIG. 2-3. (a) Schematics of the device structure and (b) electrical circuit used in this study.
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using a function generator (Agilent 33622A). Magnetic field, Hext, was applied along IP direction. Relative
angle between Hex and Iys is defined as 6. Vpc is measured by connecting the circuit with “A”, whereas pulse

current for SOT switching was injected by connecting the circuit with “B” as shown in Fig. 2-3(b).

2.4 Observation of the low-frequency spin-torque ferromagnetic resonance in Pt/permalloy

bilayer system

2.4.1 Material characterization

First, ST-FMR measurement was carried out for the Pt/Py/MgO/SiO; device under an irradiation of high-
frequency microwave. 6 and P were fixed to be 45° and 10 dBm, respectively. Figure 2-4(a) shows the ST-
FMR spectra with different f for the device with Ly = 500 nm and Ly = 20 um. From the fitting to the measured
ST-FMR spectra using Eq. (1-7) [solid lines in Fig. 2-4(a)], FMR magnetic field, Ho, and FMR line width, 7;
were obtained. f-uoHo plot was fitted by using Eq. (1-4) as shown in Fig. 2-4(b). wo/-f plot was fitted by the
linear function,

r=27 a4+, @-1)
Y

where ap is inhomogeneous damping as shown in Fig. 2-4(c). Both plots were fitted well, indicating successful
observation of the FMR. From the fittings in Figs. 2-4(b) and 2-4(c), uoMes and o were estimated to be 0.58 T
and 0.046, respectively, which is consistent with reported values for Pt/Py system [21].

(a) 8.0 (b) 10
6,~45° L =500 nm 8-
I 6 GHz < ol
7.5 R B
S af
'\\' -
- 7 GHz 2r
> 170 G P SN (R T [ S
= -25 0 25 50 75100125150
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e © 16 HolTy

8 GHz

.

6.5

6.0 R

P=10dBm L
5. 1 1 1 1 1 1 1 0 el s b 1 s 1 3
-%00 -100 0 100 200 0 2 4 6 8 10
;“()cht (mT) f(GHZ)

FIG. 2-4. (a) ST-FMR spectra for the Pt/Py/MgO/SiO. device with different f. (b) f as a function of wHo
fitted by Eq. (4). (c) uol as a function of f fitted by the linear function.

2.4.2 Frequency dependence of the non-resonant spin-rectification effect
In this section, we focus on nr-SRE observed around zero magnetic field. Figure 2-5 shows Vpc as a function
of woHext With various f for the Pt/Py/MgO/SiO; with Ly = 500 nm and Ly = 20 um, where =0° and P = 10
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dBm. When f is higher than 2 GHz, nr-SRE is negligibly small as shown in Figs. 2-5(a). However, as
decreasing f, nr-SRE signal is significantly enhanced (here we call this as the LFST-FMR). The fact that the
LFST-FMR is observed even when €= 90° means that the origin of the LFST-FMR is different from that of
the ST-FMR. Figures 2-5(b)-2-5(g) show the LFST-FMR signals shown in Fig. 2-5(a) enlarged around zero
magnetic field. Small nr-SRE was observed at 3 GHz and 5 GHz. However, magnitude of the hysteresis of the
signal, AVo, is too small to detect magnetization direction. On the other hand, as decreasing f, 4Vo was
obviously enhanced.
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FIG. 2-5. (a) Voc as a function of woHex: measured with 6= 90°. (b-g) Enlarged signals with f = (b) 10
MHz, (c) 200 MHz, (d) 1 GHz, (e) 2 GHz, (f) 3 GHz, and (g) 5 GHz are also shown.

2.5 Analyzation of the low-frequency spin-torque ferromagnetic resonance

2.5.1 Low-frequency spin-torque ferromagnetic resonance in Pt/Co, Pt/Fe, and Pt/permalloy bilayers

To investigate the origin of the LFST-FMR, the author additionally fabricated Pt/Co/MgQO/SiOs,,
Pt/Fe/MgQ/SiO2, and Pt/Py/MgO/SiO, structures with Ly = 500 nm and Ly = 2 um, and compared f dependence
of the nr-SRE as shown in Figs. 2-6(a)-2-6(c). In all devices, LFST-FMR was observed at lower f. However,
threshold value of f depends on FM. For example, LFST-FMR in the Py device starts to be visible below f =2
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GHz whereas that of Co and Fe starts to be visible below f = 7 and 5 GHz, respectively. Here the author focuses
on the fact that FMR frequency at zero magnetic field depends on Ms and magnetic anisotropy of the FM.
According to Eq. (1-4), FM with larger Ms shows FMR at larger f. Given that Ms of Fe and Co are larger than
that of Py, LFST-FMR seems to appear when f is below the FMR frequency at zero magnetic field. Susceptibility
of the magnetization becomes non-zero when f is below the FMR condition, which enhances oscillation of
domain-wall state and resistance via the MR effect. On the other hand, susceptibility becomes zero when f is
above the FMR condition because magnetization motion cannot follow the external forces.

(a) P)’ (b) CO (C) Fe
f(GHz) = f(GHz) = S (GED -
[ ]
Z Il u\/ ] uv
:[2 },[V
;5

-10-5 0 5 10 -40-20 0 20 4‘0 -40-20 0 20 40
/uOHext (mT) :u()HeXt (mT) /IOHext (mT)

FIG. 2-6. Vpc as a function of uoHex with different f for (a) Pt/Py, (b) Pt/Co, and (c) Pt/Fe bilayers. P and
A were fixed to be 5 dBm and 90°, respectively.

2.5.2 Relationship between anisotropic magnetoresistance
To verify that LFST-FMR is induced by oscillation of the domain-wall state and MR effect, resistance of the
multilayer, R, was measured with changing Hex: along y axis as shown in Fig. 2-7. Peaks in resistance such as a
schematic shown in Fig. 2-1(a) were observed, indicating that domain-wall state pointing along x direction were
nucleated in all devices. In this case, RF Oersted field coming from I+ in Pt causes oscillation of R as shown in
Fig. 2-1(a). Therefore, amplitude of the LFST-FMR, AVo, is expressed as,
dR
AVy = 2x (o) sin(ant)HOeWsin(ant —p)), -1
ext
where <> means time average, y is hormalized magnetic susceptibility (~ 1 at low-frequency limit), It is the
amplitude of I, Hoe is Oersted field acting on magnetization of the FM, and ¢ is the phase shift between
magnetization precession and the RF current (~ 0° at low-frequency limit, ~ 180° at high-frequency limit). Since
the peak position of up- and down-sweep signals are different due to small in-plane magnetic anisotropy
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originating from the shape of the FM electrode, slope of the resistance is opposite to each other with respect to
the sweep direction in all devices as shown in insets of Fig. 2-7, resulting in voltage level depending on the
direction of magnetization in Vpc. Fig. 2-8 shows AV as a function of f for three different Pt/FM/MgO/SiO»
structures. Magnitude of AV was strongly dependent on the material used as the FM electrode. Since AVp is
proportional to the slope of the MR curve, positive correlation between AV, and the slope of the MR curve is
expected. Table 2-1 shows the comparison of the magnitude of LFST-FMR at f = 100 MHz and the slope of the
magnetoresistance curve, as well as the resistivity of the FM, p,

Iir, and Hoe. All values except for p are normalized by those of Pt/Py/MgO/SiO; devices. Positive correlation
between the LFST-FMR and the slope of the magnetoresistance was found, which is consistent with the
expectation.

TABLE 2-1. Comparison of the amplitude of MR and LFST-FMR.

p dR
FM AVy I Hoe
(uQ + cm) dHext
Py 1 55 1 1 1
Co 0.41 72 1.01 1.03 0.75
Fe 0.09 58 0.99 0.99 0.13
b(ag H, Tt mo
L y quel A]cxl .,.
_—.;I_WJL“X \
L —0)— 4 0 4
HoH o (MT)
&/
1500 | ® .Py. 400" " 4
" 7 ]
[ | ;200 Py ;
"3 0 0dBm _ u=
n
& 1000 - 201
Co . e /(GHz)
T so0 L * o
g o
3 g
Fe
A A A ﬁ‘
" A A o
0 m
Mo (mT)
‘ |
m
1 1 1 1 1 -500 vasd el ! bmtoibal
-100 =50 0 50 100 0.1 1 10
LoH,, (mT) f(GHz)

FIG. 2-7. MR curve for (a) Pt/Py/MgO/SiO, (b) FIG. 2-8. AVj as a function of f with a microwave
Pt/Co/MgO/SiO2, and (c) Pt/Fe/MgO/SiO; layers. power of 5 dBm. Inset shows AV, as a function of f
Insets show the signal enlarged around zero with a microwave power of 0 dBm for
maanetic field. Pt/Py/MgO/SiO: bilayer.
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2.5.3 Micromagnetic simulation

To further confirm the expectation that the LFST-FMR comes from oscillation of the magnetic-domain states
due to the Oersted field, micromagnetic simulation using MuMax3 [34] was carried out (see Appendix Section
A for details of calculation). Parameters used in the simulation are shown in Table 2-2. Figures 2-9(a) - 2-9(c)
show y and y(sin(2mft)sin(2wft — ¢)) as a function of f. The former is obtained by normalize oscillation
amplitude by that in the low-frequency limit. The latter corresponds to the normalized amplitude of the LFST-
FMR. Peak in y owing to FMR was reproduced in all cases. Indeed, y{sin(27ft) sin(2nft — ¢)) is enhanced
as increasing f and shows sign inversion when f becomes higher than the FMR condition. Then,
x(sin(2mft) sin(2mft — ¢)) becomes zero at high-frequency limit. This trend qualitatively corresponds to
experimental result shown in Fig. 2-8. Therefore, the author concluded that (1) LFST-FMR is generated due to
the oscillation of the domain-wall state induced by the Oersted field and (2) LFST-FMR appears with
frequencies lower than the FMR condition because magnetic susceptibility becomes nonzero.
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FIG. 2-9. Frequency evolution of y and y(sin(2mft)sin(2nft — ¢)) for (a) Pt/Py/MgO/SiO,,(b)
Pt/Co/MgO/SiO,, and (c) Pt/Fe/MgQO/SiO; bilayers calculated by MuMax3. Signals enlarged around zero

magnetic field are also shown in (d-f).

TABLE 2-2. Parameters used in the micromagnetic simulation.

FM Mg (MA/m) a Ay (pdim) fo (GH2)
Py 0.46 [34] 0.008 [35] 13 [34] 1.43
Co 1.15 [36] 0.011 [35] 19 [37] 2.8
Fe 1.36 [38] 0.0019 [35] 19 [39] 3
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2.6 Detection of the spin-orbit torque magnetization switching

2.6.1 Experimental procedure

In this section, the author demonstrates detection of the SOT-induced magnetization switching by the LFST-
FMR. Figure 2-10(a) shows the procedure for measuring SOT magnetization switching. First, magnetization is
initialized by applying large positive magnetic field, Hse.. After setting magnetic field to HpLs (0 mT unless
otherwise noted), LFST-FMR is measured with an irradiation of low-frequency microwave. In this case, voltage
level of Vpc corresponds to the voltage level of the LFST-FMR swept from the positive magnetic field [A blue
dot in Fig. 2-10(c)]. Then, microwave irradiation is stopped and pulse current for SOT magnetization switching
is injected. Finally, microwave is irradiated and Vpc is measured again. If the applied pulse-current density, Jpis,
is large enough, magnetization is successfully switched from positive to negative and the voltage level of Vpc
also switches to that of the LFST-FMR swept from the negative magnetic field [A red dot in Fig. 2-10(c)]. When
the difference between Vpc measured before and after application of pulse current, AV, is plotted as a function
of JpLs, signal shown in Fig. 2-10(b) is expected to be measured. In the demonstration of SOT switching, Ly, Ly,

f, P, and pulse width, Wpe.s, were fixed to be 500 nm, 20 um, 200 MHz, 10 dBm, and 1 ps, respectively.
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FIG. 2-10. (@) A schematic of measurement procedure for detecting SOT-induced magnetization
switching. (b) A typical switching signal with a threshold current density of Jin and (c) hysteresis in the
LFST-FMR spectrum.

2.6.2 Microwave frequency and pulse width dependence
Figure 2-11(a) shows AV as a function of Jp s detected with different frequencies of microwave for the
Pt/Py/MgO/SiO, device. Nonzero AV due to SOT switching is observed above Jpi s = 10 MA/cm? only when
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low-frequency microwave is used, which is consistent with the frequency dependence of the LFST-FMR, in
which AV is negligibly small above 2 GHz (see Fig. 2-5). Figure 2-11(b) shows the SOT switching signal for
Pt/Py/MgO/SiO. devices with different Ly. AV-Jp.s plot became steeper in narrower devices because of
suppression of domain-wall nucleation and resulting macro-spin-like switching. Figure 2-11(c) shows the SOT
switching signal by applying pulse currents with different Wpis. Threshold value of Jpis increases as Wers
decreases. This is because the switching process is dominated by domain-wall motion when relatively large FM
electrode is used. Domain-wall motion becomes faster as Jpis becomes higher, resulting in larger Jr.s that is
needed for SOT switching as Wps became shorter [40]. Composing up- and down-sweep signals after changing
the offsets, hysteresis behavior of AV as a function of Jp.s was clearly obtained as shown in Fig. 2-11(d). Since
all these characteristics are consistent with the behavior expected for in-plane magnetization switching of Py,
the author insists that LFST-FMR can be a powerful tool for detecting SOT magnetization switching of FM

with IP magnetic anisotropy.
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FIG. 2-11. (a) SOT-induced magnetization switching detected with different microwave frequencies, (b)
channel length, and (c) pulse width. (d) Full switching signal obtained by sweeping JpLs upwards and
downwards. Inset shows the signal before adjusting the offset value. Note that signals shown in (b) is

normalized for comparing devices with different size of FM electrode.
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2.6.3 Downsizing of the ferromagnetic electrode

To demonstrate high sensitivity of the LFST-FMR method, size of the FM electrode was downsized to Ly =
100 nm and Ly = 1000 nm. Length of the FM channel, which determines the signal amplitude of the LFST-FMR,
is as small as the size of the practical MRAM cell. Indeed, there has been no way other than fabricating MTJ to
detect magnetization reversal of such a small FM electrode, because it is much less than the resolution of MOKE
microscope. Surprisingly, clear LFST-FMR and SOT switching signal were successfully observed as shown in
Figs. 2-12(a) and 2-12(b), respectively, indicating high-sensitivity of the LFST-FMR method. The author notes
that using small FM electrode in the study on SOT switching is preferable because the mechanism of
magnetization switching differs depending on the size of the FM electrode, i.e., domain-wall nucleation is
dominant for a large FM electrode whereas macro-spin motion is dominant for a FM electrode as small as 100
nm (a size of practical MRAM cell). Therefore, Jw of a small FM measured by the LFST-FMR method is more
reliable when evaluating characteristics for device application compared to Ji, of a large FM measured by the
MOKE microscope.

