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Abstract

The topological insulator as a promising and low cost next generation spintronic device
attracts lots of attentions recently. The spin-momentum locking is a characteristic feature
of topological materials at the surface states. One consequence of spin-momentum locking
is that a current induces a non-equilibrium spin polarization on the surface of a topological
insulator. In turn, this spin-polarization can be used to manipulate the magnetization of
materials that are in proximity to the surface of a topological insulator. Notably, the spin-
orbit torque caused by topological material has a relative low cost of current, compared
with heavy metals. Resonant X-ray Reflectometry (RXR) is used to probe this phenomena
in a multilayer thin film comprised of a 3D topological insulator slab in contact with a soft
magnet. By measuring x-ray reflectivity at several element edges using circularly polarized
light, the polarized spin states near the interface between topological insulator and magnet
are able to be probed, hence the current induced spin polarization of topological insulator
surface states could be potentially determined.
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Chapter 1

Introduction

1.1 3D topological insulator

Topological insulators (TIs) are novel electronic materials. Like ordinary insulators, they
have a large bandgap in the bulk part. However, unlike the ordinary insulators, they have a
protected conductive state on their edges or surfaces, which is a result of the combination of
spin-orbit coupling and time reversal symmetry. The quantum spin Hall insulator states has
been first studied in three dimensions in 2006 [12], and then it has been proved on several
Biy_,Sb, materials [13]. At the surface states of these 3D topological materials, there is a
result of strong Spin-Orbit Interaction (SOI), called Rashba effect, which can induce the
spin polarization spontaneously without external magnetic fields [27, 14]. Surface states are
forced with a perpendicular electric field because of the break of inversion symmetry. Due
to this effective magnetic field caused by the gradient of perpendicular electric potential,
the energy level (E) of electrons depends both on the direction of spins and the electron
momentum (k), leading to a spontaneous magnetization. The resulting spin polarized band
dispersions are expressed as

E(k) = By(r) £ a x |k, (1.1)

where the first term is the energy state without the Rashba effect and the second term is
the spin/momentum dependent energy shift. Correspondingly, the Hamiltonian is

Hso = a(k x 2) - o, (1.2)



where ¢ is Pauli matrix and z is a unit vector perpendicular to the layer surface. A diagram
illustrating this interaction is shown in Fig.1.1 (a). When an external current is passing
through the TT surface, the edge states lacking inversion symmetry will generate a net
spin accumulation, which is a result of uneven occupation of + states under a presence of
current [14, 7,32, 41] (see in Fig.1.1 (b)). Therefore, there is an effective field acting on the
imbalanced spin density of conduction electrons, and this field turns out to be critical for
Spin Orbit Torque (SOT) in magnetic materials, which will be discussed further in section
1.2.1 [14, 2, 17, 35, 46].
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Figure 1.1: Spin-Orbit Interaction (SOI) at topological insulator surface states. (a) In the
simplest topological insulator the Fermi circle encloses a single Dirac point. (b) Top view
of a slice in the k, — &, plane of the TI surface states. An applied current generates a
net momentum along k, and spin-momentum locking gives rise to a net spin polarization
oriented in-plane and at right angles to the current.

1.2 Motivation

1.2.1 Spin Orbit Torque (SOT)

The origin of magnetization manipulation with current injection can be traced back to the
work of Slonczewski in 1996 [I4]. This achievement required a physical principle called
Spin Transfer Torque (STT), which required a flow of current passing between magnetic
structures in order to transfer spin angular momentum. Usually the two magnetic layers
are separated with a junction, which can be made by domain walls, nonmagnetic metal or



insulator (ie. DWs, tunnel junction, spin valve). Typically the current limit to trigger the
effect is around 107A-cm~2.

However, recently there is another way to achieve the purpose of magnetization switch
with electric current, called spin-orbit torque (SOT). Although both of them are related to
spin polarization, the modified spin-orbit torque originates from a different mechanism. As
mentioned above in section 1.1, there is a strong interaction between spin and orbit in TI
materials, and an in-plane current could induce TT surface state to be spin polarized. This
current induced effect could be used to exert a torque on the magnetization of an adjacent
magnetic layer in contact with TI channel by absorbing the polarized spin components
that are perpendicular to the interface between magnetic layer and TI (see in Fig.1.2)
[14, 19]. In addition, because of this strong spin orbit interaction of TT materials, the
requirement of the amount of injected current to achieve the magnetization switch is 10
order of magnitude smaller compared with ultrathin heavy thin film metal [17], such as
Au [22], which saves the current cost effectively.

Figure 1.2: Strong spin-orbit interaction of TI exerts SOT on adjacent magnetic layer.

1.2.2 Previous studies of topological materials

The strong spin orbit interaction and promising future application of TT have attracted a
lot of attention in vast range of experimental studies, which is well beyond the scope of
this thesis. In order to understand the scale of this work, I will provide a short, but not
complete, sampling of the various methods used to study these phenomena.
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Figure 1.3: MOKE images of SOT-driven magnetization switching in BiySez/Py without
magnetic field at room temperature. From (a) to (e), MOKE images of magnetization
switching by a pulsed dc current I along the +x-axis with increasing the current density
Jo in the BisSes/Py thin film denoted underneath the corresponding image. The blue
dashed rectangle in a represents the 12 ym wide BisSes/ Py channel connected with two big
contact pads. The yellow dashed boxes in a denote five small Py rectangles magnetically
isolated by Cu bars. From (f) to (j), MOKE images of magnetization switching for an
opposite I direction. The dark (light) contrast shows the magnetization along +y (y)-axis.
The direction of magnetization is also indicated by the white arrows. Data comes from
Ref. [14]

Several experiment techniques have been applied to explore the merit charge spin con-
version of SOT, including Kerr effect measurement [14, 11] by using optical method to
observe the magnetization switching, spin torque ferromagnetic resonance [13] to study
the Spin Hall effect, and spin valve tunneling junction measurement [30] to illustrate the
spin polarization efficiency of TT thickness dependence. These experiment attempts provide
valuable evidence and reference to help us built the scheme of spin orbit torque measure-
ment.

For instance, in Ref. [11] they demonstrate the SOT-induced magnetization switching
in BisSes (8nm)/ Py (6nm) bilayer heterostructure at room temperature with a pulsed dc
current I. The soft magnetic anisotropy in the device is along the +y-axis (Fig.1.3 (a),
(f)). This enables to observe the magnetization switching after pulsed dc current is off.
For the MOKE imaging measurements, they first saturate the Py magnetization along
the +y or y-axis with an in-plane external magnetic field H, then they remove H and



apply a pulsed dc current (500 s pulse width) to observe the magnetization switching using
MOKE microscope. The current density required for the room temperature SOT-induced
magnetization switching in BiySez/Py is extremely low at 6 x 105A-cm™2, which is one to
two orders of magnitude smaller than that with heavy metals [36, 10, 31]

Besides the SOT study, other features of topological insulators have been characterized
in various aspects: the optical properties [52], quantum hall effect [35], thermal conductivity
[23]. There has also been a great amount of experiment contributions in studying TI
electrical surface-bulk structure and crystal growth properties.

