Bz 28 FRZF R HF2F 75
# L3

Graduate Institute of Applied Physics

College of Science

National Taiwan University

Doctoral Dissertation

pAlZ n Al X HR2 F v p 2 E RO

Inverse spin Hall effect in p-type and n-type

semiconductors

et
Yi-Chien Weng

PR = & 3 SR ERN S S R
Advisor: Dr. Jauyn Grace Lin, Dr. Chi-Te Liang
PEAR 109 &£ 7

July 2020

doi:10.6342/NTU202002113



BreBRKEHLEMEX
DHAZBEERE

pRHEnAEER s REGBRERLE

Inverse spin Hall effect in p-type and n-type

semiconductors

ABxh G154 2 (D02222007) R LB K LHHEL L
FrEmzBtemax RER 109507 A 1SBATIH#RXEEE
BRBROREE 0 S LER

ORER i%@% ’/,f/‘w@ (55)
ré (¥ 5H¥%) ,
54T T
%Mc%

doi:10.6342/NTU202002113



R

%—ﬁi.

BRI ORFAIREF P GH RDERE AT Y S R - Bdemn P
kG AT o R A R R R R A Sy iR
LA REARE L o I PR RS TREAT NE R AT L £ &

R R FE o PR A SRR ER JRPHATE LB S K

g
BREEdRAARETNTOAANS ZER O FFET R itiEa 3 Ay g3
£ 1

RS BRI LT 2 R AT SIS ARE R MR o P
PARAEEnE R A A B4 KRB PRCEFEDE AH N Rk BE
WFEEFE P A4 Ramesh 2 & 5 Fiw - 3 3« g AP AT

Bt hREE LG G B EAT R P E 0 E R Y R B BRI A

RN 2 G g2 e By

-~

M

T FORE A R Tk s & R o pbvh

S HBEA P RHERRNE N2 REDPF G FEA S R RPEATF Y

2} L
A

AN

doi:10.6342/NTU202002113



PR

Ao g R R E R g R ERYH LT PG R g A
(spin lifetime) ¢ & # p *2 F f % (inverse spin Hall angle) > F PFis % § IS T+ =~
20 2T A PRz o o A Mtiee X EMHRE G 2 @ﬁ%}’ﬁﬁﬂ

WAMREFAT E Ao MBI AT RSER A AL ENME R » fEER &

FELE A ARED N p Al e p A EMY BRERZBRRT I PTER -

B IfRE AR ORI 2 BRI ORIGE 2 3 TR R

A B R P AT R kR oR T g R Y B SRt iE (T

SeEpt g o £ 2R RIT S B M AL R Sl blder p RS RS~ PR
P4 £ & (spin diffusion length) 2 & & p 2 F f %

Fd e L EY S (n Ao p 2D 2 B30k & (16107 to 1x10" em®
DB IR RArF v fRR L MBI 2 P 0T L R
FeRRZBRRT RGBT oS o PR I 0 SRR
ERfcp %ER & %45 17.8nm > 35 Evk A 209 40 B % (12.8nm) o B %
Brp X EMO PRV AL S B #RES Dm0
Frop B doms | agehs R(Z)MLE B5a {3 Bagmhd o i 4
ST E Y BRIF v p YRR BB Z2 1 o 28 % ¥ Landau-Lifshitz Z2
scaling PR HCAIAR - WA ST BT LA F A R G Hp s STk
ERE S %%@ﬁ§%°%d/Piﬁ%Puwﬂlfﬁ‘%WﬁVﬂ

#;’E— {)@1‘%5%& ﬂ.,/(F Fﬁﬁ:}é ’timﬁjgg d'r‘\E’] "3'/!! rﬁ;‘:ﬂb#i]v}lgﬂ

N

AL TR R R A F RS A R B L B TS AR

Rt 4ot poYEHT T & # (spin-based CMOS) o

MGET cp S FF o pRaER o BRUE - F e pRER 4 pRS AW 0 PR

doi:10.6342/NTU202002113



IR R > L EH -

doi:10.6342/NTU202002113



Abstract

Silicon (Si) and gallium arsenide (GaAs) are two important semiconducting
materials for the applications of spintronics due to either long spin lifetime (for Si) or
large inverse spin Hall angle (for GaAs) compared to those of other semiconductors (SC).
Meanwhile, they are already the essential parts of modern electronic devices. However,
for practical applications, the complete knowledge about the spintronic properties and the
related mechanism in SC is still not established yet. In particular, the reported results on
the magnitude and the sign of 6;5yr in the various SCs are rather diversed due to the
fact that the doping concentration and dopants atom in n-type and p-type sample are
always different. In order to understand the behavior of spintronic transport and the
dopant effect on spin-orbit interaction in SCs, we adopted the technique of ferromagnetic
resonance driven spin pumping (FMR-SP) to accurately determine several critical
parameters, including the g, the spin diffusion length (A5) and the 6,5y in the Si and
GaAs single crystal.

By changing the type (n- and p-type) of carrier and the doping concentration (1x10!?
to 1x10' ¢cm™) for Si, a correlation between A, and 6,5y is found, demonstrating an
effective route to tune the efficiency of spin-charge conversion by changing the doping
concentration and dopant atoms. A constant value of A;0;54r (17.2 nm) for Si is found
to be larger than Py (12.8 nm), indicating that Si is as effective as Pt in terms of converting
the spin current to charge current for the application of spintronic devices. Furthermore,
the magnitude of 6,55 1s sensitive to the atomic number of dopant (Z), but the sign of
O,syE 1s independent on the carrier type. The relationship between 6;5yr of GaAs and
Z follows the Landau-Lifshitz Z? scaling, in agreement with the model considering

only the outmost electron for non-specific atoms. The overall results of this study provide
\%
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an in-depth understanding for the influence of dopant effect on the spin-charge conversion
rate of SC, which benefits the future applications of energy-saving spintronic devices such

as new type of field emission spin-based MOSFET.

Keywords: Spin pumping, Spin precession, Dopant effect, Inverse spin Hall angle, Spin

lifetime, Spin diffusion length, Semiconductor.
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Chapter 1 Introduction

1.1 Development of spintronic devices

Spin is an “intrinsic” angular momentum of the particles in addition to the orbital
angular momentum and it is a new degree of freedom for particles. In the pioneering work,
Mott et al. reported that an unusual behavior of resistance in materials doped with
magnetic impurities. This report provides a fundamental concept for understanding of
spin-dependence transport and is also known as the two-current model, shown in
Fig.1.1.!2 On the other hand, Paul A. M. Dirac exhibited that spin can be derived from
the quantum mechanism and FEinstein’s equation.*® However, spintronics is a
multidisciplinary field whose important work is the effective control and application of

spin degrees of freedom in solid-state systems.>’!°

Parallel configuration (P) Anti-parallel configuration (AP)
cIP =\ ﬂ oAl F e\ — F
Y T~ T~ NM NS AN NS NM
geometry ‘ N %
<@/ Yt N\ F
| F|{NM, F
cPP $
geometry * ‘
in
Equivalent i
circuit
i
Rr
Resistance R =
R+r

Fig. 1.1 The illustration of the two-current model. The transport paths of electrons spin
up and down have two different cases in the ferromagnetic multilayer: current-in-plane
(CIP) and current-perpendicular-to-plane (CPP) transport. The equivalent resistance of

1
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circuit depends on the configuration of two adjacent magnetizations.>

An electron possesses two intrinsic degrees of freedom: charge and spin. The

eh

me

electron spin s can be detected by its magnetic moment pg = —gugs, where up = >
is the Bohr magneton and g-factor (g) is 2.0023 for electron. The electron spin projection
on any direction can take only two values: +% and —%. The normal electric current

(unpolarized charge current) is described that the electrons flow with disordered spins.
However, the spin current can be divided into several different types: spin polarized
current, fully spin polarized current and pure spin current. The motion of charger with the
different numbers of opposite spin (only one spin direction) called as spin polarized
current (fully spin polarized current). On the other hand, pure spin current is described
that the opposite spin flow to the different direction and without the net charge current.

The schematic diagram of the charge and spin current is shown in the Fig. 1.2.

Charge current Spin current

Unpolarized e_> 0
current 9 9 — 06)—’

Spin polarized é é_’ = ‘_}
current Q —
Fully spin polarized é é_’
—
current é N " ‘_)
Pure spin é é =
current (_é ? é —
_—

Fig. 1.2 The illustration of the charge and spin current.'!
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The Magnetic tunnel junction (MTJ, FM/I/FM) and spin value (FM/N/FM) are two
important structures for the spintronic memory devices. The main difference between
MT]J and spin value is material of the spacer layer; An insulator and nonmagnetic material
(NM) is used in the MTJ and spin value, respectively.” The overall resistance of the
junction depends on the configuration of magnetization for the two adjacent
ferromagnetic (FM) layers: parallel (P) and antiparallel (AP) configuration. This
phenomenon called as the magnetoresistance (MR) effect, which is called as tunnel
magnetoresistance (TMR) in the MTJ structure and giant magnetoresistance (GMR) in
the spin value structure.

In 1975, TMR effect was first measured in Fe/Ge/Pd and Fe/Ge/Co tunnel junction
at 42K by Julliere.'” In 1988, GMR was discovered in the three different Fe/Cr()
superlattices by Baibich et al.!* and the GMR ratio approach to 80% at 4.2K. Furthermore,
they found that the magnetic coupling between the adjacent Fe layers is determined by
the thickness of Cr layer, shown in Fig. 1.3. After three years later, the GMR effect was
first observed in the spin value structure (NiFe/Cu/NiFe) by Dieny et al. and the GMR
ratio is more than 4% at room temperature (RT).!* In 1995, TMR was first measured in

CoFe/Al,03/Co at RT by Moodera et al. and the TMR ratio is high than 11%.!°
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Fig. 1.3 MR of three different Fe/Cr superlattices and the MR ratio is depended on the

superlattices structure.!?

After 1995, the space layer of MTJ was replaced from amorphous Al>O3 (Al,O3-
MT]J) to single-crystal MgO (MgO-MTJ). Because first-principle predicted that over
1000% TMR ratio can be obtained in an epitaxial MTJ with a crystalline MgO (001)
tunnel barrier.!*!® In 2001, the TMR was first measured in the MgO-MT]J structure by
Bowen et al.'® and its ratio (60%) is larger than TMR ratio of Al,03-MTJ (13%). The
important breakthrough came in 2004, over 200% TMR ratio at RT was achieved in
CoFe/MgO/CoFe and Fe/MgO/Fe by Parkin et al.?’ and Yuasa et al.?!, respectively. After
four years later, giant TMR ratio at RT as large as 604% has been observed in a MTJ

consisting of CoFeB/MgO/CoFeB %%

1.2 Injection and detection techniques of spin current

The magnetization configuration of MTJ (or spin value) can be switched by two
different methods: external magnetic field (H) and spin torque. Since the pure spin current

4

doi:10.6342/NTU202002113



is without Joule heating during the transport, spin torque is the best choice used to switch
the magnetization. The spin Hall effect (SHE) and inverse spin Hall effect (ISHE) are the
mechanism used to generate and detect spin current, respectively. SHE describes the
conversion process of a charge current to a transverse spin current via the spin-orbit
interaction (SOI) in the NM without the application of a magnetic field. On the contrary,
a spin current can also converse a charge current without the application of charge current
and magnetic field, called as ISHE. The schematic diagram of SHE and ISHE are shown

in Fig. 1.4 (a) and (b), respectively.®’

(a) (b)

4t

QOOOO0OOO

Fig. 1.4 The illustration of (a) spin Hall effect and (b) Inverse spin Hall effect

SHE was predicted theoretically by D’yakonov and Perel’ in 1971 and was first
measured by Kato et al. in 2004.2*?° SHE has first been observed in the GaAs and InGaAs
thin film by magneto-optical Kerr measurement at 30 K. The opposite electron spin
accumulate at the two different edge of the film via SOI and was detected by scanning
Kerr rotation measurement. The measurement configuration of Kerr effect and the result
are shown in the Fig. 1.5 (a) and (b), respectively. The signal of spin reduces with
increasing transverse magnetic field because of spin precession. The Fig. 1.5 (c¢) shows

that the two-dimensional images of spin density and resistivity for GaAs sample.?
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Fig. 1.5 (a) The experimental setup of SHE measurement for GaAs sample. (b) The
typical spectra of KR as a function of magnetic field for x = 35 and -35um and the
signal changes sign for the two edges of the sample. (c) Two-dimensional images of spin
density and reflectivity for GaAs sample with £ =10 mV um™'. This result show that an

accumulation of electron spin polarized in the +z (—z)at x = 35 (-35) um.»

The Valenzuela et al. achieved the direct electrical measurement of SHE in 2006.%
In their experiment, a ferromagnetic/insulator structure (FM/Al,O3) was used to inject
spin polarized current in one side of aluminum (Al) Hall cross. The spin polarized current
flows into the Al strip and induces a transverse spin-Hall charge imbalance (Vgy) via SOL.
The two transverse probes are placed at a distance from the spin injector (Lgy) and are
used to detect the voltage due to SHE (Vs ). Fig. 1.6 (a), (b) and (c¢) show the atomic force
microscope image, setup of measurement for SHE and measurement result of Rgy,
respectively. The results show that Rgy linear increase around external magnetic field

Sat

(B ) and saturation at larger external magnetic field (B1™"). The saturation in Rgy for

|B|| > Bj_at strongly suggests that the Rgy is related to the direction of magnetization
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and the SHE. The spin Hall angle of Al was measured in this work and the value about 1-

310,

sin0

Fig. 1.6 (a) Image of atomic force microscope for device (b) The measurement scheme of
SHE measurement (c¢) Result of Rgy vs. B| for t,; = 12 nm and Lgy = 860 nm

(top), 590 nm (middle) and 480 nm (bottom).?®

In the same year, Saitoh et al. published that a large ISHE signal was probed in the
platinum (Pt)/permalloy (Py) bilayer system by spin pumping technique.?” In their work,
ferromagnetic resonance (FMR) serves as an effective spin injector via transferring the
angular momentum of magnetization (Py) to conduction electron of adjacent metal (Pt).
The pure spin currents are generated at interface and can be detected in the Pt layer via
ISHE; called as spin pumping. The setup of measurement and the voltage signals of ISHE

(FMR) are shown in Fig. 1.7 (a) and (b), respectively.
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Fig. 1.7 (a) The schematic diagram of spin pumping measurement. (b) The FMR and

ISHE spectra of Py/Pt bilayer with different field direction (). The signal of ISHE is

o o
decrease with changing 6 from 90 to O ; this result consistent with the relation between

Je and jg (jo < Ojsypjs X 0).%

A different method of generating and detecting the spin current in FM/NM bilayer
was proposed by Liu et al. in 2011, which is called as spin-torque ferromagnetic
resonance (ST-FMR).?® When a microwave-frequency (rf) drives a charge current in the
Pt/Py bilayer, an oscillating pure spin current is created in the Pt layer due to SHE. The
pure spin current is injected into adjacent Py layer and exerts oscillating spin torque on
the magnetization and induce magnetization precession. The precession of magnetization
leads to the resistance of the bilayer oscillating with field via anisotropic
magnetoresistance (AMR) of Py. A DC voltage generated across the bilayer, including
two contributions, one is rf current and other is the oscillating resistance. The schematic
circuit for the ST-FMR measurement and the voltage signals of ST-FMR are shown in
Fig. 1.8 (a) and (b), respectively. In this work, the spin Hall angle was derived by analysis

8
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the DC voltage signal and the value is 0.067 for Pt layer.

(a) (b)

’ X 40 : :
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Fig. 1.8 (a) Schematic illustration of the spin transfer torque extra on the magnetization
of Py and setup of ST-FMR measurement. The dimension of sample is 20 um wide and
110 um long. (b) the DC voltage signal of ST-FMR for Pt(6 nm)/Py(4 nm) sample

measured under frequencies of 5-10 GHz.?8

An important but difficult work is that injection of spin current into the
semiconductor (SC); Because SC has been playing an important role for computing and
memory devices, ex: Metal-Oxide-Semiconductor field-effect transistor (MOSFET). The
impedance mismatch between FM metals and semiconductors severely limits the spin-
injection efficiency.?’*° Recently, this problem has been solved by the FMR technique.
In early 2010, Saitoh’s group successfully injected pure spin current into gallium arsenide
(GaAs) and silicon (Si).?*° In their study, the various critical parameters, such as inverse
spin Hall angle (8,syE), spin lifetime (7,) and spin diffusion length (As), probed by spin
pumping technique. The 8,gyr and T, are 1x10™* and 9 ps, respectively, for heavy
doping p-Si (concentration ~ 10'°). Fig. 1.9 (a) and (b) show the setup of measurement

and the voltage signals of ISHE, respectively.
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Fig. 1.9 (a) The schematic diagram of the Py/p-Si film. (b) The FMR and ISHE spectra

of Py/p-Si film.>

1.3 Types of spintronic devices

The semiconductor transistor is an important and typical charge-based electronic

device. Because of the rapid development of chips, the thermal fluctuation-induce noises

and energy loss due to Joule heating are the fatal issues while the devices are being

miniaturized. Recently, the exploration of spintronic device has attracted great interest

owing to their important applications in energy efficient information technology. Instead

of transmitting the information by electrical current, the new spintronic technology allows

the information being carried by spin current which is without journal heating during the

transport. The spintronic devices can be decomposed into two types due to different

transport mechanisms: electron/hole spin and spin/orbit moments, called as Mott- and

Dirac-types spintronic devices. The GMR and TMR are important phenomena used in the

Mott- types spintronic devices, ex spin memories. On the other hand, spin-orbit

10
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interactions are the fundamental mechanism used in Dirac-types spintronic devices, ex

spin transistors.® The summary of Mott- and Dirac-types spintronic devices is listed in the

Fig. 1.10. The Magnetoresistive random access memory (MRAM) is typical Mott-types

spintronic devices. However, a unit cell of MRAM consists of an MTJ structure and spin-

based complementary MOSFET (spin-based MOSFET). The detailed introduction of

important spintronic memory devices (MRAM and spin-based MOSFET) shows on next

section.

3rd Generation
“3D / quantum”

2,31-33

“Spin dynamics”

Spij
= Pin 7 ans/s
o
7

wet =
.\(\ \
R t@; )
I l Spin sources
3 ﬁ Quantum

i«,
E]’f,\@@s: spintronics
< Spin interference

3D structures

3 Spin operation
2nd Generation
Spin resonance

Dirac type
» Spin damping

Spin transfer
1st Generation
“Spin transport” Spin accumulation

Spin injection / detection

Spintronics

electron spins spin / orbit moments

Fig. 1.10 The summary of Mott- and Dirac-types spintronic devices.

13.1

Magnetoresistive random access memory (MRAM) device

The MTIJ structure is described that a very thin non-magnetic insulator spacer

sandwiched between two adjacent FM layers. The overall resistance of MTJ structure

depends on the configuration of magnetization. The resistance of MTJ is minimum and

11
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maximum for the P and AP configuration, respectively. This phenomenon can be used on
the memory device, called as MRAM. In the MRAM Cell, the magnetization of one of
FM layer can be switched, called as free layer (FL), and the magnetization of other is
fixed, called as pinned layer (PL). The first MRAM of MTJ was achieved by Wang et al.
in 1996 and the MTJ of Co/Al,O3/NiFi was used in this work.>*

In the first generation MRAM (show in Fig. 1.11(a)), The H are induced by a
current passing through write word line (WWL) and switch the magnetizations of FL.
This method has two main disadvantages: lower efficiency and larger size of cell.
However, these problems can be solved in the spin torque based MRAM and it have
emerged as the next generation memory technologies.

