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ABSTRACT

Spin-orbit coupling (SOC) is a relativistic interaction between spin and orbital
momentum that induces a plenty of novel phenomena including spin Hall effect
(SHE), Rashba-Edelstein effect (REE), topological surface states (TSS), spin orbit
toques (SOTSs), etc. In this thesis work, we have conducted relevant researches in order
to develop materials and heterostructures, as well as new phenomena that can lead to
high efficiency in generating SOTSs or switching the magnetization. We have also
investigated fabrication technique that speeds up the fabrication of nanoscale devices.

A nanofabrication procedure has been developed based on shadow mask and
angle deposition techniques. It is an efficient bottom-up, as oppose to top-down
lithography technique, to fabricate rather complicate devices. A comprehensive study
of shadow mask technique has been accomplished to fabricate magnetoelectric (ME)
device based on voltage controlled boundary magnetism of antiferromagnet Cr.O3 and
magnetic tunnel junctions.

The researches on SOTSs focus on SHE, REE and TSS in which a charge
current is converted into spin current that exerts the SOTs on the magnetization of
neighboring ferromagnetic layer. First, we have studied the charge to spin conversion
efficiency in 3d light transition metal vanadium in VV/CoFeB bilayer, which shows a
surprisingly large spin Hall angle that is comparable to that of Pt. Second, we have
investigated the temperature dependent SOTs in Bi>Ses/Co and BizSes/NigoFe2o
bilayers, and confirmed the existence of TSS in Bi>Ses/Co systems. Finally, we have

discovered a novel spin rotation behaviors in a ferromagnetic metal, where the spin

XViii



polarization is rotated around the magnetization. It implies that a perpendicularly
polarized spin current can be generated by an in-plane charge current through a
ferromagnetic metal, which can be applied to realize the anti-damping switching

process in magnetic heterostructures.
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Chapter 1

INTRODUCTION

1.1 Giant Magnetoresistance

The development of spintronics has been triggered by the discovery of giant
magnetoresistance (GMR) in 1988 [1-2]. Since then the spin degree of freedom is
becoming an important tool to manipulate charges with spins, and vice versa.
Compared with conventional electronic devices, spintronics devices could have lower
power consumption, faster response speed, as well as non-volatility properties.
Therefore, the spintronics application in solid state memories becomes one of the most
important field of research.

GMR effect happens in electron transport process in a sandwich structure
composed of ferromagnetic (FM)/non-magnetic (NM)/ferromagnetic (FM) thin film
stacks [3], which is also known as spin valve structure. Due to the presence of
“majority band” (or spin-up band) and “minority band” (or spin-down band) in
electronic band structures of FM, the spin-up and spin-down electrons have different
conduction or scattering rates [4-5]. When conduction electrons have the same spin
direction with the magnetization orientation in FMs, they will experience less
scattering. Thus, when two FM layers in a spin valve have the parallel magnetization
orientation, the spin-up electrons are able to transport through both FM electrodes with
lower resistance. For the anti-parallel configuration, either spin-up or spin-down

electrons have high scattering rate going through two FM layers, the spin valve



exhibits a higher resistance. The discovery of GMR has significantly impacted on
applications, leading to unprecedented storage density in computer hard drives [6-8].

Another important finding in spintronics is the tunneling magnetoresistance
(TMR) of magnetic tunnel junctions (MTJs). The metallic NM spacer in spin valve is
replaced with amorphous tunnel barrier (AlOx) [9-10] and later with crystalline barrier
(MgO) [11-12]. Similar to spin valves, the resistance of MTJ is different from parallel
and anti-parallel magnetic configurations of two FM layers. The value of TMR is
usually higher than GMR. Especially, for MgO-based MTJs, TMR can be more than
200% [13]. MTJs with high TMR are promising candidates for making magnetic
random access memory (MRAM), which is fast, nonvolatile and potential for high
density [8].

MRAM stores information in nanometer magnet. For MTJ-based MRAM, the
binary information, 1 and 0, is encoded with parallel and anti-parallel magnetization
between two magnetic electrodes, respectively. The information can be read out
through the resistance measurement. Comparing with the reading process, it is much
more challenging to write the information which requires the magnetization switching
in one of the FM electrodes. The early designs of MRAM use current generated
Oersted field to switch memory cell bits, which causes several problems. First, it is
difficult to switch a bit locally without affecting the neighboring bits since it is
difficulty to shield the magnetic field. Second, it consumes too much energy to
generate a sufficient field to switch a FM layer [14].

To solve these problems, researchers are searching for new magnetization
switching technologies for the next generation of MRAM. One potential solution is to

use spin transfer torque (STT) phenomena.



1.2 Spin Transfer Torque

In 1996, Slonczewski [15] and Berger [16] independently predicted the
existence of STT, which was later named as Slonczewski torque. When a charge
current which has equal number of spin-up and spin-down electrons, i.e. Ny = Ny, goes
through the first FM layer, the difference in scattering rates for spin-up and spin-down
electrons polarizes the charge current, resulting in an outgoing spin polarized current
(N1 #Nj). When this spin polarized current with non-zero net spin angular momentum
enters the second FM layer, the spins with their direction transverse to the
magnetization direction of the second FM layer are absorbed. Because of the
conservation of the angular momentum, the magnetization direction of the second FM
layer is altered, i.e. the absorption of the transverse spin angular momentum creates a
torque on the magnetization or the spin angular momentum of incoming spin polarized
current is “transferred” to the magnetization. This current induced torque is called
STT, which is predicted to be strong enough to switch the magnetization for a
sufficient current.

The first nanoscale magnet switching has been realized in Co/Cu/Co metallic
spin valve structure [17-18], and later in 2004, this switching phenomenon was also
demonstrated in nanoscale AlOx-based MTJs [19-20]. From the perspective of
practical applications, MgO-based MTJs have much higher spin polarization than
MTJs with an amorphous tunnel barrier, which are capable to generate spin current
with higher spin-polarization, leading to higher switching efficiency. Meanwhile, the
much larger TMR also gives rise to much stronger signal for reading out the
information. The STT-assisted switching has then been demonstrated in MgO-based

junctions [21-22]. Thereafter, much effect has been devoted to the development of



spin transfer torque magnetic random access memory (STT-MRAM) device based on
MgO-MTJs.

STT presents an efficient means to switch the magnetization. The critical
current density to switch a perpendicular magnetization is proportional to the energy
barrier E, = MsHkV/2 [23], where Ms is the saturation magnetization, H is the
effective anisotropy, and V is the volume of the free FM layer. For samples with in-
plane magnetization, the critical switching current density is much higher and is
proportional to MsHkV/2 + Ms2V/2 [24]. Therefore, nanoscale magnets with
perpendicular magnetic anisotropy (PMA) are preferred in applications [25]. The
demonstrations of STT-MRAM devices integrated with CMOS processing have been
reported. In 2005, a 4 Kbit STT-MRAM based on CoFeB/MgO/CoFeB junctions was
first reported [26]. Subsequently, 2 Mbit [27], 32 Mbit [28] and 64 Mbit [29] STT-
MRAM were demonstrated.

The critical current density is as high as of the order of 101! A/m?. As shown in
Figure 1.1 (a), STT-MRAM is a two-terminal device so the “write” and “read”
currents go vertically through the sample stack. The high “write” current density will
degrade the structural integrity of MTJs. In addition, STT-MRAM always has heating
and resistive losses issues [14, 25]. Attempt to solve these issues led the discovery of

spin-orbit torque (SOT) discussed below.

1.3 Spin Orbit Torque

Current-driven SOT arises from the spin-orbit coupling (SOC) [30-33]. If a
NM has strong SOC, an in-plane charge current going through the NM will create a
transverse pure spin current in which electrons with opposite spin polarizations move

in opposite direction. The spin current enters an adjacent FM layer in NM/FM bilayer



films and exerts the spin torques on the magnetization in FM layer. This phenomenon
is called as SOT.

The discovery of SOT leads to a new type of memory device, a three terminal
SOT-MRAM [14], which is shown in Figure 1.1 (b). In STT-MRAM devices, the
write and read lines share the same path, and a large “write” current goes through the
MTJ (Figure 1.1 (a)). In SOT-MRAM devices, the large “write” current flows through

the NM film plane, while the much smaller “read” current goes through the MT]J cell.

Transistor

Transistor

Figure 1.1  The bit-cell architecture of (a) 2-terminal STT-MRAM and (b) 3-terminal
SOT-MRAM.

In addition to switch a magnetization, SOT can also be used to efficiently
move magnetic domains much faster than those moved by STT [34-36], to drive
magnetic auto-oscillations [37] even in devices with an extended size [38]. In this

thesis, we will mainly focus on the understanding of SOT in magnetization switching.



1.3.1 Spin Hall Effect

The spin Hall effect (SHE) is deeply related to SOT phenomena. The SHE was
firstly discussed by Dyakonov and Perel [39-40] in 1971, and reinvigorated by Hirsh
in 1999 [41]. The SHE could be mathematically described as Q. = (%/2e)0snjcX o,
where 7 is the reduced Planck’s constant, € is the electron charge, Q. is the spin
current density, jc is the charge current density, and @sn represents the efficiency of the
charge to spin conversion which is also defined as spin Hall angle. In NM/FM
structures, the spin current is generated in directions transverse to the in-plane charge
current due to the SHE in the bulk of the NM [42-43]. The SOT applies on the
magnetization of FM due to this spin current could be expressed by the Landau-

Lifshitz-Gilbert-Slonczewski equation

Z—T = —poym X Hege + am X ‘;—T +1pm X (6 Xm) + 15, (0 xm) (1.1)

The third term on the right hand side has a similar form as the damping term in the

equation, and it’s often referred to as the damping-like (DL) torque oL

_ ¢ép1lQqsl
toL = UoMsdrm (1.2)

where uoMs is the saturation magnetization of the FM, drwm is the thickness of the FM,
¢ou Is an interface-dependent coefficient that describes the efficiency of the SOT. In

addition, the spin current could also result in a field-like (FL) torque zrL

TFL — EFL'QO" (13)

HoMsdpy
where &L is the efficiency for the FL torque. There is a debate about the existence of
the FL torque induced by the bulk SHE, since there is an argument that the FL torque
arises from the rotation of spins, which is significantly suppressed by dephasing
process. However, in recent SOT measurements, the nonlocal FL torque have been

observed in Py/Cu/Pt [44-45], CoFeB/Cul/Pt [46], as well as CoFeB/Hf/W [47].



1.3.2 Rashba-Edelstein Effect
Another source for SOT is from the Rashba-Edelstein effect (REE) that was
discussed in two-dimensional electron gas (2DEG) [48-50]. Due to the structural
inversion symmetry breaking at the interface, an in-plane charge current at the
interface experiences an effective magnetic field parallel to the interface and
perpendicular to the charge current. This leads to spin accumulation at the interface.
Because of the exchange coupling between the spin accumulation and the
magnetization of FM, an effective FL torque could also be generated as
Tp, = np (0 X m) (1.4)
where nrL represents the strength of the REE induced FL torque. The spin
accumulation will also process around the magnetization [51-52], which generates an
effective DL torque described as
Tp, =np,m X (6 X m) (1.5)
The REE has been theoretically shown to be proportional to the interface SOC and the
Dzyaloshinskii-Moriya interaction (DMI) [53-54]. These two types of torques, arising
from the interface, have the same form as the torques from bulk SHE contribution. An
important question is how to quantitatively separate the contributions from interface

REE and bulk SHE.

1.3.3 Topological Surface State

Besides the understanding of the mechanism for SOT, it is equally important to
search for new materials that give rise to the optimum SOT. The key is to find
materials with large spin current or spin accumulation. One such class of materials are
topological insulators (T1s) [55-57]. Tls belong to a class of newly discovered “Dirac

Materials” (DMs) [58], where the low-energy excitations are described by relativistic



Dirac or Weyl equations. These materials are usually narrow (or zero) gap
semiconductors where two (or more) bands are strongly coupled near a level-crossing
and lead to massless carriers (Dirac fermions). The most celebrated example of a DM
is Graphene [59]. Unlike Graphene, where intrinsic SOC is small due to the lightness
of carbon atoms [60-61], strong SOC is the key ingredient in TlIs [62]. In TlIs, SOC
opens an energy gap Eg in the bulk and generates conducting edge (in 2D) or surface
(in 3D) electronic states [55-56], where these massless Dirac fermions have spin
direction locked to their momentum. This spin-momentum locking prevents
backscattering of carriers by NM disorders [55-56] that leads to a topologically
protected state. The topological surface state (TSS) [63-65] with spin-momentum

locking feature promises optimum SOTSs.

1.4 Alternative Magnetic Switching Technique

The current induced spin torques accommodate site-specific switching of
magnetization of nano cell bits by current alone without magnetic field. However, the
critical current density is still high on the level of 101*A/m?. In order to further reduce
the energy consumption, an alternative magnetic switching technique, which relies on
electric-field or voltage bias, opens up a new avenue towards the exploring of ultra-
low energy switching spintronics devices. It has been demonstrated the electric-field-
assisted reversible switching in CoFeB/MgO/CoFeB MTJs that involves interface
anisotropy [66]. Moreover, multiferroics is another materials-based approach to
achieving electric-field control of magnetism based on magnetoelectric (ME)
effect [67].

In our study, a new prototype of spintronic device has developed based on ME

effect of antiferromagnet (AFM) Cr203. The prototype of a ME device is as shown in



Figure 1.2. According to the original design, the surface charge on single-crystalline
Cr203 couples with the upper layer of FM [Co/Pd]» with PMA. Because the boundary
magnetization of Cr.O3 can be altered by the voltage-controlled exchange coupling,
the FM [Co/Pd]n layer can be switched. Therefore structure of
Pd/Cr.03/[Co/Pd]/MgO/CoFeB/Ta, which can be written with voltage, can be used as
bit cell in MRAM or other logic devices. To first understand the switching behavior,
we can measure AHE in Pd/Cr.03/[Co/Pd]» samples, which are much easy to

fabricate.

Figure 1.2 A typical test sample of magnetoelectric device. [Co/Pd], multilayer
PMA Hall bar structure has been prepared through shadow mask on top
of the (0001) surface of magnetoelectric Cr20s.

Epitaxy Cr20s3 films grown by molecular beam epitaxy (MBE) have hexagonal
closest packed (hcp) structure and (0001) orientation [68]. As shown in Figure 1.3, the
(0001) surface has uncompensated net moments (red arrows) which stem from Cr3*

ions on the surface. Even with surface roughness, the net moments still remain [69].



Cr203 is an antiferromagnetic material with Neel temperature (Tneer) of about
307K, The spin-up and spin-down sublattices as shown as red and blue arrows in
Figure 1.3, respectively, which are aliened along the c-axis. This single domain state
can be prepared by heating sample above Tneet and cooling down with a voltage bias
and in a magnetic field along the c-axis. This process is called ME annealing or
training. After the initial ME annealing process under the combination of electric field

E and magnetic field H, the net spin-polarization on the surface becomes maximum.

Figure 1.3  The spin structure of the (0001) surface of a single crystalline Cr203,
with two 180° antiferromagnetic magnetic order (red and blue arrows).
(Reprinted by permission adapted from Ref. [68], copyright (2010))

This surface net magnetic moments can be isothermally switched via
application of both electric and magnetic fields [69]. A complete hysteretic switching
result is shown in Figure 1.4. The surface spins in Cr2Os are exchange coupled with

adjacent [Co/Pd]. film, which, in turn, can also be switched.
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Figure 1.4  The details of switching in a perpendicular anisotropic heterostructure
Cr203 (0001)/Pd(0.5 nm)/(Co(0.6 nm)/Pd(1.0 nm))s. The hysteresis loop
of magnetoelectric annealed CoPd thin film with (a) positive and (a’)
negative exchange bias, respectively. (b) The applied electric field
dependent hysteretic behavior. The diagrams illustration of Cr,03
boundary magnetism/spin structure in the (¢) positive and (¢’) negative
exchange bias states. (Reprinted with permission adapted from Ref. [69],
copyright (2013))

1.5 Thesis Layout

In this thesis, | first present our research on the development of spintronic
devices nanofabrication technique based on shadow mask and E-beam angle
deposition in Chapter 2. In Chapter 3, | discuss the spin orbit effect (SOE) of 3d light
transition metal vanadium, which has been demonstrated to have a large spin Hall
angle and large spin diffusion length. In Chapter 4, the existence of topological surface
state (TSS) has been demonstrated in Bi>Ses/Co heterostructure. In Chapter 5, our
latest work of the SOE in FMs has been discussed. A spin rotation symmetry has been
found at FM/NM interface which is related with the symmetry breaking that is
introduced by ferromagnetic order in FM layer. Finally, | give my final remark to

conclude my thesis in Chapter 6.
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Chapter 2

FABRICATION OF SPINTORNIC DEVICES WITH SHADOW MASK
TECHNIQUE

2.1 Introduction

Fabrication of spintronics devices is quite complicated and some time is
challenging. For example, to fabricate magnetoelectric (ME) devices as shown in
Figure 2.1, we must put electrical contact on the middle FM electrode which is only a
few nanometers thick. To circumvent this type of problem and reduce the fabrication

steps, we have developed a nanofabrication technique by using shadow masks.