Finally, one might think that the magnetization switching of Py discussed so far is caused by Hoe induced
by the electric current flowing in Pt but not by the SOT. To eliminate contribution of Hoe, the author set Hpis
to be nonzero to cancel the contribution of Hoe during pulse injection. The maximum value of uHoe is expected
to be ~ — 2 mT within the range of Jps in Fig. 2-12(b). Even when woHpis = + 2 mT, magnetization switching
was still observed as shown in Fig. 2-12(b). Therefore, the author concluded that the dominant contributor to
the current-induced magnetization switching in our experiment is the SOT but not the Oersted field.
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FIG. 2-12. (a) LFST-FMR spectrum and (b) SOT-induced switching signal measured in a
Pt/Py/MgO/SiO, multilayer with a channel width of 100 nm with different values of Hpis.

2.7 Summary

To summarize, the author established a novel way for detecting spin-orbit torque magnetization switching by
using enhancement of the non-resonant spin-rectification effect, named as the low-frequency spin-torque
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ferromagnetic resonance. Origin of the low-frequency spin-torque ferromagnetic resonance is an oscillation of
the domain-wall state induced by the Oersted field and resulting oscillation of the resistance. The low-frequency
spin-torque ferromagnetic resonance method does not require magnetic tunnel junction and is sensitive enough
to detect magnetization switching of a ferromagnetic electrode as small as 100 nm. Therefore, the low-frequency
spin-torque ferromagnetic resonance method is easily applicable to a wide variety of systems composed of novel
materials and enables agile investigation on spin-orbit torque switching aiming at realization of low-power-
consumption magnetoresistive random access memory.
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Chapter 3. Coexistence of the low-frequency spin-torque ferromagnetic resonance

and unidirectional spin Hall magnetoresistance

3.1 Abstract

In Chap. 2, the author developed a novel way for detecting spin-orbit torque magnetization switching, called
the low-frequency spin-torque ferromagnetic resonance method. Following this study, the author applied the
low-frequency spin-torque ferromagnetic resonance method to a Ta/Co bilayer system. In this case, however,
large background signal, polarity of which depends on the magnetization direction, was dominant over the low-
frequency spin-torque ferromagnetic resonance signal. Although small background signal was observed in
Pt/Co bilayer, polarity was opposite to that of the Ta/Co bilayer structure. Since the sign of the spin Hall angle
of Ta and Pt are opposite to each other, the author expected that the background signal is induced by the
nonreciprocal charge transport induced by the spin Hall effect, i.e., unidirectional spin Hall magnetoresistance.

In this chapter, the author investigates the background signal with changing various parameters: microwave
power, frequency, magnetic field angle, amplitude, and temperature. As a result, the author verified that the
background signal originates from the spin-dependent unidirectional spin Hall magnetoresistance. Given that
the spin-dependent unidirectional spin Hall magnetoresistance is numerically calculated using spin-diffusion
model, the spin Hall angle of Pt and Ta were estimated to be 0.052 and —0.084 from the value of the background
signal, respectively. In addition, detection of spin-orbit torque magnetization switching of W/Co bilayer system
was demonstrated using the hysteresis behavior of the background signal. Considering that the background
signal also coexists with the spin-torque ferromagnetic resonance spectrum, the author proposed that crosscheck
using the spin-torque ferromagnetic resonance and the background signal enables more reliable estimation of
the spin Hall angle. This research provides a plenty of physics and utilities of the background signal that has
been neglected for a long time.

Results presented in this chapter were published in the paper:
M. Aoki, E. Shigematsu, R. Ohshima, T. Shinjo, M. Shiraishi, and Y. Ando, “Coexistence of low-frequency

spin-torque ferromagnetic resonance and unidirectional spin Hall magnetoresistance”, Physical Review B 104,
094401 (2021).
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3.2 Introduction and research purpose

3.2.1 Background signal

During investigation of the LFST-FMR using various kinds of NM/FM bilayer structures, the author found
that the BG signal, whose polarity changes depending on the magnetization orientation, is coexisting with the
LFST-FMR signal. Figure 3-1 shows MR (top panels), differential of the MR (middle panels), and Vpc as a
function of woHex: (bottom panels) measured in Sample A [Pt(15)/Co(3)/SiO2(7)] and Sample C
[Ta(15)/Co(3)/SiO2(7)] (number in bracket is the thickness in nanometer). Details of the Samples A and C are
summarized in Section 3.3.1. Given that the LFST-FMR is proportional to the differential of the MR curves,
Vpc as a function of ggHex should show similar behavior in both the Samples A and C based on the study of
Chap. 2. However, Vpc shows apparently different characteristics as shown in Figs. 3-1(e) and 3-1(f). Vpc shows
peak around zero magnetic field in the Sample A, which is similar to the shape of the differential of the MR
curve shown in Fig. 3-1(c). On the other hand, large BG signal was dominant for the Sample C as shown in Fig.
3-1(f). Although small BG signal is observed in the Sample A, it shows different sign compared to that of the
Sample C, indicating that the BG signal could be related to the SHA in the NM layer, because sign of the SHA
of Ta is opposite to that of Pt. The purpose of this research is to investigate the origin of the BG signal.
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FIG. 3-1. (8)[(b)] MR curve with Hex perpendicular to the electric current, (c)[(d)] differential of the MR

curve, and (e)[(f)] measured DC voltage with a frequency of 100 MHz for Pt/Co (Ta/Co) bilayers.

Microwave power was fixed to 5 dBm and magnetic field was applied perpendicular to the electric current.

3.2.2 Unidirectional spin Hall magnetoresistance
Possible origin of the BG signal is the USMR, in which resistance of a NM/FM bilayer, Rumiem, changes
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depending on applied-current and magnetization directions [41]. There are two kinds of USMR, SD-USMR and
spin-flip USMR (SF-USMR) [42]. The former originates from the fluctuation of the up- and down-spin
populations in the FM due to the spin current injected from the NM, whereas the latter originates from electron-
magnon scattering at the NM/FM interface. Given that the BG signal is independent of the magnitude of Hey,
SD-USMR is the most plausible origin because magnon population is suppressed as increasing Hex: [43].

Now, the author explains the mechanism of the SD-USMR in detail. For example, the author assumes the
systems shown in Fig. 3-2(b): when electric current is applied along x direction in a NM/FM bilayer structure,
spin current is generated along z direction, resulting in injection of —y-polarized spin (corresponding to majority-
spin injection into the FM layer when the magnetization of the FM layer is along y). In this case, contribution
of the majority-spin band to the electrical transport becomes enhanced. In this case, when electric current is
along —x, contribution of the minority-spin band becomes dominant as shown in Fig. 3-2(c). Since the mobility
of majority-spin electron is different from that of minority-spin electron as shown in Fig. 3-2(a), enhancement
of majority-spin contribution results in, e.g., larger Rnmiem, Whereas enhancement of minority-spin contribution
results in smaller Rnm/em because of the difference in mobility between majority and minority spins. As a result,
Rnmiem changes depending on the polarity of the applied electric current and magnetization directions. When
an AC electric current, lis = losin2xft, is injected, Rnmem is expressed as Rawmrem = Rnmiemo) + Rusmrsin2anft,
resulting in DC output voltage, Voc = loRusmr/2, which is given by time averaging of the product of ;s and
Rnmem. Since Rusmr depends on polarity but not on magnitude of Hex,, SD-USMR can be the origin of the BG
signal. In the following, BG signal is measured with changing various parameters to conclude that the origin is
the SD-USMR.

Injection of up spin
L=
Dominated by z.

Injection of down spin

M
Dominated by 1,

:;/ Z ;i Js(} Z ;i I,

FIG. 3-2. (a) Density of states in a FM. (b, ¢) A NM/FM bilayer structure when electric current is applied

in-plane. Sign of spin current injected into the FM layer depends on the polarity of the electric current.
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3.3 Experimental setup

3.3.1 Sample fabrication

Figure 3-3 shows a schematic of the device structure. Rectangular-shaped NM (tn nm)/Co (tr nm)/SiO2 (tcap
nm) multilayer was fabricated using EB lithography and DC magnetron sputtering. Then, Co/cap bilayer was
shaped into smaller rectangular with a width, w, and length, I, by using EB lithography and Ar ion milling. After
removing surface oxide layer on top of the NM layer by additional Ar ion milling, Ti (3 nm)/Au (70 nm)
electrode was deposited without breaking vacuum by using EB evaporation. Six samples labeled as Sample A-
F were used in this study as summarized in Table 3-1.

Cap > x
Ng; (i ) A‘
4
FIG. 3-3. A schematic of device structure used in this study.

Table 3-1. Summary of the device geometry of the samples used in this study.

Sample NM tn (nm) tr (nm) teap (NM) w (um) I (um)
A Pt 15 3 7 5 0.8
B Pt 15 3 7 40 40
C Ta 15 3 7 5 1
D Ta 15 8 7 10 1.3
E Ta 15 3 7 40 40
F w 6 1 3 5 5

3.3.2 Measurement setup

Microwave radiation with a power, P, was applied using a commercial signal generator (Keysight N5173B
EXG) and Vpc was measured by a voltmeter (Keithley Nanovoltmeter 2182A). Magnetic field, Hex:, is applied
perpendicularly to the electric current unless otherwise indicated. For demonstrating SOT-induced
magnetization switching, pulse current with a width of 1 um was injected using a function generator (Keysight
33622A). Temperature and magnetic-field angle dependences were measured in physical property measurement
system (Quantum Design PPMS). In the measurement using PPMS, Vpc was measured using the same voltmeter
as mentioned above but microwave was applied using a function generator (Keysight 33622A) with a frequency
of 0.1 GHz and a voltage amplitude for generating microwave current, Vmw, was fixed to be 2 V peak-to-peak.
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3.4 Investigation on the background signal

3.4.1 Microwave frequency dependence

Figure 3-4 shows Vpc as a function of zoHex measured in Sample C with different microwave frequencies.
When magnetic field is small, Vpc is significantly modulated by frequency tuning as shown in enlarged signal
[Fig. 3-4(b)]. This is because of the competition between the BG signal (independent of f) and the LFST-FMR
(dependent of f). Indeed, when magnetic field is large, only the BG signal survives, resulting in less modulation
of Vpc by changing f. This trend is more clearly seen in Sample D with thicker Co thickness as shown in Fig.
3-4(c). In this case, the LFST-FMR is larger compared to Sample C and shows sign reversal of the hysteresis
as decreasing microwave frequency [see Fig. 3-4(d)]. The fact that LFST-FMR and the BG signal shows
different dependences on tr indicates that the BG signal originates from the different physics other than that of
the LFST-FMR.
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FIG. 3-4. Ve as a function of Hex with different frequencies of microwave for (a) Sample C and (c)
Sample D. Signals enlarged around zero magnetic field are also shown in (b) and (d), respectively. P was
fixed to be 5 and 10 dBm in the measurement of Sample C and D, respectively.

3.4.2 Frequency, current, temperature, and magnetic-field angle dependences

Figure 3-5(a) shows the frequency dependence of the BG signal for Sample C obtained from the spectra
shown in Fig. 3-4(c). Definition of Vgg is shown in Figs. 3-1(e) and 3-1(f). Here, Vgg is normalized by the
square of lo to consider the frequency-dependent power loss in the cable (see Appendix Section B for estimation
of the frequency-dependent power loss in the cable). BG signal is found to be independent of f, which is
consistent with the SD-USMR. To further verify that the origin of the BG signal is the SD-USMR, amplitude
of lo, temperature, and magnetic-field angle dependences were investigated. Figure 3-5(b) shows lo dependence
of the BG signal for Sample C. Vee was proportional to the square of lp, which is consistent with the
characteristics of the rectification signals. The author also measured the temperature dependence of the BG
signal because the SD-USMR shows weaker temperature dependence than the SF-USMR [42]. Red circles in

27



Fig. 3-5(c) shows temperature dependence of Vsg measured for Sample E. Although slight enhancement of Vag
was observed at lower temperatures, modulation was much less than that of the SF-USMR shown in ref. [42].
Finally, the author investigated magnetic-field angle dependence of the BG signal because SD-USMR is
proportional to the y component of the magnetization. Magnetic field was rotated in xy, zx, and yz scans as
shown in Fig. 3-5(d). In this case, Vg is expected to depend only on « and y. Figure 3-5(e) shows Vg as
functions of «, S, and y for Sample E. Black lines indicate expected angular dependences of the y component
of the magnetization. The black line is simply a sine function in case of xy scan. On the other hand, it was
calculated by MuMax3 in case of yz scan to consider large IP magnetic anisotropy. Measured signals well
correspond to the black lines, indicating the BG signal is proportional to the y component of the magnetization.
All these results are consistent with the scenario that the BG signal is generated by the SD-USMR.
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FIG. 3-5. (a) Microwave frequency and (b) electric current dependence of the BG signal for sample C.
(c) Temperature dependence of the BG signal for Sample E compared with that of the SF-USMR. (d)
Schematics of the measurement of magnetic-field angle dependence and (e) signal observed in each scan
for Sample E.

3.4.3 Contribution from the anomalous Nernst effect

One might think that the ANE [24] induced by OOP thermal gradient might cause Vgg [23]. As for sign
reversal of the BG signal between Ta/Co/SiO; and Pt/Co/SiOg, large difference in resistivity between Ta and Pt
might cause different distribution of electric current and sign reversal of the thermal gradient. Therefore, the
author measured the BG signal of Cu/Co/SiO;. Since the resistivity of Cu is much smaller than Ta and even
smaller than Pt, and SHE is negligibly small, BG signal in this Cu/Co/SiO; should show the same sign as that
of Pt/Co/SiO; based on the ANE scenario. However, sign of the BG signal is the same as that of Ta/Co/SiO; as
shown in Fig. 3-6, where f = 200 MHz, P =5 dBm, | =800 nm, and w = 5 um. Therefore, ANE cannot explain
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the sign reversal of the BG signal between Pt/Co/SiO; and
Ta/Co/SiO,. The author also simulated thermal gradient
induced by  Joule heating using COMSOL
Multiphysics [44,45]. Figure 3-7(a) shows a schematic of the
simulation. Electric current was applied in NM/FM/SiO;
multilayers on the MgO substrate along IP direction and
thermal gradient is produced along z direction due to Joule
heating. Parameters used in simulation are shown in Table 3-
1. Figures 3-7(b)-3-7(d) show temperature as a function of z
when Ta, Pt, or Cu is used as a NM layer, respectively.
Temperature at the top interface of Co is higher than that at

the bottom interface for all devices, meaning that sign of ANE signal does not change depending on NM
materials. Temperature difference between top and bottom interface of Co is 0.06 mK, 0.11 mK, and 0.03 mK
for Ta, Pt, or Cu, respectively. Using ANE coefficient of Co, ay = —1.7 x 108 A/(m? - K) [46], BG signal
generated by the SD-USMR in Samples B and E are estimated to be 118 % (72 %) of the measured BG signal.
Although contribution from the ANE is not negligible, SD-USMR is the dominant contributor to the BG signal

in Pt/Co/SiO; and Ta/Co/SiO,.
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Table 3-1. Parameters used in the simulation of temperature gradient.