1.2.3 A new method to study spin surface state of TIs: Resonant
X-ray Reflectometry (RXR)

Though abundant methods have been used to study spin polarization and spin-orbit torque,
there is still an unresolved question about spacial spin environment for multilayer stuctures.
Regarding this question, new instruments for resonant soft x-ray reflectivity (RSXR) at
low temperatures were developed. Reflectivity is given by interference of X-ray that are
reflected by different interfaces, which is defined as a region of space with optical property
change. In other words, reflectivity provides the information about structure properties
of heterostructures, such as layer thickness [53]. Resonant reflectometry refers to x-ray
reflectivity measurements with a photon energy that corresponds to an x-ray absorption
edge [18]. Compared with off resonance, which is related to the total electron density,
reflectivity at an absorption edge causes a core electron to transit into a higher energy
unoccupied state before decaying back to the ground state. This resonant process greatly
enhances the sensitivity of the scattering to particular electrons, providing element speci-
ficity as well as sensitivity to valence state and spin and orbital orientation. More details
are given in Chapter 2. The so-called ’'soft’ x-rays correspond to lower photon energies
(e.g., 100 to 2000 eV) and shorter penetration lengths than ‘hard’ x-rays (greater than 10
keV). Soft X-ray is critical for the study of SOT at the interface between TI materials and
soft magnetic alloy because this energy range involves the element absorption edges, such
as Sb M edge, Fe L edge, and Co L edge [10]. As a result of reflectivity measurement with
photon energy dependence, the electronic structure can be mapped.



Chapter 2

Resonant X-ray Reflectometry

2.1 Overview

Resonant x-ray reflectometry (RXS) is a technique that extends conventional x-ray reflec-
tivity (XR) beyond the study of atomic positions in order to gain element selective spin
degree information about states of matter. This specificity is achieved by tuning the pho-
ton energy to an x-ray absorption edge, providing sufficient energy to excite an inner-shell
core electron into an empty valence state such that it depends strongly on photon energy,
photon polarization and the electronic environment of the reflectivity. This resonant effect
enhances the reflection amplitude, making it possible to detect a wealth of information
about the charge and spin degrees of freedom of the electronic order into the reflectivity
process. In TT and soft magnet bilayer heterostructure, most of the interesting physics oc-
curs at magnetic element edges near buried interface. These magnetic element states can
be probed using soft x-rays which can resonantly excite the strong 2p — 3d core electron
transition. In contrast, hard x-rays can only probe the 4p states well above the Fermi
energy via the 1s — 4p transition.

Thanks to the development of the third generation synchrotrons, accurate and control
of photon energy and photon polarization [3] are allowed with a better energy resolution
( 0.1eV, at E=1000eV) and improved x-ray beam focusing properties [3]. Moreover, the
impact and importance of RXR has grown significantly thanks to numerous advances in
instrumentation and the theory of the resonant reflectometry [1, 34].

In this chapter, fundamental aspects of RXR will be presented. A theoretical treatment
tailored to supplement the following chapters is presented in section 2.2. Experimental



details particular to the REIXS beamline at the Canadian Light Source (CLS) will be
discussed in section 2.3.

2.2 Fundamental mechanism of resonant X-ray reflec-
tivity

2.2.1 Index of refraction and resonant X-ray reflectivity

Modern growth techniques allow materials to be designed and fabricated at the atomic or
molecular level in order to make materials with desired physical properties. To physically
understand these kinds of samples, a non-destructive method is required to characterize
the internal interface properties. X-ray reflectivity turns out to be an excellent tool for
this task, since the contrast in the index of refraction between the two materials gives rise
to reflectivity.

Since X-ray is an electromagnetic wave, one should expect some kind of refraction
phenomena at interfaces between different media. To describe such refractive phenomena,
the media of interest are taken to be homogeneous with sharp boundaries between them,
each having its own refractive index n[26]. In general, it can be expressed as

n=1-0+iB (2.1)

In a medium of uniform refractive index, of infinite extent, there is no reflection. Reflec-
tion arises from variations in the optical property, within a material or at its boundary with
another material. When an incident electromagnetic wave approaches a boundary with dif-
ferent refractive index, the relation between the refract and incident wave is determined
by the Snell’s law, (see in figure 2.1)

cosa = ncosa’ (2.2)

According to this rule of wave propagation, the Fresnel equations characterizing the portion
of the reflection is calculated as

(2.3)
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Figure 2.1: Snells law and the Fresnel equations can be derived by requiring continuity at
the interface of the wave and its derivative.Ref. [1]

Based on these relations, reflectivity of an known incident X-ray wave and interfaces
can be calculated to study the experimental results. For instance, the reflection of a single
layer on a substrate can be described as the interference of the reflection at two interfaces.
It requires the solution of the Fresnel equations for reflection and transmission and a phase-
adjusted superposition including multiple scattering [19]. By calculating the reflectivity
based on Snell’s law, the reflectivity of a single layer deposited on a semi-infinite substrate
is given by

i2ksinOd |2

r1 + ree
1 +T1T2€i2nsin0d

R= ‘rslabl2 = (24)

where r; 5 are the Fresnel reflectivity coefficients of the free surface and the substrate
interface, and d is the layer thickness. In Fig.2.2, the intensity of reflectivity calculated
by this equation has been represented, which displays oscillations known as Kiessig fringes
due to the interference of waves reflected from the top and bottom interfaces.

In addition, if we consider the frequency dependence of refractive index from a standard
wave equation,
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Figure 2.2: Kiessig fringes from a homogeneous slab of Tungsten. Solid curve: the calcu-
lated reflectivity |1g45|° for a slab of thickness 10 x 2w A. Ref. [1]
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the index of refraction can be also expressed in a Lorentz equation as
1e%*n, Js
—1_= 2.6
n(w) 2 egm Z (w? —w?) +iyw (2.6)

where the sum is taken over all distinct atoms, and n, is the average density of atoms. From
this expression, the refractive index n(w) has a strong frequency dependence, particularly
near the resonant frequencies wy. As it appears in Fig.2.3, there is a significant variation



of index of refraction when energy is at the vicinity of resonance. Hence, when the x-ray
energy is tuned to an absorption resonance edge, within the same material, spatial regions
containing elements at resonance will have optical properties very different from regions
without resonating sites. In this situation, resonant X-ray reflectivity (RXR) gains critical
sensitivity of electronic properties in an element specific way.

r

Infrared Visible | Ultraviolet | X-ray

|
W Oy O L

Refractive index, n

o

Ultraviolet

Figure 2.3: A sketch of refractive index showing the strong variations near IR, UV, and
x-ray resonances (ws), and the general tendency toward unity for very short wavelengths
where the frequencies are higher than all atomic resonances. Only the real part of the

refractive index is shown here. Ref. [3/]

Since the index of refraction is the sum of forward-scattered radiation from all atoms
that interferes with the incident wave to produce a modified propagating wave, compared
to that in vacuum, it should be a complex quantity involving both elastic and inelastic
processes, which can be expressed in

NaTe\? NaTeA? .
nw) = 1= "2 [Pw)] = 1= "2 [9(w) — i3 (w)) 27)
where r, is the classical electron radius,
2
e
= 2.8
" 4megmc? (28)
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and f? is complex atomic scattering factor. Since the refractive index can also been written
in a simplified version as Eq. 2.1, the refraction and the absorption term ¢ and g will be
written in the form of

aTeN’

o=~ W) (2.9)
2

p= "2 po) (2.10)

When the X-ray measurement is on resonance, both real and imaginary part of refractive
index varies significantly implying the certain electron transition process during the mea-
surement. For instance in Fig.2.4 (a), when the photon energy is approaching to 11567.5eV,
the X-ray absorption represents a maximum peak, and this peak vanished at energies more
than 30eV below and above. Correspondingly, variations in the dispersion (o) and ab-
sorption (f) coefficient of index of refraction is huge around this energy value and almost
disappeared beyond the energy range. What causes this maximum absorption is closely
related with Pt electronic structure, where core electron occupied at 2ps/» state is excited
to an empty 3d state appeared in Fig.2.4 (b), also referred to as Pt L3 edge.