Write

Figure 2.1 The prototype of ME device with antiferromagnet Cr.03z and MgO-based
MTJ. The surface magnetism at [Co/Pd]n/C.O3 interface could be
switched by voltage-controlled exchange coupling. The CoFeB free layer
in MgO-MTJ could also be switched when [Co/Pd], film is changing its
magnetization.
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2.2 Shadow Mask Technique

Shadow mask was first developed for fabricating Josephson junctions using E-
beam lithography [1]. It is a simple and robust technique of additive fabrication which
is normally consisted with two layers of E-beam resists [2-4]. The bottom layer works
as “sacrificial layer” and as “support layer” to support the top suspended “bridge

layer”.

2.2.1 General Procedure

The general shadow mask fabrication procedure is shown in Figure 2.2 and
summarized below:

(a) The substrate is cleaned following the standard substrate cleaning
procedure to completely remove all organic contaminants (organic films, residues,
photoresist, oil, etc.) on substrate;

(b) Two layers of E-beam resist are spin-coated to build bilayer shadow mask
with “support layer” and “bridge layer”;

(c) E-beam lithography process is performed to transfer the designed pattern to
the resist bilayer;

(d) The sample go through the first develop process to partially remove the top
bridge layer according to the pattern;

(e) The bottom resist is partially removed via a second develop process. The
undercut extension length is development time controlled, which is a crucial parameter
in shadow mask design;

(f) and (g) Desired materials are deposited at different locations via E-beam
evaporation at different angle;

(h) The shadow mask is removed to expose the device.
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Figure 2.2 The schematic illusion of the shadow mask evaporation general
procedure. (a) Substrate cleaning; (b) Spin coating of bilayer E-beam
resists; (c) E-beam writing process; (d) Bridge layer development; (e)
Support layer development; (f) E-beam evaporation at angle 1; (g) E-
beam evaporation at angle 2; (h) Shadow mask lift-off process.

2.2.2 Shadow Mask Fabrication

The formation of suspended shadow mask structure is the most important
feature. Various materials have been selected to work as the “bridge layer” which
requires high-resolution and good mechanical strength. Commonly used materials
include Poly-Methyl Methacrylate (PMMA), ZEP520 series positive E-beam resist,
CSAR resist (used in this study), silicon and even metallic layers. For the support

layer, PMGI (LOR) series resists are widely used.

2.2.2.1 PMMA-based Shadow Mask
Bilayers of poly methyl methacrylate (PMMA)/poly methyl glutarimide
(PMGI) is the most common structure used for bilayer shadow mask, which shows

high resolution and processing simplicity. Below is the recipe used in this work:
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1.  Substrate is cleaned sequentially with acetone, ethanol and D.I water,
accompanied with sonic agitation of 15 min in each cleaning solution. The
cleaned substrate is blow-dried with nitrogen gas;

2. The substrate is spin-coated with PMGI at 3000 rpm for 60 s, followed by
baking at 210°C for 3 min;

3. PMMA is spin-coated at 5000 rpm for 60 s, followed by baking at 190°C
for 4 min;

4.  Patterns are generated via E-beam writing process in UD Nanofabrication
Facility (UDNF);

5. PMMA bridge layer was developed in MIKI developer for 90 s, followed
by the second developing in IPA solvent for 30 s. The sample is then
blow-dried with nitrogen;

6. PMGI support layer developing process in XP101 developer for 5 mins
(Developing time may vary to create different undercut extension. 5mins
developing time will achieve approximately 1um undercut), followed by
blow-drying with nitrogen.

Figure 2.3 The SEM image of PMMA/PMGI shadow mask.

As shown in Figure 2.3, the 1um undercut has been created in this 200 nm

PMMA/300 nm PMGI shadow mask. The bridge layer PMMA is suspended on top of
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the support layer of PMGI. Due to different sensitivities of two resists under the same
E-beam dosage, there will be different dissolution rates of the PMMA and PMGI
resists in the subsequent development steps. When the PMMA/PMGI bilayer is being
developed in MIKI (1min 30s) and IPA developers (30s), the top PMMA layer
development will be finished. The bottom layer PMGI will be dissolved in another
developer XP101. For a typical PMMA/PMGI bilayer shadow mask, we found the

optimum PMGI development time is 5min 30s, which could create a 1 xm undercut.

2.2.2.2 CSAR-based Shadow Mask

CSAR 62 (AR-P 6200), whose main component is poly-methylstyrene-co-
methyl chloroacrylate, is a positive E-beam resist that has ultrahigh sensitivity,
contrast, high processing and plasma etching stability. As the result, CSAR 62 E-beam
resist has the highest resolution of about 10nm. It is a good alternative candidate for
the shadow mask bridge layer due to its high mechanical strength comparing with the
PMMA E-beam resist.

This newly developed CSAR E-beam resist has been tested for shadow mask
applications. Specifically, two types of CSARs (AR-P 6200.04 and 09) have been
tested. AR-P 6200.04 is the thinnest resist in CSAR series, which could attain 6nm
ultra-high resolution and is used as bridge layer. The plasma etching rate of AR-P
6200.09 is comparable with other photoresists and ZEP 520A in CF4+O; plasma. In
Figure 2.4, the CSAR positive E-beam lithography resist has shown superior RIE

etching resistance than PMMA during the pattern transfer process.
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Figure 2.4 The RIE test on CSAR positive tone E-beam resist. The CSAR has
shown high plasma etching resistance, which makes CSAR a good
alternative candidate of PMMA as the bridge layer in bilayer shadow

mask.

The undercut control test has been performed on the CSAR/LOR 3A shadow
mask. In Figure 2.5 (a), a CSAR/LOR 3A shadow mask has been developed for five
minutes and more than 1 um undercut has been created in AR 300-47 LOR developer.

Figure 2.5 (b) plots out the relation between development duration and the undercut of

the LOR 3A support layer.
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Figure 2.5 (a) The optical image of CSAR/LOR3A shadow mask with 1um
undercut. (b) The relation between development duration and undercut
opening size of LOR 3A resist in the developer AR 300-47.

Two recipes based on CSAR/LOR bilayer E-beam resists have been tested in
the E-beam lithography procedure. Below we list the associated steps for the CSAR
04/LOR 3A bilayer recipe:

1.  Substrate cleaning;

2. LOR 3A spin coating at 6000 rpm for 60 s;
3. 5 min baking at 200°C;

4.  CSAR 04 spin coating at 2000 rpm for 60 s;
5. 5min baking at 170°C;

6. E-beam writing with Vistec E-beam writer for CSAR 04/LOR 3A
bilayer resists in UDNF;

7.  CSAR 04 development in AR 600-546 for 35 s, IPA rinse, blow-drying
with Nz;

8. LOR 3A development in AR 300-47 for 60 s, DI water rinse, blow-
drying with Na.
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This is a standard bilayer resists recipe for lift off E-beam lithography process,
with a small undercut of 80nm, and the thicknesses of CSAR and LOR are 85 nm and
235 nm, respectively. Another CSAR 09/LOR 5A shadow mask has also been
developed as following:

1.  Substrate cleaning;

2. LOR 5A spin coating at 6000 rpm for 60 s;
3. 5 min baking at 200°C;

4.  CSAR 09 spin coating at 4000 rpm for 60 s;
5. 5min baking at 170°C;

6. E-beam writing with UDNF internal recipe for CSAR 09/LOR 5A
bilayer resists;

7. CSAR 09 development in AR 600-546 for 35 s, IPA rinse, blow-drying
with N2;

8. LOR 5A development in AR 300-47 for 105 s, DI water rinse, blow-
drying with Na.

This 100 nm CSAR/300 nm LOR shadow mask will possess around 0.5 um
undercut, which has been chosen as the recipe of nanodevices fabrication used in this

thesis study.

2.2.3 Electron Beam Evaporation

The shadow mask based nanofabrication technique uses electron beam
evaporation to fabricate materials. Electron beam evaporation is a material deposition
technique in which an electron beam is used to heat up target material in ultrahigh
vacuum environment of the order of 108Torr. The heated target material is vaporized

and deposited on a substrate in line-of-sight fashion (the vapor particles have a very
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long mean free path in the ultrahigh vacuum chamber). In contrast, the magnetron
sputtering technique, which is also used in this research, has poorer directionality than
the electron beam evaporation process, because of its much higher working pressure of
the order of mTorr. The high directionality of E-beam evaporation process becomes
advantageous since the films at different locations can be deposited using different

angle of the E-beam with respect to the shadow mask.

SEI 15.0kV X22,000 1um WD 8.5mm

Figure 2.6 The SEM image of the nano MTJ device that was fabricated using
shadow mask technique. The rectangle solid box indicates the profile of
the shadow mask aperture. After both E-beam evaporation and
magnetron sputtering deposition, due to different directionality of the two
deposition methods, the film on the substrate through E-beam
evaporation is confined in the rectangle solid box. By contrast, the film
deposited with magnetron sputtering through the same shadow mask is
expanded into the red dash elliptical shape.
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A comparison of the deposition directionality between the E-beam evaporation
and the magnetron sputtering can be seen in Figure 2.6. Because of line-of-sight
deposition of the E-beam evaporation, the E-beam evaporated film is confined in
rectangular shape defined by the shadow mask aperture (red solid line). The
magnetron sputtered film smeared into elliptical shape that is almost three times wider

than the shadow mask aperture (dashed red line).

2.3 Nano Devices Fabrication

Devices in Hall bar structure and MTJs have been fabricated by using the
shadow mask technique. The width of shadow mask is in the range of ~100 nm. For
the purpose of electric measurements, one needs to prepare large «m scale contact
pads before the shadow mask evaporation process. The contact pads can be prepared
by both E-beam lithography and conventional photo lithography. E-beam lithography
has high resolution and high interlayer alignment accuracy. In comparison, the photo
lithography process is simple but with limited pattern-transfer accuracy. Therefore, the
usual procedure of making nanodevices with shadow mask consists of several steps
combining both E-beam lithography and photo lithography as shown in Figure 2.7.
The shadow mask or other patterns (contact pads, alignment markers, etc.) is first
designed with CAD software such as Autodesk® AutoCAD. The UDNF prefers the
use of CleWin 5.2 Layout Editor that is more convenient to operate the Vistec
EBPG5200ES E-beam writer. After the pattern design, the first layer of contact pads
are fabricated by E-beam lithography or photo lithography. Meanwhile, the first layer
of E-beam writer alignment mark is also made in this level by the same E-beam
lithography process. Alternatively, the alignment mark can be prepared separately

from photo lithography. The bilayer shadow mask is then prepared. Depending on
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material deposition requirements, either 200 nm PMMA/300 nm PMGI or 100 nm
CSAR/300 nm LOR bilayers can be used. Next, the magnetron sputtering is used to
deposit multilayer structures through the shadow mask (e.g. [Co/Pd]» multilayer with
perpendicular magnetic anisotropy (PMA) or AIOx/MgO-based full stack of MTJs).
Finally, the multi-angle E-beam evaporation is used to make electrodes connections

between the nanodevices and the contact pads.

Shadow Mask Preparation of E-Beam Magnetron
Design Contact Pads Lithography Sputtering

e
B
|

AHE Voltage (4V)

s
-300 200 -100 0 100 200 300
Field (Oe¢)

SEM Image E-Beam

Electrical / Optical Measurements Check Evaporation

Figure 2.7  The flow chart of nanofabrication procedure based on shadow mask
technique.

2.3.1 Hall Bar Structure

The PMMA/PMGI shadow mask has been used to fabricate Hall bar structure.

Multilayer of Pd(0.5)/[Co(0.3)/Pd(0.9)]e (the values in the parentheses represent the

thickness in nm) is a typical magnetic heterostructures with PMA, which is the best
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grown with magnetron sputtering. The fabrication of Hall bar structure is divided into
three major stages: shadow mask fabrication, magnetron sputtering of the PMA
multilayer, and E-beam evaporation for contact pads connection. Large 180 um x 180
um contact pads plus E-beam lithography alignment markers were prepared by
conventional photo lithography on Si/SiO2 wafers or Cr.O3 samples. The typical
contact pad image and alignment markers are shown in Figure 2.8 (a).and (b),

respectively.

Figure 2.8 The microscopy images of typical (a) contact pads (180xm x 180 um) on
Si/SiO2 wafer and (b) E-beam alignment markers (10zm x 10 um) on
Cr203 sample.

2.3.1.1 Hall Bar Shadow Mask

The Hall bar shadow mask design is shown as the red-colored area in Figure
2.9 (a), and the purple-colored represents the pre-fabricated contact pads (Ta(10nm)
/Au(80nm)). The overlap area that is marked with “(1)” in Figure 2.9 (a) is a 3 um x 5

wm region which has been designed as the connection between Hall bar structure and
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contact pads. Figure 2.9 (b) shows intentionally open gaps on the Hall voltage arms
marked with “@”. The width of the gap is designed as 450 nm. The Hall bar
nanowire width is W = 250 nm, and the length is L = 3.6 um. At “(3)” in Figure 2.9
(b), there is a narrow segment on the Hall bar nanowire which is designed to prevent
the nanowire from being electrically shorted due to the shadow effect of angle
deposition. This is because we use angle deposition of Au to fill the gap “(2)” to
connect to the contact pad. This Au deposition will also go through the horizontal
opening of the shadow mask and deposit an Au line parallel to the Hall bar structures.
This Au film will connect two contact pads at left and right, shorting the Hall bar
device. The narrower segment with a width of ~80 nm can block the angle deposited

Au, thus preventing the device from electrical shorting.

b

Figure 2.9 The Hall bar shadow mask design. (a) The purple area represents the
contact pads, and (b) the red area is the shadow mask aperture (opening)
defined by E-beam writer.

The PMMA/PMGI recipe has been discussed in session 2.2.2.1. The PMMA

E-beam resist used in this research is the product of Microchem® 950 PMMA A4 and
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the PMGI E-beam resist is Microchem® SF6 which is designed to have high
resolution, good deposition line width control, and easy processing et al. As shown in
Figure 2.10 (a), the PMMA bridge layer development procedure was done in
MIBK:IPA of 1:3 ratio developer for 90 s, then rinsed in IPA solution for 30 s which
completely stopped the development process and prevent the E-beam resist from over
developed. From the microscope image, we can confirm the formation of a clear and
well-defined pattern. In Figure 2.10 (b), after the pattern was transferred on the
PMMA layer, the sample was left in XP101A developer for 5 min, followed by 30s

D.I. water rinsing, and N2 flow-drying. The undercut can be controlled by the

development time. 5 min and 30s development time led to ~1 xm undercut.

Figure 2.10 The development process of the PMMA/PMGI shadow mask. (a) PMMA
layer development in MIBK for 90s and in IPA for 30s. (b) PMGI layer
development in XP101A for 5min 30s.

2.3.1.2 Deposition
Due to the less-directional magnetron sputtering, the deposition rate of

magnetron sputtering with shadow mask needs calibration. The CosoFes0B20 Sputtering
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rate calibration was performed through the Hall bar shadow mask with straight
deposition. The deposition parameters are: DC power18W, 3mTorr working pressure,
and 8 min deposition time. As shown in Figure 2.11, the atomic force microscope
(AFM) was used to measure the CosoFes0B20 thickness. The sputtering rates of
CoaoFes0B20 nanowires with different width of 150 nm, 200 nm and 250 nm are 0.63
Alsec, 0.68 A/sec and 0.73 A/sec, respectively. Because of the nanoscale dimensions

of shadow masks, AFM is the most efficient method for the rate calibration.

Figure 2.11 The AFM scanning image of the CosoFes0B20 nanowire.

The deposition process of Hall bar structure is shown in Figure 2.12. First,
Pd(0.5nm)/[Co(0.3nm)/Pd(0.9nm)]s multilayer film was deposited by magnetron
sputtering with perpendicular (0° incidents angle with respect to the normal direction

of the sample plane) deposition (Figure 2.12 (a)). The relevant sputtering parameters
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are given in Table 2.1. DC power of 7W and 15W were used for depositing Pd and

Co layers, respectively.

Table 2.1 The magnetron sputtering recipe for the PMA [Co/Pd], multilayers

Sputtering parameters

Thickness (A)
Type Layer Repetitions Material  Pressure (mTorr) Rate (A/sec) Layer Total
Co/Pd Buffer x1 Pd 3 0.83 5 5
Multi-layer X6 Co 3 0.5 3 72
Pd 3 0.82 9

The standard contact pads can be either Ta(10nm)/Au(80nm) or
Cr(10nm)/Au(80 nm) bilayers. The total thickness of [Co/Pd], multilayer is around 10
nm, which leads to almost 80 nm height difference between the contacts and the
sample. In order to assure the connection between the contact pads and the Hall bar
structure, as illustrated in Figure 2.12 (b) and (c), E-beam evaporation with angle
deposition were used to deposit a thick enough Au layer to fill in the 80 nm height
difference. In Figure 2.12 (b), the incident angle & was chosen as 60°. In Figure 2.12
(c), the incident angle was changed to -60° to deposit the other Au electrode in the

opposite direction.
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Figure 2.12 The schematic illustration of the deposition process of Hall bar structure
with shadow mask. (a) Pd(0.5nm)/[Co(0.3nm)/Pd(0.9nm)]e multilayer
film with PMA was deposited at 0° incident angle to form Hall bar
structure. (b) Au electrode connecting to one of the contact pad was
deposited with E-beam evaporation at an incident angle of & = 60°. (c)
Reverse the E-beam incident angle to 8 = -60° connects the other contact
pad.