Material Resistivity Density Specific heat capacity Thermal conductivity
(- m) (x 10°kg/m°) (/kg-K)) (W/(m - K))
MgO 1.00 x 102° 1.77 1000 50
SiO; 1.00 x 1010 2.33 1052 14
Co 9.82x 1077 8.90 420 70
Pt 5.15x 1077 21.09 133 72
Ta 2.32x107° 16.65 140 57
Cu 2.40 x 1077 8.94 379 401

3.5 Utilization of the background signal

3.5.1 Estimation of the spin Hall angle

Given that the SD-USMR is produced by the SHE in the NM layer, SHA of the NM layer can be estimated
from the value of the BG signal. According to Zhang and Vignale [47], magnetoresistance induced by the SD-
USMR, Ruswmr, is derived from the spin diffusion model as,

oglLp ) >< —PN) [(9 LN) tanh (ZLN) tanh (z_l;)] IRyM/FM
OntN t Oftr 1+ (1 —p2) (UFLN) tanh( )coth( N) L

where or (on) and Le (Ln) are conductivity and spin-diffusion length of the FM (NM), ps is conductivity spin

Rysmr = 3 ( ) 3-1

asymmetry, pn is the difference in density of states at the Fermi energy between up and down spins, & is the
Fermi energy of the FM, and 6 is the SHA of the NM layer. When |+ = losin2xft is applied, BG signal
generated by the SD-USMR is given by,

Voo Ve — Vi = 3RXm/FM ( opLp ) >< - pn) [(QSHLN) tanh (ZLN) tanh (L )]
USMR BG — VANE 21 onty + Optp 1+ (1—p32) ( FLN) tanh( )coth (tN)
N

The values of Veg measured in Samples B and E were 67 £ 15 nV and — 460 + 70 nV, respectively. Substituting

I§. (3-2)

the value of the BG signal after eliminating the ANE voltage, Vane (see Section 3.4.3 for detail), 6sn of Ta and
Pt were estimated to be —0.084 and 0.052, respectively, both of which are consistent with precious research.
Given that the BG signal coexists with the ST-FMR signal that is widely used for estimating the SHA, BG
signal can be used as an effective crosscheck of the ST-FMR method and enable more reliable estimation of the
SHA. Values used for this estimation are shown as following: or = 1.01 x 10 (Q - m)* (measured), opt = 1.94
x 108 (Q - m)* (measured), ora = 4.32 x 10°(Q - m)* (measured), Lr = 40 nm [48], Lpt = 14 nm [49], L1a= 1.8
nm [49], po—p~ = 0.5 [47], and &= =5 eV [47].

3.5.2 Detection of the spin-orbit torque magnetization switching
In this section, detection of SOT-induced switching is demonstrated in the same manner as shown in Fig. 2-
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10 but using the BG signal instead of the LFST-FMR. W (6 nm)/Co (1 nm)/SiO2 (3 nm) multilayer (Sample F)
was used in this experiment. Large negative SHE in W is expected to realize pure-SOT switching because the
switching direction due to SOT and Oersted field is opposite to each other in this geometry [27]. Figure 3-8(a)
shows schematics of the device structure and measurement circuit. Left panels of Figs. 3-8(b) and 3-8(c) show
Vpc as a function of woHex: With a microwave frequency of 0.2 GHz and 13 GHz, respectively. Offset voltage
with a polarity depending on direction of Hext was observed even at 13 GHz, indicating existence of the BG
signal. The right panels of Figs. 3-7(b) and 3-7(c) show SOT switching signal detected using the BG signal
when f=0.2 and 13 GHz, respectively. Switching signals as large as that of the hysteresis of the BG signal were
successfully obtained in both cases. In addition, threshold current density, 3 x 107 A/cm?, is consistent with the
previous research [27]. From these results, the author proposes that the BG signal can be used for probing the
SOT-induced switching in the same manner as that using the LFST-FMR.
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FIG. 3-8. (a) A schematic of the device structure for demonstration of SOT-induced magnetization
switching. (b, ¢) (left panel) Vpc as a function of zHex: and (right panel) SOT-induced switching detected
by using the BG signal with a microwave frequency of (b) 0.2 GHz and (c) 13 GHz.

3.6 Summary

To summarize, the author verified that the origin of the background signal coexisting with the spin-torque
ferromagnetic resonance and low-frequency spin-torque ferromagnetic resonance is spin-dependent
unidirectional spin Hall magnetoresistance by measuring nonmagnetic material, frequency, current, magnetic-
field angle, and temperature dependences. By using the background signal, estimation of the spin Hall angle
and detection of spin-orbit torque magnetization switching were demonstrated. To note is that the background
signal coexists with the spin-torque ferromagnetic resonance spectrum, which has been widely used for
estimating the spin Hall angle since 2011 [21]. Despite the fact, the background signal has been neglected for a
long time, i.e., the background signal has simply been considered as an offset voltage in the spin-torque
ferromagnetic resonance. The importance of this work is to find out a plenty of physics and utilities in such a
simple offset signal.
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Chapter 4. Spin-orbit torque magnetization switching using two current pulses

4.1 Abstract

Spin-orbit torque magnetoresistive random access memory is classified into two in viewpoint of the magnetic
anisotropy of the ferromagnet layer, in-plane and out-of-plane magnetic anisotropies. Spin-orbit torque
magnetoresistive random access memory with an out-of-plane ferromagnet has advantage of device integration.
However, external magnetic field is required to realize deterministic magnetization switching. Spin-orbit torque
magnetoresistive random access memory with an in-plane ferromagnet does not require external magnetic field
in the switching process. However, switching speed is much longer than the one using out-of-plane ferromagnet.
For realization of the spin-orbit torque magnetoresistive random access memory, either field-free switching of
the out-of-plane ferromagnet or fast switching of the in-plane ferromagnet is needed to be realized.

In this chapter, the author demonstrates ultrafast spin-orbit torque switching of the in-plane ferromagnet by
using two current pulses applied perpendicularly to each other. Switching speed was reduced from 10 ns to 300
ps by using the two-pulse method. Moreover, power consumption in the writing process was also found to be
quite low. In addition, the author demonstrated analog control of the magnetization by controlling the vector of
the spin polarization injected into the ferromagnet layer using two-pulse injection, which can realize
neuromorphic computer using spintronics technology. This research shows a great potential of the two-pulse
method for ultrafast spin-orbit torque magnetoresistive random access memory and a novel device such as a
neuromorphic computing. Therefore, two-pulse method will contribute to the development of computer industry
using spintronics.
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4.2 Introduction and research purpose

4.2.1 In-plane and out-of-plane magnetoresistive random access memories

SOT-MRAM s classified into two in viewpoint of anisotropy of the FM electrode [50]. One uses a FM
electrode with OOP magnetic anisotropy as shown in Fig. 4-1(a) [18]. Since the DL-SOT, oL, is given by M x
(m x M), spin current generated by the SHE efficiently gives torque on the magnetization because m x M is
always non-zero. Here, M and m are magnetization of the FM and magnetic momentum of injected spin,
respectively. However, external magnetic field is needed for deterministic switching from +z to —z or —z to +z,
which is a serious disadvantage for practical application. The other type of SOT MRAM uses a FM electrode
with IP magnetic anisotropy as shown in Fig. 4-1(b) [8], as is used in Sections 2 and 3. Since m x M is, in
principle, zero in the beginning of the switching process, it takes much longer time. However, external magnetic
field is not needed because injected spin is parallel or antiparallel to the magnetization axis.

(a) (b)
~M><(me)¢(3 , ~M><(m><M)—o
M A n
= i s
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"""""" > | s * \ -
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Assist field

FIG. 4-1. (a) Schematics of the device structure and SOT acting on magnetization for OOP MRAM and
(b) IP MRAM. Schematics of the device structure are adapted from: I. M. Miron et al., Nature 476,
189 (2011) [18] and L. Liu et al., Science 336, 555 (2012) [8], respectively.

4.2.2 Mechanism of two-pulse switching

To overcome the difficulty of the SOT switching of the IP FM, i.e., low switching speed, the author suggested
to use two different spin currents as shown in Fig. 4-2. First, spin current with a magnetic momentum of spin,
m, is injected. The first spin current gives torque on the magnetization efficiently and tilts magnetization from
M to M’. Then, spin current with a magnetic momentum of spin, m’, is injected and efficiently rotates
magnetization to the final state. Since =, always acts on magnetization efficiently, ultrafast SOT switching can
be realized. The purpose of this research is to realize both field-free and fast magnetization switching by using
the two-pulse method.

M 10 ~M x (m x M)
1
M’

FIG. 4-2. A schematic of magnetization reversal using two current pulses.
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4.3 Experimental setup

4.3.1 Sample fabrication

Figure 4-3 shows device structure and measurement circuit used in this study. A crossbar made of Ti (2
nm)/Pt (15 nm)/Py (4 nm)/MgO (2 nm) multilayer was fabricated using EB lithography and EB evaporation.
Then SiO; capping layer was deposited by DC magnetron sputtering. FM electrode with a size of 500 nm x 2
pm was fabricated using EB lithography and Ar ion milling. Finally, coplanar wave guide composed of Ti (3
nm)/Au (70 nm) was fabricated using EB lithography and EB evaporation.

4.3.2 Measurement setup

SOT-induced switching was measured using the LFST-FMR method, which is shown in Chap. 2. Microwave
with a frequency of 100 MHz and amplitude of 1 V peak-to-peak was applied using a function generator (Agilent
33622A). LFST-FMR signal was detected using a nanovoltmeter (Keithley Nanovoltmeter 2182A). A pulse
generator (Active Technologies PG1072) was used to inject ultrafast pulse currents. Two pulse currents, assist
pulse (width: wa, amplitude: Va) and main pulse (width: wm, amplitude: Vi), were injected from channel 1 and
channel 2, respectively. Interval between two pulse currents was also changed.

Pulse generator
Chl Ch2
2 = Assist pulse
\ SSIS SC
Main pulscl \ .
" Py(4)/MgO(2)/S10,(7)
Bias tee i i
TYYY O i X
e
Pt (15 nm)

TMicrowave

Hext

FIG. 4-3. Schematics of the device structure and measurement circuit. Picture of the device is also shown
in the inset.

4.4 Demonstration of two-pulse magnetization switching

4.4.1 Interval and assist pulse dependences

Figure 4-4(a) shows colormap obtained from the SOT switching measurement, where both Vi, and interval
were swept. Here, w, and wm were fixed to be 1 ns and V, was fixed to be 2 V. Red area means finite difference
between the value of Vpc via the LFST-FMR before and after injecting pulse currents, i.e., successful SOT
switching. It was found that the threshold value of Vi, was lowest when interval is zero. Also, SOT switching
was successfully observed even when w, and wm were reduced to 300 ps as shown in Fig. 4-4(b). Figure 4-5
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shows colormap obtained from the SOT-switching measurement, where both Vi, and Va were swept. Here, wa
and wn, were fixed to be 1 ns and interval was fixed to be 0 ns. There is a relationship between threshold value
of Vi, Vin(th), and Va as Va = — 0.7Vmn) + 2.7. Using this relationship, power consumption in the SOT switching
was found to be lowest when (Vm, Va) = (1.3 V, 1.8 V).

(a) Voltage difference (uV) (b) Voltage difference (uV)
0.5 0.2 0.5
0.4 0.1
=
03 30,0
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00 -02
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Vin (V) Vn (V)

FIG. 4-4. (a) Switching signal as functions of Vi, and interval when w, = wm = 1 ns and (b) 300 ps. Red
region represents successful magnetization switching.
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Vi (V)

FIG. 4-5. Switching signal as functions of V. and Vm. Red region represents successful magnetization
switching.

4.4.2 Assist pulse width dependence

In Section 4.4.1, the author found that SOT switching becomes most efficient when two pulse currents are
injected at the same time. Given that the role of assist pulse is to tilt magnetization from the initial state but not
complete magnetization switching, it is expected that threshold value of Vi, does not change even when w; is
shortened. Figure 4-5(a) shows colormap obtained from the SOT switching measurement, where both Vi, and
W, were swept. Interval, wm, and Va were fixed to be 0 ns, 1 ns, and 2 V, respectively. Threshold value of Vi
does not change even when wj, is reduced to 0.5 ns. Figure 4-5(b) shows colormap of the y component of the
magnetization as functions of wa and current density of the main pulse, j, calculated by Assoc. Prof. Syuta
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Honda at Kansai University. Current density of the assist pulse, jy, interval, and wm were fixed to be 16 MA/cm?,
0 ns, and 1 ns, respectively. Threshold value of jx does not change even if w, is reduced to 0.5 ns, which is
consistent with the experiment. Threshold value of jx increases with decreasing wa, below 0.5 ns, however, it is
clearly reduced at around w, = 0.2 ns. Although this behavior could not be observed due to experimental
limitation, simulated result indicates that wa, can be further reduced to a few tens of picoseconds and power
consumption can be reduced by minimizing wa. In this sense, two-pulse method has advantage of lower power

consumption over type X switching with tilted easy axis [51].
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FIG. 4-5. (a) Switching signal as functions of wa and V. Red region represents successful magnetization
switching. (b) Calculation of magnetization switching using two-pulse method. wa and jx were swept,
whereas jy, interval, and wy were fixed to be 16 MA/cm?, 0 ns, and 1 ns, respectively.

4.4.3 Comparison with one-pulse method
As discussed above, the switching speed of two-

pulse method is much faster than that of conventional Two pulse

. . . 0.6 V,=2V,w,=w,=1ns, Interval = 0 ns
one-pulse method only using the main pulse. Figure ‘ ;
4-6 shows comparison of the SOT switching 0.4

One pulse

measured by the LFST-FMR method between one-
w,, = 10 ns

pulse method with wm = 10 ns or 1 ns, and two-pulse

o
[3¥)

One pulse

method with wa = wm = 1 ns, interval = 0 ns, and Va = Wy = 118

Voltage difference (uV)

<
=)

2 V. In one-pulse method, SOT switching was

. - 5 10 15 20 25 3.

realized when wn = 10 ns. However, no switching 05 10 VS (V)O > 30
m

signal was observed when wy = 1 ns. On the other

hand, SOT switching was realized with smaller FIG. 4-6. Switching signals observed in two- and

threshold value of Vi, even when wa = Wy = 1 ns. one-pulse methods as a function of Vim.
Power consumption of one-pulse method (wm = 10 ns) needed for SOT switching was calculated to be 755 pJ.
On the other hand, that of two-pulse method (wa = wm = 300 ps) was calculated to be 51 pJ, which is smaller
than one-pulse method by more than an order of magnitude. If we assume practical MRAM device with a typical

cell size of 100 nm?, power consumption of two-pulse method is estimated to be 2.71 fl/bit. This value is as
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small as that of dynamic random access memory [52], which is widely used as a main memory of computer.
Therefore, the author suggests that two-pulse method can be a possible candidate for an energy-efficient writing
process of SOT-MRAM.