In conclusion, the Resonance X-ray reflectivity is able to probe and capture both the
spacial geometry and electronic structure of the material, which turns out to be a great
tool to study interfaces property of a herterostructure material.

2.2.2 Polarization dependence of RXR

Resonant X-ray reflectometry not only provides the electronic structure of materials but
also gives information on their magnetic states. For a magnetized material, the valance
state such as d shell has a spin moment which is given by the imbalance of spin-up and
spin-down electrons or equivalently by the imbalance of spin-up and spin-down holes [39,

, 0](see in Fig.2.5). In order to measure the difference in the number of d holes with
up and down spin, we need to make the x-ray absorption process spin dependent. This is
done by the use of right or left circularly polarized photons which transfer their angular
momentum to the excited photoelectron.

The photoelectron carries the transferred angular momentum as a spin. If the pho-
toelectron originates from a spin-orbit split level, for example the p3/o level (L3 edge),
the angular momentum of the photon can be transferred partially to the spin through the
spin-orbit coupling. Right circular photons (RCP) transfers the opposite momentum to the
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Figure 2.4: Electronic information capture by X-ray absorption (a) Energy dependent XAS
spectra and corresponding optical parameters o and [ at Pt L3 edge. Experimental data
are from Ref.[25]; (b) Scheme of an electron transition (2p — 3d) process and corresponding
spectra.

electron as left circular photons (LCP) photons, and hence photoelectrons with opposite
spins are created in the two cases. Since the ps/o (Ls) and py,2 (L2) levels have opposite
spin-orbit coupling, the spin polarization will be opposite at the two edges.

As an example shown in Fig.2.5, the dichroism signal (Igxcp — Ircp) at the Lz and
Ly edges are identical in magnitude but of opposite sign. At the L3 edge, X-rays with
polarized photons which have positive angular momentum excite more spin-up electrons
than X-rays with polarized photons which have negative angular momentum, and at the
L edge the opposite is found. It is easy to show that for the calculation of the dichroism
effect it is equivalent to fix the X-ray spin and switch the magnetization direction [37]. In
principle, L-edge X-ray absorption spectra contain contributions from both p — d and p
— s transitions, but in practice the p — d channel dominates significantly. [9]

While X-ray Magnetic Circular Dichroism (XMCD) only gives the mean polarization
of the magnetic thin film, x-ray resonant magnetic reflectivity is directly sensitive to the
spin polarization at the interface. The magnetic dichroism for circularly polarized light
reflected by the spin polarized interface results in a slightly different x-ray reflectivity
for varying magnetization directions due to a change of the optical constants of the spin
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Origin of X-ray magnetic circular dichroism
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Figure 2.5: Ilustration of the L edge X-ray absorption processes of circularly polarized
photons with angular momentum q = +1. The magnetization direction has been deter-
mined such that the down-spins are filled and the up-spins partially unfilled. In the atomic
model, the possible 2p core to 3d valence transitions has been illustrated with respect to
circularly polarized light with different angular momentum q. The fraction of up-spin elec-
trons excited from the p core shell through absorption of X-rays with angular momentum
q = £1 is listed for the L3 and Ly edges. Here, the X-rays is assumed to incident parallel
to the atomic magnetic moment m. Ref. [10]

polarized material. From Fig.2.6 (a) magnetic resonant reflection of the (Ga,Mn)As film
as a function of angle with the photon energy at the peak of the L3 absorption edge
(E=639.5 eV). Above T, the sample is paramagnetic and the measurements with left and
right circularly polarized light overlap well. The observed Kiessig fringes correspond to
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the 45 nm thickness Gag.g3Mng. g7 As layer. Below T, significant dichroism is seen in the
reflectivity. In Fig.2.6 (b) the measurements of x-ray absorption and x-ray reflectivity at
a fixed angle, along with the dichroism for each measurement. By combining reflectivity
verses angle and photon energy, a spatial magnetization environment of this layered sample
could be profiled.

2.3 Experiment beam design

2.3.1 Beamline

The RSXR experiments presented in this thesis were all performed at the Canadian Light
Source’s Resonant Elastic and Inelastic X-ray Scattering (REIXS) 10ID-2 beamline with
an in-vacuum four-circle diffractometer [21]. The insertion deviec (ID) at REIXS is an
elliptically polarizing undulator (EPU) including 43 poles having a 75 mm period and
spanning 1.6 m. This EPU can produce linearly polarized photons with an energy range
100-3000eV or circularly polarized (left or right) photons with 100-1000 eV.

The optical configuration of the REIXS beamline is shown schematically in Fig.2.7.
REIXS has a variable line spacing plane grating monochromator with three gratings (Ni
low energy, Au low energy, Au high energy) and four coatings (Ni, C, Si, Au) on the
plane mirror. These can be chosen to optimize flux at photon energies spanning the full
energy range of the beamline. A variable exit slit can be used to adjust energy resolution.
The size of the exit slit gap is typically set in the 10 to 50 m range and is approximately
proportional to flux. The beam spot size at the sample position is width x height =300
x150 pm?.

The entire beamline is operated in an ultra-high vacuum (UHV) environment (P <
1072 Torr). There is a need to ensure a long life of the electronic track in the storage ring.
This is also important for the use of soft X-rays, because even with moderate pressure, the
average path length of soft X-rays is still severely affected. UHV operation also reduces the
amount of contaminants that may be generated on the optical components. By limiting the
adsorption of gases such as water vapor or potentially condensing the beam lines onto these
components. This is also very significant for samples requiring heating and cooling process
in a vacuum because these measurements (eg, electron yield or resonance reflectance) may
be sensitive to the surface condition of the sample.
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Figure 2.6: Magnetic resonant reflectivity measurements at the Mn L edge of a thin film
of Ga0.93Mn0.07As on a GaAs substrate. (a) Reflectivity with varying angle of incidence
measured at the L3 edge with left and right circularly polarized photon. The sample is
measured both above and below the Curie temperature, with a dichroism observed only in
the ferromagnetic state. (b) Reflectivity with 6 at 12.5° and x-ray absorption as a function
of photon energy. The dichroism of both the reflectivity and XAS have similar lineshapes.
Experimental data are from Ref.[20)]
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Figure 2.7: Schematic of REIXS beamline showing novel x-ray optics configuration capable
of sending spatially separated beams from two EPUs to the sample position simultaneously.

2.3.2 Detection scheme

The following discussion is brief introduction of some of the essential aspects of the elas-
tic scattering chamber and diffractometer design, which are covered thoroughly in Ref
[21]. The 1 m diameter stainless steel vacuum chamber pictured in Fig.2.8 at the REIXS
beamline houses an UHV 4-circle diffractometer (see in Fig.2.9) consisting of a 2-circle
goniometer mounted on a central ring and a detector arm mounted on a separate 2-ring.
The diffractometer is mounted on a separate subframe than the main scattering chamber
and is connected to it with flexible bellows, so that the diffractometer can be translated
into the x-ray beam path independent of the main scattering chamber.

A load lock is used so samples can be transferred without venting the scattering cham-
ber. The load lock has a garage for storage of up to 3 sample holders at a time. Sample
holders are transferred into the scattering chamber using a magnetically coupled rack and
pinion linear translator that uses a pincer mechanism to securely hold onto a small tab
on the sample holder. Gate valves are used to isolate the scattering chamber from the
beamline and the load lock from the scattering chamber during sample transfers.