In the spin torque based MRAM, the methods of magnetization switching can be
discriminated by the two different mechanisms: spin transfer torque and spin orbit torque.
The Schematic diagram of STT- and SOT-MRAM are display in Fig. 1.11 (b) and (c),

respectively. The detail introduction of spin torque based MRAM are shown in the next

section.
(a) BL ’WWL (b) BL (©) BL ?
11J I\ﬂ" ’ write line MIJ
e/ e/ e/

Fig. 1.11 The Schematic diagram of (a) first generation MRAM. The next generation

MARAM (b) STT-MRAM and (c) SOT-MRAM.

12
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1.3.2  Spin transfer torque MRAM (STT-MRAM)

The STT effect is described that the spin polarized current is produced by a charge
current traversing the first FM layer and exert STT on magnetization during the spin
polarized current flowing through second FM layer.

In the STT-MRAM cell, the electrons are applied from PL to FL in the AP to P
switching process and the spin polarization is parallel to magnetization of PL after
electron flowing through PL. The STT exert on the magnetization of FL and switch the
magnetization during electron passing through FL. On the other hand, the electrons are
applied from FL to PL in the P to AP switching process and the spin polarization is parallel
to magnetization of FL after electron flowing through FL. If the electrons can pass
through PL when the spin polarization is parallel with magnetization of PL. However, the
electrons with opposite spin polarization are reflected into FL at insulator/PL interface.
The reflected electrons if the large in the number, exert the STT on the magnetization of
FL and switch the magnetization during electron passing through FL. This result shows
that the P to AP switching need a larger energy compared with AP to P counterpart. The
illustrate of AP to P switching and P to AP switching process are shown in the Fig. 1.12

(a) and (b), respectively.

13
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Fig. 1.12 The Schematic diagram of switching magnetization by STT in the MRAM cell.

(a) switch from AP to P (b) switch from AP to P.

1.3.3  Spin orbit torque MRAM (SOT-MRAM)

In the FM/NM bilayer structure, the charge current can be transformed to pure spin
current via SOI in the NM layer. The pure spin current can be injected into the FM layer
and the SOT are exerted on the magnetization of FM layer. The SOT effect includes two
different parts: spin orbit torque [SOT, tgo « M X (6 X M)] and fieldlike torque (FLT,

Tp, € M x 6). An illustration of the SOT effects on magnetization is shown in Fig. 1.13.

14
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Fig. 1.13 The illustration of the SOT effect on the magnetization. The direction of gy is
parallel or antiparallel to the damping torque and the 7, is perpendicular to the damping

torque.

In the SOT-MRAM cell, a NM layer is attached at the FL of MTJ structure and the
charge current is transformed to spin current via SOI in the NM. The SOT is exerted on
the magnetization of FL during the spin current flow into the FL and a sufficient strength
SOT can switch the magnetization. The strength of the SOT depends on the magnitude of
the current density passing through the NM which implies that the AP to P and P to AP
switching can be achieved using a similar current density. The SOT-MRAM is presented
to solve the problems in the STT-MRAM, which the reliability issues of read and write
performances of the cell. The comparative analysis of STT- and ST-MRAM is shown in

the Table 1.1.

15
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Table 1.1 The comparative analysis of STT- and SOT-MRAM .>?

Parameter STT-MRAM SOT-MRAM
Data storage FL of MTI structure
Read latency (ns) 1.2 1.13
Write latency (ns) 11.22 1.36
Read energy (pJ) 260 247
Write energy (pJ) 2337 334
Leakage power (mW) 387 254

Non-volatility
Scalability
Features
Endurance

Radiation immune

1.3.4  Spin-based Metal-Oxide-Semiconductor field-effect transistor

(Spin-based MOSFET)

The Spin-based MOSFET is a novel MOSFET and the typical spin-based MOSFET
is shown in Fig. 1.14.7353¢ The spin-based MOSFET was reported by Sugahara et al. in
2004.>7 In the spin-based MOSFET call, a FM materials or multilayers contact is placed
on source side and the MTJ structure is placed on drain side of MOSFET. If the
magnetizations of the FM source and drain are parallel (antiparallel), the channel of

transistor is open (closed) and spin current injected from source to SC channel are

16
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transported into (blocked by) the drain.”>"°

GMR
or

Tunnel
Barrier

~~
— 7

Source :
Dram

Fig. 1.14 The illustration of spin-based MOSFET. Spin current spin current transport from
the source to the drain through a SC channel and the transmission properties of channel

can be controlled by applying a voltage bias.

The spin-based MOSFET can be directly coupled with the logic element of the
nonvolatile memory element (ex. GMR, MTJ structure), opening up a path to a new kind
of logic-in-memory architecture. The MTJ on the drain side stores information via spin
current and the information is detected by the output current of the transistor.>>*’ This
device has the advantages such as
1. Nonvolatile storage function
2. Logic functions with CMOS compatibility
3. High endurance and fast write time
4. Low power consumption due to the dramatic reduction of the circuit area
However, several problems have to be resolved in the development of spin-based
MOSFET, such as

1. Spin injection and detection at room temperature are difficulty for the SC.
17
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2. Effective manipulation and control spin in the SC channel.

1.4 Motivation

Recently, the exploration of spintronic materials especially among semiconductors
has attracted great interest owing to their important applications in energy efficient
information technology. Instead of transmitting the information by electrical current, the
new spintronic technology allows the information to be carried by spin current, which is
without Joule heating during the transport. In the due process of spin current transmission,
the generation (injection), detection, and control of spin current are the key steps for the
practical design in spintronic devices. In addition, SC material has been playing an
important role for computing and memory devices, ex: MOSFET. Among various SC
materials, Si and GaAs are used because they are two important semiconducting materials
for the applications of spintronics due to either long spin lifetime (for Si) or large inverse
spin Hall angle (for GaAs) compared to those of other SCs.*!#?

In earlier reports, the studies of SC in the field of spintronic have been reported but
these results were incomplete. For example, these studies of Si were mainly focused on
highly doped n-type Si and two methods are used: electron paramagnetic resonance (ESR)
and Hanle effect. The results show that the 7, depends on the doping concentration
(108 < N < 102°) and doping atom (P, As and Sb) for n-type Si.*** However, using
the conventional method, the spin injection from FM into SC is difficult because of the
impedance-mismatch problem at the FM/SC interface. Recently, this problem has been
solved by the FMR technique. Via FMR-driven spin pumping (FMR-SP), the angular
momentum is transferred from the FM layer to conduction electrons of the SC by
magnetization precession (dynamic exchange interaction), inducing a pure spin current in

18
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the SC without any net carrier flow. On the other hand, the ISHE is a powerful technique
to detect the spin transport signals such as 6,5y and 7. According to the early reports,
the spin current is successfully injected into highly doped (1018 < N; < 101%) SCs, ex:
n-GaAs, p-GaAs, p-Ge, p-Si, via FMR-SP.2%304346 However, the experimental results on
the magnitude and the sign of 6,5y in the n- and p-type SCs are rather diversed due to
the fact that the dopants in n-type and p-type are always different.

In this work, cobalt (Co)/SC structure is used to systematically study the behavior of
spintronic transport and the dopant effect on spin-orbit interaction in Si and GaAs single
crystals, respectively, by FMR-SP and ISHE technique. By applying the proper models,
the 7, value, the A, and the 6,545 of SC are accurately obtained. The main focus is on
the spintronic properties of SC, while the Co layer is used as a spin pumping layer. The
Co is chosen as the FM layer because the spin transparency of Co/NM interface is higher
than the Py/NM interface.*’ This thesis contains two parts: (1) Investigation of the
behavior of spintronic transport and spin-charge conversion efficiency in Si with different
doping concentration and dopants. (2) The dopant effect on spin-orbit interaction in GaAs
with different dopants but similar doping concentration.

In part (1), the Co (5 to 40 nm)/Si structure is used to systematically study the
behavior of spintronic transport and spin-charge conversion efficiency in Si with different
doping concentration and dopants. The Si single crystals with a wide range of doping
concentrations from 10'® < N < 10'° and different dopants (B doped for p-type and P
doped for n-type) with similar doping concentration N~10%° are used. The primary goal
of this study is to obtain the correlation between the doping concentration and spin-charge
conversion efficiency in Si, which serves as a guidance to tune the designated properties
in Si-based spintronic devices.

In part (2), the Co (5 to 40 nm)/GaAs structures are used to study the dopant effect
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on spin-orbit interaction in GaAs system. The GaAs single crystals with different dopants
(Zn doped for p-type and Si doped for n-type) but similar doping concentration are used
in this work. The goal of this work is to investigate the magnitude and the sign of 0;5y%
of GaAs with different dopant atoms, in order to understand the influence of dopant on
the spin-charge conversion in doped SCs, which benefits the future applications of

energy-saving spintronic devices.
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Chapter 2 Theoretical background

2.1 Quantum description of spin-orbit interaction

The spin-orbit interaction (SOI) is an important mechanism in the fundamental
physics and application of spintronics. It can be discussed starting from the Dirac equation.
Dirac proposed that the electron of spin could be derived by combining the quantum
mechanism and special relativity.** The Schrddinger equation is described that an
equation of motion particle in the quantum mechanical. The Schrodinger equation is
written as>’

ihZp(xt) = — - v2y(x,t) Eq 2.1
at 2m
where h is the Plank constant, (x,t) is the wave function. The energy dispersion
relation with considering the special theory of relativity is given as
E? = ¢?p? + m?c* Eq.2.2
where p and m is the momentum and the mass of the particle, respectively. The
Hamiltonian operator (H) can be described as
H = cap + fmc? Eq.2.3
the coefficients a and [ should satisfy the following relation
a?=p*=1(=xy2)
aaj + aja; =0 (i+j) Eq.24
af+pLa; =0
the a and B must be 4x4 matrices for satisfying the relation of Eq. 2.4 and it is called

as Dirac realization.

000 1 0 0 0 —i 0 0 1 0
o {0010} _foo i o) _[f0o 0 0 -1
*“lo1 oo™ o -0 0o |-1 0 0 o

100 0 i 0 0 0 0 -1 0 0
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B=lo o -1 o | E425
00 0 -1

The Dirac equation of free particle is obtained

ih%lp(x, t) = (ca p + pmc®)YP(x,t) Eq.2.6
The solution of Y (x,t) has four components because a and [ are 4x4 matrices. When
the electron is placed in an electromagnetic field, the p can be substituted by p — SA

and a potential eq enter the Eq. 2.6. The Eq. 2.6 can be rewrote as
0
[lha —ca- (p — %A) — fmc? — e<p] Y(x,t) =0 Eq.2.7
. . 4 0 e 2 .
multiplying the operator [lha —ca- (p — ;A) + fmc” + e<p] into the Eq. 2.7 and

equation finally form show as

[ﬁ(p—%A)z tep-=G B+ i%E-P—%&-(ExP)]w(x,t) =
Wi (x,t) Eq.2.8
In the Eq. 2.8, the first and second terms are due to the Schrédinger equation in the
external field. The third and fourth terms are the interaction energy of magnetic dipole

and the energy correction of relativity, respectively. Finally, the last term is described the

SOL

2.2 Spin-orbit interaction in the semiconductors

2.2.1  The band structure with spin-orbit interaction

Firstly, we discuss the band structure without SOI for cubic semiconductors. The
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conduction band is s-type state (I = 0) and there is only one state with m; = 0. The
valence band is p-type state (I = 1) and there are three states with m; = 0,11 (triply
degenerate). Moreover, there are two different types of hole in the valence band, the heavy
holes (m; = +1) and light holds (m; = 0). Here [ is the atomic orbital angular
momentum and m, is its projection on an arbitrary axis.”!

Now, we discuss the band structure with SOI for cubic semiconductors. The addition
of spin angular momentum (S) with an orbital angular momentum (L) is important for the
atomic physics and the total angular momentum is shown as /| = L + S. The eigenvalues
of J2 and J, are j(j+1) with |[l—s|<j<l+s and j, with j, =j,j—1,j—
2, ...,—j, respectively.

For the conduction band, the value of j is %, where the values of j, are +-. This

N |-

result shows that the conduction band is not affected (spin is

+ %). For valance band, the

N |-

, 1 3 . .1
values of j are > and 5~ Moreover, the values of j, are £ for j = 5 state and the

values of j, are +2 and +

N W

for j = ; state, respectively. The SOI splits the six-fold

N

degeneracy of the valance band at k = 0, a four-fold degeneracy for j = z state (the

heavy and light hole band) and a doubly degeneracy for j = % state (the split-off hole

band). However, these two state is separated by a spin-orbit splitting energy (Ag,) at k =

w

0. The spin of heavy hole, light hole and spin of split-oft hole is + % == % (= —)

N

and +% (= %), respectively. This result shows that the SOI essentially changes energy

spectrum of the valence band. Fig. 2.1 shows the Schematic diagram of a direct band-gap

structure near k = 0 for bulk semiconductor.’!-3?
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Conductionband

Valence band

Fig. 2.1 Schematic diagram of a direct band-gap structure near k = 0 for bulk

semiconductor.

2.2.2  The Spin relaxation in multivalley semiconductor

From earlier experiments of electron paramagnetic resonance (ESR), a salient
feature of spin relaxation in n-type Si is a strong dependence on the dopants and doping
concentration.®® In the n-type bulk Si, the spin lifetime varies by more than 12 orders of
magnitude with changing the doping concentration and temperature.> On the other hand,
the spin lifetime is about 2 orders shorter in Sh-doped silicon than in P-doped Si with
comparable doping concentration and charge mobility.>® This result is different from the
Elliott mechanism for spin relaxation. Fig. 2.2 is shown that the mechanisms of spin
relaxation in n-type Si are dependent on doping concentration and temperature. However,
a general mechanism was proposed by Hanan Dery group in 2014, which explain the spin

relaxation in multivalley materials (ex: Si or GaAs).>
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Fig. 2.2 Diagram of dominant spin relaxation mechanisms in n-type silicon as a function

of doping concentration and temperature.>*

In this paper, they assume that the short-range potential of impurities governs the
strong dopant-dependent spin relaxation in the n-type Si material. This effect called as
Donor-driven spin relaxation. This effect is dominated by the difference between the
potentials of impurity (dopant atoms) and host atoms in the central-cell region, due to SOI
within the immediate vicinity of the impurity atomic core.>® Fig. 2.3 (a) shows that an
impurity atom is doped in the diamond structure. The impurity atom surrounded by four
host atoms in a tetrahedral molecular geometry and it accompany the T; point-group
symmetry. From T; symmetry and the multivalley of the conduction band, the f~process
intervalley scattering is the only nonvanishing spin-flip scattering mechanism [i.e., spin
flip between two valleys residing on the different crystallographic axes, see Fig. 2.3 (b)].
The left-hand side of Fig. 2.3 (c) shows the energy levels of donor states for Si. The 1s
state is split into spin-independent nondegenerate (4;), doubly degenerate (E), triply

degenerate (T,) by valleyorbit coupling with T; symmetry. The right-hand side of Fig.
25

doi:10.6342/NTU202002113



2.3 shows that the energy levels are split by SOI. The T, is split to fourfold (F) and
twofold (E,) spin dependent states. Furthermore, the E is split by a small added
contribution AL, and comes from spin dependent interaction between the F state,

stemming from E state and T, state, respectively.

(a) 3 (c) 1s state fine structure
T \A doublet () F(4) v (AL)?
T ‘ o e ey
si,”| &> 1A +50C
- PR - F(4)
P Sy | triplet (73) ;
\ XN ‘l_:>;_ﬂ — 1 Aso
\/ A ’ Ey(2)
Sy Ay

Fig. 2.3 (a) Substitutional impurity atom in a Si crystal host. (b) Scheme of the dominant
impurity-driven spin relaxation mechanism (f-process intervalley scattering) (c) Energy
levels of donor states for Silicon of the Is state due to valleyorbit coupling with

T, symmetry.>

The spin relaxation due to scattering off the impurity central-cell potential can be
calculated using A, and 7. The f~process dominant spin-flip scatting amplitude shows
as

f_ - 20 .29 2ip
U; = " [6 sin@ + 73 (cos S —isin“—e )]ASO Eq. 2.9

where V is the crystal volume, ap is Bohr radius, Ag, is SOC-induced splitting and
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!
— ASO

n=;

. The polar and azimuthal angles define the spin orientation. The spin-flip
amplitude is calculated by assigning 8 =0 and @ = g, 0= g and P =0, 6 = % and

1) =§ for scattering between +x and +y, +z and +x, +z and +y, respectively.

After averaging over all valley configurations and summing over final states, the spin

relaxation of a conduction electron with energy &, above the band edge is

6
1 47tNdV2fd3kI|US];(5)|26(Ek:_gk) = M,/Zmefk(ﬂnlz + 1)A§o

() h (2m)? 27h*
Eq. 2.10
where N, is the donor concentration and m, is the effective mass for electron. The
value of Agp is dependent on both the SC itself and dopant. For example, the Ay, values
are 0.03, 0.1, and 0.3 meV for Si doped with P, As, and Sh, respectively, while Ag, is
0.35 meV for GaAs. Fig. 2.4 shows the calculation value of spin lifetime (solid lines)

using Eq. 2.10 and it excellently agrees with experiment result (other marks).

1 2 3 4 5
Donor concentration (109 ¢cm3)

Fig. 2.4 Spin relaxation time in heavily doped n-type Si for three common donor type at
low temperature. Solid line denotes the theory result and other marks denote experiment

results.>®
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2.3 Spin Hall effect (SHE)

2.3.1  Phenomenological description

The SHE was predicted theoretically by D’yakonov and Perel’ in 1971.%° The SHE
describe that an electric current can generate a transverse spin current via the SOI in the
material and the spin polarization is perpendicular to the plane of the two currents.’>>’
This phenomenon can be discussed starting from the diffusion equation of charge current

and spin current, which shows as®’

L — unE +DVn Eq.2.11

e

is. P
M= —ynEP+ DS Eq.2.12

ax]'
where p is the electron mobility, E is the electric field, n is the electron density and

D is the electron diffusion constant. The diffusion equation with SOI can be described as

L = ynE + DVn + 055 (E X P) + 054 D(V X P) Eq.2.13

e
5 — _ymEp +D Z_Z — eije (BsmpunE + 65usD =) Eq. 2.14
where Osyp is the spin Hall angle, ;) is the unit antisymmetric tensor. The SEH is
descried by third term in the Eq. 2.14. Furthermore, the third and fourth terms in the Eq.
2.13 describe the anomalous Hall effect (AHE) and ISHE, respectively. The schematic
diagram of spin-dependent Hall effect (AHE, SHE and ISHE) is display in Fig. 2.5. The
AHE describes that the charge current generates a transverse spin polarized current via
SOI in the magnetic material. The SHE describes that unpolarized charge current
generates a transverse pure spin current via SOI in the NM. The ISHE is an inverse
process of SHE and it shows that the pure spin current generates a transverse charge

current via SOI in the NM.
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The Osyg is the ratio of jg to j. and it is described by

Ospp = %% Eq.2.15

where oy, = nhufsyg is the total spin Hall conductivity along transverse direction and

05 = ney is the total charge conductivity along longitudinal direction.