4.4.4 Micromagnetic simulation

To unveil the origin of ultrafast switching, micromagnetic simulation was carried out in collaboration with
Assoc. Prof. Syuta Honda at Kansai University. In the simulation, spin current with a current density of 12
MA/cm? was injected into a FM electrode with the same geometry as the experiment. Damping coefficient,
exchange stiffness, spin diffusion length, and saturation magnetization of the FM layer is set to be 0.02, 13 pJ/m,
2 nm, and 0.46 MA/m, respectively. Figs. 4-7(a) and 4-7(b) show time evolution of the y component of the
magnetization for one-pulse and two-pulse methods, respectively. Switching process takes 7 ns for one-pulse
method, whereas switching is completed within 2 ns in two-pulse method. Figures 4-7(c) and 4-7(d) show time
evolution of the magnetic momentum during the switching for one-pulse and two-pulse methods, respectively.
Arrows in color indicate the vector of the magnetic moment. As usually seen in the IP magnetization switching
process, domain wall was nucleated in one-pulse method. On the other hand, magnetization motion during
switching is much more uniform in two-pulse method. Such macro-spin-like behavior in two-pulse method
enables ultrafast SOT switching.

4.5 Control of magnetization utilizing two-pulse method

4.5.1 Analog rotation of magnetization

In Section 4.4, uniaxial magnetic anisotropy was introduced in the FM electrode by shaping it into a
rectangular. Since spin polarized along “any” direction can be injected by using the two-pulse method, direction
of magnetization can be switched along any direction if the uniaxial magnetic anisotropy of the FM electrode
is removed. To demonstrate such analog writing process, FM electrode was shaped into snow-crystal structure
and injected-spin direction was controlled by two-pulse method as shown in Fig. 4-8(a). Figures 4-8(b) and 4-
8(c) show Vpc generated by the LFST-FMR signals as a function of the angle between x and vector sum of
electric current, 6, detected by applying microwave along x and y directions, respectively. Magnitude of pulse
voltage, \/V,2 + V;2, is fixed to be 3 V and pulse width was fixed to be 20 ns. When Vpc was detected by
microwave along x and y, cosine-like and sine-like signals were observed. This is because the former and latter
corresponds to y and x component of the magnetization of the FM layer and spin current with a magnetic
momentum of spin along 68— 90° is injected when vector sum of electric current is along 6. Therefore, clear
sine-like and cosine-like signals indicate magnetization can be controlled along any direction. Based on these
results, the author proposes that two-pulse method can also be used as novel SOT devices utilizing analog

manipulation of magnetization such as a neuromorphic computing.
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FIG. 4-7. (a) Time evolution of the y component of the magnetization in one-pulse method and (b) two-
pulse method. (c) Spatial decomposition of the switching process in one-pulse method and (d) two-pulse
method.
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FIG. 4-8. (a) A schematic of the analog switching using two-current pulses. (b,c) Vpc detected along (b)
x axis (indicating My) and (c) y axis (indicating My).

4.6 Summary

The author demonstrated ultrafast spin-orbit torque magnetization switching by using two-pulse method.
Magnetization of permalloy was successfully switched even within 300 ps. Power consumption for writing
process of spin-orbit torque magnetoresistive random access memory was significantly reduced by more than
one order of magnitude. In addition, analog control of magnetization orientation was realized by controlling
vector of the electric current and resulting injected-spin polarization, which will contribute to the progress of
neuromorphic computing using magnetization of ferromagnet.

39



Chapter 5. Current-induced out-of-plane torque in a single permalloy layer

controlled by electrode structure

5.1 Abstract

Spin-orbit torque magentoresistive random access memory using a ferromagnetic layer with out-of-plane
magnetic anisotropy has advantage of device integration. However, in addition to spin-orbit torque, external
magnetic field is needed for deterministic switching, which is a serious disadvantage for practical applications.
For realizing deterministic switching of the out-of-plane ferromagnet, inversion symmetry breaking along in-
plane direction has been focused on these days because this causes current-induced out-of-plane spin generation
in a similar manner as the Rashba-Edelstein effect and switches magnetization of the out-of-plane ferromagnet
deterministically. So far, material with broken inversion symmetry [30,53,54], interlayer with a thickness
gradient [55], and lateral gate application [56] have been proposed. However, applying above methods to a
practical device with a size of less than 100 nm is challenging.

In this chapter, the author investigates the torque acting on the magnetization when the electric current is
nonuniform due to asymmetric electrode structure. Surprisingly, current-induced torque with the same
symmetry as the spin-orbit torque generated by the out-of-plane spin injection was observed. From the
frequency dependence, the current-induced out-of-plane torque observed in this experiment was found to be
due to the out-of-plane inductive field. The author demonstrated that such “pseudo” out-of-plane torque can
realize field-free switching of the ferromagnet with out-of-plane magnetic anisotropy using micromagnetic
simulation. Since fabricating asymmetric electrode is versatile, this method can easily be applicable even to
practical devices.

Results presented in this chapter were published in the paper:

M. Aoki, E. Shigematsu, R. Ohshima, T. Shinjo, M. Shiraishi, and Y. Ando, “Current-induced out-of-plane
torques in a single permalloy layer with lateral structural asymmetry”, Physical Review B 105, 144407 (2022).
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5.2 Introduction and research purpose

5.2.1 Symmetry and spin-orbit torque

Inversion symmetry plays an important role in charge-to-spin conversion. One typical example is the REE [5],
schematic of which is shown in Fig. 1-4. In a system with a broken inversion symmetry like interface between
two different materials, electromotive force exists due to the difference in work functions. This corresponds to
accumulations of negative or positive charge at one side of the interface. When an electron flows IP at the
interface, it feels that accumulated charge at the interfaces is flowing back, i.e., effective electric current.
Qualitatively, charge-to-spin conversion is explained by the spin polarization owing to the magnetostatic energy
caused by an effective Oersted field generated by the effective electric current.

5.2.2 Generation of out-of-plane torque

Mechanism of the REE is applicable to the system where IP inversion symmetry is broken. In this case,
charge-to-spin conversion produces OOP spin polarization, which enables field-free magnetization switching
of a FM with OOP magnetic anisotropy. Therefore, tremendous efforts have been made to realize efficient OOP
spin generation by introducing broken IP inversion symmetry such as wedge structure [Fig. 5-2(a)] [55] and/or
transition metal dichalcogenide (TMD) [Fig. 5-2(b)] [30].

4

(b) ’/‘\ H,ef
x y

(a)

FIG. 5-1. Schematics of the structure enabling current-induced out-of-plane spin generation. (a)
Application of material with broken inversion symmetry. (b) Insertion of intermediate layer with a thickness
gradient. Schematics of the device structure are adapted from: D. MacNeill et al., Nat. Phys. 13, 300
(2017) [30] and A. Razavi et al., Nano Lett. 20, 3703 (2020) [55], respectively.

5.3 Experimental setup

5.3.1 Sample fabrication

Motivated by previous research on the OOP spin generation by breaking IP inversion symmetry, the author
fabricated Py (5.5 nm)/AIOx (t nm) layers connected with asymmetric electrodes. Figures 5-2(a) and 5-2(b)
show side and top views of the device structure used in this study. Py/AlOy layer deposited by EB deposition
was shaped into a rectangular. IP inversion symmetry was intentionally broken by making the distance between

41



two Ti (3 nm)/Au (50 nm) electrodes (fabricated by EB deposition) at one side different from that at the other
side. Here, distance between two electrodes at sides of the Py/AlOy channel is defined as I, and I, and parameter
indicating electrode’s asymmetry is defined as Al = I, — I; as shown in Fig. 5-2(b). Since the flow of electric
current is asymmetric, OOP spin polarization and resulting OOP DL torque might be observed.

@ > b 22

z

AlO, (2 nm)

N,
X 1

FIG. 5-2. (a) Top and (b) side views of the device structure.

v

5.3.2 Measurement setup

ST-FMR method was used in this study to observe the OOP DL torque. Microwave was irradiated using an
analog commercial generator (Keysight N5173B EXG). Rectified DC voltage, Vpc, was measured using a
nanovoltmeter (Keithley Nanovoltmeter 2182A) via bias tee. External magnetic field, Hex:, was applied with an
angle, 6, as shown in Fig 5-2(b). Microwave power was fixed to be 5 dBm and all measurements were carried
out at room temperature. @ was fixed to be 45° unless otherwise indicated.

5.4 Out-of-plane torque induced by asymmetric electrode structure

5.4.1 Estimation of in-plane and out-of-plane torques

Figure 5-3(a) shows ST-FMR spectrum obtained from the device with Al = 0 um. Signals were well fitted
using Eq. (1-7). Symmetric (antisymmetric) component obtained from the fitting is indicated as red (blue)
curves. Inset shows microwave frequency, f, as a function of FMR field, @oHo. Plots were well fitted using the
Kittel formula [Eq. (1-4)], indicating successful observation of the FMR. The same measurement was carried
out for the device with Al = -20 um as shown in Fig. 5-3(b). Although signals were well fitted using Eq. (1-7),

H(b) Al=-20 um 12!

/ II . 3 /
I 4/
- 0

0100 200
HoHy (mT)

= oo o

f(GHz)
f(GHz)

O -

Voe

Ve
<

0 100 200
HoH, (mT)

L 1 L | i | L 1 L 1 L [ N 1 " 1 L | " | " 1
=200 -100 0 100 200 =200 -100 0 100 200
wH.. (mT) HoH o (mT)

ext

FIG. 5-3. ST-FMR spectra for devices with (2) A4l =0 um and (b) —20 um at &= 45°. Blue and red curves
show anti-symmetric and symmetric component obtained from the fitting using Eq. (1-7). Insets show
microwave frequency as a function of Ho with the fitting curve using Eq. (1-4).
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both the amplitudes of A and S were obviously different depending on the polarity of Hex. Note that f- zoHo plot
was fitted using Kittel formula, indicating uniform FMR excitation even if electrode structure is asymmetric.
To further investigate the origin of the asymmetry in the amplitude of FMR spectra when Al = =20 um, 8
dependences of A and S were measured. Figures 5-4(a) - 5-4(f) show A and S as a function of & when Al =0
um, Al = 20 um, and Al = —20 um, where lines in color indicate fitting (red), sin268cos@ (blue), sin28sing
(purple), sin26 (green), and siné (brown) components obtained by Eq. (1-8) and Eq. (1-9). Origins of each
angular dependence are shown in Table 1-1 and Table 1-2 in Chap. 1. To note is that sin28 components in A
and S corresponding to OOP DL and FL torques, respectively, were significantly enhanced when Al = £20 um
compared to Al = 0 um and sign of them changed depending on the sign of Al, indicating that the OOP DL and
FL torques are generated by introducing asymmetry to the electrode structure.
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FIG. 5-4. 8 dependences of (a) A and (b) S for a device with Al = 0 um. Those of devices with (c and d)
Al =20 pm and (e and f) —20 pum are also shown. Fitting (red), which was done using the sum of sin26 cosé
(blue), sin2@ (green), and sin2&sind (purple) [and siné (brown) for S], are shown in solid lines.

5.4.2 Controlling out-of-plane torques by electrode structure

To clarify the correlation between electrode asymmetry and the OOP torques, the author prepared several
devices with different values of Al and estimated OOP torque efficiencies. Given that sin2 8 component is even
function of Hex: (Sign does not change after rotating @by 180°) whereas the other components are odd function
of Hex, effective magnetic field of IP DL (Hpvy), OOP FL(HrL;), IP FL(HrLy), and OOP DL (Hp. ) torques are
expressed as,

So — S180°+6 TWERAMRS

Sodd=E———— = sin26cos6, (5-1)

odd 2 PLY Tugy (2Ho + Megr)

So + Sigoo+0 TWtRamR S

S =——=—-H in20 5-2
even 2 FL,z F#QY(ZH() + Meff) sin ’ ( )
Ag — A1gooso WERAMR (Hres + Megr)

odd 2 FL,y 21—'(2H0 + Meff) sin cos ) ( )

and
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w is the width of the channel, 7 is the Dirac constant, e is the elementary charge, and t is the thickness of the Py

sin26. (5-4)

—1ipL,z

layer. Here, sin2@sin&and sin& components are neglected because they are negligibly small in this experiment.
Torque efficiency, & calculated using,

hl.¢

Hprrr) = $pL(FL) ZepaMswt?’ (5-5)

are shown in Figs. 5-5(a) - 5-5(d). IP DL and FL torques (&oLy and &) did not show notable correlation with
Al. On the other hand, OOP DL and FL torques (&L, and & ;) monotonically increased as increasing Al.
Therefore, the author concluded that the OOP torques are generated by asymmetry of electrode structure.
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FIG. 5-5. (a) IP DL, (b) IP FL, (c) OOP DL, and (d) OOP FL torque efficiencies as a function of Al.
Orientations of effective fields generated by each torque are shown in the insets.

5.4.3 Origin of the out-of-plane torques

In this section, the author discusses the origin of the OOP torques. Origin of the OOP FL torque was discussed
in previous works by Sklenar [22] and Ikebuchi [57]. They concluded that the OOP FL torque originates from
the OOP Oersted field due to nonuniform current flow, which is also expected to exist in this experiment.
However, OOP Qersted field cannot contribute to the OOP DL torque because symmetry of the torque is

completely different. One might expect that the spin accumulation at the edge of the Py channel via the SHE
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FIG. 5-6. Microwave frequency dependence of OOP DL and OOP FL torque efficiencies.
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contributes to the OOP DL torque, because OOP spin accumulation at one side with a shorter length is more
significant compared to the that with a longer length because of the difference in current density. However, the
sign of &p; is expected to be opposite based on the fact that the SHA of Py is positive [58,59]. OOP DL torque
can also be generated by precession of spin in the FM layer due to interface Rashba field [60,61]. However, DL
torque due to surface precession should have additional cosé dependence in S, which cannot explain sin260
dependence of the OOP DL torque observed in this experiment. To reveal the origin of the OOP DL torque,
frequency dependences of &Ly and &) were measured. Figures 5-6(a) and 5-6(b) show &pL;) and &k as a
function of f. Both the OOP DL and FL torques show significant f dependence: &1, increases as increasing f
and saturates at around 10 GHz, whereas &, drops down above 10 GHz. If the OOP DL torque is generated
by OOP spin accumulation, such frequency dependence cannot be explained. Plausible origin of the OOP DL
torque observed in this experiment is the inductive magnetic field. Schematic of the explanation is shown in
Fig. 5-7. According to the previous study, origin of the OOP FL torque is expected to be OOP Oersted field,
Boersted [Fig. 5-7(a)]. Since Boersted is 0scillating with microwave frequency, eddy current and resulting inductive
magnetic field, Binduc., IS expected to be generated, which is well known as the complex magnetic permeability.
Torque generated by Binduc. is FL [Fig. 5-7(c)]. However, the phase of Binduc. is shifted by = / 2, causing pseudo
DL torque as shown in Figs. 5-7(b) and 5-7(d). Indeed, this hypothesis well explains the f dependences of OOP
torques: OOP DL torque corresponding to the imaginary part of the permeability increases and saturates as
increasing f, whereas OOP FL torque corresponding to the real part of the permeability starts to decrease from
the frequency where inductive effect starts to saturate [62]. Therefore, the author concluded that the OOP DL
torque in this experiment is caused by the inductive magnetic field.
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FIG. 5-7. Schematics of the explanation of how the torque caused by the inductive field contributes to the

DL torque. (a) Direction of magnetization at t = 0 when the FMR is caused by the OOP FL torque and (b)
OOP DL torque. (c) Direction of magnetization at t = —T/4 and (d) t = 0 when the FMR is caused by the
OOP FL torgue due to inductive field.