The load lock is pumped down with a 300 L/s Per turbopump and typically reaches
5 x 1077 Torr in 45 minutes or less, sufficiently low for transfers. The main chamber is
pumped using a 700 L/s Per turbopump (backedby a triscroll roughing pump) and a CTI
Cryotorr 8F cryopump. A closed cycle cryostat is mounted on a differentially pumped
rotatory feedthrough, located at the top of the chamber. The feedthrough is pumped in
two stages by the triscroll pump and a 2 L/s ion pump. The pressure in the scattering
chamber is usually better than 5x 10~ Torr. Pressure gauges include a cold cathode gauge,
a hot lament ion gauge and a residual gas analyzer, for low pressure measurements, as well
as thermocouple and convectron gauges for intermediate and high pressures, respectively.

Sample translations up to 7.5 mm are accomplished with stacked x, y and z linear
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Figure 2.8: The RSXS scattering chamber at the CLS’s REIXS beamline. A polarized
monochromatic beam of soft x-rays from the beamline enter from the right and focus
at the sample position, centred in the scattering chamber. A load lock is used to store
samples and facilitate sample transfers. The closed-cycle cryostat is mounted on top of the
scattering chamber.

translation stages mounted on the goniometer. The 6 and 26 motions,originally supported
motion ranges of —25° to 4265, but due to instrument adjustment and practical consid-
erations, ranges of —60° to +165", for § and —25" to +172°, for 20 are currently imposed.

Four detectors are currently installed on the detector arm (Fig.2.10): a micro-channel
plate (MCP), a photodiode (PD), a channeltron (ChT) and a polarization analyzer. These
are located at a radius of 29 cm from the sample position and are mounted to a structure
that can be raised or lowered by 40 mm to place any of the detectors in the scattering
plane. The MCP has a 25 mm diameter and provides 2D sensitive single-photon detection
capability. A negatively charged grid is placed in front the MCP to capture positively
charged ions (from ion gauges or possibly ejected from the sample). The front surface is
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Figure 2.9: The in-vacuum four-circle diffractometer at the CLS’s REIXS beamline.

also negatively biased to repel electrons from the surface. The ChT is a 10 x10 mm detector
that provides single photon sensitivity similar to the MCP but without 2D sensitivity. It
has a similar biasing scheme as the MCP. The PD has a 10 x10 mm active area, is sensitive
to a very wide range of photon energies with a linear response for photon energies up to
bkeV and a high dynamic range.
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Figure 2.10: The in-vacuum four-circle diffractometer at the CLS’s REIXS beamline.
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Chapter 3

Materials and Sample Preparation

3.1 (Bi0.55b0.5)sTe3/CoyFesByy thin film

To generate a topological insulator, whose spin-orbit coupling must be strong enough to
modify the electronic structure significantly, the heavy-element, small-bandgap semicon-
ductors are the most promising candidates. This suggestion originates from tow reasons.
First, spin-orbit coupling is a relativistic effect and is only strong for heavy elements.
Second, if the bandgap is much larger than the energy scale of spinorbit coupling, then
spin-orbit coupling will not be able to change the phase [21, 50]. Based on these assump-
tions, the Bi1,5b, as the first generation of 3D topological insulator has been studied by
angle resolved photoemission spectroscopy (ARPES) technique [24, 25].

Since pure bismuth and pure antimony both have a finite direct band gap, their valence
bands can be topologically classified. Pure bismuth is a semimetal with strong spin-orbit
interactions. Its band structure, which is shown schematically in Fig.3.1 (a), has a feature
of conduction and valence band overlap, leading to pockets of holes near the T point in the
Brillouin zone and pockets of electrons near the three equivalent L points. The valence and
conduction bands at the L point, derived from antisymmetric L, and symmetric L4 orbitals,
have a small energy gap. Substituting bismuth with antimony changes the critical energies
of the band structure. As shown in Fig.3.1 (b), the band rearrangement can be observed
with a doping level adjustment. Based on the experimental test, the band structure of this
compound is varying with respect to the concentration of Sb. when an Sb concentration
is too small, the top of the valence band at T moves below the bottom of the conduction
band at L, and the material becomes an insulator. As x is increased to a large value, the
valence band rises above the conduction band, restoring the semimetallic state. Between
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them, there is a balance point, where gap between L, and L closes and a truly massless
3D Dirac point is realized.

(a) Pure Bismuth (x=0) | g [(b) Bi,_Sb,, 0.07<x<0.22] g [(c) Pure Antimony (x=1)

A \/ =l Ha \/ A\

LV
Ayl

L — k

T L — Kk

Figure 3.1: Schematic representation of the band structure of Biy,Sb,. Ref. [19]

In addition, both transport and hysteresis properties benefit from the amorphous
CoyoFesBay. CogoFeynBsyy has a small resistance (20€2) and quite soft magnetic prop-
erties, which has a low coercive field and high magnetic permeability. For a magnetic
material, it cannot be fully magnetized until the magnetic field approaches the coercive
field (H¢), and it is able to maintain the magnetization (Mpg) when the field is removed,
shown in Fig.3.2. Therefore, the soft magnetic properties allow the CoyFes9Bo to be
easily magnetized and to keep the magnetization when the field is removed.

According to these ideas, CosoFeq0Bay/ (Bigs5Sbos)2Tes bilayer thin film has been
designed and generated. In my experiments, the CoyFeq0Bag/ (Big.55b0.5)2Tes thin films
have been mainly studied and discussed. These thin films were grown by Molecular Beam
Epitaxy (MBE) in Professor Guoxing Miao’s lab. Thanks to his instruction of the material
choice and his PhD student He Ren’s hard work on sample synthesis, we can have this
opportunity to study this kind of materials with unique and novel surface states.

3.2 Sample preparation

It is critical and essential to prepare samples as close as possible to the ideal situation.
Unlike the hard X-ray, RXR measurement is highly sensitive to the surface quality and
sample orientation. Moreover, according to the SOT condition, the sample has to be
applied with sufficient current density in order to achieve the limit. In this section, I
will illustrate and discuss the methods to prepare the sample in terms of sample wiring,
fabrication and sample mounting.

21



Hysteresis cycle Saturation

Mg Remanence Magnetization

H Coercitive Magnetic Field

Figure 3.2: A plot of magnetization M against magnetic field H. Starting at the origin,
the upward curve is the initial magnetization curve. The downward curve after saturation,
along with the lower return curve, form the main loop. The intercepts Ho and Mg are the
coercive magnetic field and remanence magnetization.

The design of the sample structure at the beginning is a multilayer thin film, consisting
of Al,O3 (1nm)/ CoggFeq0Bao (1.5nm)/ (Big 55bg.5)2Tes (bnm) sandwich distribution (see
in 3.3 (a)). During the practical measurement, the Inm capping layer AloO3 was get rid of
with the silicon knife cleaving. In order to make contacts with the current channel, the silver
past was applied to connect between the thin film and 2um thick copper wires, as shown
in Fig.3.3 (b). Since sample thickness in total is only 7.5 nm, this operation of electrical
connection has potential risks of the wire bumping and surface contamination. In addition,
the current density applied in the Kerr effect measurement mentioned in previous section
1.2.2 with similar material composition is up to 10°A-cm~2, but in our experiment since the
restriction of rectangular shape, current density only reach a maximum of 10*A-cm™2[11].