AHE
magnetic

v |

SHE ISHE
non-magnetic non-magnetic

iy

Fig. 2.5 Schematic diagram of spin-dependent Hall effec

t58

2.3.2  Physical mechanism of spin Hall effect

The spin-dependent Hall effect originates from three different scattering
mechanisms: intrinsic, skew scattering and side jump mechanism.>’-%° The total spin Hall

conductivity can be decomposed into three parts

o5y = 05, + 05,5k + g Side Eq.2.16
where 0y, it Oxy skew and Oxy Stde are spin Hall conductivity due to intrinsic, skew

scattering and side jump scattering mechanism, respectively. The skew scattering and side
jump are called as extrinsic mechanisms and they can be controlled by the SOI of
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impurities. The detailed introduction of each mechanisms is as follows
1. Intrinsic mechanism

The intrinsic mechanism was proposed by Karplus and Luttinger in 1954.°! They
showed that an anomalous Hall current is generated by the SOI in the FM conductors.
Among the three contributions, the intrinsic contribution can be easiest to evaluated. The
intrinsic mechanism is due to the SOI on the electric band structure. The value of oy, int
is proportional to the spin-orbit polarization at Fermi level (I - s)gs. The 0y, it shown

as

— e (l's)
o5, M ~ ah—ZFS Eq.2.17

l-s=%{i([’+1)—l(l+1)—s(s+1)}

s—int

where the a is the lattice constant. The sign of the oy, ™" is dependence on the sign of

(- s)ps. According to Hund’s rule, the oy, int js expected to be positive for more than
half-filling and negative for less than half-filling of the d-bands in the transition
metals.>7-62:63

From earlier literature report,®*®° the Oxy it of various transition metals were
calculated using the tight binding model. Another one, the gy of various transition
metals were detected by spin pumping technique. Their results show that the sign of SHE
is positive for Pt (Au) and sign of SHE is negative for Ta (W), as shown in the Fig 2.6 (a)

and (b). The sign of SHE depend on the electric band structure and the sign-change is

consistent with expected from Eq. 2.17.
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Fig. 2.6 (a) The intrinsic spin Hall conductivity of transition metals are calculated by tight
binding mode.®* (b) The spin Hall angle of the 5d transition metals are detected by spin
pumping technique.®® (c) The anomalous Hall angle and the spin Hall angle of

nonmagnetic Au and Pd hosts with magnetic 3d impurities from V to Ni.®

2. Skew scattering mechanism

The skew scattering mechanism was first proposed by Smit in 1958, and it
originates from Mott scattering in the relativistic physics.®® The skew scattering is
described as spin-carrier particles scattered asymmetrically by a central potential
(effective magnetic field) due to the SOI between host and impunity. The value of
Oxy skew is proportional to the ¢f, in the metal.

The SHE due to skew scattering is related to the SOI between the host and impurity.
The large SHE can be produced by two different methods: one with the heavy element
impurities in the light element hosts (ex. Pt in Cu), and the other with light element
impurities in the heavy element hosts (ex. Cu in Pt).%° The Fig. 2.6 (c) shows that the skew
scattering induces different magnitudes of the anomalous Hall angle (8,4¢) and Osyy in

alloys, based on the nonmagnetic hosts (Au and Pd) with 1% concentration of 3d

impurities (Cr, Mn, Fe, Co, and Ni).%
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3. Side jump mechanism

The side jump mechanism was first proposed by Berger in 1970.7° The side jump
originates from the different acceleration and deceleration of spin-carrier particles during
the scattering with impurities. The contribution of side jumping to the SHE is usually
smaller than the intrinsic and the skew scattering contribution. However, the side jumping
dominates the SHE at high enough concentrations because the value of oy, * e from the
side jump is proportional to impurity concentration.>’ According to experimental reports,
if the concentration of the rare earth elements in the gadolinium alloyed system exceeds
5%, the concentration dependence indicates a strong side jump contribution.”!

In general, the SHE cannot be attributed to a single mechanism and several different

mechanisms can operate simultaneously.”® Fig. 2.7 shows that the mechanism of SHE is

ht . . . . . .
-, where the T is spin lifetime, m* is effective mass.

depended on the parameter of -

The :l—T is directly related to the mobility (¢) and it is approximately equal to 6u. The

three different ranges can be defined in this picture: (i) :L—T < a?, call as Dirty (ii) a? <

ht

*

4 ... a* h ) . .
K j—z, call as Clean (iii) ;—2 K m_T*’ call as Ultraclean, where a is effective Bohr radius
(4 (4

and the A2 is the spin-orbit coupling constant. Firstly, the intrinsic mechanism dominates

4
in the Clean range. Secondly, the side jump mechanism dominates in the range of Z_Z <
C

a?

10322. Lastly, the skew scattering mechanism dominates in the range of 10312 < —. For
(o}

4
example, the a of GaAs is 100 A and the value of i—z (~4 x 10%22) is much larger than

the 10322 This result shows that the SHE of GaAs is dominated by the skew scattering

mechanism and the transition from skew scattering to intrinsic by decreasing the mobility.

a*

On the other hand, the a of Ptis 0.5 A and the value of = (~7022) is much smaller
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than the 103A2. This result shows that the SHE of Pt is dominated by the side jump

mechanism and the transition to intrinsic by decreasing the mobility.>

Dirty Clean Ultraclean
Extrinsic

USH A

Intrinsic

Skew Coulomb drag
scattering regime
Side

|
|
|
|
|
|
|
|
|
|
|
|
r
|
|
|
|
1

» At/m”

|
a’ a*/A2  10%A h/mTy
Fig. 2.7 The Schematic diagram of mechanism contribution in the different range and the
mechanism of SHE as a function of :l—T The value of Z—T is approximately equal to 6

times the value of the mobility.>?

2.4 Magnetization dynamics and ferromagnetic resonance

(FMR)

Griffiths is the first person who observed the FMR on experiment in 1946.7% After
one year, the theory of resonance and explained the dynamic behaviors of magnetization
in FM materials were proposed by Kittel.” The FMR is a powerful tool used to analyze
the important parameter of FM materials (ex. resonance field, damping constant, effective
demagnetization field and etc.).

The magnetization dynamics describes that the precession of magnetic moments
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under the influence of effective magnetic fields (H,ss) and the frequency w, = yuoH,
at the resonance conditions. The H,ss includes external field (DC and AC H) and
internal field (anisotropy, exchange and demagnetization field and etc.). The equation of

precession motion first derived by Landau and Lifshitz in the 1935 and as®"47®

S =MxHy Eq218

when y = g“B/h is gyromagnetic ratio, g is g-factor, ug is Bohr magneton number,

h is Plank constant. This equation shows that the magnetization keeps a precession
around effective field (equilibrium axis). This result is not consistent with experimental
results because the magnetization aligns with the equilibrium axis after a finite time.
According to it, an additional damping term is needed to support experimental results.
However, a time-dependent Landau-Lifshitz equation was reformulated by Gilbert in

1955 and call as Landau-Lifshitz-Gilbert (LLG) equation.

1dM a dm
=M X Hop + 5 (MxSE) Eq.2.19

when a is damping constant. The damping behavior is described by second term at right
hand side and call as Gilbert damping parameter. The damping effect leads to the
magnetization moves toward and finally align with the equilibrium axis. Fig. 2.8 (a) is

shows that an illustration of the magnetization precession with a damping effect.
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Fig. 2.8 (a) The illustration of the magnetization precession with a damping effect. (b)

The configuration of coordinate system for thin film.

The sample absorbs the energy from the transverse microwave and the
magnetizations make a precession around the equilibrium axis at resonant condition
during the measurement of FMR spectra. In the thin film system, the behavior of
precession can be described by the LLG equation and the free energy includes Zeeman
energy (E,e.), demagnetization energy (E4), perpendicular anisotropy energy (Eperp).
The total free energy per unit volume of magnetization can be written as’’

E=Ese+Eq+Eperp, Eq. 220
E = —MH[sin 8y sin 8, cos(@y + @) + cos(0y + 0),)] + 2mM* cos? 6, —
K| cos?6y  Eq.221
which H, M is saturation magnetization, K| is perpendicular anisotropy constant.
The coordinate of thin film system is shown in Fig. 2.8 (b). The resonance condition can

be used to determine the resonance frequency and field, which is generally given by

w 1

2
(;) - (Mg sin Op1)2 (EBMHME‘PprM - E92M<PM) Eq.2.22

. . I . OE
when Ej; is the partial derivative of E. The 6y, on resonance can be given by o = 0
M
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and — = 0 and show as

0E
oom

2H, sin(0y — 6y) + 4nM; sin26, =0  Eq.2.23

2K,
47TMeff = 47TMS + m

when H, is resonance field, tgy is thickness of FM layer and 4mM,sr is effective
demagnetization field. A simplified resonance condition is obtain by deducing E;; from

Eq. 2.21; express as
@ 2
(;) = H, x H, Eq. 2.24

Hy = [H, cos(8y — Oy) — 4mM,fs cos? Oy

H, = [Hr cos(Oy — Oy) — 4TM, s cos ZBM]
the H, as a function of 6y and can be calculated using Eq. 2.23 and Eq. 2.24 with
4mM,s; and g-factor.

The total linewidth (AH,,) of FMR spectrum is the contribution from the two
different mechanisms: homogeneities damping (AH{}{;”‘) and inhomogeneities damping
(AHY™°). The AH,, mainly comes from AH}}3™ in the FMR experiment.

The AHJ3™ can be described as

-1

(%)

1
AH{)"gm = \/_ga(Hl + Hz) daH,

Eq.2.24

On the other hand, the AH;’;,’W”O is approximately expressed as

- M
AHiEhomo = AFTMEIT 4 AROH =

A(4Mzr) + |

dHy
déy

dHy
d(‘l'”—Meff)| AHH Eq 2.25
when A(47TMeff) and A6y are the distribution of A(4nMeff) and A6y, respectively.
If the inhomogeneities damping can be negligible in the thin film, the a can be derived

from the linewidth and is gave by the simplified formula

AH 20
=—0u«
pp \/§y
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2.5 Phenomenological model of Spin pumping

2.5.1  Spin pumping and inverse spin Hall effect (ISHE)

The generation (injection), detection, and control of spin current are the key steps
for the practical function in devices, for example, magnetic memory and spin-based
MOSFET. The FMR-SP is a technique for generating spin current in a FM/ NM bilayer
structure and could be operated under the FMR condition.” The angular momentum is
transferred from magnetization to conduction electron by magnetization precession
(dynamic exchange interaction) and induce a pure spin current in the adjacent NM layer
without any net carrier flow. The ISHE is a powerful tool used to detection of pure spin
current, called as ISHE-probe because the pure spin current can be converted to a
transverse charge current via ISHE. The relation between spin current density (j;) and
charge current density (j.) can be written as®’

Je X Orsupjs X 0 Eq.2.26
when the o is spin polarization vector of spin current and it is parallel to the direction of
the H. In early reports on FM/NM bilayers, researchers have used Co, Ni, Fe, Py, Fe30as,
LSMO, and so on, as the FM layer and 4d or 5d transition metals as the NM layer because
of their strong SOI.2"7°8 Fig. 2.9 (a) is shown that Schematic diagram of spin pumping

under the FMR condition.
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Fig. 2.9 (a) The schematic diagram of spin pumping under the FMR condition. (b) The

schematic illustration of the coordinate system.

The spin pumping theoretical models were proposed by Arne Brataas in 2002.%%%3 In
the spin pumping system, the spin current emission deprives the magnetization of angular

momentum and enhance the magnetization-precession damping.”® The dynamic of

magnetization can be described by LLG equation’®#*

am (t)
dt

—YM(£) X Hopy + - M(8) x 52 PO 1 Eq.2.27

where y, a and v are the gyromagnetic ratio, damping constant, and volume of FM
respectively. The Schematic diagram of the coordinate system is shown in Fig. 2.9 (b).
The I; is spin current due to spin pumping effect and the spin current density at interface

9. I, divides by interface area) is described as

2m/ 1 dM(t)
jo=2ge gg}sz[M(t)x ]dt Eq.2.28

where w, geff and M, are the precession frequency of magnetization, the effective

spin mixing conductance and saturation magnetization of FM layer, respectively. The

dM(t) aM (t)

[M (t) x is the z component of M(t) X , which is directed along the axis of

the processed magnetization. The ge £ 1s described as the spin pumping efficiency and
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the value of ggc s can be extracted from variation of damping constant (Aa).*>™
T 4TtM, 41TM.
Gefr = vh “tpyAa = /h > tpm (@py — ap) Eq. 2.29

where tg), is the thickness of FM.
At an equilibrium condition (M(t) X Hesp = 0), the H,sf includes H and the

static demagnetizing field (Hp) for soft FM thin film. The H and Hp are shown as

0
sin(8y — 0y)
0
Hp = —4nM; cos 0y, <cos 9M> Eq. 2.31
sin By

where 6y and 6, are angle between the external magnetic field and magnetization to
film plane, respectively. The relation of 8y and 8,, is shown as
2H sin(0y — 0y) + 4ntM, sin 260y, = 0 Eq. 2.32
At a precession condition (M (t) X Hgs # 0), the magnetization makes a processes

around the equilibrium axis. The Hgsr and time dependent magnetization (M(t)) are

described by
H,ss(t) = H+ Hp + Hp(t) + h(t) Eq.2.33
M(t) =M+ m(t) Eq. 2.34
0
Hp(t) = —4mm,,(t) sin Oy <cos 9M> Eq. 2.35
sin 6y,
heiwt
h(t) = ( 0 ) Eq. 2.36
0
mxeiwt
m(t) = myei“’t Eq 2.37
0

where Hp(t), h(t) and w are dynamic demagnetizing field induce by m(t), external

AC field and w = 27f, respectively. The FMR condition is shown
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w

(;)2 = H, X H, Eq. 238

Hy = [H, cos(8y — Oy) — 4mM,fs cos? Oy

H, = [Hr cos(0y — Oy) — 4ntMs5 cos ZHM]
the dynamic components of magnetization m(t) in FMR condition are extracted by
solving Eq. 2.27 combined with Eq. 2.30, Eq. 2.31, Eq. 2.33 and Eq. 2.35. The m(t)

shown as

m,, (1)

47rMsyhrf{2aw sin wt + [4TMgycos?0y, + +/ (4mM)2y2cos*0y + 4w?] cos wt}

8raw/ (4mM,)2y2cos*6y + 4w?

Eq. 2.39
4tMgy hyf cos wt

4rra/ (4Mg)2y2cos*0)y + 4w?
Eq. 2.40

mx(t) = -

Using Eq. 2.28, Eq. 2.39 and Eq. 2.40, the spin current density at interface show as

o gllyzhrfz[élnMsycosz O + / (ATTM;)2y 2 cos* Oy + 4w?]
Js 8ma?[(4mM)2y? cos* Oy + 4w?]

Eq. 241

the jO is injected from the FM layer into NM layer and it decays along the x direction

due to spin relaxation as

cosh(dl\l’—s_x)

;0
cohh(‘j—’s") Js Eq.2.42

Js(x) =

where js(x), dy and A are spin current density in NM layer, the thickness and spin
diffusion length of NM layer, respectively.
The js is converted into a j. via ISHE as
, 2e) .
Je = Orsue (?e)]s Xa Eq.2.43

using Eq. 2.42 and Eq. 2.43, the average charge current defined as
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G = (=) :Njc(y) dy

iy

2e

i) = 2e\ (2 In) o
(0 = o () () (22)2 528
after considering the geometry, we obtain the voltage and charge current generated by

ISHE in the NM layer as

Viss = 222 (22) gany (;7”) jo  Eq. 245

dyon+dpor \ h
Ie = Or5usw (32) Astanh (;7”) jO Eq. 2.46
according to the Eq. 2.46, Eq. 2.41 and Eq. 2.29, the value of I, is dependent on tpy,
and the 6,5y can be extracted by fitting the thickness-dependence data of I.. Lastly,
the angular-dependence data of voltage [V;sy(6)] is obtained by Eq. 2.26 and Eq. 2.41.
The Eq. 2.26 show that the V;sy5(6) is proportional to js cos 8y, and the V,gyz(0) are

described by

gllyzhrfz cos Oy [4TMgycos? 0y + [ (4TM)2y2 cos* 6y + 4w?]
8ma?[(4mM,)?y? cos* 6y, + 4w?]

Eq. 2.47

Visye(0) <

2.5.2  Spin precession

Spin precession is @ phenomenon that the spin makes a precession around the
direction of the magnetic field and gradually relax during precession time. This
phenomenon is observed in long spin lifetime materiel and has been discussed in the spin
device with a FM/SC interface.>308°

In the resonance condition with H applying oblique to the film plane (the schematic
diagram is shown in Fig. 2.10, the pure spin current is injected into the SC layer and the
spin polarization vector is parallel to precession axis of magnetization. Consequently, the
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free spins in SC make a precession around the axis parallel to H and gradually relax back

to a static state after some time, as called the spin lifetime.

X
Z N
y M __ﬁ,.-+\-’;"’"
H | -"'-'-—-— e
é):‘{‘M FM '".."
' iﬁM a"\ H
| h
< 5o

Fig. 2.10 The Schematic diagram of spin precession under the FMR condition.

In the FM/SC spin pumping system, the spin precession of free spin in SC layer can

be described by Bloch equation with spin diffusion model°

om(xt) _
at

m(x,t)

—y[m(x,t) x H] — — + DyV2m(x, t) + Z(jgfxex +j§xez)6(x)

Eq.2.48
where m(x,t) is the magnetization of carriers, y is gyromagnetic ratio, 7, and Dy
are the spin lifetime and diffusion constant of carriers, respectively, in the SC. The jﬁp
is the spin current density with the spin polarization vector p and flow direction g at
x=0. The &(x) is delta function. The j, = —jssing and jZ, = —jscos¢ in our

measurement. By solving the Eq. 2.48 for equilibrium condition (% = 0), the spin

current density is shown as

Jixe [ sin 6 cos(8y — Oy) e /s + js cos @ sin(By — Oy)Re (e‘x/;tw)]
S,X*Z

1 . . _X

Jsxez| = —j2 sin(8y — Oy)Im (e /Aw)

5 %€z

0 N X/
jocosBcos(By —Oy)e A+ j sinOsin(0y — 0y)Re (e ﬂw)
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Eq. 2.49
where j is spin current density at FN/NM interface (Eq. 2.41).

According to theory of spin pumping (j. « js; X o), a y-axis charge current is induced
by an x-axis spin current with z-axis polarization (jZ,) and the V;s,(8) is obtained by
Visup f;scjﬁx(x)dx, show as

Visup(8) = A X jQ x
[cos 0y cos(8y — 05) fot“ e /A dx + sin 0y sin(8y — 6y) fot“ e Mo dx]

Eq. 2.50

As

[ — w; =
Jitiwrs® L

YeHpyr and the tg. is thickness of SC. From literature report, the normal value of

where A is a constant, A = /DyTs is spin diffusion length, 4, =

Visup (@) is dependence on 7, and the calculation values of V,gy(80°) with different
T¢ are show in the Fig. 2.11 These results show that the spin precession is one method

using to detected spin lifetime in FM/SC spin pumping system.>°

S S 09E
©
IIE
— %0.7-
L

wn
5
> =~ 0.5

0 5 10 15 20
Tsf (ps)

Fig. 2.11 The calculation values of V,syz(80°) with different .*
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Chapter 3 Experimental techniques

3.1 Magnetron Sputtering

3.1.1  Principle of sputtering

In this work, the cobalt (Co) and platinum (Pt) thin film is deposited using the
magnetron sputtering system and the introduction of the magnetron sputtering system will
be discussed in this section. The sputter techniques are widely used to deposit thin film
and the advantage is exhibited as®*-*8
1. In principle, any vacuum-compatible material can be deposited by this

sputtering process with a direct current (DC) or radio frequency (RF) power

supply, ex. metal, semiconductor, insulator, high melting material, and
dielectric material.

2. The energy of the sputtered atoms is about 1-10 eV, corresponding to a
temperature of about 10*-10° K. This result shows that the lowering of
synthesis temperature can be achieved by the high energetic sputter atoms
during the sputtering process.