In practice, two steps of angle E-beam evaporation were separated into four
steps following the sequence of: 20 nm Au (8 = 60°), 20 nm Au (6 = -60°), 40 nm Au
(60 =60°), and 40 nm Au (6 = -60°). Otherwise, there would be a connection issue
which is shown in Figure 2.13. If we just use two steps of E-beam evaporation of 60
nm Au at # = 60° and 60 nm Au at 8 = -60°, there will still be 60 nm height difference
after the first step of E-beam evaporation at & = 60°. The shadow effect will cause the
connection failure of the second Hall electrode deposited at & = -60°. In Figure 2.13
(a), we can clearly see one Hall electrode that looks normal, but the other one doesn’t.
As the zoom in SEM image shown in Figure 2.13 (b), the disconnection happens
during the second step of 60 nm Au E-beam angle deposition, because of the 60 nm

height difference formed during the first step.
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Figure 2.13 The SEM images of E-beam angle deposition issue. (a) Two steps of
angle deposition will cause the connection issue which is due to the
shadow effect in the E-beam evaporation process. (b) The zoom in image
of the disconnection happened on one Hall electrode.

Besides using Au as electrode material, Al, Cu and Ag have also been tested in
this shadow mask evaporation procedure. Al electrode is not suitable electrode
materials because of its relatively high resistivity. The static charge could easily break
the nanodevice as shown in Figure 2.14 (a), the nanowire was burned out at the narrow
segment after applying the bias current. In Figure 2.14 (b) and (c), both Cu and Ag

electrodes have the adhesion issue, which leads to bad film quality.
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Figure 2.14 The E-beam evaporation test for Al, Cu, and Ag electrode materials. (a)
Al electrode will cause the static charging issue. (b) E-beam evaporated
Cu electrode has adhesion issue. (c) Ag electrode needs extra buffer layer
such as Cr or Ta, otherwise Ag is unable to form a uniform film.

2.3.1.3 Characterization of Nanodevices

As shown in Figure 2.15, the anomalous Hall effect (AHE) electrical
measurement has been performed on the [Co/Pd], Hall bar structure. The external
magnetic field is applied to the normal of sample plane. This [Co/Pd], PMA sample
was post-annealed at 200~210°C for 20 min in an Ar gas environment. Figure 2.15 (b)
shows the hysteresis loops of three Hall bars with different wire widths of 200 nm,
250 nm, and 300 nm. The sputtering rates were calibrated based on 250 nm width Hall
bar shadow mask. The hysteresis loop also confirms that the nanowire with the width

of the 250 nm has the sharpest switching feature.
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Figure 2.15 (a) The SEM image of [Co/Pd]» Hall bar structure and (b) the Hall
voltage as a function of out-of-plane external field for three individual
Hall bar devices with different nanowire width.

2.3.2 Nanofabrication of MTJ Devices

2.3.2.1 MTJ Shadow Mask

A typical MTJ shadow mask is shown in Figure 2.16 (a), the purple areas
represent the pre-fabricated 180 x 180 xm? Ta(10nm)/Au(80nm) contact pads, and the
red areas indicate the nanostructure written by E-beam writer. In Figure 2.16 (b), the
HR-SEM image clearly shows the 1 um undercut of the MTJ shadow mask, where the
dark area is the shadow mask bottom layer and the bright area indicates the top bridge

layer.
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Figure 2.16 The shadow mask design for MTJ nanodevice fabrication. (a) The purple
areas represent the contact pads and the red areas are the nanoscale
structure defined by E-beam writer. (b) The HR-SEM image of a typical
shadow mask of MTJ devices.

A typical MTJ is a two-terminal device which has top and bottom electrodes.
Therefore, the MTJ shadow mask design only uses two 180 x 180 xm? contact pads.
The device dimension is 0.4 um x 2 um, as shown inside the red box in Figure 2.17. E-
beam evaporation can be used to fabricate the top and bottom electrodes and make the
electrical connections. However, the full stack of MTJ fabrication must be fabricated
with magnetron sputtering technique in order to grow AlOx or MgO tunneling barriers

with good quality.
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Figure 2.17 The HR-SEM image of a typical AIOx tunnel junction.

Both the PMMA/PMGI and CSAR/LOR based shadow masks have been
tested. As mentioned in Section 2.2.2, the conventional PMMA and PMGI E-beam
resists are the most common bilayer shadow mask, because of the processing
simplicity and relatively high resolution. However, PMMA shadow mask couldn’t
sustain the high temperature and UV radiation during the magnetron sputtering, as
shown in Figure 2.18 (a). PMMA E-beam resist has a low melting point and
PMMA/PMGI shadow mask lose its mechanical strength and chemical stability after 8

min of MgO sputtering.
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Figure 2.18 The comparison between shadow mask (a) PMMA/PMGI and (b) CSAR
09/LOR 5A after MgO sputtering. CSAR E-beam resist is able to survive
under UV irradiation and heating environment.

On the contrary, the CSAR positive tone E-beam resist has been demonstrated
to have a superior RIE etching resistance than PMMA. It also has higher resolution
with better contrast and sensitivity than PMMA. Therefore, CSAR/LOR bilayer
shadow mask is chosen to fabricate devices that require prolonged magnetron
sputtering procedure. Although it is a strong UV and electron beam radioactive
circumstance, the CSAR/LOR shadow masks survived during the prolonged sputtering

process, as shown in Figure 2.18 (b).

2.3.2.2 Deposition Process

The complete deposition process is shown in Figure 2.19. As shown in Figure
2.19 (a), the bottom electrodes was fabricated by E-beam angle evaporation along the
direction “@” following the sequence of 10 nm Au deposited at & = 60°, 110 nm Au
deposition at 8 = -60°. The sample was then transferred to a magnetron sputtering

system. In Figure 2.19 (b), the full stack of MTJs was deposited at & = 0° along the
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direction of “@”. Both AlOx and MgO based MTJs have been prepared through this
shadow mask. After MTJs sputtering process, the sample was transferred into E-beam
evaporator. The side wall of the sample with exposed bottom electrode is insulated via
a layer of AlIOx deposited by E-beam evaporation at 8 = -57° (right) as illustrated in
Figure 2.19 (c). AlOx thickness should be chosen properly based on specific MTJ
stack. Finally, the top electrode is connected to the contact pad via Au angle
deposition. The typical recipe of top electrodes is: 10 nm Au at § =-57°, 15 nm Au at
0 =-60°,35nm Au at 0 =70°, and 110 nm Au at 0 = 0°.

Figure 2.19 The schematic illustration of MTJ device deposition process through
shadow mask. (a) E-beam angle evaporation for the bottom electrode; (b)
MTJ full stack magnetron sputtering with perpendicular deposition; (c)
E-beam angle evaporation of AIOx as the side wall protection; (d) E-
beam angle evaporation for top electrodes.
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Table 2.2  The recipes to fabricate
Pd(0.5nm)/[Co(0.3nm)/Pt(0.9nm)]e/Co(0.3nm)/AIOX/NiFe(2.0nm)/Ta(2.
Onm) and
Ta(5.0nm)/CoFeB(0.8nm)/MgO(2.0nm)/CoFeB(1.0nm)/Ta(5.0nm) MTJs
via shadow mask technology.

Pd Pd: 0.5 nm, 7 W, 4.5 mTorr, 6.0 s
[Co/Pd], Co:0.3 nm, 15W, 4.5 mTorr, 6.0 s
Pd: 0.9 nm, 7 W, 4.5 mTorr, 11.0 s
Co Co0: 0.3 nm, 15 W, 4.5 mTorr, 6.0 s
AlOx Al: 2.0 nm, 26 W, 4.5 mTorr, 25.0 s
O, plasma oxidation: RF 120W, 60 mTorr, 150.0 s
Py Py: 2.0 nm, 25 W, 4.5 mTorr, 22.0 s
Ta Ta: 2.0 nm, 10 W, 4.5 mTorr, 44.0 s
Ta Ta: 5.0 nm, 10 W, 3.0 mTorr, 110.0 s
CoFeB CoFeB: 0.8 nm, 18 W, 2.0 mTorr, 18.0 s
MgO MgO: 2.0 nm, RF 100 W, 1.2 mTorr, 2+2 min
CoFeB CoFeB: 1.0 nm, 18 W, 2.0 mTorr, 22.0 s
Ta Ta: 5.0 nm, 10 W, 3.0 mTorr, 110.0 s

The sputtering rates were calibrated separately. The detailed recipes to
fabricate both AIOx and MgO based MTJs via shadow mask technique is summarized

in Table 2.2.

2.3.2.3 Characterization of MTJ Nanodevices
Pd(0.5nm)/[Co(0.3nm)/Pt(0.9nm)]s/Co(0.3nm)/AIOx/NiFe(2.0nm)/Ta(2.0nm)
have been successfully prepared through shadow mask, where the bottom Co/Pd
electrode has perpendicular anisotropy and the top NiFe electrode has in-plane
magnetization. The nonlinear |-V curves and magnetoresistance are shown in Figure
2.20 (a) and (b), respectively.
In Figure 2.20 (a), the I-V curve shows a clear nonlinear response, which is a

typical tunneling barrier characteristic and also indicates that AIOx sputtering process
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through shadow mask works properly following the designed fabrication strategy. In
Figure 2.20 (b), the magnetoresistance as a function of perpendicular magnetic field
shows a peak at zero magnetic field, rather a switching between “High” and “Low”
resistance states. This is due to the nature of MTJ with one FM electrode with
perpendicular magnetization and the other with in-plane magnetization, it is difficult
to achieve parallel or anti-parallel configurations, which requires a large external

magnetic field.
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Figure 2.20 (a) The I-V curve for AlOx-based MTlJs. (b) The magnetoresistance as a
function of the perpendicular magnetic field.

2.3.3 Magnetoelectric Devices

2.3.3.1 ME device characterization

Using the shadow mask technique, we fabricated [Co/Pt]n film in Hall bar
structure on top of Cr.O3 sample as illustrated in Figure 1.4 While thick Cr,Oz3 crystals
(500 um) show excellent insulating property with resistivity in the range of 10-100

TQcm, the expitaxy Cr203 films (300 nm ~ 500 nm) are still pretty leaky [5]. The
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largest contacts (500 x 500 xm?) have shown the strong shunting effect, but the
smallest contacts (50 x 50 zm?) have negligible leakage as shown in Figure 2.21. Even
for the same contact area, there are strong variation in the resistance through the

Cr203, suggesting that the quality of Cr,O3 remain to be improved.
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Figure 2.21 The electrical characterization of epitaxial Cr.Oz film. The resistivity
measurement has been performed between Pd bottom electrode and
patterned Cr/Au top electrodes with various contact sizes, which is
shown in the inset.

In order to overcome the leakage in Cr.Oz3 thin films, two methods have been
developed to eliminate the leaking current: (1) reduction of contact pad size down to
180 x 180 um?; (2) insertion of another insulating HfO layer between Cr,O3 film and
top Ta/Au contacts. As shown in Figure 2.22, the use of HfO; insertion layer can

eliminate the leakage issue of Cr2Oz films.
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Figure 2.22 The current-voltage characteristics obtained from electrical
measurements. (a) The images of contacts on top of Cr.Oz3 thin film. The
current-voltage characteristics on both (b) Ta/Au contacts and (c) HfO./

Ta/Au contacts.

Very recently, our collaborators, M. Street et al. at Nebraska Lincoln, have
successfully developed a pulsed laser deposition (PLD) based method to grow high
quality Cr.03 films. Meanwhile, by changing the buffer layer Pt to V203, M. Street et

al. have also demonstrated significant improvement in Cr,0s films.

2.3.3.2 Nanofabrication of ME Devices
All the Cr.03-based ME devices have been prepared in UD Nanofabrication

Facility by using Vistec EBPG5200ES E-beam writer in E-beam lithography process.
In order to adapt the Hall bar shadow mask design into this new E-beam facility, a set

of newly designed alignment markers has been applied in the following Cr.O3 samples
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fabrication. The design is illustrated in Figure 2.23 (a). The alignment markers consist
of the bottom markers “(1)”, which include four identical 11 x 11 square dot arrays
(Figure 2.23 (b)) that help locate sample coordinates under the E-beam writer. In
Figure 2.23 (c), there are other square dot markers placed at each corner of the sample,
which are used in the rotational adjustment as well as vertical and horizontal
movements. All the markers are able to be recognized by the E-beam writer software,

and the alignment process is automatically controlled.
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Figure 2.23 E-beam alignment marks design. (a) Two sets of markers with different
functionalities have been included in the shadow mask design ((1):
Sample bottom location markers; (2): Corner alignment markers). (b)
The location markers. (c) The alignment markers at corners.

The E-beam writer alignment markers was prepared in the first step of E-beam
writing process with the standard recipe of E-beam resists shadow mask 85 nm
CSAR.04/235 nm LOR 3A. The metallization procedure used the standard E-beam
evaporation recipe. The alignment markers were made of 10 nm Ta/80 nm Au.

The 180 x 180 «m? contacts were fabricated by magnetron sputtering and lift-

off method, right after the second step of E-beam writing procedure. In order to
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eliminate the leakage problem in thin Cr20z film, 80 nm HfO2/10 nm Ta/80 nm Au is
chosen as the contact recipe. The shadow mask is the standard recipe of 85 nm
CSAR.04/235 nm LOR 3A.

The final step of E-beam writing was to create the shadow mask for the last
step of [Co/Pd]» multilayer film sputtering deposition. In this step, a 100 nm CSAR
09/300 nm LOR 5A shadow mask with approximately 1 xm undercut. The [Co/Pd]a

Hall bar structure fabrication has been discussed in Section 2.3.1.

2.3.3.3 Characterization of ME Devices

The ME devices has been characterized by the AHE measurement, which is
shown in Figure 2.24. Pd(0.5nm)/(Co(0.3nm)/Pd(0.9nm))s film has been deposited on
both Cr20s3 thin film and Si wafer, as illustrated in Figure 2.24 (a) and (b),
respectively. The split-loop characteristic of [Co/Pd], film on Cr20s is indicative of a
multi-domain state of Cr»0Os3, leading to distributed exchange coupling strengths. By
contrast, a symmetric and sharp switching hysteresis is shown in sample grown on Si
substrate (Figure 2.24 (b)), which is expected from an unpinned [Co/Pd], film. The
test Cr.0Os sample and the control Si wafer sample reveal the solid evidence of
exchange coupling happens at the boundary between Cr.O3 and [Co/Pd], PMA
structure.

As shown in Figure 2.24 (c), in addition to demonstration of exchange
coupling, the preliminary isothermal switching test has also been performed on this
[Co/Pd]n/Cr.03 test sample. The positive and negative electrical fields (applied
voltages = 0.1 V) were applied across the 300 nm Cr203, and a constant magnetic field
of 3000 Oe was simultaneously applied. Although the field product here is not

sufficient, limited by our experimental setup, to achieve the complete isothermal
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exchange bias switching between two single domain states. It is still apparent that the
presence of positive and negative applied voltage could modify the AFM domain

structure resulting in two different hysteresis loops.
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Figure 2.24 The AHE of [Co/Pd]x film on top of (a) Cr20s thin film, (b) Si wafer and
(c) isothermal switching test result at a 3000 Oe external magnetic field.
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Chapter 3

SPIN HALL EFFECT IN 3D LIGHT TRANSITION METALS

3.1 Introduction

To date, most studies have focused on the 4d and 5d transition metals, since
the spin orbit coupling strength of individual atoms scales with atomic number as
Z*[1-2]. Large spin Hall angles have been observed in heavy metals such as Pt [3-4],
[-Ta[5], p-W [6-7], Hf [8-9], etc. Considerable efforts have also been focused on
enhancing the charge-to-spin conversion efficiency by introducing external scattering
mechanisms in the heavy metals, which has led to the observation of giant spin Hall
angles in CuBi alloys [10], AuW [11], Culr [12], CuPd [13], etc. Due to their
relatively low Z, 3d light transition metals are often neglected in the search for
materials with large spin Hall angle. Very recently, Du et al. observed significant spin
pumping-driven inverse SHE (ISHE) voltages in YIG/Cr bilayers, and obtained a spin
Hall angle as large as -0.051 + 0.005 [14]. Qu et al. have also demonstrated sizeable
ISHE in Cr by using a thermal spin injection method [15].