Based on experience from the initial measurement, a new design of sample shape pattern
has been created (see in Fig.3.4).The pattern has two branches that are perpendicular with
each other. As shown in in Fig.3.4 (b), When the current is applied to this device, one of
the branches’ spin current direction is parallel or antiparallel to the angular momentum of
incident light, which is supposed to maximize the magnetic dichroism, and the other one’s
polarized spin direction is perpendicular to the beam. For each branch, there are three
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Figure 3.3: Geometry of the thin film and wiring situation. (a) AlyO5 (1Inm)/ Cos9Feq0Bag
(1.bnm)/ (Big.55b0.5)2Tes (bnm) grown on silicon (1 1 1) substrate by Molecular Beam
Epitaxy (MBE). (b) This scheme represents the orthogonal orientation relation between
in-plan current and incident beam (red and black arrow pointing the directions of charge
movement and spin polarization respectively). (c) Silver past has performed to make
electrical contacts in electrical circuit.

parts with different width (50pm, 100pm, and 2mm), so that reflectivity can be probed
with different current densities by only moving the beam position without changing the
bias voltage. At two ends of the pattern, there are two yellow squares representing the
metallic electrodes.

To synthesis this new device, a nanofabrication process has been applied in the Uni-
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Figure 3.4: Fabrication pattern design and result. (a) a result of fabrication on Al,Os
(3nm)/ CogoFes0Bao (3nm)/ (Big5Sbo5)2Tes (Tnm)/ Sapphire. (b) Pattern was design
in inverse L shape in order to measure the spin polarization in perpendicular and parallel
orientation simultaneously by tuning beam positions.

versity of Waterloo NanoFab, shown in Fig.3.5. The device was covered with a 1000nm
thick photoresist with the twin spin coater and patterned with a Maskless Aligner (MLA)
photolithography of 405nm UV light when the does was 100m.J/cm? and defocus was 0,
which can be observed in Fig.3.5 step (1) and (2), following with a sequence of the Ar
ion milling etch with 400V 190mA for 5 minutes by using the AJA ATC Ion Mill. Then,
the capping layer of photoresist and AloO3 were get rid of by a heat bath of Remover PG
solvent and MF319 solution respectively. There was a second lithography and etching pro-
cess to create the electrodes, which were simply repeated step (1) to (3). Two 100nm thick
Au pads were directly deposited on the C'oygFeqoBao surface with an Ebeam evaporator of
Intlvac Nanochrome II-UHV system, (See in Fig.3.5 step (8) and (9)).

Finally, the whole piece of thin film was mounted on a copper sample plate with a
kapton tape, which is used to insulate the Nd at the backside of the sample with copper
plate. One end of the electrode is connected to ground through the sample plate. The
other one connecting with electrode installed on the sample plate will have a contact with
applied bias outside of chamber through the feedthrough. Fig.3.6 shows the circuit scheme
during the experiment.
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Figure 3.5: Nonafabrication procedure. photoresist emission mask PMMA S1811 has be
applied during the lithography; AlyO5 develop solution is MF 319.
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Figure 3.6: Overview of the sample mounting and a scheme of electrical circuit. Red arrows
represent the incident and reflect beams.
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Chapter 4

Reflectivity Measurement of
Multilayer Thin Film: AlsO3/
CoygFesBao/ (Bigs5bos)aTes

4.1 Overview

Due to the promising future of spintronic and magnetic memory application mentioned
in previous chapter, topological materials and soft magnet bilayer heterostructure has
been studied in a wide range of experimental methods, such as optical Kerr measurement
applied to observe the SOT induced magnetization [11], and angle-resolved photoemission
spectroscopy (ARPES) performed for mapping the electronic band structure [51]. However,
those measurement only capture the average spin state of the thin film. By contrast, the
resonant X-ray refletivitometry allows us to probe the buried interface structures in a non-
destructive way. Therefore, resonant x-ray reflectivity (RXR) is an ideal tool to study thin
film herterostructure. In this chapter, the RXR measurement, with advanced synchrotron
radiation, of the thin film AlyO3/ CosgFes0Bay/ (Bigs5Sbos)2Tes was performed under an
in-plane magnetic field. Since the reflectivity measurement by synchrotron beamline is a
relatively complicated system, some details of the measurement scheme will be discussed
in section 4.2. Section 4.3 will present several results of RXR detected on several element
edges which is discussed in section 4.4.
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4.2 Reflectivity measurements

For all the RXR experiments discussed in this thesis, the reflected beam has been collected
and analyzed with the photodiode detector mentioned in section 2.3.2. In order to receive
reliable signals, the beam position has to be guaranteed on the same spot of the thin film
surface, which is independent of the 6, ¢, and x adjustment. This requires both of the
alignment of beam centering roughly by a telescope and the sample position centered by
0/20 scan with various angles. Moreover, as a result of thermal expansion, the sample
position could shift when there is a large temperature change, such as cooling from 299K
to 23K. To ensure where the beam spot is still on sample area, it requires extra alignments
in position and angles. Fig.4.1 represents an instance of the alignment scheme.

Figure 4.1: Incident beam is roughly aligned with a telescope through windows of UHV
chamber

Based on the precise alignment results, resonant reflectivity of the thin film surface
can be measured by tuning either the photon energy or incident angle with the other
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variable fixed. During the measurement, a 0.6T magnetic field was applied horizontally and
parallel to the sample surface using a Halbach permanent magnet array. Fig.4.2 presents
a schematic relation between beam and magnetic field relative to the sample surface.

Additionally, since the thin film has been grown on a silicon substrate, the sample
is electrically isolated from sample holder when there is no charge current. In order to
collect the total electron yield (TEY) signal, which requires increasing conductivity between
sample and sample holder, there is a piece of carbon type applied at the corner of sample
surface.

RCP
LCP

H=0.6T

Figure 4.2: Reflectivity scheme illustrates the incident and reflect beam in 6 and 26 direc-
tions respectively, and external magnetic field is applied parallel to the film surface. 6 is
defined as the angle between the sample surface normal direction and the incident X-ray
that is always parallel (anti-parallel) to the magnetic field direction (red arrow pointing
direction). Purple and blue arrows represent circular right and left polarized light.
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4.3 Results

Reflectivity was measured at several TI and magnetic element edges with circular left
and right polarization light under a 0.6T in-plane magnetic field. According to different
sensitivities of spin directions of polarized beam, the spin polarization could be observed
with dichroism [10]. Fig.4.3 illustrates the reflectivity measurements at Sb M5 edge. When
0 is 20°, there is a reflectivity peak clearly illustrated at E=528eV (see in Fig.4.3 (a)). This
photon energy, also known as Sb Mj edge, corresponds to the Sb 3ds/;, — 5p transition,
probing the unoccupied 5p state [15]. On resonance, the reflectivities measured with respect
to circular left and right polarization photons are almost identical, suggesting that there is
no imbalanced spin population. Hence, spin states at TI surface have not been polarized.
In addition, same overlap results has also been observed in Fig.4.3 (b) with an angle
resolved reflectivity measurement. The oscillating peaks at varying angles correspond to the
reflection interference at different atomic surfaces, which gives rise to no spin polarization
at interfaces. To conclude, these RXR measurements provide evidence that there was no
induced spin polarization at TI surface when a magnetic field was applied without charge
current.

In contrast to TI layer, magnetic elements of soft magnet Co,oF'e 9Bog layer have
different responses with this external magnetic field in Fig.4.4. As shown in Fig.4.4 (a),
there is a contrast of the magnitude of reflectivity with left and right circularly polarized
light at Fe Ly (2p1/2) and Lz (2ps3/2) edges, as a result of spin orientation due to the
magnetization, which is also referred to as magnetic circular dichroism. Additionally,
in Fig.4.4 (b), there is an obvious reflectivity dichroism with respect to left and right
polarization RXR measurements, and the strength of this distinction has be emphasized
at several specific incident angles, such as 8 = 15°,20°, 28°. Therefore, C'osoFe49B2¢ layer
was fully magnetized by the magnetic field which is illustrated as the magnetic dichroism.