3. The sputter technology can be used to generate a large area sample with high
quality and homogeneity.

4. The ratio of alloys thin films can be easily controlled by using co-sputtering
or/and addition different reactive gas, ex. N2 or O.

Several typical sputtering systems are used for thin film deposition including DC

diode, RF diode, magnetron sputtering systems and ion beam sputtering systems. The

sputtering phenomenon is shown that the atoms are ejected from the solid target surface
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due to the bombarded with the energetic ions. The detailed theory was studied by Wehner
in 1960s.8° The features of sputtering collision are shown in Fig. 3.1. The sputtering is
initiated from the collision between incident ions and surface atoms followed by inducing
the collisions between surface atoms. The atoms may finally escape from the surface due

to successive collisions.

Incident 1on
Sputter atom ,.
7

”
> /

\
. Target surface

\
.'“
-
P Target atom

7’
I 4

4._

Fig. 3.1 The illustration of the sputtering collision.

In the sputtering system, the energetic ions can be produced by cold cathode glow
discharge and the typical example is illustrated in the Fig. 3.2. In the discharge device,
when the glow discharge is initiated in a low pressure gas with a high impedance power
supply. The modes of discharge are dependent on the discharge current and the discharge
modes versus current are shown in Fig. 3.3. The process of glow discharge is as follow

1. The gas molecules are ionized and generate energetic ions by collision with the

energetic electron before traveling to the anode.

2. The cathode surface is bombarded with the energetic ions and produces the

secondary electrons from the cathode surface.

3. The secondary electrons increase the ionization of gas molecules via collision

and induce a self-sustained glow discharge.
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However, the glow discharge current is below 10° A, the number of secondary electrons

are insufficient to cause enough ionization to maintain a self-sustained glow discharge.

Negative glow

Cathode dark space

Faraday dark space

Positive column

¢ Electron

—p

Anode dark space

Fig. 3.2 The configuration of typical example and the process of glow discharge.

Voltage
I

AN

Townsend discharge

/

Breakdown

Corona discharge

Glow discharge
(Normal discharge)

Arc
discharge

Anomalous discharge

108

10+ 102 10°

Current

Fig. 3.3 A classification of gas discharge modes for different discharge current.

The process of gas discharge can be worked in the magnetic field. Fig. 3.4 (a) shows

that the orbital motion of electron is around the magnetic field and the radius of the orbital

motion is expressed as r = mv/eB, where the B is the magnetic field, the e is the
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electron charge, the m and v are the mass and velocity of the electron, respectively. On
the other hand, the transverse (parallel) magnetic field is superposed on the electric field
(E), the configuration are shown in Fig. 3.4 (b) and (c), and the electrons shown cycloid
(helical) motion in the space. This result shows that the magnetic field increases the

collision probability between electron and gas molecules in the discharge device.

(b) Cycloid motion

® Magnetic field Electric field
) Electron -T T~ Pr i
(a - s A s A
Magnetic field N, \
1 v \ I
ExB
. a T~ N
N Radius ./ ,
S~ oL - _a — =7 (¢) Helicalmotion Magnetic field
) and
Electron Electric field

2
Electron ® II AT \( AU
T I‘ :

\‘\f

\ \
/ / / / /
\.._/\N.>\>\.>\/

-
™

I~
N~
—

Fig. 3.4 (a) The orbital motion of electron around the magnetic field. The (b) Cycloid and

(c) helical motion of electron under the magnetic and electric field.

The magnetron sputtering source is a typical application for discharge in the
magnetic field. The magnetron sputtering system is an important technique for thin film
deposition and two different configurations of magnetron sputtering systems are shown
in the Fig. 3.5; cylindrical type and planar type magnetron sputtering systems. The
magnetron sputtering system is first studied by Penning in 1935 and this technique is used
for thin film deposition by Kay at 1960s.%¢ In the magnetron sputtering system, the

magnetic field increases the density of ions by more than one order of magnitude and
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increases collision probability between ions and the target surface. The working pressure
is 10 to 10 Torr for magnetron sputtering systems, which is two orders in magnitude
lower than diode sputtering system (about 102 to 10 Torr). These results show that the
thin film can be deposited with little film contamination and at a high deposition rate in
this system. However, the magnetron sputtering systems have been found to limited for
using the magnetic target because the magnetic lines of force are confined within the
target material. This problem has been solved by using the very thin magnetic target (the

magnetic lines of force can be through the magnetic target).

T (b)

Magnet

(a)

Glozlzo
T

Cooling —

) Fa=1

E; _ Target ~——Magnet

Base plate F

Erosion area Shield
Target

=
;31 <— Cooling

f}

Fig. 3.5 The configuration of (a) cylindrical type and (b) planar type magnetron sputtering

systems.%¢

3.1.2 Sputtering system

The multi-gun magnetron sputtering system, CVT TFS-4700; show in the Fig. 3.6
(a), was used to deposit thin film in this work. This sputtering system includes two

different vacuum systems: main chamber and loading chamber. The base pressure is less
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than 4x1077 and 1x10 Torr for main and loading chamber, respectively. Three sputtering
sources are installed in the main chamber. The detailed configuration of the vacuum and
sputtering chamber are shown in Fig. 3.7 (a) and (b), respectively.

The deposition of metal thin films has some issues in the original CVT TFS-4700
because this system is designed for the co-sputtering manufacturing process. The mutual
interference of each target causing inhomogeneity and hard to control film quality.
Therefore, we redesigned an isolated sputtering gun so that the plasma is not affected by
other sputter sources. The sputtering sources are fixed on the bellow tube mechanism and
the photo of sputtering sources are shown in the Fig. 3.6 (b). The working distance of
sputtering, from source to sample holder, can be modulated from 7 to 20 centimeters in

the high vacuum environment.

Fig. 3.6 The (a) multi-gun DC magnetron sputtering system and (b) the sputtering source.

49

doi:10.6342/NTU202002113



(b) Sputtering

sources
Shutter \\ ‘_
b ."‘-.
"~ Sample
*  holder
|

Fig. 3.7 The detail configuration of (a) vacuum and (b) sputtering chamber for CVT TFS-

4700 system.

The deposition conditions were optimized based on the new design of the New CVT
TFS-4700 system. A 60 W DC power and 10.5 cm working distance were used for Co
thin film deposition. On the other hand, a 45 W DC power and 10 cm working distance
were used for Pt thin film deposition. The sputtering gas is Argon gas and the pressure of

2.5x107 torr was maintained during thin film deposition.

3.2 Thin film deposition

3.2.1  Principle of thin film deposition

Creating nanomaterials is an important technology for the development of spintronic
and electronic devices. Because many interesting phenomena (ex. spin transport,
tunneling effect and field effect in the semiconductor) were only observed in the

nanomaterials but cannot be find in the bulk materials. The nanomaterials (1 nm = 10 A
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=10 m) are defined and classified into three different types:%®
1. Zero-dimensional nanomaterials have three-dimensions of nanometer Size, ex.

Quantum dots.

2. One-dimensional nanomaterials have two-dimensions of nanometer size, ex.

Nanowires.

3. Two-dimensional nanomaterials have one-dimensions of nanometer size, ex. Thin
film.

The thin film technology has been used for more than in making electronic devices,
optical coating and, etc. in the last fifty years. The thin film transistors (TFT) and thin
film integrated circuits (IC) were generally studied in the 1960s. The Si-MOS (Metal
Oxide Semiconductor) device was developed in the 1970s. After 1980s, the spin-
dependent GMR effect and TMR were extensively studied in the FM thin film sandwich
structure.®® The thin film technology is a well-established technology for the material
processing. However, it is still being developed on a daily basis, because it is an important
technology in the development of new thin film devices, such as spin torque
magnetoresistive random-access memory (ST-MRAM) and spin-basis spin-basis
MOSFFT.3240

The thin film is defined as a two-dimensional nanomaterial made by stacking the
atom or molecules on a substrate and the thickness is less than several micrometers. The
step of thin film growth is shown in the following: adsorbent, surface diffusion, nucleation
and film growth. During the thin film growth, the atoms are adsorbed on the substrate and
move by surface diffusion. Then, the birth of thin films starts with random nucleation
sites followed by nucleation and thin film growth stages. The Process of nucleation is
shown in Fig. 3.8. The nucleation is a fundamental and important process for many areas
of physics, chemistry and materials science. The nucleation involves the transition from
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an initial or metastable phase A to a new phase B, ex. from vapor to liquid or vapor to
solid.”* The nucleation growth and microstructure of thin film are dependent on various
deposition conditions, such as growth temperature, growth rate, and substrate surface

chemistry.

Process of nucleation

Evaporated atom Re-evaporated atom
[
Surface
Adsorbent atom diffusion Nucleation
(adatom) @ & OO0
Substrate

Fig. 3.8 The illustration of nucleation process.

There are three different primary mechanisms for thin film growth: Volmer-Weber
(3D island growth), Frank-van der Merwe (2D layer by layer growth) and Stranski-
Krastanow (S-K growth).”>%* The Schematic of three different growth mechanisms are
shown in Fig. 3.9

In the Volmer-Weber mechanism, the adatoms are much more strongly bound to each
other than to the substrate. During the thin film growth, as soon as the nucleation sites of
the first layer are formed the second layer begins to deposition on top. Therefore, the
many 3D islands are developed on the substrate and coalesce to a continuous thin film.

For the Frank-van der Merwe mechanism, the adatoms are much more strongly
bound to substrate than to the other adatom. During the thin film growth, the nucleation

sites are formed as Volmer-Weber mechanism but the new adatoms is only incorporated
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into the first layer. After form the full monolayer, the atoms are deposition on the top of
monolayer and result in a full thin film on the substrate.

The Stranski-Krastanow mechanism is a combination of the two different growth
mechanisms: Frank-van der Merwe and Volmer-Weber growth mechanism. In the first
stage, the one or two full monolayer is deposition on the substrate by the Frank-van der
Merwe mechanism. Then, the growth mechanism changes to Volmer-Weber in the second
stage and the 3D islands are developed on the top of the monolayer. At the finals, a

continuous thin film can be achieved on the substrate.

Thin film Growth i B
Direct deposition
Direct deposition L
® [ ]

® o

® l @ l () l

| o |  eppfbassss’ s, A8 - g SE"

)

f\. - COCOOODOCOCCK U T

Substrate Substrate Substrate

Volmer-Weber mechanism Frank-van der Merwe mechanism Stranski-Krastanow mechanism

Fig. 3.9 Three different growth mechanisms: Volmer-Weber (3D island growth), Frank-

van der Merwe (2D layer by layer growth) and Stranski-Krastanow (S-K growth).

The deposition methods of thin film can be discriminated by the two different
deposition processes: Physical VVapor Deposition (PVD) and Chemical Vapor Deposition
(CVD). The generally deposition methods are shown in Fig. 3.10 and the Table 3.1 are
listed that the special features of the four different deposition processes. Compare with
CVD techniques, the PVD techniques is an efficient and fast method using to thin film
growth. The analysis of thin film properties is necessary and important for the study of
thin film materials and devices. The properties of thin film include the crystalline

structure, chemical composition, optical, electric and mechanical properties. Table 3.2 is
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shown that several methods are used for the analysis of properties in this work.

Thermal process —
Physical
process ‘
Sputtering

'IE)T;?C;ISLH —  Plasma CVD
— Laser CVD
Chemical
process
— Thermal CVVD
— Chemical solvent

Fig. 3.10 The typical deposition methods of thin film.%
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Table 3.1 The special features of the four different deposition processes.*¢

Type of Electron Diode Magnetron
. ) . Plasma CVD
Deposition Beam sputtering sputtering
Decomposition
and/or
. Material of Wide varieties of materials, chemical
Deposition ) ) .
. high melting compounds refractory metals, reaction of
material ) .
point alloys. organometallic
compounds or
halides
Temperature L High Low High
oW
of substrate (>300°C) (<100°C) (>300°C)
Deposition 80~800 3~30 80~800 80~800
rate Alsec Alsec Alsec Alsec
High Low )
Low ) 1 ) ) High
Gas pressure 1074~10" 107°~10"
< 107> Torr 1~10 Torr
Torr Torr
Energy of
evaporated 0.1~0.2 eV 10~200 eV 10~20 eV -
atoms
Energy of
0.1~0.2 eV 0.1~20 eV 0.2~10eV -
adatoms
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Table 3.2 Several methods of analysis are used in this work

Properties Analysis method Physical parameter
Alpha-step
Thickness Transmission electron Thickness
microscopy (TEM)
High resolution
Structure transmission electron Crystallite structure
microscopy (HRTEM)
Four-terminal resistive Resistivity
measurements
Electrical Doping concentration
Hall effect measurement Hall coefficient
Diffusion constant
. Resonance field
Ferromagnetic Resonance .
Damping constant
(FMR) . .
gyromagnetic ratio
g-factor
Magnetic
) . Saturation magnetization
Vibrating-Sample .
Anisotropy field
Magnetometer (VSM) . .
Effective anisotropy
energy
g Inverse spin Hall effect Spin Hall angle
in
P (ISHE) Spin lifetime
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3.2.2 Sample preparation

Before deposition, the Si-substrates were cleaned prior to the deposition with a
sequence of acetone, ethanol, 2-propanol and de-ionized (DI) water in an ultrasonic basin
for 15 minutes each. There are three different series sample were prepared in this work.
As follows,

Reference sample: Pt (10 nm)/Co (t;, nm)/Si

A series of reference sample Pt/Co bilayer, Pt (10 nm)/Co (t;, nm), was deposited
on an undoped Si-substrate at room temperature using the DC magnetron sputtering
system. The Co-thickness (t,) varied from 5 to 40 nm. The sample names are denoted
as Pt/Co (tc,)/undoped. The t., was controlled by the deposition time with the
deposition rate of Co and Pt being 1.6 and 2.7 A/sec, respectively. The deposition rate is

derived from Alpha step results (DEKTAK 6M) and the error is 3% in our system.

Sample A: Co (¢, nm)/Si

A series of single Co layer, Co (t;, nm)/Si, were deposited on the different
resistivity Si (100) substrate at room temperature using the DC magnetron sputtering
system. The t., varied from 5 to 40 nm. The sample names are denoted corresponding
to the thickness of Co, carrier type of Si and the norminal resistivity. For example, Co
(10)/n-Si-10 represents the sample with the thickness of Co being 10 nm, carrier type of
Si being electron, and the norminal resistivity of Si being 10 ohm-cm. The characteristics

of Si-substrate and sample name of Co/Si are shown in Table 3.3.
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Table 3.3 The parameter and name of Si-substrate, and define the name for all samples.

Sample Co (tc,)/ Co (tc,)/ Co (tc,)/ Co (tc,)/ Co (tco)/
name undoped-Si n-Si-10 p-Si-10 p-Si-0.1 p-Si-0.005

Substrate ) ) . . .
undoped-Si n-Si-10 p-Si-10 p-Si-0.1 p-S1-0.005
name
tc;
St 290+10 500+25 500+25 500+25 500+25
(pm)
Dopant - Phosphorus Boron Boron Boron
Carrier
- electron hole hole hole
type
Nominal
3000~ 0.005~
resistivity 1~10 1~10 0.1~0.2
5000 0.008
(Ohm-cm)

Sample B: Co (t;, nm)/GaAs

A series of single Co layer, Co (t,, nm)/GaAs, were deposited on the p- and n-GaAs
(100) substrate at room temperature using the DC magnetron sputtering system. The t.,
varied from 5 to 40 nm. The sample names are denoted corresponding to the thickness of
Co and carrier type of GaAs. For example, Co (10)/n-GaAs represents the sample with
the thickness of Co being 10 nm, carrier type of GaAs being electron. The characteristics

of GaAs-substrate and sample name of Co/GaAs are shown in Table 3.4.
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Table 3.4 The parameter and name of GaAs-substrate, and define the name for all samples.

Sample Co (tc,)/ Co (tco)/

name n-GaAs p-GaAs
Substrate
n-GaAs p-GaAs
name
t
Gads 35020 35020
(um)
Dopant Silicon Zinc
Carrier
electron hole
type
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3.3 Measurements

3.3.1 Hall effect

The Hall coefficient (Ry) and resistivity (p) can be measured by van der Pauw
method in disk of irregular shape and thin film material. In the van der Pauw measurement,
the contacts are placed on the corner of the samples and the schematic of measurement is
shown in the Fig 3.11. The current is supplied through the contacts 1 and 3 (I;3) and the
Hall voltage is measured across the contacts 2 and 4 (V,,). The error in the measurement
may result from the misalignment of the contacts, where the joining line of the contacts
2 and 4 should be perpendicular to the applied current (contact 1 to 3 or inversely). One
usually measures the voltage both with and without the B (V,,(+B) and V,,(0)) to

minimize error in the measurement of Hall voltage.”* The Ry are shown as

[V24(B)=V24(0)]d _ [V24(B)=V24(=B)ld _ 1
I13B - 21138 -

Ry = Eq. 3.1

where d is the thickness of the thin film.

Current source

Hall voltage

Fig. 3.11 The schematic of measurement for van der Pauw method
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For the measurement of p, two adjacent contacts such as 1 and 4 are used for current
injection (I;,) and remaining contacts are used for measuring the voltage (V,3). The

resistance can be defined as

Va3

R23’14 = a Eq. 3.2

On the other hand, the sample is rotated 90 degrees in which the current is injected by the
contacts 1 and 2, the voltage is measured by remaining contacts. The resistance can be
defined as Ry31,. The p can be calculated by combining R,314 and R4z, and show
as

_ def(R23,14+R43,12)
p= pymes Eq.3.2

where f is a factor that depends on the ratio R,314/R43,12. Usually a large value for f

indicate that the contacts are bad or the sample is inhomogeneous.

Hall effect measurement
The doping concentration (N), p and Ry of Si and GaAs substrates were measured

at room temperature with H = 5500 Oe by a Hall effect system (HMS-3000). The

mobility (u = RTH) and diffusion constant of SC (Dy, Dye = ukT) can be derived from p

and Ry data. The HMS-3000 includes a source meter, sample holder, permanent magnet
and measurement program. The p and N can be detected in the range from 10 to 10’
Ohm-cm and from 107 to 10! cm™, respectively, in our Hall effect system.

The Au electrodes of 150 nm were deposited at four corners of substrates by DC
sputtering system (Quorum Q150T S) before measuring Hall effect. The surface area of
Si-substrates and Au are 5x5 mm? and 1.5x1.5 mm?, respectively. The details of the
measurement for Hall effect are listed in Table 3.5 The schematic of Hall effect system
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and measured sample are shown in the Fig. 3.12.

Fig. 3.12 The schematic of (a) Hall effect system, (b) sample holder and (c) measured

sample.

3.3.2  High resolution transmission electron microscopy (HRTEM)

Due to the physically limit, it is impossible to detect nanostructure using optical
microscope. If we want to retain the classical optical imaging structure, we have to replace
the visible light by something with shorter wavelength. The transmission electron
microscopy (TEM) is a high resolution and versatile tool for nanostructure analysis.
Because the TEM images are formed by electrons for which the wavelength is much
smaller than visible light. Due to the wavelength of the electron beam is smaller than the
size of atoms, the real arrangement of atoms can be observed using TEM measurement.
The conformation of TEM can be decomposed into two different systems: Illumination
and Imaging system. The illumination system includes an electron gun and a condenser
electromagnetic system. The imaging system includes sample hold system, an objective

and two projective electromagnetic lens and CCD camera.