In this chapter, 1 will show the large spin orbit torques (SOTS) in vanadium
films which has been characterized by using the optical spin torque magnetometer
based on polar MOKE [16-17]. A large spin Hall angle of -0.071 £ 0.003 has been
found in VV/CoaoFes0B2o bilayers [18]. As comparison, the spin Hall angles find in
Ta/CosoFesoB20 and Pt/CosgFesoB2o by using the same MOKE setup are -0.139 £+ 0.003

and 0.076 + 0.007, respectively. The large spin Hall angle has been found to correlate
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to the structure of the V layer, which consists of body centered tetragonal (bct) and

body centered cubic (bcc) phases.
3.2 Large Spin Hall Angle in Vanadium Film

3.2.1 Sample Fabrication and Characterization

All films were deposited by magnetron sputtering system on thermally
oxidized silicon wafers. All samples of ||[V(x nm)/CoFeB(2 nm)/SiO2(5 nm) (“||”
denotes the substrate end, x = 2, 5, 10, 30, 50 nm) were grown at room temperature
with the base pressure lower than 3 x 107 Torr and the working pressure of 4.5 x 103
Torr, respectively. The nominal composition of CoFeB is of 40:40:20 atomic ratio. A
5 nm SiO- as the capping layer was deposited through radio frequency (RF)
magnetron sputtering. The sputtering rates and power were 0.067 nm/s and 18W for
CoFeB and 0.070 nm/s and 24W for V. The control group sample V(30 nm)/CoFeB(2
nm) was prepared under 400°C with a lower base pressure of 8 x 10 Torr.

The sample structural characterizations are shown in Figure 3.1. The X-ray
diffraction (XRD) pattern in Figure 3.1 (a) indicates different lattice parameters and
grain sizes of V(30 nm)/CoFeB(2 nm) test sample and control samples, which is
denoted as the black and red curves, respectively. The 30 nm V test sample shows a
broad and asymmetric diffraction peak with the center located at 40.3° whereas the
main diffraction peak of the control sample is at 42.1°. As shown in Figure 3.1 (b), the
resistivities of test samples, all grown at room temperature, vary from 290 xQ-cm to
220 uQ-cm as the V thickness changes from 2 to 50 nm. On the other hand, the control
samples, grown at 400°C, show much reduced resistivity. In Figure 3.1 (c) and (d), the

HR-TEM images show the clear structural difference of these two samples which is
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consistent with the fitting result from XRD patterns. The average grain size of the 30
nm V test sample is about 5 nm and the interlayer spacing varies from 2.20 A to 2.31
A at different locations. The control sample has a larger grain size above 10 nm, and

the spacing is dominantly 2.16 A.
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Figure 3.1  Samples characterizations of V(x nm)/CoFeB(2 nm). (a) X-ray
diffraction pattern of samples V(30 nm)/CoFeB(2 nm) grown at room
temperature (black) and 400°C (red). (b) The total resistivity of test
samples (red) and control sample (blue) as a function of V thickness. (c)
and (d) HR-TEM images of V(30 nm)/CoFeB(2 nm) test and control
samples. The insets are the corresponding electron diffraction patterns.

To better characterize the V structure in our samples, we performed fast
Fourier transform (FFT) analysis based on the high resolution transmission electron

microscopy (HRTEM) images in Figure 3.2. The structure from the grains surrounded
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by red line in Figure 3.2 (a) can be best indexed by a [111] zone axis of a bct V,
whereas the grains surrounded by white curves can be best described by a bcc V.
These analyses suggest the sputter-grown V films at room temperature are a mixture
of bct and bec structures, which may also explain the broad XRD peak in Figure 3.1
(a). This is similar to p-Ta films, which have tetragonal nanocrystalline phase in an
amorphous matrix [19], while a-Ta films have bcc structure. In sharp contrast, as
shown in Figure 3.2 (b), the control sample F grown at 400°C shows dominant bcc V

structure from the FFT analyses.

Figure 3.2  Fast Fourier transformation analysis of vanadium’s TEM images. (a) The
test sample, which has been prepared at room temperature, shows both
bct (red) and bce (white) phases. (b) The control sample FFT image is
dominated by bcc phase.

To further understand the microstructures, we have also performed analyses on
a series of V(30 nm)/CoFeB(2 nm) samples which were prepared under different
sputtering conditions. The fabrication parameters are listed in Table 3.1. The XRD
spectrums of V(30 nm)/CoFeB(2 nm) samples are shown in Figure 3.3. The XRD

peaks shift from 42.1° (sample (a)) to 38.3° (sample (d)). Sample (a) was grown under
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base pressure of 8.0 x 108 Torr with the substrate temperature of 400°Cs, which has
the smallest lattice constant comparing with other three samples. However, if samples
are grown without heating the substrate, the film lattice constant expands, and the
grain size shrinks, which is indicated by the XRD spectrum of sample (b).
Furthermore, with the decreasing magneton sputtering base pressure down to 5.0 x 10
® Torr, as shown in Figure 3.1 (c) and (d), the XRD peaks are continuing shift to low
angle region and becoming asymmetric, which means the lattice keeps expanding and

the structure becomes more distorted.

Table 3.1  The magneton sputtering parameters of the V(30 nm)/CoFeB(2 nm)
samples. (RT represents “room temperature’)

Sample # Magneton Sputtering Conditions
Base Pressure (Torr) [Substrate Temperature(°C)
a 8.0 x 10° 400
b 8.0 x 10° o7
c 3.0x 107 RT
d 5.0 x 10° T

In the following, we will discuss the connection between spin orbit effect of
V/CoFeB bilayer and V film structures based on the SOT measurement of these series

samples and structural analysis.
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Figure 3.3 The XRD spectrums of V films with different sputtering conditions of
samples (a) to (b).

3.2.2 High Frequency Measurements

The investigation of high frequency magnetic dynamics is a powerful method
to characterize magnetic materials. The standard way to perform a ferromagnetic
resonance (FMR) experiment is to utilize an extra oscillating field to drive the
magnetic moment and induce the magnetic procession. In this study of V/CoFeB
heterostructure, FMR measurement can be used to extract the effective magnetization
LoMesr, Gilbert damping factor o, inhomogeneous broadening AHo et al. In addition,
the V thickness dependent damping enhancement measurement can also be used to
investigate the spin mixing conductance at VV/CoFeB interface, which will be

discussed in the following spin pumping measurement section.
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3.2.2.1 FMR Measurement

The setup of FMR measurement is shown in Figure 3.4. A typical coplanar
waveguide (CPW) was introduced to create the oscillation magnetic field. A standard
50 Q CPW is patterned on an alumina substrate with the geometry s =50 um and g =
33 um, which is consisted of 10 nm Ta/600 nm Cu/200 nm Au. The FMR samples are
flip-chipped on CPW.

ooooooo

GPIB /\

s
|_ x

Figure 3.4  The schematic illustration of FMR measurement based on CPW
configuration.

(= \

A vector network analyzer (VNA) is used as both microwave source and S-
parameter analyzer. The microwave is sent out from port 1 and fed into CPW. The
injected microwave current in CPW will induce a RF magnetic field hs which works
as driving field. Both reflection S11 and transmission Sz1 parameters are measured
based on power detected on port 1 and port 2. We perform external magnetic field Ho
scan at fixed microwave frequency. The relative magnetic susceptibility y(Ho) could

be retrieved from the measured Sz1(Ho) from the following equation [20]
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—jc Sz1[Hol
wds lo Sz1[Href] (3 1)

Axest = X[Hol — x[Hret]l =
where Sz1[Hrer] is chosen as the reference signal to exclude the background signal, Hret
is usually chosen at high field that saturates sample magnetization. In practical
measurement, an extra phase parameter induced by the entire loss in the RF circuit
should be added to Equation 3.1 to adjust the shape. The parameters of c/wdd could be
omitted since the absolute magnetite of Ayetr won’t change the fitting result.

As shown in Figure 3.4, the magnetization is aligned in x-direction by the
external direct current (DC) magnetic field generated by a water cooled electromagnet.
(The maximum 1000 Oe has been used in the series samples of VV/CoFeB). With the

driving field hrs along y-axis, the magnetization starts to precess. The resonance

condition can be described by Kittel equation [21]
6‘)r?es = VZ[HO + (Ny - Nx)Ms] [HO + (Nz - Nx)Ms] (3-2)
where Nx, Ny, N; are the demagnetization factors of magnetic materials, and Nx + Ny +

. = 1. The related magnetic susceptibility can be written as

wm(wz+iaw)

X= (3.3)

T (wytiaw (wzt+iaw)—w?
(wy+iaw)

where wm = yMs, wo = yHo, wy = @wo + (Ny-Ny)wm, wz = wo + (N-Nx)wm. For in-plane
magnetization, such as VV/CoFeB films studied here, N, = 1 and Nx= Ny = 0. On the
other hand, we should also consider both the in-plane uniaxial anisotropy field Hy =
(2Ky/Ms)-My-ex and the out-of-plane anisotropy field H. = (2K1/Ms)-M;-e;, where My
and My represent the x and y components of the magnetization M.

Thereafter, we include two fields Hy (x-axis) and H. (z-axis) into the
demagnetization factors and we rewrite the factors as Nx* = Nx - (2Ki/Ms?), N;’ = N; -

(2K1/Ms?) and Ny> = Ny, the Kittel equation is simplified as
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2K,
Mg

Wres = V\/HO [HO - + Ms] (3.4)

The susceptibility y is a complex magnetic value with both real and image parts

2K .
YMg (]/HO —yM—S+yMS+law)

X (3.5)

- (]/Ho+iaw)(yH0—y21\IA(—:‘+yMs+iaw)—w2
The susceptibility is used to fit measured susceptibility (Equation 3.1). The typical

susceptibility result is shown in Figure 3.5.
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Figure 3.5 A typical FMR spectrum which is fitted based on Equation 3.5.

The image part of the magnetic susceptibility y ” is fitted with Lorentzian
function through the Levenberg-Marquardt method. The resonance field Ho and the
full width at half maximum (FWHM) AH could be extracted. Based on Kittel equation
(Equation 3.4), the effective magnetization xoMest, and in-plane anisotropy field Ha
can be determined. Since the linewidth response (Equation 3.6) is related with a

combined inhomogeneous broadening AHo and Gilbert damping a [22-23]

4ntaf
V4
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we can extract both AHo and « from the frequency-dependence of the FMR linewidth.

3.2.2.2 Determination of Spin Diffusion Length

The FMR fitting results are shown in Figure 3.6. In Figure 3.6 (a), the effective
magnetization poMeft = 1oMs — 2K /oM indicates poMesr could vary if samples have
different anisotropy constant. The perpendicular anisotropy arises from the interfacial
surface anisotropy of CoFeB which could be affected by the V thickness. The Gilbert
damping constant « as a function of V thickness dy is plotted in Figure 3.6 (b),
increases as the V thickness increasing, and gets saturated above dv = 30 nm. The
Gilbert damping enhancement o ’(dv) = a(dv) - a(dv = 0) can be described as [24-25]

a'(dy) 1+ 1/2
a'(dy=») - 1+&£~1/2tanh(dy/Agp) ™!

3.7)

where ¢ = zel/zst denotes the spin flip probability in each spin dependent scattering
even, ze IS the elastic scattering time, 1/z is the spin flip rate. Based on this equation,
the fitting result is shown as the red curve in Figure 3.6 (b). The extracted spin
diffusion length Ass = 16.3 £ 0.7 nm, which is comparable to the published value of As
=149+ 2.4 nm [14].

The inhomogeneous broadening is defined as the zero-frequency intercept of
FMR linewidth which is related with film quality. From Figure 3.6 (c), we could also
confirm there is film quality fluctuations in these five samples with different V

thickness.
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Figure 3.6 The FMR fitting results of VV/CoFeB samples. (a) the effective
demagnetization field woMesr, (b) the Gilbert damping factor o, and the
inhomogeneous broadening AHo.

3.2.3 Spin Orbit Torques in V/CoFeB system

We investigated the SOTSs in VV/CoFeB systems. The SOTs are measured with
optical methods which we discuss first. The light that is reflected off a magnetic
surface would have its polarization direction modified which depends on the
orientation of the surface magnetization. This optical response, which was discovered
by John Kerr in 1877 [21] is known as magneto-optical Kerr effect (MOKE). MOKE
has been widely used in the study of magnetism in thin films [26-28]. As shown in
Figure 3.7, there are three configurations of MOKE: (a) polar, (b) transverse and (c)
longitudinal. In this section, the polar MOKE SOT measurement technique is closely

based on the work done by X. Fan et al. [16-17].
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Figure 3.7 Three configurations in MOKE measurements: (a) polar, (b) transverse,
(c) longitudinal.

3.2.3.1 Spin Orbit Torque Measurement with Polar MOKE
The current induced magnetization reorientation can be described by the
Landau-Lifshitz-Gilbert-Sloncezwki equation
C;_r: = —Uyym X Heff + am X Z_I:l + Tgorm X (0' X m) — TsorM X O (38)

where m is the unit vector of magnetic moment, Hes is the total effective field: Hes =
Hext + Han + Hoe, including the external field, anisotropy field and current induced
Oersted field, respectively, a is the phenomenology Gilbert damping factor, & is the
spin polarization, uo is the vacuum permeability, y is the gyromagnetic ratio. Here we
define the damping like torque rsot = uoy-hsot and the field like torque zsor = w0y hsor.
For a NM/FM bilayer with an in-plane magnetization along the x-axis as
shown in Figure 3.8, the effective filed of the damping-like torque hsor is determined
by & X m, which is along the z-axis. The magnetization will be tilled out-of-plane to
introduce m; component that can be probed by polar MOKE. The effective field of the
field-like torque hsor has the same direction as the spin polarization direction &, which

is along the y-axis and rotates the magnetization in the x-y sample plane.
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Figure 3.8  The schematic illustration of current induced SOTs in NM/FM bilayer
with in-plane magnetization.

The entire setup is shown in Figure 3.10. All the VV/CoFeB samples were
patterned into 50 um x 50 um strips through conventional photolithograph method.
The laser beam has a 2 um diameter. In order to further enhance the signal-to-noise
ratio, the lock-in technique is used by measuring the MOKE response due to an AC
current through the sample. In addition to the damping-like torque hsor that tilts the
magnetization out-of-plane and creates m, component, the vertical component of the
Oersted field hoe generated by the charge current also induces m.. Therefore, a signal
of the change of magnetization Am; in the CoFeB layer probed by polar MOKE

includes both contributions from hsot and hoe components.
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Figure 3.9 The schematic illustration of polar MOKE spin torque magnetometer
setup (BS, beamsplitter; HWP, half-wave plate; OBJ, objective; PBS,
polarizing beamsplitter).

Due to symmetry requirement, the charge current jc, spin current Q,, and spin
polarization ¢ are mutually orthogonal following Q.= (h/2¢)0sH(jc X )., regardless
the effect is from the spin Hall effect (SHE) or Rashba effect. Therefore, the charge
current along the x-axis always generates the spin polarization ¢ in y direction. We
applied an external magnetic field along x direction and perform field scan on
CoFeB(2 nm)/V(5 nm) sample. The typical MOKE measurement result is shown in
Figure 3.10. As discussed in the previous paragraph, Am; is proportional to hsot+hoe.
More specifically Am; o< (hsot+hoe)/(Hex+MSs), where Ms is the demagnetization field
since the magnetization is tilted out of the plane. The typical value for Ms is larger
than 1 T which is far greater than the applied magnetic field Hex. Therefore, the polar
MOKE signal is almost independent of Hex but switches sign since hsot is asymmetric
with magnetization direction, i.e. hsor =hsot(e x m). The MOKE signal also contains
the contribution from hee, which however, does not change with magnetization since

the current is always the same. Therefore, by subtracting and adding the signals
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following V[+Hex] £ V[-Hex], we can determine the contribution from hsot or hoe,

respectively.

It is difficult to determine the quantitative relationship between the MOKE
signal and m;. However, we can perform simple calibration procedure which we

discuss next.
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Figure 3.10 A typical polar MOKE measurement magnetic field scan result of V(5
nm)/CoFeB(2 nm) sample.

3.2.3.2 Determination of Damping-Like Torque

As discussed above, the MOKE voltage signal consists of SOT term and out-
of-plane Oersted field term which have different symmetries with respect to the
CoFeB magnetization m [16-17]. Therefore, these two terms can be separately

extracted from

V[+Hex|-V[-Hex]
AVsor = 5
V[+Hex]+V[-Hex] (39)

AVotfser =
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where AVsot represents the damping-like torque, and AVossset indicates the out-of-
plane Oersted field.

Except this m-dependent difference, there is also a spatial distribution
difference between the two terms. SOT has a uniform distribution along sample
transverse to the current direction. Along the same direction, the out-of-plane Oersted
field is antisymmetric with respect to the center of the sample. In the experiment, a
transverse direction line scan is used to probe the spatial distributions. AVsor and
AVortset are extracted using Equation 3.9 at every single point. The final two terms are

plotted in Figure 3.11 (a) and (b).
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Figure 3.11 () The typical SOT result of V/CoFeB and (b) the effective Oersted field
induced by the current.

Since the actual magnitude of Oersted field can be calculated through the

equation

hoe = —S-In 222 (3.10)

2nw y
where Ic is the total charge current through the sample cross section, w is the sample

width of 50 um. By comparing this calculated Oersted field with the measured data,
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the MOKE signal can be calibrated and the effective SOT can be determined. The

detailed analytical expressions of AVsor and AVortset have been derived as [16]

L —7(}]_}/)2;(2_2’)2 hsor(v')

(y—y’)2+(z—z’)2 ’
1 , o) Hzmz) g,
Mosrea 02 =npmz [l dy'dzre™ 7 el @)

where the laser spot dimension and the Gaussian distribution of the laser beam have
been taken into account.
In this study, we use spin Hall angle #sn to characterize the current conversion

efficiency from charge current to spin current. The spin Hall angle is defined as [16]

_ hsot 2e poMstnmtem
Osu =1 ¢ (3.13)

where hsot can be extracted from the self-calibrated MOKE measurement, uoMs = 1.6
Tesla which was measured from a 40 nm CoFeB film, tnm equals 2, 5, 10, 30, 50 nm,
and tem = 2 nm. ¢ represents the ratio of charge current distribution in V layer.