5.5 Application to the magnetoresistive random access memory

Although the OOP DL torque in this experiment was not caused by the OOP spin generation, the author found
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out that it can be applicable to the field-free SOT switching of a FM with OOP magnetic anisotropy. When a
heavy metal/FM bilayer structure is connected to the asymmetric electrode structure, IP DL torque due to the
SHE rotates magnetization from +z to the IP direction. After stopping pulse current, OOP DL torque due to
Binauc. is expected to make magnetization aligned along —z direction. To verify such magnetization switching is
possible, micromagnetic simulation using MuMax3 [34] was carried out. Figure 5-8 shows a schematic of the
simulation. After magnetization is initialized along +z direction, IP-spin-polarized pulse current with a width of
tpis = 300 ps is injected at t = 0. Following the pulse current, inductive field expressed as Binguc. = Boexp[— (t —
tpis) / 7] is applied, where time constant, 7, was set to be 500 ps. Binauc. is reproduced by exponentially decayed
magnetic field after stopping pulse current. Figure 5-9(a) shows simulated time evolution of the normalized z
component of magnetization, m;, with different magnitudes of Bo. Successful magnetization switching was
demonstrated when Bo > 2 uT, indicating that magnetization switching of the OOP FM is realized by Binguc.. TO
note is that magnetization switching cannot be realized by simply applying Boersted at the same time as the IP
spin injection as shown in Fig. 5-9(b). Therefore, the author concluded that time delay of the OOP magnetic
field due to inductive effect is essential for realizing OOP magnetization switching.
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FIG. 5-8. A schematic of the simulation of magnetization reversal using IP DL torque and OOP inductive
field.
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FIG. 5-9. (a) Calculated time evolution of m; after application of IP DL torque with different magnitudes
of inductive field. (b) Comparison of the time evolution of m, with the assistance of OOP Oersted field and
OOP inductive field.

Finally, the author proposes the MRAM structure as shown in Fig. 5-10. SOT layer is connected to
asymmetric electrodes to generate Boersted. Since the FM electrode in a practical MRAM device is smaller than
100 nm, eddy current and resulting Bindue. Cannot be generated due to skin effect (see Appendix Section C for
detail). To avoid this problem, the author proposes to fabricate metal layer that is separated from the MRAM
circuit by insulating layer. Such large-area metal layer efficiently generates Binguc. and will enable field-free

46



switching of the FM electrode.

Substrate

FIG. 5-10. A schematic of the device structure for field-free OOP MRAM utilizing inductive torque.

5.6 Summary

The author observed out-of-plane damping-like torque in a permalloy layer connected to asymmetric
electrodes. Frequency dependence of the out-of-plane damping-like torque indicates that the origin is not out-
of-plane spin accumulation but out-of-plane inductive field. From the micromagnetic simulation, out-of-plane
damping-like torque caused by the inductive effect can realize magnetization switching of a ferromagnet with
out-of-plane magnetic anisotropy without assist magnetic field. Importance of this study is that the asymmetry
of electrode structure can be introduced by lithography technique, which is much easier and more versatile
compared to the out-of-plane spin generation proposed so far. This method will contribute to the improvement
of magnetoresistive random access memory technology as well as a better understanding of current-induced

out-of-plane torque.
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Chapter 6. Self-induced spin-orbit torque in nonmagnetic material/ferromagnetic

material bilayer structures

6.1 Abstract

Until recently, strategy for realizing efficient spin-orbit torque generation via charge-to-spin conversion is to
investigate material composed of heavy elements such as Pt, W, Bi, and/or Ta [8,27,63-65]. This is because the
spin Hall effect originates from the spin-orbit interaction, which generally increases with increasing atomic
number of the element (see Section 1.3). However, recent studies have revealed that ferromagnet also possesses
large charge-to-spin conversion such as the spin Hall effect due to interplay between the spin-orbit interactiojn
and time reversal inversion symmetry breaking [66—71]. In this sense, in a nonmagnet/ferromagnet bilayer
structure, not only the spin Hall effect in the nonmagnet layer but also that in the ferromagnet layer gives rise
to the spin-orbit torque acting on the magnetization of the ferromagnet itself, called self-induced spin-orbit
torque [72]. However, self-induced spin-orbit torque in a nonmagnet/ferromagnet bilayer structure has been
overlooked so far.

In this chapter, the author verifies significant influence of the self-induced spin-orbit torque comparable to
the spin-orbit torque originating from the nonmagnet layer by measuring the ferromagnet thickness dependence
of the torgue acting on the magnetization using Ta/Co, Pt/Fe, and permalloy/Pt bilayer structures. Significant
suppression of the torque acting on magnetization as increasing ferromagnet thickness was observed in Ta/Co
and Pt/Fe bilayer structures, where the spin Hall angles of the nonmagnet and ferromagnet layers are opposite
to each other and self-induced spin-orbit torque cancels the spin-orbit torque originating from the nonmagnet
layer. Calculation based on the spin diffusion model indicates that material for efficient spin-orbit torque
generation needs to be searched under consideration of the self-induced spin-orbit torque. This research
proposes a novel strategy for spin-orbit torque research and indicates that revisiting spin-orbit torque research
that claims gigantic spin Hall angle in a low-conductive material might be needed because self-induced spin-
orbit torque becomes salient as a nonmagnet becomes less conductive.

Results presented in this chapter were published in the paper:
M. Aoki, E. Shigematsu, R. Ohshima, T. Shinjo, M. Shiraishi, and Y. Ando, “Anomalous sign inversion of spin-

orbit torque in ferromagnetic/nonmagnetic bilayer systems due to self-induced spin-orbit torque”, Physical
Review B 106, 174418 (2022).
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6.2 Introduction and research purpose

6.2.1 Revisiting of the spin-orbit torque

First, the author revisits the mechanism of the SOT originating
from the SHE in the NM layer. In a NM/FM bilayer structure,
electric current flowing in the NM layer, Jemy, IS converted to
spin current, Jsnwm), via the SHE (Fig. 6-1). Spin current is
injected into the FM layer and causes fluctuation of spin angular
momentum in the FM layer. Owing to conservation of angular
momentum, torque acts on the magnetization of the FM layer,
which is called the SOT. To note is that the essence of the SOT
is the fluctuation of spin angular momentum in the FM layer.

6.2.2 Mechanism of the self-induced spin-orbit torque

On the other hand, electric current in the FM layer, JeEwmy, iS
converted to the spin current, Jsrwm), via the SHE in the FM layer
(Fig. 6-2). Jsemy diffuses into the NM layer owing to the spin
relaxation in the NM layer and causes fluctuation of spin angular
momentum in the FM layer. In this case, also, torque is given to
the magnetization of the FM layer. This self-induced SOT (SI-
SOT) has been neglected until recently, however, recent
discoveries of large SHE in FMs [58,68] indicate need of
considering SI-SOT in a NM/FM bilayer structure. Purpose of this
study is to observe SI-SOT in NM/FM bilayer structures and show
the significance of the SI-SOT in the SOT research.

6.3 Experimental setup

6.3.1 Sample fabrication

FIG. 6-1. Spin injection into FM via
the SHE in NM.

Net spin_accumulation

- ..,

(S )
J, o(FM)

FIG. 6-2. Spin absorption into NM
via the SHE in FM.

Ta/Co bilayer structure was mainly used in this study. Since the SHA of Ta and Co are opposite to each other,
SI-SOT caused by the SHE in Co cancels the SOT caused by the SHE in Ta. If sign reversal of the net of SOT
acting on magnetization is observed, conventional flamework without considering the SI-SOT cannot explain

the result and existence of the SI-SOT can be confirmed. A rectangular shape of Ta (tum Nm)/Co (tem NM)/SiO;

(7 nm) channel was fabricated using EB lithography and DC magnetron sputtering. After patterning of electrode

by EB lithography, SiO. capping layer was etched by Ar ion milling. Then, the sample was moved into EB

evaporation system without breaking vacuum and Ti (3 nm)/Au (70 nm) layers were deposited as an electrode.

6.3.2 Measurement setup

Figure 6-3 shows schematics of the device structure and measurement circuit used in this study. ST-FMR
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method was mainly used in this study. Microwave current was irradiated by using an analog commercial signal
generator (KEISIGHT N5173B EXG) and rectification DC voltage, Vpc, was detected using a nanovoltmeter
(Keithley Nanovoltmeter 2182A) via bias tee. External magnetic field, Hex, Was applied along IP direction,
where the angle between x axis and Hex: was defined as 8. SHH measurement was also carried out as a control
experiment. In the SHH measurement, an AC current, I, with a frequency of 17 Hz was injected by an AC and
DC current source (Keithley 6221) (see Fig. 6-4 for a schematic of device structure). SHH signals were detected
by a lock-in amplifier (Stanford Research System SR 830). The samples were set in a physical property
measurement system (Quantum Design PPMS) and Hex: was applied along IP direction, where angle between x

axis and Hex was defined as ¢.

FIG. 6-3. Schematics of the device structure and FIG. 6-4. A schematic of the device
measurement circuit for the ST-FMR method. structure for the SHH measurement.

6.4 Sign reversal of the net of spin-orbit torque

6.4.1 Spin-torque ferromagnetic resonance

Figure 6-5(a) shows ST-FMR spectra obtained from (left) Ta(5)/Co(3), (middle) Ta(5)/Co(5), and (right)
Ta(5)/Co(17.5) devices, where numbers in bracket indicate thickness in the unit of nanometer. 8 and signal
output power were fixed to be 45° and 13 dBm, respectively. f was set to be 13 GHz when tem = 3 nm and 16
GHz when tem > 5 nm. Red and blue lines are symmetric and antisymmetric components obtained from the
fitting using Eq. (1-7). Sign of A changes between tem = 3 nm and 5 nm, which is explained by the competition
between Oersted field and FL-SOT [73]. On the other hand, sign reversal of S between tem =5 nmand 17.5 nm,
meaning sign reversal of the DL-SOT, can be explained by the competition between SOT generated by the SHE
in Ta and SI-SOT generated by the SHE in Co because thickness dependences of these two are different with
each other as discussed later. To confirm that sign reversal of S originates from the SI-SOT, the author measured
6 dependence of S and A to eliminate artifacts such as nonuniform flow of electric current (see Section 1.8.2).
Figures 6-5(b) and 6-5(c) show &dependence of S for devices with trm = 5 nm and 17.5 nm, respectively. Lines
in color indicate sin28 cos@ (blue), sin26 (green), sin28siné (purple), and siné (brown) components, origin of
which are shown in section 1.8.2. All signals were successfully fitted by the sum of these angular dependences

(fittings are shown as red lines) and dominated by sin26 cosd component coming from either SOT or SI-SOT.
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Note that the SP-ISHE and ANE in sin2 & cos@were negligibly small (see Appendix Section D for detail). From

these results, the author concluded that SOT originating from Ta is canceled by the SI-SOT originating from
Co.

(a) Ta(5)/Co(3) Ta(5)/Co(5) Ta(5)/Co(17.5)
N i2uV

150 200 250 150 200 250 150 200 250

VDC

JUOHCxt (mT)
(b) SOT > SI-SOT (c) SOT < SI-SOT
5l Ta(5)/Co(5)  4r Ta(5)/Co(17.5)
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FIG. 6-5. (a) ST-FMR spectra at 8= 45° for the Ta/Co device with (left) tem = 3 nm, (middle) 5 nm, and
(right) 17.5 nm. Red and blue curves correspond to the symmetric and anti-symmetric components obtained
by the fitting using Eq. (1-7). (b) S as a function of &for the Ta/Co device with tey =5 nm and (c) 17.5 nm.
Solid lines are fitting (red), sin2@cosé (blue), sin28 (green), sin28 sind (purple), and sind (brown)
components. Lower panels of (b) and (c) show expected @ dependence when SOT originating from Ta is
more and less significant compared to the SI-SOT originating from Co, respectively.

6.4.2 Control experiments by the second harmonic Hall method

To confirm that sign inversion due to SI-SOT is true, the author estimated SOT in Ta/Co bilayers by using
SHH method. Figures 6-6(a) and 6-6(b) show the SHH resistance as a function of ¢ for Ta(5)/Co(3) and
Ta(5)/Co(10), respectively, where signals were fitted by Eq. (1-14). cos¢ components of the SHH resistance
obtained by Eq. (1-14), Ra, were plotted as a function of zHex for Ta(5)/Co(3) and Ta(5)/Co(10) as shown in
Figs. 6-6(c) and 6-6(d), respectively. & can be estimated by applying fitting using Eq. (1-15) to Ra-zoHex: plot.
As a result, &1 was negative (— 0.093 + 0.004) for Ta(5)/Co(3) whereas it was positive (+ 0.013 £ 0.012) for
Ta(5)/Co(10). Sign reversal of the torque acting on magnetization as increasing trm Was also confirmed in the
SHH method, consistent with the result of the ST-FMR measurement. The author also obtained consistent result
in the measurement of shift of the MR curve (see Appendix Section E for detail).
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FIG. 6-6. (2) SHH voltage as a function of ¢ for the device with trm = 3 nm and (b) 10 nm. (c) cos¢

component of the SHH voltage as a function of tgHex: for the device with tem = 3 nm and (d) 10 nm.

6.4.3 Control experiments using different materials

SOT in Pt/Fe bilayers was also investigated by the ST-FMR. Since the SHAs of Fe and Pt are opposite to
each other [58], cancellation of SOT originating from Pt by SI-SOT originating from Fe is expected in the same

Pt(15)/Fe(3)
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FIG. 6-7. (a)[(c)] € dependences of A and (b)[(d)] S for the Pt (15)/Fe (3) [Pt (15)/Fe (12)] device.
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manner as Ta/Co bilayers. Figures 6-7(a) and 6-7(b) show & dependence of A and S for Pt (15)/Fe (3) bilayer
structure. @ dependences were successfully fitted with the sum of four different angular dependences and &rvr
was calculated to be + 0.132 + 0.001 by using Eq. (1-10). This value roughly corresponds to the SHA in Pt,
indicating negligible SI-SOT when tem = 3 nm. Figures 6-7(c) and 6-7 (d) show & dependences of A and S for
Pt (15)/Fe (12) bilayer. Clear sin28 cosé component of A was obtained. However, sin28 cosé component of S
was negligibly small, resulting in small negative &wmr, — 0.009 + 0.005. Suppression of &wr as increasing
thickness of Fe is consistent with the scenario of SI-SOT.