62

doi:10.6342/NTU202002113



The electrons are emitted by thermionic, Schottky, or field-emission electron gun
and concentrate to electron beam by condenser electromagnetic lens. The electron beam
through the crystalline sample, the diffracted ray is focused on the back-focal plane via
objective electromagnetic lens and creates a diffraction spot in this plane. Finally, the
diffraction pattern is imaged on the observation screen by modulation the focal length of
projective electromagnetic lens.®>% Besides the functioning principle of TEM, its
conformation is basically similar to the optical microscope. The schematic of
transmission electron microscope and light optical microscope are shown in Fig. 3.13 ()

and (b), respectively.

(a) (b)

electron gun

two-lens condenser ({ " -

—
=
(NS ) condenser
S &
specimen

<y = objective

objective

projectives T

projective

plane of the final image

Fig. 3.13 The schematic of (a) transmission electron microscope and (b) light optical

microscope.”’

HRTEM measurement
The crystallite structure, high resolution transmission electron microscopy (HRTEM)

images and electron diffraction patterns of Co thin film, Co (40)/Si-Sub., were observed
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by the FEGTEM system (FEI E.O Tecnai F20 G2 Field-Emission TEM). The focused
ion-beam (FIB, Hitachi NX2000) technique was used to prepare the samples with
micrometer scale before doing HRTEM. The picture of FEGTEM and FIB system is
shown in the Fig. 3.14 (a) and (b), respectively. The acceleration voltages can be
modulated from 20 to 200 kV and the magnification can be change from 25 to 1.03M.
The point resolution, line resolution, information resolution are 0.23, 0.1 and 0.15 nm,

respectively, in this TEM system.

al
0 T |
{1 S 1

Fig. 3.14 The picture of (a) FEGTEM and (b) FIB system (This picture download from

High valued Instrument Center of NSYSU)

3.3.3 Vibrating-Sample Magnetometer (VSM)

The Vibrating-Sample Magnetometer (VSM) is a powerful and sensitive tool using
to detection of the Hysteresis loops (M — H loops). It is based on the flux change near a
detection coil in the uniform H when a magnetized sample is extracted or inserted near
the coil. The total flux (dy) through the coil in the magnetic field is
r = BA = (Hgx — NgqM + 4nM)A  Eq.3.3
where H,, is an external field, N; is a demagnetizing factor, M is a magnetization, A
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1s magnetized sample or coil area. If the magnetized sample is fast removed from the coil,
the flux (¢pg) through the coil becomes
br =BA=H,A Eq. 3.4

The change of the flux is shown as,

br — dr = (4 — Ny )MA Eq. 3.5
the equation shows that the flux change is proportional to the magnetization and can be
recorded by the flux-meter.”” In the VSM system, a sample is placed on the end of a
nonmagnetic rod and the other end of which is fixed on a mechanical of vibrator; the
diagram is shown in Fig. 3.15 (a). The sample is vibrated near the detection coil and the
direction is perpendicularly to the H. According to Faraday’s law, the oscillating
magnetic field of the vibrating sample induces a voltage in the detection coil. This voltage
is proportional to the magnetic moment of the sample. The voltage signal can be amplified
by a lock-in amplifier and the limiting sensitivity is about 10> emu. The VSM can be
easily operated for the measurements at the high or low temperatures because only the
sample must be heated or cooled.

These important magnetic parameters, saturation magnetization (My), anisotropy
field (Hy) and effective anisotropy energy (K.rs) effective demagnetization (4mM,fy),
can be determined and derived from the M — H loop and Two typical M — H loops are
sketched in the Fig. 3.15 (b) and (c). Fig. 3.15 (b) shows that the M — H loop is
measured with H parallel to the easy axis. The M, = M(max) is the saturation
magnetization, M, = M(H = 0) is the remanence magnetization, Hy = H(M,) is
saturation field, H, = H(M = 0) is the coercive field or coercivity. On the other hand,
the Fig. 3.15 (c) shows that the M — H loop is measured with H parallel to the hard

axis and The value of M, and H. both approach zero.
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(a) (b) M

Mechanical of vibrator M,

Detection coil I] [l L L
\ N °y ]
N [l S, : .
N
4 :[_]:s
Reference sample

‘ Direction of vibration

(¢) M

Electro-

Magnet

Fig. 3.15 (a) The diagram of VSM measurement system. The typical M — H loops

measured parallel to (b) easy axis and (c¢) hard axis.

VSM measurement

The M — H loop of Co thin film, for sample A and B, were measured at room
temperature by measuring VSM (MicroSense VSM EZ9). The M — H loop was
measured by sweeping the H from -20 kOe to 20 kOe with two different directions of
the H: in-plane (H is perpendicular to the normal vector of film plane) and out-of-plane
direction (H is parallel to the normal vector of film plane). The signal noise about 0.4
uemu and field resolution is about 5 mOe in our VSM system. The schematic of VSM
system and measurement set up are shown in the Fig. 3.16. The parameter of measurement

for VSM is shown in Table 3.5.
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(b)

5 mm

5 mm

Sample A and B

Electromagnet ‘

In-plane measurement
S 90°

Electromagnet

H
Out-of-plane measurement

Fig. 3.16 The schematic of (a) VSM system and (b) the measurement set up of VSM.

3.3.4  Ferromagnetic resonance (FMR) and Inverse spin Hall effect

(ISHE)

The FMR is a sensitivity, versatile and nonintrusive tool used to analyze the
character of FM material. The FMR spectrum was measured at room temperature using a
FMR system (Bruker EMX) in this work. The Bruker EMX system includes a DC power
supply, microwave (MW) source, electromagnet, TE1oo MW cavity and measurement
program. The MW source comes from klystron and transmitted into the cavity by the
waveguide. The voltage signal of ISHE was measured using nano-voltmeter (Keithley
2182A) under FMR condition and the magnitude of the external magnetic field was
detected by a Gauss meter. The photo and schematic of Bruker EMX system are shown
in Fig. 3.17 (a) and (b), respectively. For our FMR and ISHE measurement, the sample
was placed in the center of TE10o MW cavity, where the frequency of MW was 9.8 GHz
(X-band), the magnetic field (h,.) of the MW is maximum and the electric field (e,.) of

the MW is minimum; show in Fig. 3.17 (c¢). The FMR spectra and voltage signal were
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detected by sweeping the H from 200 Oe to 14000 Oe and the field resolution can be
defined as the field range per 4096 point in our measurement. The power of MW (Puwr)
can be modulated from 100 mW to 20 mW. The angular-dependence FMR spectra and
voltage signal were measured by rotating the sample Holder. The photo of Keithley

2182A and sample holder are shown on Fig. 3.18 (a) and (b), respectively.

Electro Electro
Magnet Magnet

Cativy

(©)

Sample Sample
Stack Stack

Microwave Magnetic Field Microwave Electric Field

Fig. 3.17 The (a) photo and (b) schematic of Bruker EMX system. (c) The Magnetic and

electric field patterns in a standard TE0> cavity
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Fig. 3.18 The photo of (a) hano-voltmeter (b) sample holder.

FMR and ISHE measurement

In this work, the FMR and ISHE measurements of reference sample, sample A and
B had three different set up: Co-thickness dependence (t.,-dependence), Power of MW
dependence (Puw-dependence) and angular dependence (8-dependence). The schematic
of measurement set up of FMR and ISHE are shown in the Fig. 3.19.

1. For t;,-dependence FMR measurements, the t-, was varied from 5 to 40 nm.

The Puw is set at 100 mW and the 6 is O and 180° (the direction of H is

perpendicular to the normal vector of film plane at 6, = OO). The spectrum
was detected by sweeping the H from 200 to 1100 Oe.
2. For Puw-dependence measurement, the Py was varied from 20 to 100 mW

and the 0 was fixed on 0°. The spectrum was detected by sweeping the H

from 200 to 1100 Oe.

3. For Oy-dependence measurement, the 6 was varied from 0° to 180° and the
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Puw was fixed on 50 mW (H is parallel to the normal vector of film plane at

90°). The 6 can be control by rotating the sample Holder. The FMR spectrum

was detected by sweeping the H from 200 to 14000 Oe.

The 6y-dependence data of resonance field (H,.), linewidth (A H) and voltage signals (V)

are denoted as H,-(6y), A H(By) and V(68y), respectively. For simplicity, if the 6y is

not specified, it means the 8y is 0. The parameter of measurement for FMR and ISHE

are ordered in Table 3.5.

(a)

=

[Electromagnet

H

|

S1 or GaAs
Sub.

Fig. 3.19 The measurement set up of (a) FMR and (b) ISHE for reference sample, sample

A and sample B, respectively.
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Table 3.5 The parameter of measurement for Hall effect, VSM, FMR and ISHE

Method Hall effect VSM FMR and ISHE

tco- Pyrw- Oy-

dependence dependence dependence

Sample Si and Sample A,
Reference sample, Sample A and B.

type GaAs-sub. and B

Sample size 5x5mm?  5x5 mm? 3x1.5 mm?

Sweep from Sweep from Sweep from Sweep from

Magnetic
5500 Oe -20 kOe to 200 Oe to 200 Oe to 200 Oe to
field
20 kOe 1100 Oe 1100 Oe 14 kOe
Orientation 90 " and varied from
0"and90" 0 and 180" 0 . .
of H 270° 0 to 180
Varied from
Power of
- - 100 mW 20 mW to 50 mW
MW

100 mW
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Chapter 4 Result and discussions

4.1 Spintronic transport in Si with different doping

concentration and dopants

4.1.1 Hall effect measurement for Si

The accurate electrical properties, such as N, p, Ry, u, and Dy of SC were
experimentally determined by Hall effect system. For Si system, the Nis 1x10'3, 8.1x104
2.8x10", 1.8x10'7 and 1.7x10" cm™ for undoped-Si, n-Si-10, p-Si-10, p-Si-0.1 and p-
Si-0.005, respectively. The p is 3000, 8.6, 4.6, 0.15 and 0.007 Q-cm for undoped-Si, n-
Si-10, p-Si-10, p-Si-0.1 and p-Si-0.005, respectively. The Ry decreases from 3000 to
0.37 cm?/C with increasing N from 2.8x10' to 1.7x10" ¢m™ for p-type Si-sub.. On the
other hand, the values of p and Ry are 4.6 Q-cm and -7600 cm?/C, respectively, for n-
type Si-sub. with N of 8.1x10'* cm.

The mobility and diffusion constant are determined using Eq. 4.1 and Eq. 4.2,

respectively.”®

Ry

p==" Eq. 4.1

Dy == Eq.42 Einsitein’s relation
e

For p-type Si, the reduction in u and Dy is observed with increasing doping
concentration. The u decreases from 351.1 to 54.23 cm?/Vs and Dy decreases from 9.0
to 1.4 cm?/s when N increase from 2.8x10' to 1.7x10' cm™. For n-type Si, the values
are 1662 cm?/Vs and 6.0 cm?/s, respectively. The accurate electrical properties of Si are

listed in the Table 4.1.
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The value (54 cm?/Vs) of u for heavily doped p-type Si, p-Si-0.005, is comparable
to the literature (57 cm?/Vs).”® Furthermore, the u of n-type Si is larger than that of p-type
Si for similar N and it is consistent with the literature report. Because, the variation of u
is directly related to the relaxation time and varies inversely with the conductivity

effective mass.”®

Table 4.1 The parameter of carrier concentration (N), resistivity (p), thickness (ts;), Hall

coefficient (Ry), mobility (1) and diffusion constant (Dy) for silicon substrate.

Substrate
undoped-Si n-Si-10 p-Si-10 p-Si-0.1  p-Si-0.005
name
N (1+0.1) (8.1+0.4) (2.8+0.2) (1.8+0.1) (1.7+0.1)
(cm?) x1013 x10 x10'3 x10"7 x10"
0.007
3800+750 4.6+0.1 8.6+£0.3 0.154+0.01
(ohm-cm) +0.0001
Lsi
290+10 500+25 500+25 500+25 500+25
(pm)
Ry (-7.6+0.4) (3.0£0.4)  (3.52+0.02)  (3.7£0.1)
(em3/C) x10° x10° x10! x10"!
u
- 1662+50 351+2 238+2 54+3
(cm?/Vs)
Dy
- 42+1 9.0£0.2 6.0£0.1 1.4+0.1
(cm?/s)
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4.1.2 Microstructures and magnetic properties of Co/Si

The crystallite structure of Co thin films is determined by the TEM experiment. The
cross-section TEM images are shown in Fig. 4.1 (a) ~ (e) for all Co (40)/Si samples. The
images show the t., isapproximately 41 nm which is close to the nominal thickness (40
nm), showing a good deposition control and stability of the sputtering system. The
HRTEM images and electron diffractogram of the TEM are displayed in Fig. 4.2 (a) ~ (e)
and inset of Fig. 4.2 (a) ~ (e), respectively, for all Co (40)/Si. Rings and spots observed
in electron diffraction pattern are originated from Co thin films and (100) planes of Si-
subs, respectively. From the TEM and diffraction results, the Co thin film have similar
crystallite structure for all Co (40)/Si and a nature amorphous SiO> layer is found between

Co and Si-substrate.

(d) Co/p-Si-0.1 W.. (e) Colp-Si-0.005

Fig. 4.1 The cross-section TEM images for Co (40)/Si samples. (a) the Co/undoped-Si (b)

Co/p-Si-10 (c) Co/n-Si-10 (d) Co/p-Si-0.1 () Co/p-Si-0.005.

(a) Co/undoped-Si (b) Co/n-Si-10 (c) Colp-Si-10 (d) Co/p-Si-0.1 (e) Colp-Si-0.005

Fig. 4.2 The images of HRTEM and electron diffraction patterns for Co (40)/Si samples.
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(a) the Co/undoped-Si (b) Co/p-Si-10 (c) Co/n-Si-10 (d) Co/p-Si-0.1 () Co/p-Si-0.005.

The magnetic properties of Co thin films for sample A are obtained by analyzing
VSM data. The M — H loops of Co (t¢,)/undoped-Si, Co (tc,)/p-Si-10, Co (t¢,)/n-Si-

10, Co (t¢,)/p-Si-0.1 Co (tc,)/p-Si-0.005 are shown in Fig. 4.3 ~ 4.7, respectively.
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Fig. 4.3 The M — H loops of Co (t¢,)/undoped-Si and the t., change from 5 nm to 40

nm.
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Fig. 4.4 The M — H loops of Co (t¢,)/p-Si-10 and the t., change from 5 nm to 40 nm.
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Fig. 4.5 The M — H loops of Co (t¢,)/n-Si-10 and the t;, change from 5 nm to 40 nm.
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Fig. 4.6 The M — H loops of Co (t¢,)/p-Si-0.1 and the t., change from 5 nm to 40 nm.
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Fig. 4.7 The M — H loops of Co (t¢,)/p-Si-0.005 and the t.-, change from 5 nm to 40
nm.
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The black squares display M — H loop with in-plane field and the red circles

display M — H loop with out-of-plane field. The M — H loops show that the easy axis

is in the films plane and the hard axis is along the out-of-plane direction. The thickness-

dependence data of saturation magnetic moment (m;) are plotted in Fig. 4.8 and the mg

is linear dependence on t.,. The M, and magnetic dead layer (MDL) are extracted from

slope and intercept of linear fit of mg — t;, curve (red solid line in the Fig. 4.8),

respectively. The M, is 1264420 emu/cm’ which is smaller than bulk (1400 emu/cm?)

and the MDL is not apparent for Co thin films.

m_ (10°emu)

15
Slops: 316.9 £ 5 emu/cm
Area=0.5x0.5 cm’
12} M. of Co film: 1264 + 20 emu/cm®
M. of Co bulk: 1400 emu/cm®
09}
0.6 F Co/undope-Si
Colp-Si-10
Co/n-Si-10
0.3F Co/p-Si-0.1
Co/p-Si-0.005
- ’ —— Linear Fitting
0.0 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1
0 5 10 15 20 25 30 35 40
t., (nm)

Fig. 4.8 The mg — t, curve for sample A and the red solid lime is a linear fitting result.

The Krr and 4mM,f; are described by Eq. 4.2, Eq.4.3 and Eq.4.4

2K

1
Keff = E(MS X Hk) = K‘U +

trm
Keff X tFM = K‘U X tFM + ZKS

ATMpp = ATMg + —=2

Mstpm
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where the terms K, and K, are volume anisotropy energy and surface anisotropy
energy, respectively. The tgy, is the thickness of FM layer. The thickness-dependence
data of Hj are plotted in Fig. 4.9 and the Hj as a function of tg,. The Kepp X t¢,
versus t., are plotted in the Fig. 4.10 (a)~(e) for Co/undoped-Si, Co/p-Si-10, Co/n-Si-
10, Co/p-Si-0.1, Co/p-Si-0.005, respectively. The value of K.rr X tg, is linear
dependence on t., for sample A. The linear fitting results (red solid line) are shown in
the Fig. 4.10 and it agrees with the Eq. 4.3. The K, and K are extracted from intercept
and slope of linear fit of K.rf X tpy — te, curve, respectively. The values of K, and
K, are listed in Table 4.2 and the results are close to literature repoet!?’ (-7.5 Merg/cm?

and 1.7 erg/cm?).

19
18 f é
17 é
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T T
HabpE-
FOaEH
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14} 32
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13} - m  Co (t.)/undope-Si
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11k g v Co(t.)/p-Si-0.1

¢ Co (t.,)/p-Si-0.005
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0 5 10 15 20 25 30 35 40
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Fig. 4.9 The Hy — t;, curve for sample A.
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Fig.4.10 The K.rf Xt — t¢, curve for sample A and the red solid limes are linear fitting

result.

Table 4.2 The value of K,, and K, of Sample A are extracted from intercept and slope of

linear fitting result, respectively.

Co/ Co/ Co/ Co/ Co/
Sample
undoped-Si n-Si-10 p-Si-10 p-Si-0.1  p-Si-0.005
K,
-11.3+4.2 -11.6£4.0  -11.843.3 -11.1+£35 -11.2+2.7
(Merg/cm?)
K
1.04+0.19 1.30£0.17  1.34+0.14 1.15+0.15 1.19+0.11
(erg/cm?)

The values of 4mM,f; are obtained using Eq. 4.4 and its values are shown in Fig.

4.11. A larger value of 4mM,¢; for Co (5) film is due to surface anisotropy. The VSM
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results show that magnetic properties of Co films are independent of carrier concentration

and type of Si-substrate.
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20 F
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Co (t,)/n-Si-10
Co (t.,)/p-Si-0.1
Co (t.,)/p-Si-0.005

0.5.10 15 20 25.
t., (nm)

Fig. 4.11 The value of 4mM,s; for sample A.

30 35 40

4.1.3 Ferromagnetic resonance and inverse spin Hall effect results of

reference sample [Pt (10 nm)/Co (t;, nm)/unpoded]

The techniques of FMR-SP and ISHE-probe spin current are mainly applied on the

FM/NM bilayer system. In the previous studies, researchers used heavy metals, for

examples, Pt as a spin current detector because Pt has strong SOI.2":788184101 Therefore,

the Pt/Co bilayer structure [Pt (10 nm)/Co (t.,)/unpoded] is a reference sample in this

work.

The black line in Fig. 4.12 (a) shows the typical FMR spectrum (dI/dH vs. H) for

Pt/Co (10)/undoped sample. The FMR spectrum is measured with condition that power
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of microwave (Pyw) is 100 mW and angle of 6y is 0 °. The corresponding dc voltage

signals (V' vs. H) are displayed on Fig. 4.12 (b). The V(6y) is measured under FMR

condition with two different 8y: 0 (black line) and 180° (red line). The V(6y) shows

an opposite sign when the 8y direction changes from 0 to 1800, which indicates the 6y

dependence of voltage. This result is consistent with the relation of jg and j. in Eq.26.