In order to determine ¢ in V/CoFeB bilayer structure, we have performed
additional resistivity measurement as the function of V thickness in samples of V(x
nm)/CoFeB(2 nm). The results are shown in Figure 3.12. Based on parallel resistor
model, we extract V film conductivity from the slope and the conductivity of 2 nm
CoFeB film from the intercept. This linear fitting method has been used in the analysis
of resistivity of thin films [8, 29]. The resistivity of 2 nm CoFeB film is one order
larger than that of V, pv = 213 Q-cm and pcore = 2862 1Q-cm. The resistivity of
CoFeB thin film depends strongly on the underlayers and deposition conditions. By
assuming all current passing through V (& = 1), we are at least able to set the lower

bound of the effective spin Hall angle.
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Figure 3.12 Conductivity of the entire V(x nm)/CoFeB(2 nm) stack as the function of
V thickness.

The effective spin Hall angle has been summarized in Figure 3.13. The spin
Hall angle sH increases with the V layer thickness and approaches saturation as the V
thickness goes above the spin diffusion length in V (tv > 16.3 nm). In order to account
for the spin transparency and interface coupling, we use the modified spin transport
model to extract the spin Hall angle 6sn(o0) [25], the V thickness dependence of the

measured spin Hall angle 6m(dv) becomes

Om(dy) _ cosh(dy/Agr)-1
Osu(®) ~ cosh(dy/Asf)+R (3.14)
and
— v oo (v
k= 26y, sinh (lsf) (3.15)

The extracted spin Hall angle is sy = -0.071 £ 0.003, with the fitting parameter R = -
0.908 = 0.017. On the other hand, the control sample whose V layer grown at 400°C,
has a measured spin Hall angle of Osx(dv = 30 nm) =-0.012 £+ 0.002, which is

comparable to the reported value of V film [14]. The non-zero R indicates the complex
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interfacial condition at the VV/CoFeB interface, which could be caused by spin

backflow (SBF) and/or enhanced spin scattering [30-33].

0.08}
0.06} N
— Room Temperature,
20.04
400°C
0.02} Pl
o
0.00} * . . . .
0 10 20 30 40 50
d, (nm)

Figure 3.13 The spin Hall angle of VV/CoFeB test samples (prepared at room
temperature) and control sample (prepared at 400°C).

Based on the spin diffusion equation in NM, the spin current js_sotr at NM/FM

interface which can induce damping-like torque term [34]

ZA'Sf

ZAGTltanthM
(3.16)

Js sor(dym) = jsm x (m X y)Re (

d
0+2/16Tlcoth%
sf

where Gy, = G, + iG; is the spin mixing conductance at NM/FM interface, j$5
represents the spin current generated by the bulk spin Hall effect, dy,, is the thickness

of nonmagnetic layer and A, is the spin diffusion length in nonmagnetic material. If

we assume G, > G;, then

-1
. . d G d
js sor(dym) = j5& (1 — sech /11:;\4) (1 + 2’2’:’ tanh ,11:;") (3.17)
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where Gy, is the electrical conductance of nonmagnetic layer. Here we apply this

relation to derive Equation

d d d
. 2AGrtanh=M cosh=NM_ 1 cosh=NM_ 1
Om(dy) _ js sor(dnm) _ " 2Asf Asf _ Asf (3.18
0 ( )_ -:SH - dNM - dNM GN . dNM - dNM \VY- )
SH(® Jso 0+2AGrcoth——= cosh } sinh cosh———+R
Ag ASf 2Gr Asf Ag

where dnmv = 2, 5, 10, 30, 50 nm and Ass = 16.3 nm in VV/CoFeB system. Please notice

that when the spin mixing conductance G, — oo, then Equation 3.18 reduces into

adnm
cosh———-1
Om (dy) Asf dnm
= =1—-sech— 3.19
Osp(c0) coshd){V—M Asf ( )

sf

which has been widely used for a transparent interface condition.

3.2.3.3 Spin Mixing Conductance Analysis

It has been found that the spin transparency at the NM/FM interface plays a
critical role in determining the spin torque efficiency [30-33]. The insertion of an
atomically thin magnetic layer such as Co, Fe, Ni at a Pt/Py interface [30], or an Hf
layer between Pt/CoFeB can significantly modulate the interfacial transparency and
enhance the spin injection efficiency from Pt to the FM layer [31].

Based on the drift-diffusion approximation [34-35], in the presence of non-
perfect transparent interface, the spin back flow can reduce the SOT efficiency. The

damping-like torque and field-like torque efficiencies can be expressed as

ZGutanh;i;V—A}’
=02 Re St 3.20
E—DL SH GNM+ZGTlCOth—dANM ( )
sf
anm
ZGNtanhm
=02 Im > 3.21
r SH GNM+ZGNcoth—dAN}” ( )
S
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where ¢pL and &k are the measured effective spin Hall angle due to damping-like
torque and field-like torque, respectively, or the so called “spin torque efficiencies” in
Reference [32]. Os1° represents the bulk spin Hall angle. As shown in Equation 3.20
and 3.21, due to the interface condition (related with the real and imaginary
components of spin mixing conductance), the effective spin Hall angle ¢pL or &k is

reduced and less than the bulk spin Hall angle 9s+°.

o Gaf s no_e®
The bare spin mixing conductance Gy, = m where Ggrp = —Gerf
and the effective spin mixing conductance g} = 4“:% (a —ap), eisthe

elementary charge , y is the gyromagnetic ratio, h and 7 are Planck and reduced Planck

constants, respectively. The value of gl}f can be extracted from the previous Gilbert

damping constant determined by FMR measurement. Based on this series of VV/CoFeB
samples with various V thickness, we calculate GJf = (0.25 — 1.45) x 1015Q~1m =2
for samples grown at room temperature. The electrical conductance of V layer is G, =
(2.04 — 3.06) x 10*3Q~*m=2 which is two orders of magnitudes smaller than G} .
This condition leads to negative bare spin mixing conductance Gy,.

This negative Gy, is unphysical, suggesting that there may be other additional
magnetic damping enhancement mechanisms at the VV/CoFeB interface, which could
lead to the overestimation of Gg}f. Due to the complication at the VV/CoFeB interface,
it becomes difficult to extract the spin Hall angle for V layer. However, if we assume
the V/CoFeB system has a transparent interface, we can still properly apply Equation
3.19 to define a lower bound of the effective spin Hall angle as 6v = -0.069 + 0.002.
Because of the transparent interface assumption, the fitting spin diffusion length 1 =
5.2 £ 0.3 nm does not match with Ass = 16.3 £ 0.7nm, which has been extracted from

spin pumping experiment by taking account of a non-transparent interface condition.
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3.2.4 Conclusions

Previous research has related a large spin Hall angle with specific crystal
structures [5, 6, 36]. For example, a giant spin Hall angle 8sy = -0.12~-0.15 has been
reported in -Ta [5], which has a stretched tetragonal crystal structure with an
enlarged lattice constant and a higher resistivity of 190 uQ-cm compared with a-Ta.
Similar behavior has also been observed in g-W [6]. As a group 5 element, V has a
similar Fermi surface as those of Nb and Ta [37].We therefore speculate the
mechanism for the large spin Hall angle in V films is also due to the presence of a
tetragonal phase, similar to 5-Ta [19]. However, unlike p-Ta and 5-W, these sputter-
grown V films still have a long spin diffusion length.

In summary, a large spin Hall angle is observed in 3d light transition metal V
films consisting of mixed bct and bcc phase with small grain size and enlarged
interlayer spacing. The spin Hall angle is at least &v = -0.071 £ 0.003, comparable to
that of Pt, and is much larger than that in bcc V film grown at 400°C. Similar to 5-Ta
and S-W, the V films with mixed bct and bcc phases also show high resistivity.
However, the spin diffusion length is still as long as 16.3 nm. The surprisingly large
spin Hall angle in V will not only be useful for potential applications in SOTs based
magnetization switching, but also have ramifications on understanding the origin of
the spin Hall angle. In particular, this research suggests that light metals should not be

ruled out in the search for efficient spin Hall materials with large spin Hall angle.
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Chapter 4

SPIN ORBIT EFFECT IN TOPOLOGICAL INSULATOR-FERROMAGNET
HETEROSTRUCTURE

4.1 Background and Motivation

As discussed in Chapter 1, topological insulator (TI) becomes a promising
candidate as a high efficient source of current-induced spin orbit torques (SOTSs). The
non-trivial topological surface state features spin-momentum locking, i.e. as a current
is flowing through the T1 surface, the spin of electrons are pointing in the same
direction, creating a large spin accumulation. This spin accumulation diffuses into
neighboring FM and creates SOTSs.

Bismuth selenide Bi»Ses is a three-dimensional (3D) T1 with a direct band gap
at I" point [1-2]. Its surface band structure consists of a single Dirac cone with the
Dirac point (DP) close to the bulk valence band. The topological surface state (TSS)
has been confirmed to exist in Bi>Ses covered with Fe [3] and Co [4]. The charge
current induced SOTs with giant spin torque efficiency have been demonstrated by
spin torque ferromagnetic resonance technique (ST-FMR) at room temperature [5].
The temperature dependent SOTSs study has also been performed in Bi>Ses/CoFeB
heterostructures, where the large contribution from TSS at low temperature region has
been observed [6].

In this chapter, we discuss charge-current induced SOTSs in Bi>Ses/ferromagnet
(FM) bilayers. We first demonstrate the giant charge to spin current conversion

efficiency in Bi>Ses/Py system at room temperature. Then we present our finding of
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significant surface contribution in Bi>Ses/Co system with temperature dependent SOTs
measurement. At the end, we will discuss the on-going work of topological insulator

research.

4.2  Methods of Spin Orbit Torques Measurement

In this chapter, three SOTs measurement techniques have been applied to
characterize the spin orbit effect (SOE) in FM/TI bilayer systems, including the
second harmonic Hall voltage measurement, spin torque ferromagnetic resonance (ST-
FMR done by A. R. Mellnik et al. in Cornell University) and our newly developed all-

optical vector spin torques magnetometer.

4.2.1 Second Harmonic Hall Voltage Measurement

As the most widely used spin torque measurement technique, the second
harmonic Hall voltage method is based on magnetoresistance (MR) which is induced
by magnetization reorientation in response to current-induced SOTs. The MR response
includes planar Hall effect (PHE), anisotropic magnetoresistance (AMR), anomalous
Hall effect (AHE), and ordinary Hall effect (OHE).

As shown in Figure 4.1, the second harmonic Hall measurement uses Hall bar
structure. The current is applied along the longitudinal x-direction and the Hall voltage
is measured along the transverse y direction. As discussed in Chapter 3, SOT consists
of field-like and damping-like torques with the effective fields of hrL and hpe in y- and
z-directions, respectively. These fields reorient the magnetization and create My and
M; components. Consequently, the transverse Hall voltage Vxy contains both the PHE

due to my my and AHE due to m; [7]

1 MM, 1 M,
Viy = Vpug + Vaug = (E ARpyg M_gy + 2 ARanE M_s) Al (4.1)
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where ARpHe and ARaHE are the change in the Hall resistance due to the AHE and
PHE, respectively. Al is the charge current in the electrical measurement. Here we
define ¢ as the azimuth angle between magnetization M and x axis, and 4 is the zenith

angle. Therefore, Equation 4.1 is rewritten as
Ryy = %ARPHECOSH + %ARAHEsinZHSianb 4.2)
where the Hall voltage signal is expressed by the Hall resistances. We also define ¢o

and 6o as the static equilibration state without the current induced SOTSs, and ¢ = ¢o +

Ag, 8 = 6o + A as the final position of magnetization under the influence of SOTSs.

Figure 4.1 The schematic illustration of second harmonic Hall voltage measurement
of the current induced SOTS.

An AC current Al = Algsinwt is applied along the x-axis. Al, ¢ and @ are

substituted into Equation 4.1 and 4.2, the Hall resistance Ryy is expanded as

Ryy ~ > AR (cos6p — Afsindg) + - ARpyg (sin6, + Afsin260,) (sin2¢, +
2A@cos2¢) (4.3)

The corresponding Hall voltage is expressed as

Vyy = Vo + Vy,sinwt + V,, coswt (4.4)
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where Vp is a DC term, V,, and V2, are the first order and the second order signal

which can be detected from a lock-in amplifier

1
Vo =13 (B + B,)AI (4.5)
V, = AAI (4.6)
1
Vou = —E(Bg + B,)Al 4.7

where the coefficients A, B, and By are expressed as

A= %ARAHECOSBO + %ARPHESiHZHOSiHZ(pO (48)
BQ = %(_ARAHESiHHO + ARPHESiHZQOSiHZ(pO)AQ (49)
B, = ARpygsin?6,cos2¢oAg (4.10)

As shown in Equation 4.9 and Equation 4.10, Bg and B,, are proportional to the current
induced angle changes of A@ and Ag, respectively, which are related to hpL and hrL

caused by SOTs

cosfo(AHxcospy+AHysingy)—sinfoAH,

AG =

(4.11)

(Hg—HasinZ@py)cos2@y+Hcos(0g—6,)

—AHysingp+AHycosgy

Ap = —HasinBgcos2¢@y+Hsinfy (4.12)
Therefore, the effective current induced fields AHx, AHy and AH; can be extracted by

fitting these equations. For geometry illustrated in Fig. 4.1, we have 6o = 90°and gn =
0°. Substituting Equation 4.9 and 4.10 into Equation 4.7, the second order harmonic

voltage can be written as

1 AH, AH
VZa) = (E ARAHE H](+_Hex + ARPHE q 4 )AI (413)

ex_HA
Based on the coordinates defined in Figure 4.1, AH; is the effective field hpL of

damping-like torque, AHy represents the effective field hr. of field-like torque. The
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typical first order and second order Hall voltages are shown in Figure 4.2. The second
order Hall voltage includes both AHE and PHE responses. The effective fields of
SOTs can be extracted based on Equation 4.13. The AHE and PHE resistance
ARAre(Hex) and ARpHe(Hex) can be determined from the first order Hall signal V.,

which does not contain any current-induced effects.

4.05

a 50} b
400 : 25|
_ 3 o, \\.

>
E 305 - 0.0}
> V - l
3.90f |- -2.5}F \ .f*
e

50}
380 0 o 10 20 20 40 0 10 20

Magnet Current (A) Magnet Current (A)

(V)

V

Figure 4.2  Typical second harmonic Hall voltage measurement results of (a) the first
order signal V,, and (b) the second order signal V2.

Further, a second order PHE method, which is based on this second harmonic
technique, has been developed by our group [8-9]. The method use an external
calibration magnetic field and greatly simplifies the analyses. As shown in Figure 4.3
(@), the experimental setup includes an extra calibration field hca generated by a small
Helmholtz coil along y direction. Under this configuration, since the AHE voltage is
much smaller compared with the PHE signal, we neglect the AHE contribution, and
the detected transverse voltage is only related with the current induced in-plane field h;

= hrL + hoe. The second order Hall voltage can be written as

. . . h hoe—hca
AV = V("’]r +hcal' Hex) - V(_]' _hcal' Hex) = ZJAPWCOSZ¢O m (4-14)
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The second order voltage with different calibration fields is shown in Figure 4.3 (b). In
practical fitting process, we perform a linear regression analysis between the AV(hca =
0) and AV (hcal) - AV(-hcal), and the linear fitting result is shown in Figure 4.3 (c).
Figure 4.3 (d) shows the linear dependence of field like torque hr. with the applied

current.
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Figure 4.3 The second order PHE field like torque measurement. (a) The
experimental setup which includes an external Helmholtz coil generating
a calibration field. (b) The Hall voltage measurement results with
different calibration fields. (c) The linear regression analysis based on the
test result and calibration result. (d) The linear response indicates the
measurement is in the linear response regime.(Reprinted by permission
adapted from [9], copyright (2014))
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4.2.2 All Optical Spin Torque Measurement

The second harmonic electrical measurement has its drawback since the signal
is complicated by the PHE, AHE, and thermal effect, especially for in-plane
anisotropy FMs system that make it difficult to separate the thermal-induced signal
from the AHE signal [10-11]. Comparing to this indirect electrical techniques that
based on MR response, the MOKE spin torque magnetometer directly probes the
magnetization direction and avoids the influence from thermal effects.

In Chapter 3, we have already introduced the damping-like torque
measurement technique based on polar MOKE. Here we focus on the field-like torque
measurement based on quadratic MOKE response.

For the normal incident light, the MOKE response includes both the first order
term and the second order term [12]

Y(m) = apyigrM; + BouaaMym, (4.15)
Measuring polar MOKE which arises from m; components, we can determine hp. as
we discussed in Chapter 3. hr is in y-direction and thus induces my, which is
contained in second order or quadratic MOKE signal. In order to probe the quadratic
MOKE, a circular polarized incident light can be used since m, component will not
induce any changes in circular polarized light.