4.4 Discussion

Both RXR with tuning photon energy and varying reflectivity angle have been performed
on multilayer thin film AlyOs / CosgFes90Bag | (Big.5Sbos)2Tes, with an in-plane mag-
netic field, and these measurement results are highly identical to what were expected. The
feature of magnetization at magnetic elements, such as Fe L edges, can be easily probed by
resonant reflectivity measurement. However, this magnetic field did not affect the equiva-
lence of spin surface states in topological materials. To further study the spin polarization
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and magnetization switch due to the spin-orbit torque (SOT), charge current has to be
considered as a part of the experiment condition.
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Figure 4.3: Resonant X-ray reflectivity (RXR) spectra of AlyO3/ CogFeqBag/
(Big.5Sbg.5)2Tes multilayer thin film sample at Sb My edge (a) Normalized RXR spectra of
Al203/ OO40F€40B20/ (Bi0.55b0.5)2T€3 at Sb M5 edge in a magnetic field of 0.6 T measured
by circularly polarized soft X-ray at 80K. (b) RXR oscillation with angle dependence at
Sb Ms; edge
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Figure 4.4: Resonant X-ray reflectivity (RXR) spectra of AlsOs [/ CosgFeq0Bay /
(Big.55b0.5)2Tes multilayer thin film sample at Fe Lo 3 edges (a) Magnetic dichrosm illus-
trated in RXR of AlyO3 /| CogoFes0Bao | (Bio.5Sbo.5)2Tes at Fe Lo 3 edges in a magnetic
field of 0.6T measured by circularly polarized soft X-ray at 80K. (b) RXR oscillation with
angle dependence at Fe L3 edge.
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Chapter 5

Reflectivity Measurement with
Charge Current of Multilayer Thin
Film: AlgOg / 0040F€4()BQO /
(Bi.55b.5)2Te3

5.1 Overview

The spin polarization of topological insulator edge states can caused by a charge current
passing through its surface due to the spin-momentum locking [33, 17], and the direction
of spin current is perpendicular with the current direction (see in Fig.1.1). Because of the
strong spin orbit interaction, this net spin current could influence and couple with magnetic
angular momentum in the vicinity of TI/magnet interface, referred to as spin-orbit torque
(SOT). As a result, the manipulation of magnetization is achieved by the charge current.
From chapter 4, the resonant X-ray reflectivity (RXR) is able to probe magnetization with
the dichroism effect. Similar idea was used to probe the magnetization at CosgFe40Bag
layer attributed to spin orbit torque with RXR measurement, but the magnetic field was
replaced by an in-plane current. By adjusting the current, we were expecting to observe
the magnetic dichroism at magnetic element edges. In section 5.2, I will represent the
details about electrical design and experiment challenges. More results and experiment
parameters will be discussed in section 5.3. Finally, to summarize the experiments, there
are several discussions whether these experiments were reasonable in section 5.4 based on
the practical and theoretical aspects.
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5.2 Reflectivity measurements

The reflectivity was measured with varying in-plane DC current at both room tempera-
ture (299K) and low temperature (23K). The sample has been mounted and wired on an
electrical wiring sample plate, shown in Fig.5.1. When the sample plate is inserted and in-
stalled in the diffractometer, one end of the circuit directly connect the ground through the
cryogenic frame, and the other end will contact with an external current source outside of
UHV chamber through a feedthrough shown in Fig.3.6. However, since the wiring sample
holder cannot be transferred through the loadlock, it always requires manually transferring
the sample through the window by venting chamber. Because the UHV working pressure
level is at 1072 Torr, the chamber pumping down process needs three days to complete,
leading to a huge time sacrifice and inefficiency.

Figure 5.1: Practical wiring in CLS’ REIXS station. (a) Sample plate with a wiring
electrode; (b) Installation of wired sample.

Fig.5.2 shows the circuit connection scheme of a DC current source with a voltage
limit of 200V. Based on this scheme, a series of RXR measurements with various elec-

tric bias values ranging from 0 to £ 200 volts were operated on AlyO3 / CoyoFes0Bayg
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/ (Biy5Sbys)2Tes thin film, to induce the spin polarization at surface states. Besides,
there were several efforts made to improve the device electronic properties and reduce the
artificial errors.

Figure 5.2: Electrical connection scheme between current source and sample

5.3 Results

5.3.1 RXR measurement

During the experiment, RXR was measured at both TI and magnetic element edges. In-
stead of detecting the magnetic dichroism by switching the polarization light, it was sup-
posed to be observed by changing the bias polarities with a fixed polarized light. However,
the refletivities at Co Ly 3 edges with opposite current directions has the sample lineshape,
so there was no switch of magnetization at TT/magnetic interface induced with either con-
tinuous (Fig.5.3 (a)) or pulsed current (Fig.5.3 (b)). In addition, the cross section area
(see in Fig.3.3) of the sample is 1.95 x 10~ 7cm? with a 3mm width and a 6.5nm thick-
ness, and the resistance of the sample is 5.52K¢), so the current density can be calculated.
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From Fig.5.3 (b), the maximum voltage performed was 75V, and the corresponding cur-
rent density was 6.96 x 10*A-cm~2. This current density is much smaller than what has
been reported of the literature (6 x 10°A-cm~2)[14]. Therefore, one of the likely reasons of
no observed dichroism is that insufficient spin polarization was induced by the current to

manipulate the magnetization.

In Fig.5.3 (c¢) and (d), reflectivities was also measured at high (299K) and low tem-
peratures (23K) with an applied current, in order to check if there was a temperature
dependence of the spin polarization. What has been presented in these figures does not
give the positive result, but the resistance of the thin film increased to 30K§2 at 23K,
which is around 10 times larger than the resistance at 299K. Since the sample was simply
connected in circuit with silver paste shown in Fig.3.3 (b), it was easier to damage the
connection with relatively large thermal expansions. Hence, this unexpected resistance
change has been attributed to the unreliable electrical connection, which will be discussed
later.

5.3.2 I-V characterization and sample device modification

There are two common ways to increase the current density. One of them is to increase
the applied current, requiring a higher current limit electronic device, and the other one is
to reduce the cross section without changing the current source. To effectively increase the
current density, the later solution was performed. A new device was designed to reduced the
cross section. As mentioned in section 3, by using lithography and ion milling techniques, a
more confined and clean device with multiple widths was fabricated (see in Fig.3.4). With
this new device, the current density can easily approach 10°A-cm~2 at the 50 pm thin part
when we applied 20V as a source of current.