) 4
=) (@
< 2f
~ 0 T R
S -f —FMR
= Pt/Co (10)/undoped o Fitting
S 4k, X ; . .
—~ 10} (b)
%
S| ISHE 0°
> —_
101 —— ISHE 180°
15 1 L 1 1 M
o~ (C)
>3. or —— Exp. data
= 5t - — ISHE Fitting
= — - = AHE Fitting
0f —————— - = _
200 400 600 800 1000

Fig. 4.12 (a) The FMR spectrum for Pt/Co (10)/undoped sample (dI/dH vs. H) and the
open circle is fitting result by differential form of Lorentzian (b) voltage signals (V' vs.
H) for Pt/Co (10)/undoped sample (c) The black curve is experiment data; red dash and

blue dash-dot curves are ISHE and AHE fits to Eq.4.6.

The H, and A H are extracted by fitting the FMR spectrum using differential
form of Lorentzian Eq. 4.5. The H, and A H are 567 Oe and 85 Oe, respectively for

Pt/Co (10)/undoped sample. The fitting result (open circle) is shown in Fig. 4.12 (a).
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dloc AH(H-Hy)
dH  ((H-Hy)%2+AH?)2

Eq. 4.5
The voltage signal can be decomposed into two parts by Eq. 4.6: symmetric and
asymmetric terms.?”’® The symmetric term is due to ISHE and the asymmetric term is

contributed by the AHE.

AH? —2AH(H-H;)

USHE) iz vamz | v

V="V as(AHE) m

Eq. 4.6

where V,gyr and V,yp are ISHE voltage and AHE voltage, respectively. Fig. 4.12 (¢)
shows the fitting result of V using Eq 4.6 where the black, blue dash and red dash-dot
curves are experimental data, fitting curves of ISHE and AHE, respectively. The Visyg
and Vg are around 13.8 and 0.8 uV respectively at 100 mW microwave excitation.
Fig. 4.13 (a) and (b) show Puw dependent FMR spectral and voltage signals,
respectively, for Pt/Co (10)/undoped sample. The intensity of FMR spectrum and signal
of voltage increase with increasing Pyw from 20 to 100 mW. Fig. 4.14 shows that the
Visyg linearly increases with increasing Py from 20 to 100 mW and the red solid line

is the linear fitting result.

(@) 20 mW (M_MW

%

3
%

50 mW 50 mW

%

60 mw 60 mwW

V(uV)

1

di/dH (a.u.)

1

80 mw
80 mwW

100 mW
100 mW
200 400 600 800 1000 200 400 600 800 1000
H (Oe) H (Oe)

Fig. 4.13 The Puw dependent (a) FMR spectra and (b) voltage signals for Pt/Co
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(10)/undoped sample.

15F
<)
> 10t
3.
N
L
I
]
>
5
Pt/Co (10)/undoped
IR B Exp. data
L7 Linear fitting
0 i 1 1 1 1 1
0 20 40 60 80 100

P (MW)

Fig. 4.14 The plot of Vigyg v.s. Puw for Pt/Co (10)/undoped sample which Py is varied

from 20 to 100 mW and the red solid line is the linear fitting result.

The O;syg 1s the conversion rate of spin current to charge current via ISHE and
described by’®
2 TAW
I, = O;gygW (f) Agtanh (2—2’3) j9  Eq.246

jO _ gg#fyzhrfzh[tlnMsyh/(41'L'M5)2y2+4w2]

S 8ma?[(4mMs)2y2+4w?2] Eq 4.7

since the effective damping constant (@) comes from three contributions: intrinsic

damping (), spin pumping damping (asp) and eddy-current damping (@g¢), the a can

be described by!'%104

yh _
a = Qg + asp + Arc = Qo + F]\/jsgg}ftFM 1 + CECtI%M Eq 4.8
vho
Cep =
SP = JmM, Yerr
84

doi:10.6342/NTU202002113



where Cgc and Cg. are the coefficient of spin pumping and eddy-current, respectively.
According to the Eq. 2.46, Eq. 4.7 and Eq. 4.8, the value of I, is dependent on tz, and
the 0,5y Can be extracted by fitting the thickness-dependence data of I.. Fig. 4.15
shows the data of I, — t., for reference sample and fitting result (red solid curve) using
the Eq. 2.46, Eq. 4.7 and Eq. 4.8 by inserting the following essential parameters: g}t is
(6.0£0.3)x10" m?, a, is 0.067 (The detail calculation of ao, a and g}, are shown

e

in section 4.1.6), y is 1.77x10" C -kg", h,s is 1.4 X \/Pyyy G, Pww is 100 mW, h
is 1.054x103 kg'—Z"ZS, M, is 1264 emu/cm® and A is 7nm.2% In this work, the 6,5yx
S

of Pt is 5.3x1072 and this values is comparable to literature report (5.6x107?) for Pt/Co

system studied by the spin pumping method.®*

10F
08}
—_
<
3.
~ 06}
04F Pt/Co (10)/undoped
m  EXxp. data
Fitting
0.2 . L L : : ! :

0 5 10 15 20 25 30 35 40
t., (nm)

Fig. 4.15 The data of I, — t., curves for reference samples and the red solid curve is the

fits to Eq. 2.46, Eq. 4.7 and Eq. 4.8.

85

doi:10.6342/NTU202002113



4.1.4  Ferromagnetic resonance results of Co (£, nm)/Si

Fig. 4.16 shows the FMR spectra (black line) for Pt/Co (10)/undoped and all Co
(10)/Si samples. The H, and A H are extracted by fitting the FMR spectrum using Eq.
4.5 and the fitting results (open circle) are shown in Fig. 4.16. The H, and A H are 550

Oe and 80 Oe, respectively, for all Co (10)/Si samples.

4
Pt/Co (10)/undoped & Co (10)/n-Si-10

=l £3 =2t

> >
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~— N
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S 2| Sl

-4 . . . d . .

Co (10)/undoped-Sig, 1 Co (10)/p-Si-0.1

—~~ DD ~—~ il

5 2 5

8 8

T 0 IO

5 3

o -2} =

[
T

-4 . . . . .
Co (10)/p-Si-10 Co (10)/p-Si-0.005 ,

N

= ~

S 27 S

< <

N—r N—r

TO T 0

= =

o -2r oLl Exp. data

o Fitting
-4 A A A A A A A A A A
200 400 600 800 1000 200 400 600 800 1000
H (Ce) H (Oe)

Fig. 4.16 The FMR spectra (dI/dH vs. H) for Pt/Co (10)/undopen and all Co (10)/Si

samples. The open circle is fitting result using differential form of Lorentzian.

The H, and A H versus t;, are shown in the Fig. 4.17 (a) and (b), respectively,
for reference and sample A. For sample A, the H, and A H depend on t., but neither
on doping concentration nor carrier type of Si. The H, has a minimum value of 550 Oe

for all Co (10)/Si samples and A H has a minimum value of 70 Oe for all Co (13)/Si
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samples. The H, and A H of sample A (red dash line in Fig. 4.17) are slightly smaller

than reference sample (black dash line in Fig. 4.17).

650
(a) 5
@ 6o e
- \ _ -
9 \ \ - %‘ -~ ;’ - %
T i %’ é-;;;_'g—‘*'--ﬁ """ :
< $-0- - - T
550 | R i q? T —m— PY/Co (t )/undoped
. 1 . 1 . 1 . 1 . 1 ._.l_ CO.(tCO){undo.ped-lSi
150 F A Co (t.)/p-Si-10
— (b) N v Co(t.)/n-Si-10
8 120k ¢ A ® Co(t,)/p-Si-01
~ w Co (t,)/p-Si-0.005
t N -
% 90 i \E: :!"'.‘ -— - ?~ - :— - '
- -5 - -3 ---- ¥
60 [ 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
t., (nm
0

Fig.4.17 The (a) H, and (b) A H versus t¢, changing from 5 nm to 40 nm for reference

and sample A, respectively.

The data of H,(8y) and A H(6y) are shown in Fig. 4.18 (a) and (b), respectively,

for Pt/Co (10)/undoped and all Co (10)/Si samples (Due to the instrument limit, we could

not measure the FMR spectra at the out of plane, 6y is 900, for all samples). The

equilibrium angle of magnetization (6,,), g-factor and gyromagnetic ratio (y) are
important parameters for magnetic materials. These can be calculated by combining Eq.
4.9 and Eq. 4.10 with 4mM,¢ (This value is obtained from VSM measurement), data of
H,.(6y) and A H(8y).

2
(%) = H, x H, Eq. 4.9
2H, sin(0y — Oy) = 4mM,¢f sin(26y) Eq. 4.10
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Hy = [H, cos(8y — Oy) — 4mM,fs cos? Oy

H, = [Hr cos(0y — Oy) — 4ntMs5 cos ZHM]
the w = 2nf, f is the microwave frequency. The red solid curve in Fig. 4.18 (a) is the
calculated results of H,(8y) using Eq. 49 and Eq. 4.10 which matches with
experimental data. The 6y dependence of the 6,, are plotted in Fig. 4.19 and the

behavior of ), are similar for all samples. The results show that magnetization is lying

on film plane at 65 < 60 * and raise to out-of-plane direction at 85 > 60 °.

(@ = Exp. data 2f (b) L = Exp. data
Pt/Co (10)/undoped Fitting 1| P/Co (10)/undoped b

of = [ [ [ ] u =" L [ ] [ = =
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1 L I |

of = [ ] [ [ ] u u® LI [ ] [ " =
Co (10)/p-Si-10 2l Co (10)/p-Si-10 "

1 "

of " = = = = L "" s n mom o
Co (10)/n-Si-10 2[ Co (10)/n-Si-10 "

1 L

o = = = = = " L
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[N
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AH (KOg)

[N

r

H_(kOe)
AH (kOe)

H, (kOe)
AH (kOg)

= =
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T % Of = [ ] [ ] [ ] L] '.. ..' L] [ ] [ ] [ ] [ ]
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Fig. 4.18 The angular-dependence data of (a) H,, calculational results of H, (red line)

and (b) A H for Pt/Co (10)/undopen and all Co (10)/Si samples, respectively.
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The 8, versus Oy for Pt/Co (10)/undopen and all Co (10)/Si samples,

respectively.

The gyromagnetic ratio and g-factor versus t., are plotted in the Fig. 4.20 (a) and

(b), respectively. The mean values of gyromagnetic ratio and g-factor are 1.83x10'! rads™

IT-! and 2.15, respectively. The value of g-factor is in good agreement with theoretical

value for Co thin film (2.16).!%
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Fig. 4.20 The value of (a) gyromagnetic ratio and (b) g-factor for sample A.

4.1.5 Effective damping constant and effective spin mixing

conductance for Co (£;, nm)/Si

The efficiency of spin current injection at the interface FM/SC (NM) is denoted as the

effective spin mixing conductance (g} ). In most of the spin pumping experiments, the

gl}f value was obtained by the difference of effective damping constants («) for single
FM layer and FM/NM bilayer.>%3 However, it was not so accurate since the a depends
on thickness of FM layer. In this work, we made a series of Co thin film with different
thicknesses to obtain the best fit of gg}f for Co/Si samples.

The a can be experimentally determined by fitting the data of H,.(0y) and A
H(8y) based on the following Eq. 4.11
-1

a(5)

dH,

AHo™ = %Mi (H, + H,) X Eq. 4.11
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Hy = [H, cos(8y — Oy) — 4mM,fs cos? Oy
H, = [Hr cos(0y — Oy) — 4ntMs5 cos ZHM]
where y is gyromagnetic ratio, w = 2nf, f is the microwave frequency, My is the
saturation magnetization, M.ss is the effective magnetization, AH;};,”" is the peak to
peak linewidth (A H = \/§AHz’}gm). Based on the calculated result, the a (black dot) as
a function of t;, and plotted in Fig. 4.21 for reference sample and sample A.
In Fig. 4.21, the red solid curve is fitting curve according to Eq. 4.8; while the blue
dash and green dash-dot curves describe ag + asp and @ + agc, respectively. It is
noted that the spin pumping term is dominant for thinner Co layers (< 25 nm); while the

eddy-current damping term is dominant for thicker Co layer (> 25 nm).

Yh

mgg}ftFM_l + CEctlg-M Eq 48

a=ayg+ asp +agc = gy +

The value of « is obtained from fitting result of Co (t¢,)/undoped-Si because the
spin current cannot injects into undoped-Si. The value of Csp and Cg. are listed in

Table 4.3.
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Fig.4.21 The a versus t., curve for reference sample and sample A. The red solid lines,
blue and green dash-dot curves are described ay + asp + agc, g + asp and @y + agc

fitting curves according to Eq. 4.8, respectively.

The gl}f is derived from Eq. 4.8 by inserting the following essential parameters:

M2
y is 1.77x10" € -kg', h is 1.054x103 "gs—;"s, M, is 1264 emu/cm’. The obtained

values of gg}f for sample A are shown in the fourth row of Table 4.3 and Fig. 4.22,
indicating that the efficiency of spin injection in all samples is roughly the same within
the uncertainty of data. The reason for that g;}f (average value is 5.0x10' m?) is
independent of doping concentration and carrier type may be due to the same interface of
Co and Si (Co/SiO2/Si). The gl;; of reference sample is 6.0 x10'® m? and the value is
slightly larger than Co/Si. This result shows that the spin pumping efficiency of Pt/Co

interface is larger than Co/Si interface and mismatch with linewidth result.
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Fig. 4.22 The gl}f v.s. N for reference sample and sample A.
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Table 4.3 The fitting results of damping constant and the value of effective spin mixing

conductance for reference sample and sample A.

Co/ Co/ Pt/Co/
Sample Co/ Co/ Co/
undoped- p-Si- undoped-
name n-Si-10 p-Si-10  p-Si-0.1
Si 0.005 Si
a0
6.7+0.2
(107)
Csp
5.7£0.2 6.3+0.4 6.0+£0.3 5.9+0.3 6.2+0.3 7.1+0.3
(101
Cce
3.1+0.2 2.2+0.5 2.310.3 29104 2.6x0.4 4.1+0.5
(10"
glﬁrf
4.7+0.2 5.3x0.4 5.1+0.3 4.9+0.3 5.2+0.3 6.0£0.3
(10"m2)
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4.1.6 Inverse spin Hall effect of Co (t;, nm)/Si

In this section, we will discuss the spin pumping effect in the Co/Si samples. The
Fig. 4.23 (a) ~ (f) and (g) ~ (1) show the FMR spectra and voltage signals, respectively,

for Pt/Co (10)/undoped and all Co (10)/Si samples. The V(6y) shows an opposite sign

when the 6y direction changes from 0 to 180 .
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f—— i —
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—— i ———
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200 400 600 800 1000 200 400 600 800 1000
31 (b) 1(e)

R A —
3 -1
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0 ¢ 0 ‘—%c:
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Fig. 4.23 The (a)~(f) FMR spectra with 8y is 0 ® and (g)~(1) voltage signals 6y are 0 °

and 180" for Pt/Co (10)/undoped and all Co (10)/Si samples, respectively.

Fig. 4.24 shows the fitting results of V' using Eq. 4.6 for Pt/Co (10)/undoped and
all Co (10)/Si samples. The black, red dash and blue dash-dot curves are the experimental

data, symmetric and asymmetric fitting curves, respectively. From the fitting results, a
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positive V; value of 13.8 and 2.15 pV is obtained at 100 mW for the Pt/Co (10)/undoped

and Co (10)/undoped-Si samples, respectively. On the other hand, a negative V; value of

-13.49, -8.68, -19.45, -5.75 uV is obtained at 100 mW for Co (10)/n-Si-10, Co (10)/p-Si-

10, Co (10)/p-Si-0.1 and Co (10)/p-Si-0.005 samples, respectively. The values of 1, as

shown in Fig. 4.25, follow linearly dependence with Pmw increasing from 20 to 100 mW

for Pt/Co (10)/undoped and all Co (10)/Si samples. These results show 65 and Pwmw

dependence of V; which is consistent with the spin pumping theory. Therefore, the V; is

treated as the inverse spin Hall voltage, Vs, and V, is treated as the anomalous Hall

voltage, V,ug, respectively.

Pt/Co (10)/undoped

<15} Co (10)/n-Si-10

200 400 600

600 800 1000

42
Co (10)/p-Si-0.1

200 400 600
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Exp. data
- = ISHE Fitting
- = AHE Fitting

200 400 600
H (Oe)

600 800 1000
H (Oe)

Fig. 4.24 The voltage signals with 6 is 0 ® for Pt/Co (10)/undoped and all Co (10)/Si

samples. The black, red dash and blue dash-dot curves are experiment data, ISHE and

AHE fitting curves, respectively
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Fig. 4.25 The plot of V;syr with microwave power which is varied from 20 to 100 mW

for all Pt/Co (10)/undoped and all Co (10)/Si samples.

The Eq. 2.26 shows that the sign of V;syr depends on the direction of spin current.
The opposite sign in V;gyp indicates that the spin current flows in two different
directions: one is into Si-sub. and the other is out of Si-sub.. Since the Vsyp in the
reference sample is positive and the direction of spin current is into the Pt (out of the Si-
substrate). On the other hand, the spin current is out of Si-sub. in the Co/undoped-Si
sample and conversion to charge current in the Co layer, called as self-induced
ISHE.!71% The negative V;gyz shows that the direction of spin current is into the Si-
sub. and conversion to charge current in the Si-sub..

The thickness-dependence Visyrp and lisyp (= %) are shown in Fig. 4.26 and

4.27, respectively. The resistance values can be obtained by two different methods: the
two-point probe (use in this study) and the equivalent circuit model. The comparison of

resultant resistance is shown in Appendix A.
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Fig. 4.26 The thickness-dependence data of V;gyy for reference sample and sample A.
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Fig. 4.27 The thickness-dependence data of I, for reference sample and sample A.

For reference sample, the Visyr and I;gyr has maximum value at 10 nm and 20
nm, respectively. For Co (t.,)/p-Si-10, Co (tc,)/n-Si-10, Co (tc,)/p-Si-0.1 and Co
(tco)/p-Si-0.005, the behavior is similar to the reference sample but observed opposite
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signals for Visyp and I;syg. For Co (tc,)/undoped-Si sample, the Visyp is decreases

with increasing t;, butthe [;gyy is independent on t.,.

The data of V,gy(0) is plotted in Fig. 4.28 for Pt/Co (10)/undoped and all Co

(10)/Si samples. For Pt/Co (10)/undoped and Co (10)/p-Si-0.005, the V,syz(0) has a

close value at low angle and it decreases near 6y, = 90", For Co (10)/n-Si-10, Co (10)/p-

Si-10 and Co (10)/p-Si-0.1, the V;syz(0) decreases with increasing 8. The curvature

of Visyr(8) — 6y curves depends on the doping concentration and carrier type of Si. For

Co (10)/undoped-Si, the V,¢yr(6) has maximum value at 8y near 80° and 100 . The

angular dependent FMR spectra and voltage signals are shown in Appendix B.
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Fig. 4.28 The Visyr — Oy curves for Pt/Co (10)/undoped and all Co (10)/Si samples.
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4.1.7  Spin lifetime and spin diffusion length of Si

The spin precession is one of the method used to detect spin lifetime in FM/SC spin
pumping system. The free spins in SC makes a precession around the axis parallel to H
and gradually relaxes back to a static state after some time, which as called the spin
lifetime. In this work, the study of 75 and 6,54z Of Si is focused on Co/p-Si-10, Co/n-
Si-10, Co/p-Si-0.1 and Co/p-Si-0.005 samples because the spin pumping results showed
that the spin current flow into Si layer in these samples.

The 74 in Si can be extracted by fitting the normalized V;gyr(8) using equation
Eq. 2.50 and Eq. 2.51.