Comparing Equation 4.15 with Equation 4.1, we find the similar form between
MOKE and electrical spin torque measurement methods. The first order signal in
Equation 4.15 is similar to AHE induced MR in second harmonic Hall voltage
measurement, which is proportional to the out-of-plane component of magnetization
m.. The second order quadratic term is also comparable to PHE voltage in Equation
4.1, which is related with the product of in-plane components myx and my. As shown in

Figure 4.4 (a), the linear incident light can be assumed as the superimposition of two
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separate circular polarized lights with opposite polarizations. Due to the magnetic
circular dichroism caused by out-of-plane component m;, the right-handed and left-
handed polarized lights have different absorption rates, and the reflected components
combine into an elliptical polarization, which could be detected as AHE-like response;
In Figure 4.4 (b), as a linear polarized light could be decomposed into two orthogonal
linear components along x and y axis. Due to the magnetic linear dichroism, which
means the linear polarized light has different absorption rates along two orthogonal
axes. It is similar to PHE induced resistance in the electrical Hall measurement,
electrons have different conductivities along two orthogonal directions, because of s-d
scattering of electrons in the direction of magnetization. Furthermore, the circular
polarized light can always be decomposed into two linear component, which could

also induce this PHE-like response, but no AHE-like response.

a Magnetic circular dichroism b Magnetic linear dichroism

g:: .
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polarization WZXWZY

o=/ | +o=/

Figure 4.4  The illustration of (a) MOKE circular dichroism (first order) and (b)
linear dichroism (second order) response.

The normal incident MOKE response can be rewritten as

hDL hFL
AlpKerr X NpolarM; | UQuadIanny = Npolar 77Quad C052¢laser (4-16)
M H
|Hex|+ eff ex
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where the angle giaser is the angle between the linear incident light polarization
direction and the magnetization orientation. For a typical HM/FM heterostructure
Pt/Py system, the normal incident MOKE measurement results are shown in Figure
4.5. The polar MOKE response is almost fifty times stronger than the quadratic
MOKE coefficient, which is shown in Figure 4.5 (a). In Figure 4.5 (b), the 0° and 90°
polarization signals include both polar and quadratic components, but the quadratic

term will be eliminated at 45° polarization, which could be accurately described by
Equation 4.16.

100
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Figure 4.5 The normal incident MOKE measurement results of Pt/Py bilayer. (a)
The polar and quadratic component response coefficients as function of

the polarization of linear incident light; (b) The Kerr rotation signals with
different linear polarization direction.

In practical measurement, an extra calibration wire is placed under the test
MOKE samples, which generates a calibration magnetic field. As shown in Figure 4.6
(a), the quadratic response induced by the field-like torque hr. and calibration field

hcai, respectively, show the 1/Hex feature (Equation 4.16). The linear regression fitting

is shown in Figure 4.6 (b).
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Figure 4.6  The quadratic MOKE field like torque measurement of Pt/Py bilayer
structure. (a) The Kerr rotation response induced by spin orbit torques
(black) and external calibration field (red) in FM layer, respectively.

4.2.3 Comparison between MOKE and Electrical Spin Torque Measurements

In this section, we compare the SOT measurement results between MOKE,
second harmonics Hall and ST-FMR techniques, where ST-FMR results are based on
our collaborators A. R. Mellnik et al. in Cornell University [13]. We demonstrate that
all-optical MOKE technique is able to measure both the damping-like torque hp. and
the field-like torque hrL, and it also has advantages comparing to other electrical
methods. Especially, MOKE technique can simplify the extraction process of SOT
measurements. In addition, this optical technique can be used to measure SOTs
involving magnetic insulators where electrical measurement cannot and magnetic
layers with perpendicular magnetic anisotropy.

In this study, we use a series of 6 nm Pt/Py(x nm) as the test samples, where x
=2,4,6, 8and 10 nm. The summary of spin Hall angle induced by both damping-like
torque and field-like torque are plotted in Figure 4.7 (a) and (b), respectively. All the
ST-FMR measurement has been performed at Cornell. The trend of hpL and hr match
between MOKE and electrical measurements, but the magnitude deviates. The second

harmonic method works well with perpendicular magnetic anisotropy system but it has
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difficult to separate the thermally induced effect in the system with in-plane
anisotropy. For the ST-FMR, it works in both out-of-plane and in-plane anisotropy
systems, but it is difficult to estimate the real radio frequency (RF) current going
through samples which is a crucial fitting parameter. In addition there is other artifacts
from spin pumping or inverse spin Hall effect (ISHE) which can contribute to the

output voltage signal.
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Figure 4.7 The damping-like and field-like torques spin Hall angle 8, and 6, based
on various spin torque measurement techniques.

The MOKE spin torque magnetometer can determine both damping-like and

field-like SOTs. It probes the magnetization directly and does not have all the artifacts
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mentioned above. Therefore, as will be discussed in the following section, the research

of SOT in FM/TI system is mainly relied on the MOKE measurement.

4.3 Spin Orbit Torque in TI/FM Bilayer

4.3.1 Giant Spin Orbit Torque Efficiency in Bi2Ses/NisoFezo Bilayer

The room temperature damping-like torque has been measured by the polar
MOKE at Delaware and by the ST-FMR at Cornell. The results are shown in Figure
4.8 (a). Comparing with the damping-like torque in Pt/Py (NigoFe2o) bilayers (Figure
4.7 (a)), the SOT efficiency in Bi2Ses3(8 nm)/Py(x nm) is almost one order higher than
that in conventional HM/FM system like Pt/Py. Similarly, in Figure 4.8 (b), the field-
like torque is also approximately 10 times larger than that of Pt/Py. The strength of

spin torque per charge current density in Bi,Ses is the greatest reported by so far.

a b
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Figure 4.8 The effective (a) in-plane and (b) out-of-plane spin Hall angle in Bi>Se3(8
nm)/Py(x nm) (x = 8, 12, 16 nm) bilayers.

The room temperature giant spin orbit torque efficiency is contributed by the

coexistence of topological surface state (TSS) and the bulk spin Hall effect (SHE),
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since Bi>Ses has a non-insulating bulk which has very high spin-orbit coupling. The
temperature dependent sheet resistance for 20 nm Bi»Ses is shown in Figure 4.9. The
sheet resistance decreases monotonously as the temperature decreases. After the
temperature is lower than 50 K, Bi.Se; bulk becomes insulating, and the TSS has a

temperature independent sheet resistance.

400 —— Bi,Se, 20nm
S 300
(2]
o
200}
1 10 100

Temperature (K)

Figure 4.9 The temperature dependent sheet resistance of 20 nm BizSes film.

In the study of the origin of the observed SOTs, we have performed
temperature dependent SOTs measurements on Bi>Se3(10 nm)/Py(4 nm) bilayers.
Since our MOKE setup equipped with cryostat is still under testing, therefore, we
present the temperature dependent SOTs data here taken by second harmonic Hall
voltage measurements.

Bi.>Ses thin films of 10 nm thick were grown with molecular beam epitaxy
(MBE) on sapphire substrates using a selenium cracker [14] in Prof. Stephanie Law’s

group at University of Delaware. The samples were then transferred into a magnetron
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sputtering system in our lab, where a 4 nm Py layer was grown at 3.0 mTorr on the
Bi>Ses film. Another 5 nm SiO- layer was capped on the top. The temperature
dependent sheet resistance, carrier density and mobility are shown in Figure 4.10. The
sheet resistance in Figure 4.10 (a) shows a rapid rising at T <50 K, which indicates
TSS dominates the conduction at low temperature region, and the bulk becomes

insulating. The carrier density and mobility are comparable with the published

values [14].
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Figure 4.10 The temperature dependence of (a) sheet resistance, (b) carrier density
and (c) mobility of 10 nm BizSes.

These samples were patterned into Hall bar structure using conventional
photolithography procedure. The active regions of Hall bar devices range from 90 ~
150 um long and 15 ~ 100 um wide. Except various sizes of Hall bars, there are also
other devices for MOKE measurement on the same 10 x 10 mm? chip. The typical

Hall bar device is shown in Figure 4.11 (a).
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Figure 4.11 (a) Typical Hall bar device for the second harmonic Hall voltage
measurement. This six terminals device is also used in electrical
resistivity measurement. (b) The illustration of second harmonic Hall
measurement configuration.

As shown in Figure 4.11 (b), the second harmonic measurement was
performed under two configurations: (1) the in-plane field scan with the external field
Hex along x-axis (Gn = n/2), and (2) the out-of-plane field scan along z-axis (01 = 0).
The alternating current (AC) Al = Alosinwt is applied in x direction, which is shown in
Figure 4.11 (b). While the transverse Hall voltage is read out between “V+” and “V.”
along y direction.

For the in-plane field scan configuration (6o = 90°, ¢ = 0°), the output second
order Hall voltage V2., is described by Equation 4.13. As shown in Figure 4.12, the
second order Hall response at different temperatures can be fitted based on the
Equation 4.13. Since Py has very small AHE magnetoresistance, only the in-plane
current induced the effective field of field-like torque hrL can be determined in this
configuration.

In the out-of-plane field scan configuration, we apply an external magnetic

field Hex along 61 = 5°, and po = @n = 0°. The measurement results are shown in
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Figure 4.13. Substituting Equation 4.9 and 4.10 into Equation 4.7 gives to the
following expression

. 2 i 2
[l sin?6y,AH, +¢ sin“foAHy ]AI (4.17)

2 Hgcos20y+Hexcos(8g—6p) Hexsinfg—Hasing,

_ ARagE
VZw - = >

where ¢ = ARane/ARPHE, AH; and AHy represent hpr and hri, respectively. The angle

6o can be extracted from the first order Hall voltage

Vi =5 AR ppcosfoAl (4.18)
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Figure 4.12 The second order Hall voltage V2, as a function of in-plane magnetic
field at different temperatures for Bi-Se3(10 nm)/Py(4 nm) bilayers.
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Figure 4.13 The second order Hall voltage V2., as a function of nearly out-of-plane
magnetic field (0n = 5°) at different temperatures for Bi2Se3(10 nm)/Py(4
nm) bilayers.

The results of hpL and he are shown in Figure 4.14. We find the damping-like
torque is larger than the field-like torque and both effects decrease with decreasing
temperatures. There are three potentials contributions to hp. and hr.: (1) the TSS
which in generally gives rise to hrL > hp. The surface state induced effect weakly
depends on the temperature; (2) the Rashba effect which also leads to hg > hp but the
effect is decreasing with decreasing temperature; (3) the bulk SHE which usually has
hrL < hpL and decrease with decreasing temperature since the bulk conductivity in TI

becomes insulating at low temperature region. In Figure 4.14, we have observed
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significantly contributions from bulk SHE. The TSS effect has a week contribution

based on hrL and hpL temperature dependent measurement.
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Figure 4.14 (a) The field-like torque efficiency and (b) damping-like torque
efficiency as a function the temperature for Bi>Se3(10 nm)/Py(4 nm)
bilayers.

4.3.2 Topological Surface State Induced Spin Orbit Torques

As discussed in the last section, there is no solid evidence to support our
expectation that the TSS would dominate the SOTs at low temperature region since
the bulk of Tl becomes insulating, leading to minimum contributions from SHE.

Very recently, Prof. Branislav Nikolic at University of Delaware has
performed first-principles calculation on Bi>Ses/Co heterostructures [15]. The most
notable findings: (1) there is strong influence of metallic FM on T1 where the Dirac
point is significantly shifted into valence bands due to charge transfer, and (2) there is
strong SOC proximity effect at the interface between T1 and FM layers, resulting in
different spin textures on both side of the interface, where the spin textures in Tl is
different from originally predicted spin-momentum locking and the spin textures in

FM different from the bulk of FM layer. The study successfully explained the
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experimental results of significant changes in charge-spin conversion in TI/Cu/FM.

The study also indicate that the SOTs will be dominated by the interfacial electronic

structures and spin textures which are modified from standalone Tls and FMs. The

calculation of SOTs is currently underway.

Guided by this theory, we also investigated SOT behaviors in Bi>Se3(20

nm)/Co(3 nm) bilayers. As shown in Figure 4.15, the in-plane field scans were

performed on this sample. Unlike the negligible AHE signal in Bi>Ses/Py system, Co

has much larger AHE resistivity paxe than that of Py. Based on the expression of

Equation 4.13, we can simultaneously extract both effective fields of hpL and hr,

which are represented by AH; and AHy, respectively.
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Figure 4.15 The second order Hall voltage as a function of in-plane magnetic field at
different temperatures for Bi>Se3(20 nm)/Co(3 nm) bilayer.
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However, in order to determine ARa+e and ARpre in Equation 4.13, both the
in-plane and out-of-plane field scans have to be measured. The first order Hall voltage

was used to extract the PHE and AHE resistances following the expression

v, = GARAHECOSHO + %ARPHESinZHOSinZ(pO) Al (4.19)
The typical V,, results of both in-plane and out-of-plane scan are shown in Figure 4.16
(a) and (b), respectively. According to Equation 4.19, for in-plane field scan, 6o = 90°,
V,, attains maximum when sin2¢o = 1, then ARpHE = 2V»(max)/Al. For out-of-plane
field scan, go = 0°, V,, attains maximum when cosép =1, then ARanHe = 2V,(max)/Al.
Therefore, ARpHE and ARaHe could be determined in Figure 4.16 (a) and (b),

respectively.
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Figure 4.16 The first order Hall voltage as a function of (a) in-plane and (b) out-of-
plane magnetic fields for Bi2Se3(20 nm)/Co(3 nm) bilayer.

The temperature dependent ARpHe and ARanHE, extracted from the first order

Hall voltage, are shown in Figure 4.17 (a) and (b), respectively.
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Figure 4.17 The ARpHe and ARAaHE extracted from temperature dependent first order
Hall voltage.

The out-of-plane anisotropy field Hk and in-plane anisotropy field Han can also
be extracted from data shown in Figure 4.16. The Hex corresponding to the maximum
of Ve in Figure 4.16 (a) represents Han. Figure 4.16 (b) is the out-of-plane magnetic
hysteresis loop which can indicate Hk. With these parameters, we can fit the second
harmonic results to extract AH; (hor) and AHy (hrL) according to Equation 4.13. All
fitting results (black curves) are shown in Figure 4.18. The high field of 0.2 Tto0.5 T
is chosen to fit the data since the low field data involves magnetization switching and
domain formation. The extracted hr. and hp are shown in Figure 4.19. We find both
the field-like torque and the damping-like torque decrease with decreasing temperature
to 50 K, below which both SOTs rapidly increase with decreasing temperature.

The bulk SHE induced spin orbit torques in Tl is decreasing with decreasing
temperature since the bulk of Tl is becoming insulating. The Rashba effect induced
spin orbit torques decrease weakly with temperature [6]. As we expected, the rapid
increase in SOTSs at low temperature is due to the contribution from TSS. However,

hoL in Figure 4.19 (b) is very interesting. Firstly, the damping-like torque switches the
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sign near 30 K; Secondly, hp. at T= 300 K is small compared with the giant SOT in

Bi>Ses/Py system at room temperature [5].
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Figure 4.18 The second order Hall voltage fitting results under different temperatures.
The fitting region is chosen at the range of 0.2 T to 0.5 T, in order to
satisfy the small angle approximation in the fitting process that is based
on Equation 4.13.

95



30 20

25-1!1 a 10_ﬁ b
)

g T S o e
O 15} o o
T 10} T .0} /‘/
E 3
S 20} L,/
0550 100 150 200 250 300 0 50 100 150 200 250 300

Figure 4.19 The summary of temperature dependent SOTs measurement in 20 nm
Bi>Ses/3 nm Co heterostrucutre. (a) The field like torque efficiency and
(b) damping like torque efficiency.

Similar results have been observed in other samples. The results of another
Bi>Se3(10 nm)/Co(5 nm) sample are shown in Figure 4.20, and the damping like
torque also reverses sign near T = 40 K (Figure 4.20 (e)).

The sign change could be due to two reasons: (1) the thermal effect which can
also contribute to the Hall signal, its sign depends on the direction of the temperature
gradient AT perpendicular to the sample plane [8]; (2) the opposite directions of spin

polarization arising from TSS and bulk SHE of TI.
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Figure 4.20 The temperature dependent of the second harmonic measurement of
Bi>Se3(10 nm)/Co(5 nm) samples.

To gauge the thermal effect, we performed a current dependent measurement
since SOT is linearly proportional to the current and thermal effect is quadratic on the
current. The results are shown in Figure 4.21. The extracted effective spin orbit field
heL is linearly proportional to the current density. Unfortunately, the damping-like

field hp. is too noise to show definitely linear relation with the current density.
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Figure 4.21 The current dependent measurements of hpr and hr at room temperature

To further remove the thermal effect, we performed a separate polar MOKE
measurement at room temperature of Bi>Se3(20 nm)/Co(5 nm) sample. Since MOKE
directly measures the magnetization direction not the Hall voltage, therefore it is free
of thermal contribution. The MOKE measurement is shown in Figure 4.22. The
extracted hpL = 0.57 (1 £ 0.25) Oe is consistent with the second harmonic
measurement result in Figure 4.19 (b). Therefore, we are confident that the sign

change is not an artifact due to offset of the thermal contribution.
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Figure 4.22 The polar MOKE SOT measurement of Bi>Se3(20 nm)/Co(5 nm) sample
at room temperature. (a) The damping like torque spatial line scan and

(b) the out-of-plane current induced Oersted field distribution across the
sample’s transverse direction.