Moreover, the electronic connection was another significant factor influencing the results
of measurement. Originally, the sample was wired with cleaved electrodes. This method
not only introduced small dust particle contamination on the surface, it was also difficult
to control the cleave depth. By contrast, a pair of 50nm thick Au electrodes were deposited
on the ends of sample pattern with MBE technique on the new device. Additionally, if the
sample directly connected with the wire installed on sample holder, it was easy to cause
the destruction when the sample position had been modified with moving diffractometer
motors. To eliminate this shortage, a stress relief device was added on the sample holder
with silver epoxy, which introduced a medium metallic pad connecting the wire and sample
electrode separately. (see in Fig.5.4 )

The electric conductivity feature was improved incredibly by using both the Au elec-
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Figure 5.3: Resonant X-ray reflectivity (RXR) spectra of AloOs [/ CosFesBa /
(Big55b05)2Tes multilayer thin film sample with DC current bias at Co L (a, b) and
Sb M edges (c, d).

trode and stress relief device, which can be observed from the current-voltage (I-V) char-
acterization. Fig.5.5 (a) and (b) illustrate the transport measurement of original bar shape
and the fabricated device respectively. There was an obvious nonlinear response in Fig.5.5
(a) caused by the unstable connection. In contrast to the former case, the new device pre-
sented a stable resistance in both trivial environment and low temperature UHV system,
and the resistance was stable at 12.3k(2. (see in Fig.5.5 (b))

5.3.3 Beam size improvement
Although the fabricated new device solved the problem in terms of electrical connection

and current density, another difficulty related beam position shift with relatively small
sample area was created, which can be observed in Fig.5.6 (a). As mentioned in section 2,
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Figure 5.4: Stress release pad connecting the sample plate and the sample electrode.

the beam has a dimension of 150 x 300 um?, which is comparable with the sample width.
As a result of photon polarization switch, the error of relative position changes of the beam
spot increased, illustrated by a clear intensity split at off resonance energies in Fig.5.6 (a).
To reduce this effect, we regulate the beam flux by reducing the optical component size
from 4 to 1.6 mm. Fig.5.6 (b) shows an obvious improvement of beam shifting indicated
by the overlap of left and right circular polarization results at the off resonance part.

5.3.4 Current conflict

With the new device fabricated the ”L” shape pattern, the current density at 50pm width
part achieved to 1.6 x 10°A-cm~2 when the bias was 20V. There was no dichroism shown in
reflectivity with respect to opposite bias polarities, see in Fig.5.7. As the bias increased to
200V, the Joule heat generated at thin part burned the device and formed an open circuit.
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Figure 5.5: Current-Voltage characterizations of thin film Al,Os / CoyFeqBsy /
(Big5Sbos)2Tes: (a) the I-V plot and voltage residual shows the nonlinear noisy response
of the bar shape sample at room temperature; (b) the I-V plot and voltage residual shows
the linear response of the fabricated shape sample at both room and low temperatures.

Therefore, there should be an upper limit of the total current density in order to avoid
generating too much heat to damage the circuit. Fig.5.8 shows the TEY signal went to
zero as z=0.2 corresponding to the junction between 50um and 2mm width area. However,
since both the TI and magnet layers conduct current, the current passing through the TI
layers will be less than the total current applied to the whole device. Consequently, it
reduces the total spin current for a given current source. This shunting effect may become
dominant when the resistivity of the magnet is much smaller than TI, or the distribution
of the thickness is not appropriate [15].
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Figure 5.6: Beam size influence of fabricated device. (a) RXR measurements with normal
beam aperture at Fe L edges; (b) RXR measurements with reduced beam aperture (1.6mm)
at Fe L edges with a sacrifice of half signals.
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Figure 5.7: Resonant X-ray reflectivity (RXR) spectra as a function of incident angle at
Co L3 edge with 20V DC bias.

5.4 Discussion

Current density is one of the most important parameters dominating the magnetic envi-
ronment of TT/magnet bilayer thin film. With nanofabrication techniques, the sample has
been nicely defined in smaller widths, and the electronic connection was more stable. By
reducing the cross section, the maximum current density has achieved 10°A-cm~2 with a
20V DC bias. However, the Joule heat generated at the 100um junction broke the electri-
cal circuit when the voltage was 200V. Additionally, the shunting effect could reduce the
practical current density applied to the topological layer, which caused a conflict between
the upper current limit and the insufficient current density of spin current.
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Chapter 6

New Material Measurement: MgO/
Cro.9(Bio.55005)1.9T'e3/ (BiosSbos)21 e

6.1 Overview

Electric field manipulation of magnetic order has proven itself to be of both fundamen-
tal and technological importance in spintronic devices [32, 2, 46, 30]. In the previous
Chapters, we have studied and discussed the current induced spin polarization of the
TI and magnet bilayer structure. There is a new material candidate, Cr-doped TI thin
film, which is also able to gain the magnetization induced by spin orbit torque, reported
in the literature [29, 11, 10]. The effective electric-field control of spin orbit torque
and the giant spin-torque efficiency in Cr-doped TI may lead to the development of
energy-efficient spintronic devices [10]. In this chapter, a brand new sample with MgO/
Cro9(Bigs5bo5)1.9Te3/(BigsSby5)2Tes will be studied with RXR method at Cr L edge.
Unlike the bilayer device, this insulate magnet does not require a saturation effective
magnetic field to trigger the magnetization transformation. Several features of this new
magnetic topological material with a new electronic device will be presented and discussed.

6.2 Reflectivity measurements

The MgO/ Croo(Bios5Sbos)1.0Tes/(Bigs5Sbos)2Tes thin film grown on a sapphire substrate
has been fabricated in the same shape mentioned in section 5, which can be seen in Fig.3.4,
and similar RXR measurement was done at Cr L3 edge without current.
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In contrast to previous experiments, the DC voltage source was replace by a lock-in
amplifier, which can generate an AC signal with 0 to 5V amplitude and 0 to 1000Hz
frequency. This Signal Recovery 7625 DSP lock-in amplifier can isolate current/voltage
signals oscillating at a reference frequency amongst a large noise background of other
frequencies. In our experiment, the sample voltage/current was driven by the lock-in
amplifier and used as the reference frequency. Oscillations of the photodiode current at
this same frequency were measured which should correspond to a direct measure of current
induced dichrosm. Because of the measurement of the lock-in signal, the noise level of
the circuit environment can be monitored, and the phase difference between reference and
input signal is able to be observed.

. Input Signal
. APhotodioder——
AU r~ \
\ A NA"N
R Lock-in
e Reference
= Voltage
D |

Figure 6.1: Scheme of reflectivity measurement through the lock-in amplifier.
In addition, the new material’s electronic transport properties was checked by an in-situ

[-V measurement at 3.9K and 10~° Torr vacuum level, and the bias has been applied on
sample ranging from 0 to 200V.

6.3 Results

6.3.1 I-V measurement

Figure 6.2 here illustrates a nonlinear response of I-V measurement when the voltage was
applied from 0 to 200V at low temperature (3.9K). According to this result, the resistance
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of new film MgO/ Cry.9(Big55b0.5)1.90Te3/ (Big.5Sbos)2Tes is 403.32k2, which is much
larger than the resistance of the AloO3 / CosoFes0Bog / (Big.55bg.5)2Tes thin film. One
of the possible reason is the damage caused in fabrication process. By checking the surface
condition with the MA61A OLYMPUS microscope, some evidence can be found on the
sample surface, as shown in Fig.6.3. In Fig.6.3 (a) to (c), the resistance of samples are 150,
155, and 158 K2 respectively, which is increasing with the increased amount of scratch.
As a result, the resistance is directly related to the sample surface quality. Another likely
reason causing this large resistance is my inappropriate operation during the fabrication. In
the sample preparation process, the ultrasonic bath heat of Remover PG solution (a strong
base) was used to get rid of the photoresist. However, since the Crg o(Big.55b0.5)1.07 €3
was grown by MBE technique, the large amplitude horizontal oscillation of the ultrasonic
cleanser is able to damage the layer structure of the sample, which may lead to a destruction
of the topology for this Cr doped TI.

6.3.2 Reflectivity measurement with lock-in amplifier

The maximum Cr L3 absorption edge was checked by the reflectivity measurement verses
photon energy. From Fig.6.4 (a), the reflectivity with respect to varying photon energy
has a peak at 576.8¢V when the incident angle is 7.5°. In Fig.6.4 (b), resonant X-ray
reﬂectivity of the MgO/ CTO‘Q(Bi0.5Sb0.5)1.9T€3/ (Bi0.55b0.5)2T63 film as a function of
angle with the photon energy at Cr L3 absorption edge at 23K determined no dichroism
without current, and the fringes at specific angles represented the constructive interference
of the atomic interfaces.