Visne(On) = A X jg§ X
_x

t _x/ ¢ VDNTs
cos Oy cos(By — Oy) [, e VPNTsdx + sin Oy sin(By — Oy) [ e /VHerTsdy

Eqg. 2.51

the normalized value of Vigyp(8) [Visye(On)/Visur(0)] is plotted in Fig. 4.29 for Co
(10)/n-Si-10, Co (10)/p-Si-10, Co (10)/p-Si-0.1 and Co (10)/p-Si-0.005. In Fig. 4.29, the
red solid cures are the fitting result of normalized V;syr(6) by inserting the following
essential parameters: the f is 9.8 GHz, y is 1.77 rads"'T"!, h, is 1.4 X m G,
Pmw is 50 mW, t,. is 500 um for Si, M, is 1264 Oe, the 8,, are obtained in section
4.1.5 and the other parameter (a, gg}f and Dy) are listed in Table 4.4. The 7, and
A = \/m are obtained from fitting results. For p-type Si, the 74/A; decreases from
160 ps/380 nm to 12 ps/40 nm, respectively, upon increasing N from 2.8x10'° to 1.7x10"
cm™. For n-type Si of N of 8.1x10"%cm>, the 7, and A, are 180 ps and 870 nm,
respectively. The computer code for obtaining the normalized value of Vgyp(0y) is
shown in Appendix C.
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Fig. 4.29 The normalized value of Visyr(0y) [Visur(0y)/Visye(0)] versus 6, and the

fitting result (rea solid curves) for Co (10)/p-Si(10), Co (10)/n-Si(10), Co (10)/p-Si(0.1)

and Co (10)/p-Si(0.005) samples.
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Table 4.4 The calculation result and parameter of spin lifetime and spin diffusion length,
respectively for Co (10)/p-Si-10, Co (10)/n-Si-10, Co (10)/p-Si-0.1 and Co (10)/p-Si-

0.005 samples.

Co/ Co/ Co/ Co/
Sample
n-Si-10 p-Si-10 p-Si-0.1  p-Si-0.005
!
Gers
o 4 5.3+0.4 5.1+0.3 4.9+0.3 5.2+0.3
(10 m )
Dy
4243 9.0+0.5 6.0+£0.4 1.4+0.1
(cm?/s)
tS
180+9 160+8 92+5 12+1
(ps)
As
870+44 380+20 235+12 40+2
(nm)

According to theoretical report,>® the SOI of SC depends not only on intrinsic SOC
but also the doping concentration and the dopants. This effect is due to donor-induced

spin scattering, called as Donor-driven spin relaxation. The spin lifetime can be show as

1 4N mea6
= ”;;h4 B [2m,e,(6|n|% + 1)A2, Eq.2.10

Ts(ek)

the value of Ag, is dependent on both the SC itself and dopant (host and impurity).

Accordingly, the spin lifetime is dependent on doping atom and it is inverse proportional

to doping concentration (Ni). For this study, the relation between 7,/A; and N of Si are
d

displayed in Fig. 4.30 and Table 4.4. The 7, decrease with increasing N for same doping

atom and it is consistent with theoretical report. According to literatures report,**3 the
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experimentally obtained spin dynamic parameters are related to the properties of FM
material, the roughness of interface and the technique of measurement. The 7, and A,
values we obtained (12 ps and 40 nm) are very close to that estimated (9 ps and 56 nm)

by Saitoh’s group with the same method and similar doping concentration of p-Si.>

200

] i [ ] p_S|
—~~ e n-Si
(7]
£ 100} .
l\)m
O - L L L L L "
900 ¢
€
c 600
~
<" 300} -
[ ]
ey B

O e aaaaaal e aaaaaal e aaaaaal s aaaaal A
1E14 1E15 1E16 1E17 1E18 1E19
Concentration (cm™)

Fig. 4.30 (a) spin lifetime and (b) spin diffusion length versus resistivity of Si for Co

(10)/p-Si(10), Co (10)/n-Si(10), Co (10)/p-Si(0.1) and Co (10)/p-Si(0.005) samples.

4.1.8 Inverse spin Hall angle of Si

The last but not the least parameter to derive is 6;syg. The spin pumping results show
that the spin current flow to opposite direction for the different Co/Si samples. For the Co
(tco)/undoped-Si, the spin current flows into Co and induces a positive Vigyp value via
ISHE in the Co layer, as call sell-induced ISHE. The following Eq. 2.46 describes the
charge current generated by ISHE:

I, = O,5ugW (Zf) Actanh (ZtTN) jo  Eq 2.46
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the obtained value of I. for all Co (10)/Si samples is listed in Table 4.5. It is worthy to
note that the I. of Co/undoped-Si is much smaller than other Co/Si samples, which

shows that self-induced ISHE can be neglected in other Co/Si samples. The obtained,
0,syr of Cois 4.1x103 with A, =38 nmand jo =0.47x10° #, which is close to the

reported value (6.3x107%) measured by Hall effect.!?”-1%
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Table 4.5 The calculation result and parameter of inverse spin Hall angle for reference

sample and sample A.

Co/ Co/ Co/ Co/ Co/
Sample
undoped-Si n-Si-10 p-Si-10 p-Si-0.1  p-Si-0.005
a
, 12.6+0.4 12.4+0.4 12.4+0.4 12.2+0.4 13.0+0.4
(10 )
gyff
o 4 4.7+0.2 5.3+0.4 5.1£0.3 4.9+0.3 5.2+0.3
(10 m )
Dy
- 4243 9.0+0.5 6.0+£0.4 1.4+0.1
(cm?/s)
TS
- 180+9 160+8 92+5 12+1
(ps)
As
38 870+44 380+20 235+£12 4042
(nm)
Visue
2.15+0.1 -13.4+0.7 -8.68+0.4 -19.4+0.9 -5.74+0.3
V)
I
0.04+0.02  -0.2+0.01  -0.12+0.01 -0.37+£0.02 -0.16+0.01
(HA)
0
ISHE
4.1+0.2 0.23+0.01  0.32+0.02  1.50+0.07 4.2+0.2
(10%)
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For other Co (t.,)/Si samples, the spin current flows into Si and induce a negative
Visyr value via ISHE in the Si layer. The 6,555 can be accurately extracted by fitting
thickness-dependence data of I, shows in section 4.1.4. The thickness-dependence data
of I, and fitting result (red solid curves) are plotted in Fig. 4.31 for Co/n-Si-10, Co/p-
Si-10, Co/p-Si-0.1 and Co/p-Si-0.005. The vavlue of fiting parameter and fitting result
are shown in Table 4.5. The 8,gy5 increase from 0.32x10 to 4.2x107 with increasing
N from 2.8x10'% to 1.7x10'° cm? for p-type Si. The 8gyp is 0.23x107 for n-type Si with
N of 8.1x10' cm™. Fig. 4.32 shows an inverse relation for A; and 6,gyg. The fit yields
As0,5y=17.2 nm (the red solid curve) for Si, which is close to that Co/Pt system®! (~19

nm) and slightly larger than Py/Pt system (12.8 nm, shown in inset of Fig. 4.32).78110-114

0.0} Co (t.)/p-Si-10 [ 0.0} Co (t)/p-Si-0.1
—~ -0.1f .
<
2
_° 0.2}
'
_0.3.
0.0} Co (t.,)/p-Si-0.005
2 02l -0.2
.
N
—° 0.4}
-0.4} i L
ii 06} " Exp. data
| — Fitting
-0.6 1 1 L . . . . . . . . . . . . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t., (nm) t., (nm)

Fig. 4.31 The plot of I, — t.;, curves and fitting result (red solid curve) for Co (10)/p-

Si(10), Co (10)/n-Si(10), Co (10)/p-Si(0.1) and Co (10)/p-Si(0.005).
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Fig. 4.32 The plot of 0,5y With Ag and the red line shows Ag X 0,5y = 17.2 nm. The

0.0

inset shows that A; X 8,5y = 12.8 for Py/Pt system studied by the FMR-SP technique

and the data obtained from literature.”®110-114

We summarize the 15, A; and Oy for p-Ge, p-Si, p-GaAs, n-GaAs using the
same method as shown in Table 4.6. The value of 0,5y of GaAs have been reported by
two different groups. Saitoh’s group,?’ obtained the 8,5y value of 30x10 for p-GaAs
with N =1.4x10". Kwo’s group*® reported the 6,555 value to be 0.028x107 for the p-
GaAs with N =1x10'®. The large variation could be due to the different doping
concentrations, dopants, thickness and heating effect. Our resultant value of 4.2x107 is
smaller than the value of GaAs with the same doping concentration and same analysis
method, which is attributed to the larger SOI in GaAs. On the other hand, the 0,5y value
of Si obtained from this work, 4.2x1073, is larger than the value of 0.1x10 obtained by

Saitoh’s group for the same doping concentration and dopant, which may be due to the
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large heating effect occurring in their sample. The heating induced dc voltage could make
the extraction of the ISHE voltage difficult. A similar heating effect had been reported in

the GaAS system.*8
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Table 4.6 The value of doping concentration, diffusion constant, spin-diffusion length, spin lifetime and spin Hall angle for p-Ge, p-Si, p-GaAs and

n-GaAs.
Group M. Jamet!!® Shiraishi* J. Kwo?* E. Saitoh?*!!3 This work 11
CoFeB/ Py/ Py/ Py/ Py/ Py/ Co/
Material
p-Ge p-Ge p-GaAs p-GaAs n-GaAs p-Si p-Si
N (cm?) 9x10'8 1x10'8 1~2x10"8 1.4x10" 1.2x10'8 2x10%° 1.7x10%°
Dy (cm?/s) 4.67 - - 2.83 113.75 3.23 1.4
T5 (ps) 0.7 - - 0.1 15 9 12
A (nm) 26 20 163 53 411 56 40
GisuE (x107%) 0.7 0.96 0.028 30 -7 0.1 4.2
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4.2 The dopant effect on spin-orbit interaction in GaAs

4.2.1 Hall effect measurement for GaAs

The mobility and diffusion constant are determined using Eq. 4.1 and Eq. 4.2,

respectively.”®

Ry

Dy = T Eq. 4.2 Einsitein’s relation
e

For GaAs system, the values of p and Ry are 0.07 Q-cm and 15 cm?/C, respectively,
for p-GaAs with N of 3.9x10'7 ¢cm?. The value of p and Ry are 0.001 Q-cm and -1.4
cm’/C, respectively, for n-GaAs with N of 4.3x10'® cm™. On the other hand, the u and
Dy is 158 cm?/Vs and 3.9 cm?/s, respectively, for p-GaAs. The the u and Dy are 1411
cm?/Vs and 35 cm?/s, respectively, for n-GaAs. Table 4.7 shows that the accurate

electrical properties of GaAs and Si with different type of dopants.
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Table 4.7 The parameter of carrier concentration (N), resistivity (p), thickness (t;qa5),

Hall coefficient (Ry), mobility (¢) and diffusion constant (Dy) for GaAs substrate.

Substrate
n-GaAs p-GaAs
name
N
(4.3£0.1)x10'® (3.9+0.1)x10"
(em™)
p
0.00101£0.0005 0.0740.02
(ohm-cm)
tGaAs
350425 350425
(pum)
Ry
(-1.4+0.02)x10° (1.5+0.1)x10!
(cm?/C)
u
1411+200 15845
(cm?/Vs)
Dy (cm?/s) 3545 3.9+0.1

4.2.2 Magnetic properties of Co/GaAs

The magnetic properties of Co thin films for sample B are obtained by analyzing

VSM data. Fig. 4.33 and Fig. 4.34 show the M — H loops of Co (tc,)/p-GaAs and Co

(tco)/n-GaAs, respectively.
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Fig. 4.33 The M — H loops of Co (t;,)/p-GaAs and the t., is 5 nm, 10 nm, 30 nm and

40 nm.
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Fig. 4.34 The M — H loops of Co (tc,)/n-GaAs and the t;, is 5 nm, 10 nm, 30 nm and

40 nm.
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The black squares exhibit M — H loop with in-plane field and the red circles exhibit
M — H loop with out-of-plane field. The M — H loops show that the easy axis is in the
films plane and the hard axis is along the out-of-plane direction. Fig. 4.35 show that the
my 1is linear dependence on t., and the red solid line is the linear fitting result. The M;
is 1303438 emu/cm?® and the MDL is about 1 nm for Co thin films. Although the M, of
sample B is slightly larger than sample A, it is roughly the same within the uncertainty of

data.

| Slops: 476.9 + 14 emu/cm
Area=0.6x0.61 cm’

M_: 1303 + 38 emu/cm’

g
o

-3
m, (10~emu)

o
(0e]
T

= Co(t.)/p-GaAs
e Co(t.)/n-GaAs
Linear Fitting

o
IS
T

0 5 10 15 20 25 30 35 40
t., (nm)

Fig. 4.35 The mg — t., curve for sample B and the red solid lime is a linear fitting result.

Kerr X teo versus tg, areplotted in the Fig. 4.36 (a) and (b) for Co/p-GaAs, Co/n-
GaAs, respectively. The value of K,rr X t¢, is linear dependence on t¢, for sample B.
The linear fitting result (red solid line) is shown in the Fig. 4.36 and it agrees with the Eq.
4.3.The K, and K are extracted from intercept and slope of linear fit of Krr X tpy —
tco curve, respectively. The values of K, and K, are listed in Table 4.8. The K, of

sample B is close to the value of sample A but the K of sample B is one half smaller
112

doi:10.6342/NTU202002113



than the value of sample A. On the other hand, the value of 4mM,; is obtained using

Eq. 4.4 and the average value of 4mM,; is 17k Oe for sample B.

0
Co (t. )/p-GaAs
20k
(\T\
=
L a0t
(@)
E o 1 1 1 1 1 1 1 1
~ Co (t.)/n-GaAs
e
X
)
X -20f
40 F
0 5 10 15 20 25 30 35 40

t., (nm)

Fig. 4.36 The K,pf Xt —t¢, curve for sample B and the red solid limes are linear

fitting result.

Table 4.8 The value of Mg, K, and K for Sample B, Co/n-Si-10 and Co/p-Si-10.

Co/ Co/ Co/ Co/
Sample
n-GaAs p-GaAs n-Si-10 p-Si-10
M
1303+38 1264+20
(emu/cm?)
K,
-11.3£4.5 -11.2+2.8 -11.624.0 -11.843.3
(Merg/cm?)
K
0.7+0.3 0.6£0.3 1.30+0.17  1.34+0.14
(erg/cm?)
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4.2.3  Ferromagnetic resonance and effective damping constant of Co (¢,

nm)/GaAs.

The FMR spectra (black line) for Co (10)/p-GaAs and Co (10)/n-GaAs samples are
shown in Fig. 4.37. The H, and A H are extracted by fitting FMR spectrum using Eq.
4.5 and the fitting results (open circle) are shown in Fig. 4.37. The H, and A H are 560

Oe and 90 Oe, respectively, for all Co (10)/GaAs samples.

1l Co (10)/p-GaAs
0OF
-
=
S a1t
I 1 1 1 1 1
g 5L Co (10)/n-GaAs
=)
0}
Exp. data
2 o Fitting
200 400 600 800 1000

H (Oe)

Fig. 4.37 The FMR spectra (dI /dH vs. H) for all Co (10)/GaAs samples. The open circle

is fitting result using differential form of Lorentzian.

The H, and A H versus t;, are shown in the Fig. 4.38 (a) and (b), respectively,
for sample B. The H, has a minimum value of 558 Oe for all Co (13)/GaAs samples and

A H has a minimum value of 75 Oe for all Co (20)/GaAs samples.
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Fig. 438 The (a) H, and (b) A H versus t¢, changing from 5 nm to 40 nm for sample

B.

Fig. 4.39 (a) and (b) shown the data of H,(8y) and A H(8y), respectively, for Co
(10)/p-GaAs and Co (10)/n-GaAs samples. The red solid curve in Fig. 4.39 (a) are the
calculated results of H,.(6y) using Eq. 4.9 which match with experimental data. The 6y
dependence of the 8y, (calculated by combining Eq. 4.9 and Eq. 4.10 with 4mM,s() are
plotted in Fig. 4.40 and the results show that the behavior of 8,, of sample B is similar

to sample A.
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Fig. 4.39 The angular-dependence data of (a) H,, calculational results of H, (red line)

and (b) A H for all Co (10)/GaAs samples.
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Fig. 4.40 The 0,, versus 8y for all Co (10)/GaAs samples.

116

doi:10.6342/NTU202002113



Using Eq. 4.11, the a can be experimentally determined by fitting the data of
H,.(6y) and A H(8y). Based on the calculation result, the a (black dot) as a function
of tc, and Fig. 4.41 shows the results of sample B. In Fig. 4.41, the red solid lines are
fitting curves using Eq. 4.8; while the blue dash line and green dash-dot line describe
ay + asp and ag + agc, respectively. It is noted that the spin pumping term is dominant
for thinner Co layers (< 25 nm); while the eddy-current damping term is dominant for
thicker Co layer (> 25 nm). This phenomenon is similar to sample A.

e

The gT}f is derived from Eq. 4.8 by inserting the following essential parameters:

2
y is 1.77x10" € -kg', h is 1.054x103* "gs—;"s, M; is 1303 emu/cm’. The obtained

values of gl}f for sample B are shown in the fourth row of Table 4.9 The gl}f of

sample B is 6.8 x10' m™ and it is slightly larger than two samples A (5.0 x10'” m?) and
reference sample( 6.0 x10'* m?), shows in Fig. 4.42. From earlier report, the gl value
is 3.7 x10"¥ m?2 and 4.7 x10'® m? for Py/p-GaAs and Py/p-Si, respectively; These results
show that the spin injection efficiency of Co/SC is higher than the Py/SC, which is

consistent with the literature report in FM/Pt system.*’
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Fig. 4.41 The a versus t;, curve for sample B. The red solid lines, blue and green dash-
dot curves are described ag+ asp + @gc, o+ asp and «y + agc fitting curves

according to Eq. 4.8, respectively.
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Fig. 4.42 The gT}f v.s. N for reference sample, sample A and sample B.
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Table 4.9 The fitting results of damping constant and the value of effective spin mixing

conductance for sample B, Co/p-Si-10 and Co/n-Si-10.

Sample Co/ Co/ Co/ Co/

name n-GaAs  p-GaAs n-Si-10 p-Si-10

a0 (107%) 6.7+0.2
Csp
7.9+0.3 7.8£0.2 6.310.4 6.0+0.3
(1011
Cce
3.7£0.4 6.4+0.2 2.2+0.5 2.3+x0.3
(1012
gl#f
6.910.3 6.8+0.3 5.310.4 5.1+0.3
(10°m?)