6.5 Analysis based on the spin-diffusion model

Figure 6-8(a) shows &wmr as a function of trw for Ta/Co bilayer devices. Sign reversal of &vr at tem = 3 Nm
is caused by FL-SOT. On the other hand, sign of &wmr also changed from negative to positive when tem was
thicker than 7 nm due to the SI-SOT. Figure 6-8(b) shows inverse plot of Fig. 6-8(a). So far, & and & have
been thought to be estimated from the slope and intercept of 1/&mr-1/tem plot [73,74]. However, 1/&wr as a
function of 1/trm in Ta/Co bilayer apparently shows nonlinear behavior. Therefore, we calculated thickness
dependence of &wmr by solving spin-diffusion equation [72,75] applying the following boundary conditions:
continuities of the spin chemical potential and spin current at the NM/FM interface, and zero spin current at the
top and bottom of the NM/FM bilayer. Spin current with a spin polarization transverse to the magnetization at
the NM/FM interface, Js 1, is expressed as,

t
tanh (2 I ) RyonmyJeonmyOnm + tanh (ZZﬂ) Ry cem) Orm
JoL = siné. (6-1)

RS(NM)COth (l ) + RS(FM)COth (ZFM)

Guv (Gkv) is the SHA of the NM (FM) layer, and Rsswmy (Rsemy) = Inm / onm (Iem / orm) is the spin resistance

of the NM (FM) layer, where onm (orm) is the conductivity and Inm (Iem) is the spin diffusion (relaxation) length

of the NM (FM) layer (see Appendix Section F for detail). Given that the &, is simply expressed as, &pL = Js.

I (JeraySing), &ewr is calculated to be,
-1

Rynmcoth (l ) + Rgpmycoth (l M) h ¢FL

— 6-2)
Inm ) p SEM 9M ettoMstamtem & (
NM) R¢(nm)Onm + tanh (ZlFM) Rsrm) oNu Orm oMstNMUFM SDL

Figures 6-8(c) and 6-8(d) show trm dependence of &wr calculated with variable 6w and fixed lrm (Case 1A),
and fixed v and variable Iem (Case 1B), respectively. Values used in calculation were those expected in Ta/Co
bilayer structure. We used literature values of Inm and éum and the measured values for onm and oem as shown
in Case 1 in Table 6-1. &/&p was set to be 1 given the fact that FL-SOT is large enough to cancel the Oersted
field when tem < 5 nm. Cases 1A and 1B qualitatively reproduce experimental results shown in Fig. 6-8(a).
Using éwm = 0.05, éum = —0.15, Iem = 3 nm, and Inm = 1.8 nm, contribution of SI-SOT to &y is calculated to be
approximately —43 % of that of the SOT arising from the NM layer, indicating that the SI-SOT significantly
hampers the SOT from the Ta layer. The author also measured SOT in Py/Pt bilayer structure, where signs of
SOT originating from Pt and SI-SOT originating from Py are the same and no sign reversal is expected. Figure

6-8(e) shows &ewr as a function of tem for Py/Pt bilayers. &mr monotonically increases due to enhancement of
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FIG. 6-8. (a) [(c)] &wmr as a function of tem and (b) [(d)] inverse plots for Ta(5)/Co(tem) and Py(tem)/Pt(5)
devices. (e) Calculated trm dependence of &wmr assuming case 1A, (f) case 1B, (g) case 2A, and (h) case 2B.
Parameters used in the calculation are shown in Table 6-1.

SI-SOT and saturates at around trm = 5 nm. Indeed, 1/&mr-1/trm does not show linear behavior because of the
SI-SOT, meaning that tem dependence in Fig. 6-8(f) cannot be explained by the FL-SOT contribution [73,74].
On the other hand, tem dependence of &mr was clearly explained by the spin diffusion model as shown in Fig.
6-8(g) (Case 2A) and 6-8(h) (Case 2B). Using Gwm = 0.05, 6um = 0.32, Iem =5 nm, and Inm = 1.4 nm, contribution
of SI-SOT is estimated to be + 27% of that of SOT originating from Pt layer. To note is that combination of
NM and FM layer with same polarity of SHA has advantage in terms of efficient SOT generation because SOT
is efficiently generated with assistance from the SI-SOT. Searching combination of NM and FM where SOT
and SI-SOT is enhanced by each other will be a novel strategy for realizing more efficient SOT generation.
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Table 6-1. Parameters used in the calculation of the spin diffusion equation for each cases.

Case ONM OFM Inv (nM)  lem (NM) v Gm Erléol
(x10*(Qtm?1)  (x10*(Q'm7)
1 43 101 1.8 [8] 2-5 -0.15[8] 0.01-0.1 1
2 176 182 1.4 [74] 3-7 032[74] 001-01 -02
3 176 101 3 5 0.1 0.1 -1,0,1
4 1.76 ~ 176 101 3 5 0.001-0.1 0.1 0

6.6 Influence on the estimation of the spin Hall angle

Since the SI-SOT is found to exist in typical NM/FM bilayer structures as Ta/Co, Py/Pt, and Pt/Fe, the author
discusses how significantly the SI-SOT affects the estimation of the SHA in other systems by calculating Eq.
(6-2) with different parameters (see Table 6-1). Figure 6-9(a) shows 1/&wmr as a function of 1/tem when &/ &L
=1, 0, or—1is assumed. In the conventional understanding, & is proportional to the slope of this plot [73,74].
However, it is apparent that the slope is non-zero even when & is zero due to the SI-SOT. Therefore, the author
claims that & cannot be estimated in such a conventional way. Figure 6-9(b) shows &wmr as a function of tem
when low-conductive material is used as a NM layer. This system corresponds to, e.g., a topological
insulator/FM bilayer structure. In this case, &wmr is as large as 0.15 even when 6w is set to be 0.001. So far,
&rur IS believed to become close to 6um When tem is much thicker than spin-relaxation length of the FM layer.
Therefore, result of Case 4A indicates 6um might be overestimated by more than two orders of magnitude if the
SI-SOT is neglected. Calculated result of Case 4B, where onm is changed, shows clear enhancement of &wmr as
decreasing onm despite that 6w is fixed to be the same value as shown in Fig. 6-9(c). Given these results, the
author claims that estimation of 6um needs to be careful especially when ownm is low. Mechanism of this
overestimation is qualitatively explained as follows. &wmr is calculated by dividing S by A. S originates from the
sum of the SOT and the SI-SOT, where both Jsnwmy and Jsgwy are considered. On the other hand, A mainly
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FIG. 6-9. (a) Calculated 1/tem dependence of 1/&wr assuming case 3. (b) Calculated tem dependence of
&wr assuming case 4A and (c) case 4B. Parameters used in the calculation are shown in Table 6-1.



originates from the Oersted field, where only Jenw) IS considered. If electric current flows much more in the
FM layer due to small conductivity of the NM layer, S/ A is significantly enhanced because the denominator is
quite small whereas the numerator is kept large. The author claims that this kind of overestimation also happens
in other ways for estimating 6um such as the SHH method, current-induced switching, and shift of the MR curve
(see Chap. 1.8), because in all method the signal produced by the sum of the SOT and SI-SOT is divided only
by Jequmy.

6.7 Summary

The author verified existence of the self-induced spin-orbit torque in nonmagnet/ferromagnet bilayer
structures by using multiple methods for measuring spin-orbit torque as well as using different materials. From
the calculation using the spin-diffusion model, it was found that choosing nonmagnet and ferromagnet layers
with the same sign of the spin Hall angle will enable more efficient spin-orbit torque generation. Moreover, the
author found that the self-induced spin-orbit torque significantly hampers the conventional way for estimating
the spin Hall angle of the nonmagnet layer. Especially when a low-conductive nonmagnet layer is used, self-
induced spin-orbit torque needs to be considered in the analysis otherwise the value of Gum is misestimated by
orders of magnitude. Therefore, this research will contribute to more precise estimation of the spin Hall angle
as well as realize of low-power-consumption spin-orbit torque devices.
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Chapter 7. Observation of giant self-induced spin-orbit torque and its anisotropy in

L2, ordered Co,MnGa single layer

7.1 Abstract

Spin-orbit torque enables manipulation and even switching of magnetization by electric current. Aiming at
large spin-orbit torque generation for efficient spintronics devices, a variety of materials have been investigated
and some of them have shown gigantic spin-orbit torque generation, e.g., topological insulators [19,28,29]. On
the other hand, material that exhibits anisotropy in the spin-orbit torque, i.e., modulation of magnitude and/or
sign of the spin-orbit torque with changing applied-current direction, is, in principle, limited to low-symmetric
materials [76]. Since the anisotropic spin-orbit torque expands functionality of the spin-orbit torque devices
whereas most of the materials with large spin Hall angle possess high-crystal symmetry, introducing anisotropy
of spin-orbit torque to a material with high-crystal symmetry is desirable.

In this chapter, the author focuses on Co,MnGa, a Heusler alloy with L2; crystal ordering and is known as a
Weyl ferromagnet [77—79]. Owing to the presence of the Weyl cones and resulting large Berry curvatures, large
self-induced spin-orbit torque was observed even without adjacent metal layer. Moreover, the author found that
the self-induced spin-orbit torque in Co.MnGa is strongly anisotropic, i.e., sign of the self-induced spin-orbit
torque reverses with changing applied-current direction by 45 degrees despite of its high-symmetric crystal
structure. Additional experiments using Co.MnGa films with different thicknesses and different capping
materials, as well as theoretical calculations, revealed that the large self-induced spin-orbit torque and its
anisotropy are induced by the distribution of the Weyl points and their modulation by external strain. This work
will pave a way for introducing anisotropy to spin-orbit torque even for a material with high crystal symmetry.

Results presented in this chapter were published in the paper:

M. Aoki, Y. Yin, S. Granville, Y. Zhang, N. Medhekar, L. Leiva, R. Ohshima, Y. Ando, and M. Shiraishi
“Gigantic anisotropy of self-induced spin-orbit torque in Weyl ferromagnet CooMnGa”, Nano Letters, accepted.
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7.2 Introduction and research purpose

7.2.1 Weyl ferromagnet Co.MnGa

Co,MnGa (CMG) is a Heusler alloy with L2 crystal ordering [see Fig. 7-1(a)] and classified into a
topological material called Weyl ferromagnet [77-80]. Interesting point of this material is the presence of pairs
of linear dispersion in momentum space as shown in Fig. 7-1(b), which is called Weyl point [81]. So far, large
AHE [82], ANE [77,83], and SHE [59] have been reported in CMG due to the large Berry curvature originating
from Weyl points.

\ 4
e

0
FIG. 7-1. (a) A schematic of crystal structure of L2;-ordered CMG. (b) A schematic of the band structure

of Weyl semimetal.

7.2.2 Anisotropy in the spin Hall effect
In this section, the author explains the relationship between anisotropy in the spin Hall conductivity (SHC)
and symmetry of the crystal structure based on classical explanation by Chudnovsky [76]. When the SOI exists,
Hamiltonian of one electron is given by,
p2

H =t U@ + 0 (VU xp), (7-1)

4m 2 2
where p is momentum of electron, m is effective mass of electron, U(r) is the electrostatic crystal potential, c is
speed of light, and o is vector of spin. Since 1 / ¢2 is small enough compared to the other terms, Eq. (7-1) is
equivalent to,
1 2
=—(p- —A s) +U®, (7-2)

and vector potential, A, is defined as,

h
A; = — (e x VU). (7-3)
mc
Therefore, effective spin-dependent magnetic field acting on moving electron, B, is expressed as,

h
B,=VxA;=-— Tome [V x (6 x VU)]. (7-4)

By taking space average of Eq. (7-4), effective magnetic field, Ber, is expressed as
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h
Begs = _WW X (§ x V1)), (7-5)

where £is the vector of the spin averaged by space. SHE is qualitatively explained by the Lorentz force caused
by Besr. For a cubic lattice structure,

(ViVjU) = Cé&yj, (7-6)
where C is constant. Given that each element of Eq. (7-5) is composed of Eq. (7-6), B, becomes isotropic
irrespective of crystal axis. Therefore, in a cubic material like CMG, in principle, sign and magnitude of SHC
is always the same irrespective of applied-current direction.

7.2.3 Spin-orbit torque in a single ferromagnet layer

To generate SOT, net accumulation of up or down spins is needed. Therefore, high-symmetric structure like
single FM layer sandwiched by two insulating layers does not allow generation of SOT, in principle. However,
recent studies have found that SOT can be generated even in such a high-symmetric system if the situation at
top and bottom interfaces are different in viewpoint of, e.g., magnetic anisotropy [84], spin scattering [85],
distortion [86], and/or REE [61]. In addition, SHE in 3d FMs has revealed to be significant by recent
studies [58,68]. Therefore, SI-SOT in a single FM layer is sometimes sizable [84,87,88]. As mentioned in
Section 7.2.1, SHE in CMG is significantly large owing to the presence of Weyl points in momentum space [59],
indicating that the SI-SOT in a CMG layer without any adjacent metal layer can be sizable. The purpose of this
study is to investigate SI-SOT in a single CMG layer.

7.3 Experimental setup

7.3.1 Sample fabrication

CMG (t nm) films were grown by Dr. Simon Granville and Dr. Yao Zhang at Victoria University of
Wellington in New Zealand. CMG (001) films were epitaxially deposited on a single crystalline MgO (001)
substrate in a Kurt J Lesker CMS-18 magnetron sputtering system. Before deposition of CMG films, MgO
substrates were cleaned with an Ar plasma and then annealed at 400 °C for 1 hour in vacuum. After deposition,
samples were post-annealed in situ at 550 °C for 1 hour. After cooling down the samples, capping layer [MgO
(10 nm) or Ta (3 nm)] was deposited on the top. Samples were shipped to Kyoto and the author fabricated
device for measuring SOT. CMG/cap layers were patterned into a Hall-bar shape using EB lithography and Ar
ion milling. Then, electrode structure was drawn by EB lithography and capping layer was removed by Ar ion
milling. After additional milling to remove surface oxidation layer, Ti (3 nm)/Au (100 nm) electrodes were
deposited using EB evaporation without breaking vacuum.

7.3.2 Measurement setup

Figure 7-2 shows a schematic of the measurement setup for the SHH method. An AC current, la, with a
frequency of 17 Hz was injected using an AC and DC current source (Keithley 6221). SHH signals were
detected by a lock-in amplifier (Stanford Research System SR830). Measurements were carried out in a physical
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property measurement system (Quantum Design PPMS) and

external magnetic field, zoHex, was swept from 0.3 to 4 T.

. _ AC current ‘: II&‘\K
Amplitude of I, was set to be 20 mA and 10 mA when t = i

MgO (10 nm)

v

30 nm and 15 nm, respectively. All measurements were
MgO sub.

carried out at room temperature. CMG (t nm)

FIG. 7-2. A schematic of the device

7.4 Material characterization structure.

First, crystal structure was analyzed using X-ray diffraction (XRD) to verify single crystal L2; structure.
Figure 7-3(a) shows 26/ 6 scan of XRD obtained from the MgO substrate/CMG (30 nm)/MgO (10 nm) film.
Only CMG (002) and (004) peaks were obtained, indicating single-crystal growth along OOP direction. Inset
shows 268/ @scan of XRD when ¢ =45° and y = 13.22°. Presence of CMG (113) superstructure peak indicates
L2; crystal ordering. Figures 7-3(b) and 7-3(c) show CMG (202) and MgO (202) peaks obtained from ¢ scan of
XRD. When lattice constants of MgO and CMG are defined as amgo and acme, relationship between crystal
orientations of MgO and CMG is expected to be different by 45° as shown in Fig. 7-3(d) because
\/EaMgo~ acvg- MgO (202) peaks were shifted from CMG (202) peaks by 45°, which is consistent with the
schematic shown in Fig. 7-3(d).