Since the photodiode was connected with the amplifier as a input source modulated
with a referenced voltage signal generated by the amplifier, the reflectivity signal was
monitored by the phase difference between the AC input signal and reflected photons.
When the photon energy was adjusted to 576.8eV (Cr L3 edge), the phase difference was
checked while the circular polarization type switched from left to right at several individual
incident angles: 6 = 7.5°,12.5°,16.5°,20.5°,28°. However, there was no reliable phase
change captured. In addition, at the incident angle, when the detector was adjusted to off
position in a few degree angle, no significant modification of the phase has been observed.
When the current density was 0.15 A-cm™2, the noise level at 10 to 100fA was recorded
with a 50s of timeconstant during the measurement. Correspondingly, the signal to noise
ratio is around 0.01%. This noisy background will be studied and eliminated in the future.
So far, there is no effective reflectivity results determining the clear spin-orbit torque at
Cr L edge under the AC condition.
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Figure 6.2: Conductive transport measurement of MgO/ Cryo(Big.55b.5)1.0T €3/
(Big.55bg 5)2Tes topological magnet thin film.

In addition, the lowest temperature that can be approached at CLS was 23K, which is
higher than the critical temperature of Cr (T¢=13K), so it was hard to generate the ferro-
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(a) (b)

Figure 6.3: Surface situation of thin film MgO/ Crq.o(Big.55b0.5)1.01e3/ (Big.5Sbo.5)21es
by microscope. Samples with resistance: (a) R=150KQ;(b) R=155K; (c¢) R=158K(2,
respectively

magnetic order at this Cr doped thin film. Therefore, the magnetization due to the charge
current could be influenced by this temperature limit, and the reflectivity measurement
should be further studied under the lower temperature condition.
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Figure 6.4: Resonant X-ray reflectivity at Cr Ls edge of MgO/ Crg.9(Big.55by.5)1.01¢e3/

(Big.55bg.5)2Tes thin film without bias at 23K.(a) Reflectivity at § = 7.5° as a function of

photon energy with left and right circularly polarized light; (b) Reflectivity verses angle of
incidence measured at the peak of the Cr L3 edge.
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Chapter 7

Conclusions and Future Work

7.1 Summary of results

An overarching motivation of this thesis has been to study the nature of spin polarization
of topological material surface states with performing the resonant X-ray reflectometry
(RXR). Some efforts, in both measurement technique and sample quality, have been done in
the experiment process to improve the spin polarization detection progressively. Although
there is no positive conclusions that can be drawn from the experiments, it is important
to reflect upon and discuss these results in order to guide the subsequent project.

For TI/magnet bilayer and thin film, one of the most important experiment conditions
is the current density which has been discussed a lot in this thesis. Several efforts have been
made to maintain a sufficient and stable charge current. In chapter 5, the charge current has
been successfully increasing to 10°A-cm ™2 by fabricating the thin film to an expected small
width shape. Also, with performing the fabrication techniques, Au electrodes deposited
at the sample ends significantly reduce the wiring difficulty and the contamination at the
sample surface. As has been shown in the I-V characterizations, the risk of silver past
connection destruction is effectively eliminated by the add on stress relief pad. With
regards to the reflectivity measurement technique, the basis of the advanced synchrotron
light source has been studied and explored, such as the beanline scheme, diffractometer
structure, and adjustment of the beam size.

On the other hand, there are still some obstacles to overcome. There is still a request
to figure out the critical current density corresponding to the AlsOs; / CogoFeq0Bay /
(Big55b05)2Tes thin film. In addition,the shunting effect may influence the current density
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of the topological insulator layer since the resistivity of the magnet is much smaller than
TT, or the distribution of the thickness is not reasonable [15]. Moreover, when a DC current
is applied as the current source, the current density cannot be too high which may cause
the burning of sample leading to an open circuit. According to this, a conflict in current
density is generated. Finally, the low efficiency of loading sample is also a big obstacle to
overcome.

Regarding to the new Cr doped topological magnet thin film, there are some attempts
which has been made on this new sample. The electronic device, called lock-in amplifier,
was applied as a current source. With this device, the noise level, which was 0.01% was
first measured and studied, which can guide a further improvement in the electrical design.
Besides, the electronic property of this topological magnet thin film has been studied with
a transport measurement at extreme low temperature (3.9K), which can be regarded as a
reference for the future study.

However, there are some doubts for MgO/ Crq o(Big55b0.5)1.07€e3/ (Bio.5Sby.5)2Tes
thin film. One of them is the high resistance (100K2). In contrast to the similar material
reported in other experiments [11, 4], the resistance of thin kind of material is supposed
to be around 10KQ. Besides, the critical temperature (T¢) of Cr is 13K, but the lowest
temperature achieved is 23K in our the experiment at REIXS, and it is possible that the
dichroism at Cr edge due to the spin-orbit torque could be enhanced by the ferromagnetic
feature.

7.2 Future work

A few projects come to mind when considering what else could be done to study the RXR
and answer the questions regarding to the nature of spin polarization and SOT of TIs.

Firstly, a scheme for analyzing resonant soft x-ray reflectivity data should be developed,
which takes the atomic structure of a material into account by ”slicing” it into atomic planes
with characteristic optical properties. Although we have collected a lot of RXR data with
the multilayer thin film, they have not been studied quantitatively by a theoretical model
which allows for a reliable extraction of spectral information about a specific layer of atoms
between the interfaces. It also enables to calculate the spin polarization or spin-orbit torque
efficiency based on the sample structure with a certain value of current, so that there will
be a quantitative expectation for the current density used to manipulate the magnetization.

There is also an opportunity to solve the current density requirement. Due to the
conflict between the high current density request and upper limit to avoid causing damage
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on sample device, it worthwhile to figure out a new way to supply the current. A potential
device is a waveform generator, which allows to provide a current in a form of short time
pules, such as 100ns. In addition, this kind of device is able to give more possibility of
measurement waveform of current signal, so that we have more opportunities to choose a
satisfied current form.

Finally, to solve the low efficiency of the sample loading, a new in-situ wiring device
is expected to be designed and applied to the elastic scattering system in CLS. This new
device will install a two-channel plastic part on the sample receptacle serving as permanent
electrodes, and two spring load POGO pins will be added on the backside of the sample
plate in order to connect the sample into electrical circuit. More details of the design will
be provided in Appendix A. This in-situ wiring device allows to achieve sample loading in
40 min without breaking the vacuum environment. In contrast with the previous method of
wiring sample loading mentioned in section 5, this in-situ wiring system not only reduces
the loading time leading to a high efficiency RXR measurement, but also promises the
stability of measurement environment.
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Appendix A

Drawing of In-situ Wiring Model

In Fig.A.1, there is a model of in-situ wiring device, consisting of a sample plate POGO pin
connector and a receptacle 4-channel electrode connector. For the POGO pin connector, it
is installed on the back side of the sample plate, which can make a connection with sample
by adding insulated cap wires from backsides of pins. The pin heads can contact with
electrodes in the sample receptacle add on piece as the sample plate is tightened by the
side screw. All the grey parts shown in the figure are made by PEEK get from McMaster
Carr, and the spring load POGO pin 5949T63, with an overall length of 0.66” and a 0.04”
diameter, from the same supplier. Besides, two types of standard core wire (32 AWG and
a slightly thicker 30 AWG) with kapton insulates are required for both sample connections
and electrode connection. They are available at Accu-Glass company.
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Figure A.1: Scheme of in-situ wiring device
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