4.2.4 Inverse spin Hall effect, spin lifetime, spin diffusion length and

inverse spin Hall angle of GaAs

In this section, we will discuss the t;, A; and 0,5y in the GaAs. The FMR
spectra and voltage signals are displayed in the Fig. 4.43 (a) ~ (b) and Fig. 4.44 (a) ~ (b),

respectively, for Co (10)/p-GaAs and Co (10)/n-GaAs samples.
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Fig. 4.43(a) The FMR spectrum for Co (10)/p-GaAs sample (b) voltage signals for Co

(10)/p-GaAs sample (c) The black, red dash and blue dash-dot curves are experiment data,

ISHE and AHE fitting curves using Eq. 4.6.
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Fig. 4.44 (a) The FMR spectrum for Co (10)/n-GaAs sample (b) voltage signals for Co

(10)/n-GaAs sample (c) The black, red dash and blue dash-dot curves are experiment data,

ISHE and AHE fitting curves using Eq. 4.6.
120

doi:10.6342/NTU202002113



The V(6y) shows the reverse signal when the 6 direction changes from 0 to

180 . Fig. 4.43 (c) and Fig. 4.44 (c) show the fitting results of V using Eq. 4.6 for Co

(10)/p-GaAs and Co (10)/n-GaAs samples, respectively. The black, red dash and blue
dash-dot ccurves are experiment data, symmetric and asymmetric fitting curves,
respectively. From fitting results, a negative Vsyp value of -17.6 and -4.3 uV is obtained
at 100 mW for Co (10)/p-GaAs and Co (10)/n-GaAs samples, respectively. Fig. 4.45
shows that the values of V,gyr increases linearly with increasing Pmw from 20 to 100
mW for Co (10)/p-GaAs and Co (10)/n-GaAs samples. These results show that the
direction of spin current is into the GaAs substrate. Fig. 4.46 (a) and (b) shown the

thickness-dependence Vigyr and Iisyg (EV’;HE ), respectively. The Vgyp has

maximum value at 20 nm for sample B. However, the [;syr has maximum value at 30

nm and 25 nm for Co/p-GaAs and Co/n-GaAs, respectively.

0
[}
® [}
[ J
| | [ ]
®
5
9 "
2 8
T 10}
2
> .
}
-15 F
Co (10)/p-GaAs
e Co (10)/n-GaAs %
0 20 40 60 80 100
P (MW)

Fig. 4.45 The plot of V;syr with microwave power which is varied from 20 to 100 mW
for all Co (10)/GaAs samples.
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Fig. 4.46 (a) and (b) The thickness-dependence data of V;syr and 1., respectively for

sample B.

The 7, in GaAs can be extracted by fitting the normalized V;syz(60) using
equation Eq. 2.50 and Eq. 2.51

Visue(0y) = A X j2 %

_X
DN‘L'S

_X
cos Oy cos(0y — Oy) fot“ e NPWesdy + sin 0, sin(8y — Oy) fot“e LT gy

Eq. 2.51
The normalized value of Vigyp(0) [Visye(0y)/Visur(0)] are shown Fig. 4.47 (a) and (b)
for Co (10)/ p-GaAs and Co (10)/ n-GaAs, respectively. In Fig. 4.47, the red solid curves
are the fitting result of normalized V;syz(6) by inserting the following essential
parameters: the f is 9.8 GHz, y is 1.77 rads"' T, h, is 1.4 X /Py G, Puw is 50
mW, tg. is 350 um, M is 1303 Oe, the 6,, are obtained in section 4.2.2 and the other
parameter («, gg} s and Dy) are listed in Table 4.10. The fitting results show that the 7
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and A is 100 ps and 197 nm, respectively, for p-GaAs. Moreover, the 7, and A is 90

ps and 561 nm, respectively, for n-GaAs.
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Exp. Data
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/
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0

30 60

90 120 150 180

6, (degree)

Fig. 4.47 The normalized value of Visyr(0y) [Visur(0y)/Visye(0)] versus 6 and the

rea solid curves is fitting result for all Co (10)/GaAs samples.

The 6,5y can be accurately extracted by fitting thickness-dependence data of I,

see in section 4.1.4. Fig 4.48 shows that the thickness-dependence data of I. and fitting

results (red solid curve) for sample B. From the fitting results, the 8,y is 0.96x107

and 0.10x107 for p-GaAs and n-GaAs, respectively. The value of fitting parameter and

the fitting result are shown in Table 4.10. From our results, the 6,5y of p-Si-10

(0.32x107%) is slightly larger than n-Si-10 (0.23x107) and 6,55 of p-GaAs (0.96x107)

is one order larger than n-GaAs (0.10x107); but its sign is independent on the carrier

type.!!’
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Fig. 4.48 The plot of 1. — t, curves for sample B and the red solid curves are the fitting

result.

To examine the universality of our results, we summarize the reported experimental
values of O;syp for various SCs as listed in Table 4.11. Since the SOI of SC depends on
both the doping concentration and the atomic number of dopant (Z),’*!1® we only compare
the samples with similar doping concentration and dopant. For GaAs of N ~ 108, our
experimental value of 0.10x107 is comparable to the value of 0.19x107 obtained by
Kwo’s group*® , but is one order smaller than the value of 7x10 obtained by Saitoh’s
group.’® The SCs with different type of carriers have the same sign of 8,5y except for
the result of Saitoh’s group. Although the result of same sign of 6,5y is against the
general expectation of an opposite sign due to the opposite charge property of electron
and hole, it can be explained with the competition between the intrinsic and extrinsic SOI
mechanism.!? As to the large discrepancy between our data and Saito’s, it may be related

12

to the large uncertainty in Saito’s data due to the weak voltage signal.”” The magnitude

of V;syp obtained in this work is three order higher than that from Saito’s group.
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To investigate the influence of dopant on the SOI induced spin-charge conversion,
the data of 8,5y vs. Z for different SCs are shown in the Fig 4.49 (a), indicating 6,5yg
increases with increasing Z for Ge- and GaAs- but not for Si-system. For Si-system, the
influence of Z is much less, which is attributed to the low atomic number of dopant
compared with GaAs and Ge. As mentioned in the theoretical background, the magnitude
of SHE is determined by the combination of intrinsic and extrinsic scatterings.!!” The
intrinsic one depends on the band structure, and the extrinsic mechanisms include the
skew-scattering and the side-jump scattering. For GaAs, the skew-scattering is the
domination mechanism due to its relatively high mobility,> thus the magnitude of 8,55
should scale with the SOI of dopant atom. In principle, the strength of SOI is a power law
of Z; but how fast SOI increasing with Z depends on the band character of outer
electrons of atom.%>!!>118 Since the dopants in the listed GaAs samples are Be, Si and Zn
with the outer electronic band of's, d and p respectively, the Z dependence of SOI cannot
not be simulated with a specific atoms. An empirical trend of Z? was proposed as an
overall systematic variation of SOI without considering the change from one element to
element.!'® By combining the data of Ref. 46 (solid circles) and this work (solid squares),
Fig 4.49 (b) plots the data of 8,54y vs. Z for GaAs. The solid curve is the fitting result
using the relation of Z? proposed by Landau and Lifshitz, confirming the important role

of outmost electron of dopant on the spin-charge conversion in GaAs.!!®
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-3
HISHE (107)

Fig. 4.49 (a) Plot of the 0,5y vs. Z for various SCs listed in Table 4.11 and (b) for
GaAs system with the black line being the fit of Z2.

126

doi:10.6342/NTU202002113



Table 4.10 The calculation result and parameter of inverse spin Hall angle for sample B,

Co/p-Si-10, and Co/n-Si-10.

Sample Co/ Co/ Co/ Co/
name n-GaAs p-GaAs n-Si-10 p-Si-10
gyff
o 6.9+0.3 6.8+0.3 5.3+0.4 5.1+0.3
(10 m )
Dy
35+5 3.9+0.1 4243 9.0+0.5
(cm?/s)
TS
90+5 100£5 180+9 160+8
(ps)
As
561+28 19710 870+44 380+20
(nm)
0
ISHE
0.10+0.01 0.96+0.05 0.23+0.01 0.32+0.02
(10%)
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Table 4.11 The experimentally results of the team that simultaneously studied the 6,55 and A; of n- and p-type SC.

Group M. Jamet!!>:119:120 J. Kwo* E. Saitoh® J.G. Lin'® This work
Exp. As: Hanle effect. As: Theoretical value. As and Oisue: Spin As and Oisue: Spin As and BisuE: Spin
method O1suE: Spin pumping O1suE: Spin pumping pumping pumping pumping
Material n-Ge p-Ge n-GaAs p-GaAs n-GaAs p-GaAs n-Si-10 p-Si-10 n-GaAs p-GaAs
Dopant
P (15) B (5) Si (14) Be (4) Si (14) Zn (30) P (15) B (5) Si (14) Zn (30)
2)
N (em?) | ~10" 9x10'® 1~2x10'® 1.4x10"  1.2x10" | 1.4x10"  8.1x10" | 2.8x10"°  4.3x10'®
75 (ps) 400 0.7 - - 15 0.1 180 160 90 100
A; (nm) 1300 26 94 (4.2K) 163 411 53 870 380 561 197
O1sue
1~2 0.7 0.19 0.028 -7 30 0.23 0.32 0.1 0.96
(107)
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Chapter 5 Conclusion

A series of uniform quality Co thin films are deposited on the Si and GaAs single
crystals by magnetron sputtering system. These samples are used to study the behavior of
spintronic transport and dopant effect on spin-orbit interaction in the Si and GaAs single
crystals, by the FMR-SP and ISHE-probe technique. The pure spin current is successfully
injected into the Si and GaAs single crystals by FMR and spin signal can be measured
using ISHE.

The p-type Si single crystals with N ranging from 8.1x10' to 1.7x10' ¢m™ are used.
Various critical parameters, such, 7, Ag and 0,5y are obtained. For p-type Si, the A
decreases from 380 nm to 40 nm and the 8,y increases from 0.32x107 to 4.2x1073,
respectively, upon increasing N from 2.8x10'" to 1.7x10" cm™. For n-type Si with N =
8.1x10'™ cm™, the 7, and 6,5y are 870 nm and 0.23x1073, respectively. The
experimental results show that these parameters can be tuned by the doping concentration
and the dopant atoms in the Si. A constant value of A;0;5yr (17.2 nm) for Si is found to
be slightly larger than Py (12.8 nm), indicating that Si is as effective as Pt in terms of
converting the spin current for the application of spintronic devices.

On the other hand, the A, and 6,54z are 197 nm and 0.96x1073, respectively, for
p-GaAs with N=3.9x10"7cm™. The A; and 6,5y is 561 nm and 0.1x1073, respectively,
for n-GaAs with N of 4.3x10'%cm™. The 6,¢y5 is found to have the same sign for n-type
and p-type GaAs, but its magnitude is one order larger in p-type than n-type, which is
attributed to the higher atomic number of dopant in p-type GaAs. Furthermore, the
relation of @5y vs Z is found to follow the Landau-Lifshitz Z2 scaling, in consistent
with the model considering only the outmost electron for non-specific atoms. This study
provides a deeper understanding for the influence of dopant atom on the spin-charge
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conversion rate of SC, which benefits the future applications of energy-saving spintronic
devices.

According to overall results, the magnitude of 6,5y is sensitive to the doping
concentration and atomic number of dopant, but the sign of 8,5y is independent on the
carrier type. This work demonstrates an effective route to tune the efficiency of spin-
charge conversion by changing the doping concentration and dopant atoms in the SC
system. The implication of these results indicates that the ISHE of SC is dominated by
the extrinsic scattering mechanism instead of the intrinsic mechanism and the SOI of
dopant atoms play an important role in the ISHE of SC. Owing to the energy saving
resulted from the zero-dispassion of spin current, this study benefits the development and

design of spintronic devices, such as new type of field emission spin-based MOSFET.
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Appendix A

The resistance values can be obtained by the two different methods: the two-point
probe and the equivalent circuit model. The equation of equivalent circuit model is shown

as

R = ReoRsc
(Rco *+ Rsc)

L
Reosc =p 1

where R is total resistance, R, is resistance of Co layer and Rg. is resistance of SC
layer, p isresistivity, L and A is length and cross-section area of sample, respectively.
The conductivity of Co is 3.57 (uQ-m)™! and it was measured by four-point probe.

The comparison results of resistance are show in the table I ~ II and Fig. [ ~V for

sample A; the two-point probe (black squares) and the equivalent circuit model (red

circles).

Table I The values of resistance are measured by two-point probe for sample A.

. SUb- | ndoped-Si | n-Si-10 | p-Si10 | p-Si01 | p-Si-0.005
5 nm 187.0 174.7 172.1 140.4 83.8
7 nm 923 96.8 142.0 80.6 50.5
10 nm 48.6 477 72.5 523 34.6
13 nm 52.7 324 41.1 34.6 292
15 nm 325 30.6 298 276 252
20 nm 224 207 23.9 19.4 19.6
25 nm 16.3 16.8 19.7 183 208
30 nm 15.2 16.9 17.8 14.2 14.9
40 nm 10.8 113 10.7 12 8.9
139

doi:10.6342/NTU202002113



Table II The values of resistance are calculated by equivalent circuit model for sample A.

Sub.
) undoped-Si n-Si-10 p-Si-10 p-Si-0.1 p-Si-0.005
Co
5 nm 112.0 69.6 84.5 5.69 0.2793
7 nm 80.0 55.8 64.9 5.58 0.2790
10 nm 56.0 42.9 48.2 5.42 0.2786
13 nm 43.1 34.9 38.3 5.27 0.2782
15 nm 37.3 31.0 33.7 5.17 0.2779
20 nm 28.0 243 259 4.94 0.2772
25 nm 22.4 20.0 21.0 4.73 0.2765
30 nm 18.7 16.9 17.7 4.54 0.2759
40 nm 14.0 13.0 13.5 4.20 0.2745
200 = Two-point probe
[ ® Equivalent Circuit model
Co (t,)/undoped-Si
150

—_

G .

~ 100}

D: | |

[
50 | L
*3
H o
= ] 8
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Fig. I The comparison results of Co (¢c,)/undoped-Si.

140

doi:10.6342/NTU202002113



200

150

R (Q)

100

50

m  Two-point probe
® Equivalent Circuit model

Co (t.,)/p-Si-10

¢ 8
[]
2 e .
[ ]
5 10 15 20 25 30 35 40
t., (nm)

Fig. Il The comparison results of Co (¢c,)/p-Si-10.
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Fig. Il The comparison results of Co (¢c,)/n-Si-10.
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Fig. IV The comparison results of Co (zc,)/p-Si-0.1.
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Fig. V The comparison results of Co (¢c,)/p-Si-0.005.

142

doi:10.6342/NTU202002113



The comparison result of resistance are show in the table III ~ IV and Fig. VI ~ VII

for sample B; the two-point probe (black squares) and the equivalent circuit model (red

circles).

Table III The values of resistance are measured by two-point probe for sample B.

Sub.
n-GaAs p-GaAs
tco
5 nm 240.0 170.0
7 nm 126.0 76.0
10 nm 48.0 50.0
13 nm 82.0 69.7
15 nm 32.8 35.0
20 nm 44.0 30.0
25 nm 243 22.4
30 nm 23.0 15.8
40 nm 23.0 11.0

Table IV The values of resistance are calculated by equivalent circuit model for sample

B.

Sub.

n-GaAs p-GaAs
tco
5 nm 0.05697 3.85
7 nm 0.05696 3.80
10 nm 0.05694 3.72
13 nm 0.05692 3.65
15 nm 0.05691 3.60
20 nm 0.05688 3.49
25 nm 0.05686 3.39
30 nm 0.05683 3.29
40 nm 0.05677 3.10
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Fig. VII The comparison results of Co (¢co)/n-GaAs.
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Appendix B

The FMR spectra and voltage signals are measured with different 8y (change from

0 to 180°) for Pt/Co (10)/undoped, Co (10)/undoped-Si, Co (10)/p-Si-10, Co (10)/n-Si-

10, Co (10)/p-Si-0.1, Co (10)/p-Si-0.005. Due to the instrument limit, we could not

measure the FMR spectra at the out of plane, 6 is 900, for all samples.
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Fig. I The FMR spectra with 8y changing from 0 to 180 for Pt/Co (10)/undoped.
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Fig. Il The voltage signals with 8y changing from 0 to 180 for Pt/Co (10)/undoped.
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Fig. IV The voltage signals with 8y changing from 0 to 180 for Co (10)/undoped-Si.
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Fig. VI The voltage signals with 8y changing from 0 to 180 for Co (10)/p-Si-10.
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Fig. VII The FMR spectra with 8y changing from 0 to 180 for Co (10)/n-Si-10.
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Fig. VIII The voltage signals with 8y changing from 0 to 180 for Co (10)/n-Si-10.
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Fig. IX The FMR spectra with 8y changing from 0 to 180 for Co (10)/p-Si-0.1.
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Fig. X The voltage signals with 6y changing from 0’ to 180 for Co (10)/p-Si-0.1.
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Fig. XI The FMR spectra with 8y changing from 0 to 180 for Co (10)/p-Si-0.005.
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Fig. XII The voltage signals with 6, changing from 0 to 180" for Co (10)/p-Si-0.005.
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Fig. XIII The FMR spectra with 8y changing from 0 to 180 for Co (10)/p-GaAs.
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Fig. XIV The voltage signals with 8y changing from 0 to 180 for Co (10)/p-GaAs.
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Fig. XV The FMR spectra with 8y changing from 0 to 180 for Co (10)/n-GaAs.
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Fig. XVI The voltage signals with 8, changing from 0 to 180  for Co (10)/n-GaAs.
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Appendix C

The computer code for obtaining the normalized value of Vigyr(6y). (Eq. 2.51)

clear all;

data='data input.txt';

input=load(data);

a=input(:,1); % theta H
b=input(:,2); % theta M
a=a*pi/180;

b=b*pi/180;

g=4.8%10A19 % mixing conductance

Ms=1270 % saturation magnetization (emu/cmA3)

fourMs=(4*pi*Ms*(10A-4))

p=50%10A-3; % Power of magnetic field

h=(1.4*(sqrt(p)))*(10A-4) % magnetic of Mw

alpha=0.0130

hbar=1.054%10A-34

gamma=1.77*10A11; % gyromagnetic ratio
£=9.8%10A9; % frequency
omega=2*pi*f % omega
DN=0.00036 %diffusion constant
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omegalL=1*10A10

1 = linspace(le-10,2.8e-10,10);

Nv = length(1);

js=zeros(11,1)

for i=1:11

js(i)=((g* (gammaA2) * (hA2) *hbar) * (fourMms*gamma* ((cos (b(i)))A2)+sqrt((fourMsA2)* (gammaA2) *

((cos(b(i)))A4)+(4*omegar2)))). ..

/((8*pi*(alphar2))*((fourMsA2)*(gammar2)*((cos(b(i)))A4)+(4*omegar2)))

end

for i=1:11

for j =1:Nv

fun = @(x) exp(-x./1(G));

VISHE(i,j)=js(i)*cos(b(i))*integral(fun,0,5e-4, 'RelTol1"',1le-9, 'AbsTo1"',1e-9);
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end

end

for i =1:10

NOrVISHE(:,i) = VISHE(:,i)./ VISHE(1,1);

end

% Vspin=zeros(11l,1);

for i=1:11

for j =1:Nv

fun = @(x) exp(-x./(ON*1(3)).A(1/2));

funl = @(x) real(exp(-x./(sqrt(dN*1(j))/sqrt(1l+1li*omegaL*1(j)))));

% funl = @(x) real(exp((-x./(sqrt(DN*1(j))))*sqrt(1+1li*omegaL*1(j))));
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% Vvspin(i,j)=jsCGi)*...

% ((cos(a(i))*cos((aCid)-b(i))))*integral(fun,0,5e-4, 'RelT01',1e-9, 'AbsTol"',le-
9).

% +((sinCa(i))*sin((aCi)-b(i))))*integral(funl,0,5e-4, 'RelT01',1e-9, 'AbsTol"',le-
9);

aaa=(cos(a(i))*cos((a(i)-b(i))))*integral(fun,0,5e-4, 'RelTo1"',1e-9, 'AbsTo1"',1e-9)

bbb=(sin(a(i))*sin((a(i)-b(i))))*integral(funl,0,5e-4, " 'RelTo1"',1e-9, 'AbsTol1"',1le-9)

Vvspin(i,j)=js(i)*(aaa+bbb)

end

end

for i =1:10

Norvspin(:,i) = Vspin(:,i)./ Vspin(1,i);

end

157

doi:10.6342/NTU202002113