To fully interpret the results, our collaborator Prof. Nikolic is performing the
first-principles calculations on the spin orbit torque Bi>Ses/Co bilayers that are
dominated by the interface electronic structures and spin textures, which are very

different from the stand-alone Bi>Sez and Co layers [15].
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Chapter 5

SPIN ORBIT EFFECT WITH SPIN ROTATION IN FERROMAGNETIC
MATERIALS

5.1 Introduction

5.1.1 Motivation

As discussed in previous chapters, in-plane charge current in NM/FM bilayers
generates the spin orbit torques (SOTSs) via the spin Hall effect (SHE) in the NM [1],
or the Rashba-Edelstein effect (REE) due to the interfacial spin orbit coupling
(SOC) [2-4]. The effect from the topological surface states (TSS) can be viewed as
substantially enhanced version of the REE [5]. The SHE will convert a charge current
Jc into a transverse perpendicular spin current Q. with transverse in-plane spin

polarization . These three vectors are orthogonal to each other in the form:

Q, = -6(jc X 0) (5.1)
where 7 is the reduced Planck’s constant, e is the electron charge, Q. is the spin
current density, jc is the charge current density, and & represents the efficiency of the
charge to spin conversion, or so-called spin Hall angle. Based on the symmetry of spin
current described by Equation 5.1, the in-plane spin polarization is unable to switch a
perpendicular magnetized film (We will discuss the details in the next section). The
REE induced spin polarization is along the same y-axis but may be opposite to that
from SHE. For the sake of discussion, we assume the spin polarization from both

effects are all along y-axis as shown in Figure 5.1.
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Figure 5.1 The schematic illustration of the SOTSs assisted magnetization switching
in FM/NM bilayer structure.

In order to switch the magnetization, additional sources to break the symmetry
are required which include, for instance, the intrinsic gradient of magnetic
anisotropy [6], extra bias magnetic field to tilt the magnetization away from the film
normal [7-8], or an effective exchange bias field [9-10]. Even though, the efficiency of
such a switching process is still not optimum, since the SOTs must overcome the
torque due to anisotropy as well as the intrinsic damping.

A spin current with an out-of-plane spin polarization that is opposite to the
perpendicular magnetization is most efficient to switching the magnetization without
the need to tilt the magnetization. This has already been realized in the conventional
STT-MRAM devices where current is perpendicular to film plane. The spin transfer
torque (STT) assisted anti-damping switching process will be discussed in the next
section. Devices utilize SOTSs so far cannot generate perpendicular spin polarization
unless the symmetry in the sample is broken. Recently, MacNeil et al. have reported
that spin current with perpendicular spin polarization can be generated by a WTe/Py

bilayer structure due to structural asymmetry in WTe; transition metal
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dichalcogenide [11]. Other theoretical studies show that this kind of out-of-plane
polarized spin current could also been generated via combination of the anomalous
Hall effect (AHE) in a FM with tilted magnetization and the spin-filtering effect [12].
Amin and Stiles have predicted the spin-orbit scattering of an in-plane charge current
at a FM/NM interface could give rise to a spin current with an arbitrary spin
polarization, which is due to the interaction between spins and the magnetic order at

the interface [13].

5.1.2 Our Hypothesis to Control Spin Polarization Direction

One possible microscopic mechanism consistent with the prediction from
Amin and Stiles is the case where spin polarization of a spin current generated near the
FM/NM interface precesses about the magnetization. Although transverse spins
rapidly dephase in a FM [14-15], this is not necessarily the case at the FM/NM
interface or when FM is very thin. Therefore, from a purely phenomenological point

of view, we might expect a source of spin current described by

QS =2 6Rjc x (m X 0) (5.2)
where 6R is the charge to spin conversion efficiency for the spin orbit effect (SOE)
with the rotated spin symmetry. In this sense, the generation of a spin current
described by Equation 5.2 is loosely analogous to the rotation of the polarization of
light by the Faraday effect.

As shown in Figure 5.2 (a), when an in-plane charge current passes through a
FM/NM interface, an out-of-plane propagating spin current can be generated with two
components in accordance with both Equation 5.1 and 5.2. It should be emphasized

that Equation 5.2 describes an effect that is inherently different from the spin filtering
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proposed by Taniguchi et al [12]. The polarization of the spin current generated via
spin filtering is always polarized collinear with the magnetization, whereas the spin

current due to spin rotation is always polarized orthogonal to the magnetization.

. © M o NM
- t i FM je G t i FM
Figure 5.2  The illustration of spin orbit effects with (a) conventional and (b) rotation
symmetry. Spin current generated from a charge current near the FM/NM
interface. The red and blue arrows represent spins. The vertical blue wide

arrows represent the spin current with conventional symmetry and spin
rotation symmetry, respectively.

Similarly, as illustrated in Figure 5.2 (b), a spin current Q, that flows out-of-
plane in a FM/NM bilayer can generate two in-plane charge currents vis the spin
galvanic effect (SGE), one with jc in the direction of Q, x &, and one with jc? in the

rotated direction -Qs % (M % &). This process could be mathematically described as
jc==0xa (5.3)

i} = —26RQ, x (m X 0) (5.4)
where the negative sign in Equation 5.4 is necessary to satisfy the Onsager relation as

discussed in our recent work [16].
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5.1.3 Magnetization Anti-damping Switching
We now discuss magnetization switching driven by SOTs, which include both
the damping-like torque tpL and the field-like torque Tr, is described by the Landau-

Lifshitz-Gilber-Slonczewski equation [17]:

‘;—T = —ym X Hegr + am X Z—T +yvhpm X (6 Xm) —yhgym x o (5.5)
where m indicates the unit vector of magnetization M, y is the gyromagnetic ratio, a is
the damping constant, & is the spin polarization, ToL = yhoLm % (¢ x m) and trL =
yhrLe X m, hpr and he are the effective field of damping-like torque and field-like
torque, respectively. Hesr includes the perpendicular anisotropy field Hk = Hk(m-z)z
and in-plane bias field Hyias, and z is the film normal.

As shown in Figure 5.1, the charge current jc is along x direction, the spin
current Q, generated by the SHE flows through the FM/NM interface with the spin

polarization ¢ along y direction. Then replacing ¢ with y and iterating Equation 5.5,

one finds
d
d_T - 1-:/612 m X (Hg(m - 2)z — (ahpy, — hgL)y + Hpias)
B 1-3/052 m X (m x (aHg(m - 2)z + (hpy, + ahFL)y)) (5.6)

The damping term aHk(m-z)z + (hoL +  hrL)y cannot be canceled at any current
amplitude. This is the reason why it is impossible to switch a perpendicular
magnetized film via so called anti-damping switching. In practice, an extra external
filed Hoias is introduced to break the symmetry in order to switch the
magnetization [6].

If we assume the existence of out-of-plane spin polarization induced by the

spin rotation symmetry, and ¢ is along z axis, we can rearrange Equation 5.5
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(aHg(m - z) + (hpy, + ahp))m X (m X 2) (5.7)
The first term on the right hand side of Equation 5.7 indicates the precession motion of
the magnetization around the film plane normal z. The second term is the damping
term and the effective field is (aHk(m-z) + (hoL + a heL)). The SOTs induced by the
rotation symmetry can completely overcome the anisotropy field when the spin current
exceeds a threshold satisfying aHk(m-z) + (hpoL + « hr) < 0 with m along z axis. In
this case, anti-damping switching could be realized.

Therefore, if our hypothesis of spin rotation symmetry can be confirmed
experimentally, namely, the spin polarization induced at the FM/NM interface is able
to precess around m, one can realize anti-damping switching. Further we postulate that
such a rotation can be achieved in a FM. In another word, when a current is flowing
through a FM, one would generate transverse spin current since FM has sizable SOC
leading to SHE, just like the case for a heavy metal. The transverse spin polarization
will be rotated by the magnetization in FM. If the spin dephasing does not fully
suppress this spin rotation, the spin current with rotational spin polarization will flow
into neighboring FM and create SOTSs. Following this hypothesis, we confirm this spin
rotation using FM1/NM/FMg structure. FMy is the spin current source layer and FMz is

the detection layer. The purpose of NM spacer layer to avoid direct coupling between

FM: and FM. which tends to align the magnetizations in both FM layers.

5.1.4 Mirror Symmetry Based Analysis
As we mentioned above that the current-driven spin current can only have in-

plane spin polarization. This can be easily seen from the symmetry. The symmetry
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arguments also provide a tool for designing magnetic material structure to realize
particular switching characteristics [6].

Figure 5.3 schematically illustrates how the mirror symmetry breaking in FM
can give rise to the out-of-plane spin polarization alone z axis. In Figure 5.3 (a), we are
mainly focusing on the spin current flow Qs (+z direction) induced near the top
surface of NM. The FM layer on top of the NM is not shown here. We assume there is
spin polarization ¢ which is along +z direction. Both the charge current jc and the spin
current flow Q. are polar vectors, but the spin polarization ¢ is a pseudovector [18].
Therefore, ¢, the mirror image of ¢, is along the —z direction, and the mirror image of
Je is still aligned the x-direction. This violates the mirror symmetry of the sample.
Therefore, the perpendicular spin polarization is not allowed. In Figure 5.3 (b), the top
two layers of FM/NM are not shown. The pseudovector magnetization m is defined
along —x direction. Take the mirror transition, the mirror images of & and m reverse
their directions, ¢’ is along —z direction, m’ is along +x direction. Both the origin and
the mirror images satisfy the relation in Equation 5.2. Thus, this spin rotation
symmetry hypothesis is at least allowed under the mirror symmetry analysis. The FM

layer plays a role to break the mirror symmetry about the x-z plane [19].

108



Figure 5.3  The schematics of mirror symmetry and SOEs induced spin polarizations.
(@) The spin polarization induced by the conventional SHE in bulk NM
layer or near the NM surface. The gray arrow indicates the charge current
which is along x direction. The light green wide arrow represents the spin
current flow direction, here we focus on the spin current flow on the top
surface. The out-of-plane spin polarization couldn’t exist in the NM,
since it is unable to be uniquely determined by the charge current. (b)
The spin rotation symmetry induced out-of-plane spin polarization could
satisfy the relation described by Equation 5.2.

5.2 Experiment

In this study, we present the observations of spin current with spin rotation
symmetry as described in Equation 5.2 and 5.4. In this section, we show experimental
results that confirm out hypothesis of spin current with spin rotation symmetry by

using current-induced SOTs and spin Seebeck effect (SSE) driven SGE measurements.

5.2.1 Sample Preparation
All samples were fabricated by magnetron sputtering. The test sample is a
multilayer with the structure of seed layer/PML/Cu(3 nm)/Py(2 nm)/Pt(3 nm), and the

control sample has the structure of seed layer/PML/Cu(3 nm)/TaOx(3 nm)/Py(2
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nm)/Pt(3 nm), where the seed layer is Ta(2 nm)/Cu(3 nm), PML represents
[CogoFe10(0.16 nm)/Ni(0.6 nm)]s/CogoFe10(0.16 nm) which has perpendicular
magnetization, Py has the concentration of NigoFe20. The TaOx layers are made by
depositing 1.5nm Ta film and subsequently exposing to the air. This process is
repeated to fabricate a total of 3 nm of TaOx. In the SOT experiments, the Py layer is
the spin-current detector. The TaOx insulating layer in the control sample blocks the

flow of spin current between the PML and Py layers.

5.2.2 Electrical and Magnetic Properties

The sheet resistance of the test sample is about 8.8 Q and the conductivity of
the PML is about 7.1x10° Q'm™". The magnetic hysteresis loops of the test sample
and control sample were measured by using vibrating sampling magnetometry (VSM),
as shown in Figure 5.4. For the out-of-plane measurement configuration (Figure 5.4
(@), the sharp switching at lower fields corresponds to the PML magnetization while
the slope that saturates gradually at higher fields correspond to the Py magnetization.
In both test and control samples, the coercivity of PML are identical but the saturation
fields of Py are not the same. The saturation field of Py in the control sample is much
lower than that in the test sample, which may be due to the increased perpendicular
anisotropy at the TaOx/Py interface compared to that at the Cu/Py interface. In the in-
plane measurement configuration, as shown in Figure 5.4 (b), the two hysteresis
signals nearly overlap each other. Due to the thick and insulating spacer layers (Cu(3
nm)/TaOx(3 nm)) in the control sample, the interlayer coupling in the control sample
should be negligible. Since the PML magnetization hysteresis in the test sample
behaves very closely to that in the control sample, we think the interlayer coupling in

the test sample is not significant either.
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Figure 5.4  Magnetic hysteresis loops measured by VSM. (a) Hysteresis loops
measured for the test sample and control sample in the out of plane
direction and (b) the in-plane direction.

We further performed ferromagnetic resonance measurements, from which we
determined the effective out-of-plane demagnetizing field of Py to be poMess = 0.74 T
and the effective out-of-plane anisotropy field of the PML to be poHan. =0.39 T.
These values are consistent with the magnetic hysteresis measurement. In our
measurements, the largest in-plane field applied is 40 mT, which tilts the PML

magnetization by approximately 6°.

5.2.3 Spin Orbit Torgue Measurement

The measurement geometry is shown in Figure 5.5. The sample is patterned
into a 50 um x 50 um strip and connected by large gold contact pads. The sample is
then placed onto a motion stage, which allows easy focusing and laser scanning over
the sample. A laser is incident perpendicularly onto the sample through a x20
objective. In this measurement, an external field is swept along the x direction. The
angle ¢ represents the angle between the current I (or jc) and the external magnetic

field Hex.
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Figure 5.5 The experimental configuration for the SOTs measurement by MOKE
magnetormetry.

We manually rotated the sample together with the applied current in the film
plane. The out-of-plane and in-plane magnetization rotation in Py due to current-
induced torques were measured by the polar magneto-optic-Kerr-effect (MOKE) and
quadratic MOKE magnetometry, in which the incident light has a linear polarization
of 45° and 0° from the x direction, respectively.

According to Equation 5.2, an in-plane charge current jc generates spin
currents with three components that exert torques on the Py magnetization, Q. with ¢
along jc % z due to the SOE with conventional symmetry near the Pt/Py and PML/Cu
interfaces, Q." with ¢ along mpemL X (jc % z) due to the SOE with spin rotation
symmetry near the PML/Cu interface, and g~ with ¢ along mey x (jc X z) due to the
SOE with spin rotation symmetry near the Cu/Py and Py/Pt interfaces. In general, a
spin current with spin polarization ¢ can exert two types of SOTs on the Py
magnetization mpy: a damping-like torque zpc in the direction of (mpy X ¢) X Mpy,
which has an equivalent field in the direction of mpy x &, and a field-like torque zr_ in

the direction of & x mpy, which is equivalent to an effect field in the direction of e.
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Therefore, there are four effective fields due to the various SOEs that act on the Py
magnetization: (1) hpoL-mpy X (jc % z) due to the 7o, from Q. and the zr. from gc%; (2)
heL-(je * ) due to the zr. from Qs and the 7oL from gs%; (3) holR-mpy X [Mpy X (jc X
z)] and he R-mpy X (je x Z) due to the 7oL and zrL from QoR, respectively.

It should be emphasized the possible effective fields due to the Rashba-
Edelstein SOTs at the Cu/Py and Pt/Py interfaces will share the same symmetry, thus

not discussed separately.

5.2.3.1 Damping-Like Torque Measurement
In the limit where the current-induced SOT is small relative to the torque due
to the applied field and the demagnetizing field, the out-of-plane of the Py

magnetization reorientation is given by

mfsy _ hDL[mPyX(icXZ)]'Z‘thL[mpyx(mPMLX(J'cXZ))]'Z+h$e (5.8)

[Hex|+Mefr

where Hey is the applied external magnetic field, and Mt is the effective Py
demagnetization field along z direction. We detect mpy! by using the polar MOKE
magnetormetry, which results in the polarization rotation of Wpoiar Of linearly polarized
incident light. The three terms in Equation 5.8 can be distinguished by their
dependence on mpy and MpwL.

In the measurement geometry with j¢ || mpy, the second term in Equation 5.8 is
zero. As shown in Figure 5.6, signals of in both the test and control samples resemble
the Py magnetization hysteresis, which can be understood from the first term in
Equation 5.8. The signal is independent of mpmc. In the third term of Equation 5.8, the
Oersted field hoet, is independent mpv and mey and spatially varies transverse to jc.

We use hoet, calculated by using the Biot-Savart law, to calibrate the magnitude of
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hor and hp R, both of which depend on mpy and are uniform across the sample. This
detailed calibration fitting process has already been discussed in Chapter 3. From the
calibration, we estimate that hp. is about 120 + 12 Am™ in the test sample, when the
current density through Pt is about 1.2 x 10° Am and that through the PML is about
3.8 x 10 Am?2,

5 — i II.IK —m— Mpyp =+1Z
— L —O— Mpyp =-Z
= 0
I . Test | - »lﬁpy
E‘; _5._ fllllllllll Cu
%10 | ssanssssuss *lﬁPM
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- B agesanfnnne
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Figure 5.6  The polar MOKE response Wpolar measured in the test and control
samples when current is applied parallel with Hex (¢ = 0°). No
dependence of mpwL is observed.