(b) CMG (202) (d)?g%)] ][\fﬁff] [(;)I\Ido(;
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FIG. 7-3. (a) Spectrum of 28/ &scan. (b) CMG (202) and (c) MgO (202) peaks obtained from ¢ scan. (d)
A schematic of the relationship between the crystal orientations of MgO and that of CMG.

7.5 Spin-orbit torque in Coo.MnGa

7.5.1 Anisotropy of the spin-orbit torque

First, SI-SOT was analyzed for the CMG (30 nm)/MgO (10 nm) film. Figures 7-4(a) and 7-4(b) show
transverse resistance as a function of woHex: applied OOP when I,c was applied along CMG [100] and CMG
[110] axis, respectively. Linear fittings were applied in three regimes: (1) large negative Hext Where
magnetization is saturated, (2) small Hex Where magnetization is not saturated, and (3) large positive Hext Where
magnetization is saturated. Rane was estimated from the difference of the line (1) and (3), whereas Hy was
estimated from the intercept of lines (1) or (3) and (2). Fig. 7-4(c) and 7-4(d) show SHH resistance, Rz, as a

60



function of ¢ when I, was applied along CMG [100] and CMG [110] axis, respectively. A black line is fitted
line using Eq. (1-14). In this experiment, the author focuses only on the DL-SOT because FL-SOT is always
coexisting with the Oersted field originating from small nonuniformity in the current distribution, which is
difficult to subtract. Figures 7-4(e) and 7-4(f) show R, as a function of zoHext when 1l was parallel to CMG
[100] and [110] axes, respectively. Enhancement or suppression as decreasing Hex: corresponds to the signal
induced by the DL-SOT according to Eq. (1-15). From the signals shown in Figs. 7-4(e) and 7-4(f), values of
&L were estimated to be —0.133 £ 0.013 and + 0.050 + 0.009 with Ic along [100] and [110], respectively. There
are two notable findings: (1) DL-SOT as large as a heavy metal/FM bilayer structure even without adjacent
metal layer and (2) significant anisotropy of the DL-SOT with respect to applied-current direction.

@) o oo ®F 1//1110]
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FIG. 7-4. (a) [(b)] AHE, (c) [(d)] SHH voltage as a function of ¢, and (e) [(f)] Va as a function of Hex
when electric current was applied along [100] ([110]) crystal axis.

7.5.2 Capping material and thickness dependences
The author also measured the DL-SOT for thinner CMG (t = 15 nm) and Ta-capped CMG films (t = 30 nm.)

Figure 7-5 shows comparison of &.. In all devices, sign of &1 depends on applied-current direction, indicating
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strong anisotropy in the SI-SOT. To note is that &p. is significantly enhanced as increasing trm from 15 nm to
30 nm in both MgO-capped and Ta-capped CMG films. If the DL-SOT originates from the REE (see Chap. 1-
4), spins generated at the top surface should be canceled by those generated at the bottom surface in CMG/MgO
devices. Top and bottom CMG/MgO interfaces might be different with each other due to the difference of the
crystal structure and contribute to the DL-SOT. However, this scenario cannot explain strong enhancement of
&oL as increasing thickness of CMG in Ta-capped CMG films because MgO/CMG and CMG/Ta interfaces are
always different irrespective of the value of t. Therefore, the author expected that the DL-SOT originates from
the bulk of the CMG. Second, &p. is further enhanced by changing the capping layer from MgO to Ta, which
cannot be explained by SOT due to the SHE in Ta layer, sign of which is the same irrespective of applied-
current direction. In the following, the author focuses on the bulk effect of CMG and investigates the origin of
(1) large DL-SOT and (2) its anisotropy.

(=15nm =30nm 7= 15nm
MgO cap MgOcap Tacap

0.2} I
0.1F
= f100]__ [100] [100]
25 007 [110] ro1f ] [110]
'Ol B T
02k -

FIG. 7-5. Summary of the values of & measured from CMG (t nm)/capping layer structures when lac
was applied along [100] or [110] crystal axis.

7.6 Self-induced spin-orbit torque generated by nonuniform lattice distortion

7.6.1 Verification of lattice distortion

To investigate the origin of large &, the author focused on a broken inversion symmetry due to nonuniform
lattice distortion. CMG is epitaxially grown on the MgO (001) substrate. Since \/EaMgO (5.961 A) is slightly
longer than the bulk value of acme (5.767 A), lattice mismatch and resulting tetragonal distortion to CMG
lattices as shown in Fig, 7-6(a) is expected. Since the distortion becomes stronger as is close to the
substrate/CMG interface, SHA of CMG at top and bottom interfaces are also expected to be different with each
other, causing the SI-SOT. To confirm existence of nonuniform distortion, the author compared the peak
position of CMG (002) in the XRD spectra obtained from CMG films with t = 15 nm and 30 nm as shown in
Fig. 7-6(b). A black line indicates expected peak position assuming bulk value of acms. CMG (002) peaks were
clearly shifted to higher angle as decreasing thickness, which means average value of out-of-plane lattice
constant becomes shorter as t becomes thinner. Indeed, this trend is consistent with the schematic shown in Fig.
7-6(a). The author also measured FMR line width, 7 using the ST-FMR method as shown in Fig. 7-6(c).
Intercept of 17" - f plot (called inhomogeneous damping) is known to originate from the distortion of the lattice
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structure [89]. Therefore, large intercept observed only in the CMG film with t = 15 nm is also consistent with
the schematic shown in Fig. 7-6(a). From these experiments, the author concluded that there is a nonuniform
distortion in our CMG films due to the lattice mismatch between MgO substrate and CMG.

(a) o—

Intensity (a.u.)

| t=15nm |
29 30 31 32 33 0 3 6 9 1215
20 (deg.) f(GHz)
FIG. 7-6. (a) A schematic of the nonuniform strain caused by lattice mismatch. (b) CMG (002) peak of
XRD and (c) FMR line width as a function of f for CMG thickness of 15 nm and 30 nm.

| MgO sub.

7.6.2 Calculation of spin diffusion equation

In this section, the author discusses how the nonuniform distortion contributes to the SI-SOT. The author
starts from the spin-diffusion model [75] in a NM/FM/NM multilayer as shown in Fig. 7-7(a). As discussed
before, SHA is also expected to be nonuniform because of the distortion. For simplicity, SHA is assumed to
linearly change as a function of x, ésn(X) = 6n x/t, and SHE in the NM layer is neglected. Spin current, Js, in
the FM layer is calculated as,

N AN Ap 8 I {AN Ap i} %]
~ ]CHSH[ {UN ta nh(AN)}e F + o Ftanh()LN) et

2sinh (AF) {(AN) + [AF tanh ()i])] } + 422 tanh ()i]) cosh ()i])

where An (Ag) is spin diffusion (relaxation) length of the NM (FM), on (ok) is conductivity of the NM (FM),
and Jc is current density in the FM. Applying approximation, 6 — oo and t >> Ar (~ 3 nm), & is calculated to
be,

X
]c QSH ? , (7'7)

f, Vs@)dx ] i(©) — J4(0)

DL~ = = Osu(t) B — Osu(0)Bo # 0. (7-8)
Je Je
Here, spin absorption rate, g, is given by,
ON
__ M
B= X, on (7-9)
AN

Meaning of Eq. (7-8) is that combination of nonuniform & and spin absorption at top and bottom interfaces
generate SI-SOT in a FM layer even without adjacent metal layer. Eq. (7-8) indicates that thicker CMG film is
expected to show larger & as the difference between 6s1(0) and Gsn(t) is larger. In addition, larger 4 is also
expected to enhance &pL. Both expectations are reproduced by calculating Eq. (7-8) a shown in Fig. 7-7(b).
Indeed, this model well explains experimental results. For example, 30-nm-thick CMG film shows much larger
oL compared to 15-nm-thick CMG and Ta-capped CMG shows even larger &p. compared to MgO-capped
CMG because of large spin absorption at CMG/Ta interface owing to the SOl in Ta as shown in Fig. 7-5. To
note is that & in CMG/MgO device is as large as that in heavy metal/FM bilayer, indicating large g at
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CMG/MgO interface despite of absence of high SOI material. It is known that orbital hybridization is formed
at CMG/MgO interface from the previous research, where perpendicular magnetic anisotropy of CMG is
realized due to strong orbital hybridization between CMG and MgO or Pd [90]. Given that bonding between
oxygen and metal ions contributes to strong REE [91,92], strong orbital hybridization at CMG/MgO interface
well explains significant spin absorption at CMG/MgO interface and resulting large ..

(a)X“ (b) 0.0l
2 0.03]
t |- " 0.00}
ol FM 003
$0>>Ay  NM 0.00.20.40.60.8 1.0

|G| % 10 or B

FIG. 7-7. (a) A schematic of the model assumed in the calculation. (b) &, as functions of |6n| and 4
calculated using Eq. (7-8). o =0.5, Gsney = 0.1, and Gsn) = 0.05 in the calculation of /4 dependence, whereas
Soand £ are set to be 0.5 in the calculation of |G| dependence.

7.7 First principles calculations

7.7.1 Band structure and spin Hall conductivity

Now the author verified that the large SI-SOT in CMG is caused by nonuniform distortion due to lattice
mismatch and interface spin absorption. Next, the author discusses the origin of significant anisotropy in the SI-
SOT with respect to applied-current direction. To investigate the origin of the anisotropy, first principles
calculations were carried out in cooperation with Dr. Yuefeng Yin and Prof. Nikhil V. Medhekar at Monash
University in Australia. First, band structures of CMG were calculated as shown in Fig. 7-8(a) (majority spin
of unstrained CMG) and 7-8(b) (majority spin of strained CMG). Red and blue dots in band structures
correspond to positive and negative Berry curvature hot spots originating from Weyl points. A positive Berry
curvature hot spot exists along [110] line in unstrained CMG as shown in Fig. 7-8(c). On the other hand, when
strain was introduced, Berry curvature hot spots were distributed along [100] and [111] lines. This anisotropic
distribution of the Berry curvature modulated by the external strain might cause anisotropic SI-SOT in CMG.
Next, SHC was calculated. Normally, SHC is calculated by integrating Berry curvature of all the Brillouin zone
based on Kubo formula [93]. In this case, one identical value is obtained irrespective of the applied electric-
current direction because the Kubo formula is based on assumption that electron’s state is in thermal equilibrium.
To visualize anisotropic SHC, Berry curvatures were integrated only along the specific axis. Figures 7-8(c) and
7-8(d) show SHC, o, calculated by integrating Berry curvatures along CMG [100] axis with and without strain,
respectively. Here, strain is introduced simply by changing the in-plane lattice constant to the value of \/EaMgO
with keeping the volume of a unit cell. Red and blue lines are SHC of up and down spin, respectively. When
we focus around the Fermi level within the energy of room temperature, i.e., [E — Ef| < KT ~ 25 meV,

contribution of up spin is significantly enhanced by introducing strain, meaning that 6:w(0)/ is dominant and
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oL becomes negative according to Eq. (7-8). On the other hand, when o5 is calculated by integrating Berry
curvatures along [110] line, os is significantly suppressed by introducing strain, meaning that &wm(t)5 is
dominant and &pL becomes positive. Indeed, sign of & well corresponds to the experimental value in both
cases. Therefore, the author concluded that the anisotropy originates from anisotropic distribution of Weyl
points and its strong modulation caused by small external strain.
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FIG. 7-8. (a) Band structure of unstrained and (b) strained CMG for majority spin band. Red and blue
dots indicate positive and negative Berry curvature hot spots. (c) [(e)] SHC of unstrained and (c) [(e)]
strained CMG calculated by integrating Berry curvatures along [100] ([110]) line.

7.7.2 Consistency with previous works

In this section, the author discusses consistency in the sign of the SHC observed in this study by comparing
with previous works. In the geometry used in this study, positive &p. correspond to positive (negative) spin-
current injection from the bottom (top) interface. Given the fact that sign of &p., which corresponds to sign of
&n(0) [-Gsu(t)], is negative (positive) when current was applied along [100] ([110]) direction, expected sign of
6 is negative. Leiva, Shiraishi et al. reported éan + 6sn = —0.19 by using a spin valve method [59], where
Gsan is the spin anomalous Hall angle [66]. Isshiki et al. reported Gsan + 651 = —0.09 by carefully subtracting
thermal contribution [94]. Tang et al. reported that G is larger compared to Gsan by the SHH measurement in
CMG/Ti/CoFeB multilayer [95]. All these works support the negative sign of G estimated from the experiment
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of this study.
7.7.3 Comparison with spin-orbit torque anisotropy of other materials

Next, the author compares the anisotropy of the SI-SOT in CMG with that in other systems reported so far.
As discussed in Section 7.2.2, anisotropy of the SHC is small in a high-symmetric materials, in principle. For
instance, anisotropy of the SHC, |4, of fcc Pt is small [96], whereas those of low-symmetric materials such
as hexagonal Mn3Sn [97] and orthorhombic SrirOs [98] are large as shown in Table 7-1. In this study, anisotropy
of SOT, |doéoL|, was calculated to be 1.4 x 10° (© - m) . Given that |Acs| takes maximum value of |4cépL],
anisotropy of SOT in CMG is significantly large compared to any other materials reported so far, despite of its
high-symmetric crystal structure. These results indicate that large anisotropy in SOT can be achieved even in a
high-symmetric materials if distribution of Berry curvature hot spots is anisotropic and is modulated by small
external strain. Since the strain can easily be controlled by changing deposition condition and/or changing
substrate, these findings are applicable to wide variety of systems and could be a mechanism for introducing

anisotropic SOT.

Table 7-1. Comparison of anisotropy of SOT in different materials.

Pt [96] MnsGa [97] SrlrOs [98] CMG (This work)
Crystal structure fcc Hexagonal Orthorhombic L2,
|[Acgol| [x10%(Q - m)™] 15 <6.0 4.0 14

7.8 Summary

The author investigated self-induced spin-orbit torque in a single Co.MnGa layer without any adjacent metal
layer. As a result, self-induced spin-orbit torque was found to be as large as the spin-orbit torque in heavy
metal/ferromagnet bilayer structures. Moreover, sign and magnitude of self-induced spin-orbit torque were
strongly dependent on the applied-current direction with respect to the crystal axis. Experiments on Co,MnGa
films with different thicknesses and with different capping materials, as well as structural analysis and first
principles calculations revealed that anisotropy originates from the distribution of Weyl points and its
modulation caused by slight strain owing to the lattice mismatch between MgO substrate. This work will
contribute to the development of novel spin-orbit torque devices with flexible spin-orbit torque generation
controlled by applied current direction, as well as to the understanding of physics in topological materials.
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Chapter 8. Conclusion

In this chapter, the author summarizes the result and discussions of the research. The author established a
way for detecting spin-orbit torque switching of in-plane ferromagnet by using the spin-rectification effect,
named as the low-frequency spin-torque ferromagnetic resonance. As following, the author found that the spin-
dependent unidirectional spin Hall magnetoresistance, which is caused by the spin Hall effect and spin-
dependent electron mobility in ferromagnet, coexists with the spin-torque ferromagnetic resonance spectrum as
the background signal. Using these methods, the author demonstrated ultrafast magnetization switching of a
ferromagnet with in-plane magnetic anisotropy. The author also investigated the self-induced spin-orbit torque
in ferromagnet/nonmagnet bilayer structures and in a single Co.MnGa layer without any adjacent metal layer,
both of which will pave a way for material search for novel and efficient spin-orbit torque devices.