In the measurement geometry with jc L mpy, the first term in Equation 5.8 is
zero. As shown in Figure 5.7, Wpolar for the test sample switches with the applied field
direction, and also reverses polarity when mpmc is switched, which is consistent with
the behavior expected from the second term of Equation 5.8. The magnitude of hp,R is

estimated to be 25% of the magnitude of hpi, or 30 = 4 Am™. This result confirms the
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generation of a spin current with rotated spin polarization by the PML layer. By use of

Equation 5.2, we estimate

R
oR — Zhell?all 2:%:(48+06)x10‘ (5.9)

Under the assumption of perfect spin absorption at the Py/Cu interface, where @oMpy =
1 T and dpy = 2 nm are the saturation magnetization and the thickness of Py,
respectively. For the control sample, where Q" is presumably suppressed by the TaOx
layer, Wpolar IS independent of mpme. The slight dependence of Wpolar ON the applied
field is possible due to the misalignment of the applied field and the current flow
direction, which is estimated to be about 1.5°.

We decomposed Wpolar into the component that is even in mM(AWpoia*¥*") and

odd in M(AWpoiar®®), by defining
g‘(;?a?r = (quolar polar) + (lppolar qJ};o_lar)

AYpetar = (Waotar = Whotar) = (Wpaiar = Wpolar) (5.10)
where the first superscript in Wpolar™* denotes the sign of mpmL and the second
superscript denotes the sign of mpy during the measurement as illustrated in Figure
5.7. We then measured the dependence of AWpoiar®®" and AWpoiar®® on the applied field

angle in the sample plane.
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Figure 5.7 The polar MOKE response measured in the test and control samples
when current is applied perpendicular to Hex (¢ = 90°). In the test sample,

the polar MOKE response is reversed when mpw is reserved. In the
control sample, the polar MOKE response has little dependence on mpemc.

As shown in Figure 5.8, AWpoia®"®" is proportional to cosg, whereas A% polar®™

is proportional to sing, consistent with the phenomenology expression in Equation 5.8.
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Figure 5.8  The angle dependence of A¥poiar™*®" and AWpoia®™ Of the test sample.
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5.2.3.2 Field-Like Torque Measurement
As the in-plane current also generates a uniform in-plane Oersted Field hoe!
and the field-like torque terms he. and he R, the in-plane component of the Py

magnetization reorientation is given by

‘L R r,. ; o
m|l|3y _ heGe x)+hp [x (lr::{vllLch)]‘i'hog(lc x) (5.11)

We measured mpy! using the quadratic MOKE response, and observed the same
dependencies on mpmL as for the damping-like torque. The quadratic MOKE response,
Wquad, is proportional to (mpy-y)(mpey-X). When the charge current is parallel to Hex (¢ =
0°), as depicted in Figure 5.5 and Figure 5.9 (a), shows that both the test and control
samples exhibit quadratic MOKE responses that are proportional to 1/Hex but
independent of mpmL, as expected from Equation 5.11. When the charge current is
applied perpendicular to Hex (¢ = 90°), as shown in Figure 5.9 (b), a significant
quadratic MOKE signal with a sign dependence on mpmy is obtained with the test
sample. This is consistent with the second term in Equation 5.11. On the other hand,
the quadratic MOKE signal for the control sample is independent of mpm, as
expected, since Q." is blocked by the TaOx layer. We measured hg R = 41 + 13 Am™
with the test sample, where we employed the same current (30 mA through a 50 um
strip) as was used in the polar MOKE measurement. As such, the field like torque is

comparable in magnitude to the damping like torque due to Q.".
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Figure 5.9 The current induced field like torque. Here we use quadratic MOKE
magnetometry to measure current induced in-plane effective fields in the
same configuration polar MOKE measurement. (a) The quadratic MOKE
response measured in the test and control samples when current is
applied parallel to Hex. No dependence on mpmy is observed. (b) The
quadratic MOKE response measured in the test and control samples when
current is applied perpendicular to Hex. In the test sample, the quadratic
MOKE response is reversed when memc is reversed. In the control
sample, the weak quadratic MOKE response is observed, which is likely
due to a small misalignment. (¢) The angle dependence of Wquad®'*" and
Wauad®® of the test sample.

We decompose Wquad iINt0 components that are either even or odd in mpme by

defining
lIJeven _ [wguad""‘l"f_luad]
quad — 2
dd _ [¢+uad_lp_u d]
quad = — (5.12)

where the superscripts + and — denote whether mpm is oriented along +z or -z,
respectively. We further perform linear fittings of Wquad®®" and Wquad®™® with a
calibration signal ¥quad® measured with an external calibration field, and plot the

slopes as a function of ¢ in Figure 5.9 (c). As expected from Equation 5.11, Wquad®"*",
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which presumably results from the sum of hoe! and hri, is proportional to cosg. While
Wquad®®, which is ostensibly the result of he R generated by QoR, is proportional to

sing.

5.2.4 Spin Galvanic Effect Measurement

To further validate our findings, we also measured the spin-rotation symmetry
of the SGE, described in Figure 5.2 (b), with a SSE driven SGE measurement of the
same samples. As shown in Figure 5.10, when the samples are subjected to an out-of-
plane temperature gradient, a spin current is generated due to the SSE [20-21], which
then generates an in-plane voltage. The voltage may arise from the anomalous Nernst
effect (ANE) in the magnetic layers, the SGE due to the spin currents injected into the
adjacent layers, as well as the planar Nernst effect (PNE) [22] in the PML. Depending

on whether it has an even or odd symmetry with mpm, the voltage can be described as

veven = UPy(VT X mPy) 'y + pmL (VT X mpy) -y

vodd = ppVT x (mPy X mPML) + npme (Mpyy, - ) (Mpyy, - VT) (5.13)
where VT is the temperature gradient in z direction, #py and 7pmL With units of V mK?
are the additive ANE and SGE coefficients associated with the Py and PML layers,
respectively, 7pmL"NE is the coefficient associated with the PNE of the PML, and #r is
the coefficient associated to the SGE voltage with spin rotation symmetry described
by the second equation of Equation 5.4. Note that #r potentially has two competing
sources: the spin current generated in Py that diffuses towards the PML, and the spin

current generated in PML that diffused towards the Py.
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Figure 5.10 The experimental configuration of spin Seebeck effect driven spin
galvanic effect measurement.

As shown in Figure 5.11 (a), V®*", measured when Hex is along x direction
consists of two components: one resembles the hysteretic switching of Py, and a linear
slope related to the magnetization tilting of the PML under the influence of external
field, as understood from Equation 5.9. When Hex is applied along y direction, V¢V*"
vanishes. V°% measured for the control sample yields a straight line, which is
consistent with the PNE described in Equation 5.13. However, V4 measured for the
test sample has an additional component related to the Py magnetization switching,
which is consistent with the third term in Equation 5.13 due to the SGE with spin
rotation symmetry. Shown in Figure 5.11 (b), the angle dependences of the voltage

signal further confirm the symmetry described by Equation 5.13.
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Figure 5.11 The spin Seebeck driven spin galvanic effect measurements. (a) Voltages
measured in the two different configurations for the test sample and
control sample. (b) Angle dependence of the voltage signals associated
with Py switching.

5.3 Discussion

5.3.1 Currentin Plane Spin Transfer Torque

The sample used in the spin orbit torque measurement is a spin valve. An in-
plane charge current perturbs the electron distribution thus leading to interlayer spin
dependent scattering as observed in the giant magnetoresistance effect (GMR) [23]. In
this process, the spin dependent scattering may generate a spin transfer torque (STT)
on the Py layer that is different from the spin orbit effects. However, this STT is
independent of the in-plane current direction. The MOKE response to the charge
current due to the STT is likely to be second order and therefore is not picked up in

our detection.

5.3.2 Non-local Spin Rotation Process
In the discussion above, we imply the SOT with rotated symmetry originates

from QR that is generated near the PML/Cu interface. However, Q. may also be
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generated through an alternative process: a spin current is generated from the bulk Py
or the Cu/Py and Py/Pt interfaces with conventional symmetry, which diffuses and
creates a spin accumulation near the Cu/PML interface. Under the influence of the
imaginary part of spin mixing conductance near the Cu/PML interface, this spin
accumulation can also generate a spin current with spin-rotation symmetry. In this
case, Q. is likely to depend on the Py thickness and the capping layer of Py, when Py
is thinner than its spin diffusion length. We have measured the damping-like torques
with spin rotation symmetry in samples with Ta capping and various Py thicknesses,
which are shown in Figure 5.12, but we found Q. to be nearly independent of Py
thickness (Figure 5.12 (c)) and the capping layer material (Figure 5.12 (d)). Further
analysis based on the magnetoelectronic circuit theory [24] also suggests that this

process cannot account for the large signal observed experimentally.
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Figure 5.12 The alternative mechanisms for a spin current with rotated polarization.
(@) The yellow arrow with the red color spin polarization represents the
spin rotation mechanism in this study. The blue “U-turn” arrow with red
spin polarization indicates the alternative mechanism that origins from
the Pt/Py interface, which could also leads to the sample spin
polarization. (b) The polar MOKE measurement of the damping like
torque in the sample of PML/Cu(3 nm)/Py(2 nm)/Ta(3 nm). (c) The Py
thickness dependent of the damping like torque measurement. (d) The
ratio between hp. and hp ® as a function of Py thickness.

5.3.3 Anomalous Hall Effect induced Spin Rotation Symmetry

The AHE in the PML layer can also generate a new in-plane charge current,
which flows perpendicular to the applied charge current. This new charge current can
then generate SOT and SGE from the conventional spin orbit effects, and appears to
have spin rotation symmetry, as the direction of the new charge current depends on the

PML magnetization. However, this contribution should scale with the anomalous Hall
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angle of the sample (~0.02%), and is estimated to be much weaker than the observed

signal.

5.3.4 Magnetization Tilted by Magnetostatic Coupling

If there is a magnetostatic coupling between the PML and Py layer, the
magnetizations of the two will tilt away from the designated directions. In that case, a
current induced in-plane effective field with conventional symmetry may cause polar
MOKE responses that appear to be from the damping like torque with spin rotation
symmetry. However, this effect is estimated to be much weaker than the experimental

result.

5.3.5 Other Potential Mechanisms

It should be pointed out that the SOE with spin-rotation symmetry may not
only arise from the interface between the very top layer of the PML and Cu. The PML
consists of many interfaces of Ni/CogoFe1o, which are known to have a strong spin
orbit interaction that gives rise to the perpendicular anisotropy. As each layer in the
PML is very thin, the observed SOE may partially arise from the Ni/CogoFe1o

interfaces within the PML.

5.4 Conclusion

The SOE with spin-rotation symmetry can generate spin current with arbitrary
polarization simply by adjusting the magnetization direction. An important implication
of these findings is the ability to generate a perpendicular polarized spin current by use
of a FM/NM interface, where the FM is magnetized collinear to the current flow
direction. Such a spin-current polarization is required to switch a perpendicular

magnetized layer by use of anti-damping STT alone. These findings can significantly
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benefit the development of MRAM technology, where perpendicularly magnetized
memory is more favorable as it allows for high stability and scalability [25]. Although
the verification of the spin rotation phenomenology presented here does not permit us
to predict the efficiency of the perpendicularly polarized spin current generation for
the case of collinear current and FM magnetization, we think the key to high
efficiency is through interface optimization, where spin orbit interaction, spin

precession and dephasing should all be taken into account.
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Chapter 6

CONCLUSTION AND FUTURE DIRECTION

This thesis summarizes my studies on the spin orbit coupling (SOC) induced
phenomenon in three different material systems including 3d light transition metal
vanadium, topologic insulator and ferromagnetic material by probing the spin orbit
torques (SOTS) that exert on an adjacent ferromagnetic layer. The SOTs play an
important role in the next generation of magnetic random access memory (MRAM)
featuring low energy dissipation and non-volatility. Our research objective is to find
materials and/or heterostructures with much improved efficiency in SOTs. We found
unusually large spin Hall angle in V films with distorted structure. We observed strong
SOTs on TI/FM heterostructures arising from spin-momentum locking on topologic
surface state (TSS). Moreover, the spin rotation symmetry we discovered in FM
allows us to control the spin polarization direction in a spin current which will
significantly benefit the MRAM development. Except the fundamental research, we
have also meticulously developed shadow mask technique to fabricate two nanoscale
devices: spin wave devices based on perpendicular magnetized Ta/CoFeB/MgO
structure and magnetoelectric (ME) devices based on voltage-controlled interfacial
exchange coupling in Cr203.

For fast nanoscale device fabrication, we have developed two shadow mask
recipes based on PMMA/PMGI and CSAR/LOR bilayer E-beam resist. The former is
used for [Co/Pd]» multi-layer deposition in the ME device, and the latter is used for

Ta/CoFeB/MgO/CoFeB/Ta magnetic tunnel junctions (MTJs) preparation in the spin
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wave device. For the ME device fabrication, we have successfully prepared [Co/Pd]s
films with perpendicular magnetic anisotropy (PMA) in the form of nanoscale Hall bar
structure on top of the antiferromagnet Cr203 through the designed PMMA/PMGI
shadow mask. The future efforts can be applied to: (1) modify E-beam lithography
process to reduce/eliminate the E-beam resists and other chemical residues from
sample fabrication, which can deteriorate the interfacial exchange coupling
dramatically, and (2) further improve Cr.O3 sample quality. The current Cr.Og still has
a leakage current issue that is closely related to the sample quality, which are being
investigated by our collaborators at the University of Nebraska. For the spin wave
device, the shadow mask deposition method has also been demonstrated which is
capable to fabricate MgO-based MTJs. The newly developed CSAR/LOR recipe has
been proved to achieve the chemical/mechanical stability requirement under magneton
sputtering environment. More tuning of sputtering parameters is needed to attain the
optimized thickness for each layer, so as to prepare the MgO based MTJs with PMA
feature which is a crucial component in spin wave devices.

The efficient generation of pure current is a key enabling technology to
develop future memory and logic devices with low energy consumption. We have
found a large charge to spin conversion efficiency in 3d light metal vanadium. The
sputtering grown V films have a mixed body centered tetragonal (bct) and body
centered cubic (bcc) structure, and its spin Hall angle is as large as 6y = -0.071 =
0.003, comparable to that of the 5d heavy metal Pt. Our finding indicates that specific
crystalline structure can lead to a large SHE and 3d light metals should not be ruled

out in the search for materials with large spin Hall angle.
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In addition to conventional NMs such as Pt, Ta, W et al., topological insulator
becomes a promising candidate as a highly efficient source to generate spin current
due to its topologically protected surface/edge state. On the topological interface, the
backscattering is forbidden by the surface band structure which induces the spin-
momentum locking feature. We have investigated the temperature dependent SOTSs in
Bi>Ses/Co heterostructure by second harmonic SOTs measurement technique. As the
temperature decreases, the effective fields of the field-like torque and damping-like
torque decrease down to 50K, followed by a rapid increase at lower temperature
region. The detailed analysis indicates that the origin of the observed SOTSs is due to
the topological surface state at the interface of Bi»Ses/Co. In comparison, the bulk
SHE dominates the generation of SOTSs in Bi,Ses/NigoFezo, leading to the observation
of both the field-like and damping-like torques decrease monotonously with
decreasing temperature. For the future direction, one should vary the thickness of Co
layer down to a few atomic layer in Bi>Ses/Co system to probe how interfacial
electronic structures and spin textures affect the SOTs. One should also find method to
characterize the interfacial electronic structures and spin textures affect. Furthermore,
there will be many interesting TSS involving phenomenon to study in magnetic
insulator/topological insulator systems, for example, the perpendicular magnetized
TmIG/Bi2Ses. It will be much more convenient to realize the voltage controlled Fermi
level tuning in this structure. Finally, there will be a potential magnetic proximity
effect at the TmIG/Bi>Ses interface which may induce relevant quantum state effects
that have already been attracting great attentions in spintronics community these days.

The strength of SOTSs induced by topological insulator is greater than any other

materials so far, which will boost the development of spintronics applications. On the
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other hand, we have discovered that the efficiency of SOTSs assisted magnetic
switching can be further improved by creating spin current with spin polarization
perpendicular to film plane. We demonstrated the control of spin polarization direction
in a spin current by introducing symmetry breaking by using FM layer instead of NM
layer as the spin current source. The use of FM breaks the mirror symmetry,
permitting spin current with spin polarization perpendicular to film plane. Such a spin
current leads to highly efficient anti-damping switching in a neighboring FM layer.
We proved the spin rotation symmetry by measuring SOTs and magnetothermal effect
in [CoFe/Ni]n/Cu/NigoFe2o spin valve structure. For future work one can focus on the
spin rotation symmetry at magnetic insulator/FM bilayers in which magnetic insulator
and FM have a perpendicular and parallel magnetization, respectively. The spin
current in FM will rotate around the in-plane magnetization, leading to spin current
with perpendicular spin polarization. Such a spin current can switch the perpendicular

magnetization in magnetic insulator.
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