The author summarizes conclusions of this dissertation as below:
Detection of spin-orbit torque magnetization switching by low-frequency spin-torgue ferromagnetic resonance

(Chap. 2)

® Enhancement of the non-resonant spin-rectification effect as decreasing microwave frequency was

observed.

® Magnetization switching of permalloy due to the spin Hall effect in Pt was detected using the hysteresis
characteristics of the enhanced non-resonant spin-rectification effect (low-frequency spin-torque
ferromagnetic resonance).

® This method is applicable to a permalloy electrode as small as 100 nm owing to its high sensitivity.

Coexistence of the low-frequency spin-torque ferromagnetic resonance and unidirectional spin Hall

magnetoresistance (Chap. 3)

®  Offset signal with a polarity depending on the magnetic field in the measurement of the spin-rectification
effect (called the background signal) was found to originate from the spin-dependent unidirectional spin
Hall magnetoresistance.

® Spin Hall angle of Pt and Ta were estimated to be 0.052 and —0.084, respectively, from the value of the
background signal.

® Spin-orbit torque switching of Co using the spin Hall effect in W was detected using the background signal.

Ultrafast spin-orbit torque magnetization switching using two current pulses (Chap. 4)

® Both writing speed and power consumption of the spin-orbit torque switching of an in-plane ferromagnet
were improved by more than an order of magnitude by applying two current pulses.

® Magnetization orientation was controlled along any direction by controlling injected spin polarization,
which can be used for neuromorphic computing.

Current-induced out-of-plane torque in a single permalloy layer controlled by electrode structure (Chap. 5)
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Current-induced out-of-plane damping-like torque was observed in a single permalloy layer connected to
asymmetric electrodes.

Origin of the out-of-plane damping-like torque was found to be non-uniform electric current and resulting
out-of-plane inductive field.

Field-free switching of an out-of-plane ferromagnet was simulated by using both the in-plane spin injection
and out-of-plane inductive field.

Self-induced spin-orbit torque in nonmagnetic material/ferromagnetic material bilayer structures (Chap. 6)

Anomalous sign reversal of the torque acting on the magnetization of Co was observed in Ta/Co bilayer
structure, origin of which was found to be competition between the conventional spin-orbit torque and the
self-induced spin-orbit torque.

Calculation using spin diffusion model indicated that careful consideration of the self-induced spin-orbit
torque is needed when estimating the spin Hall angle of the low-conductive material otherwise leading to
a serious misestimation.

Observation of giant self-induced spin-orbit torque and its anisotropy in L2; ordered Co,MnGa single layer

(Chap. 7)

®  Giant self-induced spin-orbit torque was observed in a Co.MnGa film without any adjacent metal layer.

® Sign reversal and change of magnitude in the self-induced spin-orbit torque were observed when applied-
current direction with respect to the crystal axis was changed by 45 degrees.

® Large self-induced spin-orbit torque and its anisotropy can be explained by the distribution of the Berry

curvature originating from Weyl points and its modulation by external strain.
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Appendix

A. Details of the simulation of MuMax3 (Section 2.5.3)

The micromagnetic simulations were performed using the MuMax3 package providing GPU-accelerated
calculation of magnetization dynamics. The motion of the magnetic moment was simulated in a 500 nm x 2 um
x 4 nm rectangular geometry. The size of the unit cell was 31 nm x 31 mm x 2 nm. In the simulation in Section
2.5.3, magnetic moment of each cell was initialized along (0.1, 1, 0) direction, which is intentionally tilted from
y direction to make domain-wall state at the most stable. Then, AC magnetic field with a frequency of f was
applied along y direction. Here, evolution of the amplitude of the AC magnetic field was proportional to 1 —
exp(—t/tsep) With tsiep = 0.04 / f to excite uniform magnetization oscillation.

B. Frequency dependent power loss (Section 3.4.2)

Power loss of microwave within the cable was estimated from the Si1; parameter measured by using vector
network analyzer (KEYSHIGHT E5071C). Given that S1; parameter is the indicative of the power loss during
a round trip between the source and the device, power loss within the cable corresponds to the square root of
the S11 parameter. Figure Al shows power of microwave applied into the device after transported in the cable
normalized by the value of original microwave power, Pin / Ps, as a function of f. Microwave current, I, was

calculated using,

2
b = 7 VP (A-D)

where Z and R are the characteristic impedance of the cable (50 Q) and the resistance of the channel,

respectively.
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FIG. Al. Pin / Ps as a function of f in the measurement setup for detecting the BG signal.
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C. Estimation of inductive effect with different frequencies (Section 5.5)

Inductive effect becomes less significant as the size of the metal layer becomes smaller because of the skin
effect. For a rectangular-shaped FM film, real and complex part of magnetic permeability, zand £, respectively,
for out-of-plane magnetic field are expressed as,

_ 1 (sinh@ + sin9> (A-2)
H= 6 \cosh8 + cosf Hpcko, i
, 1 (sinh@ — sin@) (A3)
H= 6 \cosh@ + cosBO Hpcko, i
2w\ 2
6% = An*f2oupcpow? = (7) ) (A-4)

where upc is the relative permeability in the DC limit, o is the conductivity, and &§'is the skin depth. upc of the
FM is typically 10?2 ~ 108 [62]. However, the author concluded that upc needs to be set to be 1 because the
magnetization just before generating Binduc. i kept along IP direction, which increases the minimum size for
application of the OOP inductive torque. Figures A2(b) and A2(c) show « and z calculated using Eq. (A-2)-
(A-4) as a function of channel width, w. For simplicity, channel length, I, was set to be infinity. owas set to be
1.0 x 106 (© - m)*. A dashed line in Fig. A2(c) indicates the value of 1’ for realizing Bingyc. With application of
typical current density for SOT switching using a FM with OOP magnetic anisotropy. The minimum value of
w was estimated to be 400 nm for the fall time of pulse current of 100 ps. This value is rather large compared
to the device size of a practical MTJ, however, this issue can be solved by a device structure with a metal-layer
insertion as shown in Fig. 5-10.

(a)

T TILET: AT AT T T
w (nm) w (nm)

FIG. A2. (a) A schematic of the model used in the calculation. (b) x and (c) ¢ as a function of w with
different fall time of pulse current.

D. Influence of the spin pumping and anomalous Nernst effect (Section 6.4.1)

SP-ISHE is known to coexist with the ST-FMR signal and might explain sign reversal of the symmetric
component of the ST-FMR spectra in Ta/Co bilayer structure [99,100]. Therefore, the author estimated the
influence of the SP-ISHE. Figure A3(a) shows roMesr as a function of 1/tem for Ta (5 nm)/Co (tem NmM) devices
obtained from the Kittel equation [11]. Using interface perpendicular magnetic anisotropy energy, Ks, toMe is
expressed as [101],

70



2K, 1

s (A-5)
Mg tem

HoMege = poMs —

From the fitting using Eq. (A-5), 1oMs of Co was estimated to be 1.87 T. Figure A3(b) shows « as a function of
1/ tem Obtained from the frequency dependence of 7~ Considering that two-magnon scattering is very small in
Ta/Co bilayer [102,103], only the spin pumping and interfacial spin flipping contribute to the enhancement of
a as [104],

— n gk 1 i
a = amt + geff 4'7TMS tFM ’ (A 6)

where ain, ggf:f, g, and wg are the intrinsic damping coefficient, effective mixing conductance, the g factor, and
Bohr magneton, respectively. From the fitting using Eq. (A-6), aint Of Ta/Co system was estimated to be 0.0055.
Next, the author measured NM thickness dependence of « to estimate the spin mixing conductance due to spin
pumping effect. Figure A3(c) shows « as a function of tym for Ta (tnm)/Co (5 nm) devices. tnm dependence of
o is expressed as [105],

gus 1 el
a = i + g4 47TMSE<1 —e v |, (A-7)

where gl is the spin mixing conductance due to the spin pumping into Ta and Ixw ~ 1.8 nm [106] is the spin

diffusion length of Ta. From the fitting using Eq. (A-7), gr, was estimated to be 1.7 x 102 m2 Finally, the
author estimated the voltage induced by the SP-ISHE, Vsp, using [100],

_ LeOnmgtalnm tam \ (TDL)2 w1 + (T, + T5e) 2w,
Vep = tanh _FL , (A-8)
2nt(tymonm + tpmOEM) 2lNm a?(wt)

(b)
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FIG. A3. (a) toMes as a function of tem, a as a function of 1/tem, (b) a as a function of 1/tem, and (¢) a as
a function tnm measured from Ta (tnm)/Co (tem) devices. (d) [Vse / S| estimated from Eq. (A-8), Eq. (A-9),
and Eq. (6-1) when the SI-SOT is neglected, i.e., m = 0.
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where L, e, and onm(ewmy are the channel length, the elementary charge, and conductivity of the NM(FM) layer.
TDLrL) = $DLFLMBJcnmy/€Mstem and T8, = Vito]cnmtem/ 2, Where y is the gyromagnetic ratio. 1, a», and
s are expressed as w1 = uoyHo, @» = poy(Ho + Mesr), and @+ = w1+ a» using ferromagnetic the resonance field,
Ho. On the other hand, S in the ST-FMR spectrum is numerically expressed as [100],

IifRaMR ¢
= Zawt OV (A9)

where Ramr is the amplitude of the AMR ratio defined as R = Rg + Ramrsin26. Figure A3(d) shows |Vsp/S]| as a
function of trm for the Ta/Co bilayer structure used in Chap. 6 calculated using Eq. (A-8), Eq. (A-9), and Eq.
(6-1) when the SI-SOT is neglected, i.e., &wm = 0. In the calculation, measured values of Co AMR ratio = 0.5 %,
onm = 4.3 x 10° (- m) %, and orm = 1.0 x 108 (2 - m)~* were used. The fixed parameters were Inm = 1.8 nm,
lemv =3 nm, 6um =-0.15, and & / & = 1. At all thickness ranges, [Vse/S| was much smaller than 1, meaning
that SP-ISHE cannot explain the sign inversion of the ST-FMR signal.

Not only SP-ISHE but also ANE and resonance heating is known to generate symmetric Lorentzian signal in
the ST-FMR measurement. However, sign of symmetric component generated by the ANE should be negative
(see Section 3.4.3), which cannot explain the sign reversal of the ST-FMR from negative to positive.

E. Measurement of the shift of the magnetoresistance curve (Section 6.4.2)

Figure A4(a) shows enlarged MR curves measured with different polarity of DC electric current, Ipc, for
Ta(5 nm)/Co(3 nm) device. Dotted lines are MR curves measured with a DC electric current, Ipc =— 6 mA, and
solid lines are that with Ipc = + 6 mA. Red curves were obtained when Hex: was swept from higher to lower
(down sweep), whereas black ones were obtained when swept from lower to higher (up sweep). Peak positions
of the MR curves, uoHsw, were shifted with respect to the polarity of Ipc, indicating that magnetization in Co
feels effective magnetic field generated by Ipc. Figure A4(b) shows oHsw as a function of Ipc for Ta (5 nm)/Co
(3 nm) bilayer. Effective magnetic field generated by Ipc can be estimated from the slope of this plot, however,
contribution of Oersted field, Hoe, needs to be excluded to estimate the spin-orbit effective field, Hso. Therefore,

the author subtracted contribution of Oersted field as shown in Fig. A4(c), where wo(Hsw— Hoe) is plotted as a
function of Ipc. Hoe was calculated using Hge = w From the slope shown in Fig. A4(c), Hso and & were

calculated. Figures A4(d) and A4(e) show torque efficiencies before and after subtracting Oersted field for
Ta/Co bilayers with different tem. &L was negative when Co layer was thin, however, it became close to zero
and polarity changes around trm ~ 10 nm. Given that the FL-SOT is proportional to o-x M, sign reversal of the
FL-SOT is consistent with the sign reversal of spin polarization injected into the FM layer due to the competition
between SHEs in Ta and Co.
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FIG. A4. (a) MR curve of Ta(5)/Co(3) device with Ipc = + 6 mA. (b) oHsw and (¢) wo(Hsw — Hoe) as a
function of Ipc for Ta(5)/Co(3), where slopes of the fitting are proportional to Hso + Hoe and Hso,
respectively. (€) &i+oe and () & as a function of tem for Ta(5)/Co(tem) bilayers.

F. Calculation using spin-diffusion equation (Section 6.5)

To calculate Eq. (6-1), the author used spin diffusion equation (see Fig. A5 for a schematic of the model for
calculation). Here, spin current with a spin polarization perpendicular to the magnetization is considered because
spin parallel to the magnetization does not give SOT. Therefore, in this experiment, up and down spins are not

needed to be separated. In the FM layer, spin current, Js, and spin chemical potential, s, are assumed as,

1 _Zz z
Js(z) = %(—Ae lem + BelFM) + Jsem(o)» (A10)
_Z Z_
us(z) = Aogpe ™ + Bopyjel, (A11)

In the NM layer, Js and z are assumed as,
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Z Z
Js(2) = = (~Ce ™ + D) + Joucor (A1)

elNM

Z 4
ps(2) = Cogme ™™ + Dogyenm, (A13)

Here, Jsrm) and Jsnmqy are spin currents originally generated by the SHE, i.e., GmJcemy and Gumdemy,
respectively. Continuities of Js and s are assumed at the NM/FM interface (z = 0) as,

1 1
m( —A+ B) + Jspm0) = ( C + D) + Jsnm(o)» (A14)
Aopy + Bogy = Cogy + Doy (A15)
Zero Js at the top and bottom interfaces (z = tem and —tnm) are assumed as,
1 1F
—( —Ae M + BelFM) + Jsemo) = 0, (A16)
elFM
1 In _tn
—Celsm + De Inm | + Jonmeo) = O. (A17)
elNM

By solving Eq. (A14) — Eq. (A17), coefficients A and B are determined to be,

_tem
elnm (1 — cosh (tNM/lN )) M Jsnm(o) — aTelFMsmh( NM/l )stM(o) 2tem

ZCZN cosh (tF/A ) sinh (tN/AN) zj;N cosh (tN/AN) sinh ( F//l ) ¢

tem

+elpme ™ Jspm(o), (A18)

A=

_tem
elnm (1 — cosh (tNM/l )> lFM]sNM(O) - aTelF smh( NM/[ )]SFM(O)

b ZCZN cosh (tF/)L ) sinh ( N/AN) szN cosh (tN//lN) sinh ( F/A )
—elNMcosh( NM/lNM) (eg_x - 1). (A19)

Substituting Eqg. (A18) and Eq. (A19) into Eq. (A10), and z = 0, Eq. (6-1) is obtained.

z

tem | . ]

FM Spin-relaxation length: /-,
Conductivity: opy,
Spin Hall angle: Gy,

~tam [

FIG. A5. A schematic of the model for calculation of spin-diffusion equation.
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