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ABSTRACT
This dissertation focuses on the applications of topological insulators for spintronics.
Bismuth-chalcogenide topological insulators have large spin orbit coupling leading to surface
states defined by a helical Dirac cone. These surface states have potential for spintronics due to
the “spin-momentum locking” of the surface electrons, and could be efficient for the generation
or detection of spin currents. To study the efficiency of topological insulators for spin to charge
conversion, heterostructures of topological insulator/ferromagnetic insulators were studied by
ferromagnetic resonance spin pumping. To facilitate this work different topological insulators
were grown by molecular beam epitaxy on the ferromagnetic insulator yttrium iron garnet.
The first challenge in this work was to grow crystalline topological insulator thin films on
the yttrium iron garnet substrate. This involved utilizing multiple temperature step growth via
molecular beam epitaxy. While the Bi-chalcogenide topological insulators are reasonably well
latticed match to InP(111)A (a=0.415 nm, <0.2% with Bi2Se3), yttrium iron garnet has a larger
cubic unit cell with 1.24 nm lattice constant. Since the Bi-chalcogenide interlayer bonds are van
der Waals forces, it is possible to overcome the lattice mismatch by lowering the surface energy
to promote nucleation of the topological insulator film.
Next, these topological insulator/yttrium iron garnet heterostructures were used for spin
pumping studies of a pure spin current sourced from yttrium iron garnet to the topological
insulator. In the topological insulator, this pure spin current is converted into a charge current. In
this work, we explore the mechanism for the spin to charge conversion and determine it to be
from the inverse Rashba-Eldelstein effect. The spin-charge conversion in the topological insulator
is determined to be dominated by the surface states at the interface.
While the spin pumping measurements are all performed at room temperature,
magnetotransport measurements were performed on the topological insulator/ferromagnetic
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insulator heterostructures. At temperatures below ~2K, we observed features in the
magnetoresistance that are not observed in topological insulators on non-magnetic substrates.
These features have a long relaxation time and the mechanism is still being explored. We
hypothesize that it originates in the relaxation of paramagnetic impurities in the yttrium iron
garnet substrate, resulting in a phonon bottleneck that results in a magnetocaloric effect.
Lastly, we present work on a ferromagnet metal τ-MnAl with strong out of plane
magnetization. This material has a strong out of plane magnetic anisotropy and could be used for
spintronics applications. We demonstrated successful growth by molecular beam epitaxy on
GaAs(001)B to stabilize the meta-stable tau phase. The magnetization of the film was
characterized by SQUID and magneto-transport and shown to be robust with ~1T coercivity. The
long term goal is to integrate this ferromagnetic layer with a topological insulator for spin-orbit
torque switching devices.
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Chapter 1
Introduction
This thesis focuses on the intersection between two fields of great contemporary interest:
materials for spintronics and topological insulators (TIs). Spintronics or “spin-electronics” was
first developed as an approach that exploited spin-dependent transport in conventional
ferromagnetic metals for very sensitive magnetic field sensors. Early spintronics used spintronic
phenomena, specifically giant magnetoresistance (GMR) and tunneling magnetoresistance
(TMR), to read information magnetically stored on hard drives [1]. This technology drove the
increase in storage density from 102 megabits/in2 in the early 1990’s to 104 megabits/in2 by 2000
[2]. In parallel, some researchers also sought to develop spintronic devices for logic [3]–[7].
Conventional transistors have an “on” and “off” or “1” and “0” state defined by an electric gate.
Spin-based logic is motivated by the desire to overcome the thermal limitation in transistors,
defined by the Boltzmann limit of 60 mV/decade on the sub-threshold slope of a field effect
transistor, namely the change in voltage needed to go between the “on” and “off” state [8], [9].
Currently, there are several proposals for such spin based logic but have yet to be implemented
[5], [10]–[12]. The most recent developments in spintronics have focused on spintronic devices
for non-volatile memory, known as magnetic random access memory (MRAM) [13]. MRAM
relies on a spin-polarized current to 'write' a memory state and spin transport to also 'read' the
state. Table 1-1 compares proposed memories such as MRAM with current memory
technologies—with their technical specifications and disadvantages in bold. While MRAM
provides a number of advantages over existing technologies such as dynamic random access
memory (DRAM) and static random access memory (SRAM), a few key challenges remain. Most

2
prominent amongst these is the need to reduce the current. Topological insulators, materials
whose surface electronic states have spin coupled to momentum, provide a potentially attractive
solution to this challenge. This dissertation discusses the synthesis of one family of
heterostructures of interest within this context, namely Bi-chalcogenide thin films grown by
molecular beam epitaxy on ferrimagnetic insulator substrates such as yttrium iron garnet.
Table 1-1. Adopted from A. D. Kent and D. C. Worledge [13]. Comparison of key features in emergent and
existing memories with disadvantages in bold. Numbers for emergent memory were based on expectations for a
functional chip and not individual bits.
SRAM

eDRAM

DRAM

eFlash

Flash

(NOR)

(NAND)

FeRAM

PCM

STT-

RRAM

MRAM

Endurance
(cycles)

Unlimited

Unlimited

Unlimited

105

105

1014

109

Unlimited

109

Read/write
access time
(ns)

<1

1-2

30

10/103

100/106

30

10/100

2-30

1-100

Density

Low (six
transistors)

Medium

Medium

Medium

High
(multiple bits
per cell)

Low (limited
scalability)

High (multiple
bits per cell)

Medium

High (multiple
bits per cell)

Write power

Medium

Medium

Medium

High

High

Medium

Medium

Medium

Medium

Standby
power

High

Medium

Medium

Low

Low

Low

Low

Low

Low

Other

Volatile

Volatile. Refresh
power and time
needed

Volatile. Refresh
power and time
needed

High
voltage
required

High voltage
required

Destruction
readout

Operating
T<125 °C

Low read
signal

Complex
mechanism

1.1 Early Spintronics
Research carried out concurrently by two groups in 1988 on separating two ferromagnetic
layers by a metallic spacer. The effect measured was termed giant magneto resistance (GMR)
[14], [15] and the 2007 Nobel prize was shared by Peter Grünberg [16] and Albert Fert [17] for
this discovery. This work has led to further advances in spintronics with the improved tunnel
magnetoresistance (TMR) effect that is now used in hard drives as the read element. The next
few subsections will expand upon the GMR and TMR physics and advancements. Section 2 of
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this chapter will introduce the physics behind topological insulators and explore their applications
for spintronics.

1.1.2 Giant Magnetoresistance
The GMR effect was observed using a multilayer structure of two ferromagnet (FM)
layers with a normal metal spacer forming a structure known as a spin valve. This allows
electrons to easily flow between the two layers but to decouple the ferromagnetic layers to have
two distinct magnetic properties. By having two FM layers with different magnetic coercivity
(Hc), each layer can then have its magnetization flipped by distinctly different applied magnetic
field values. This gives rise to high and low resistance states when the FM magnetizations are
either antiparallel or parallel, respectively. Figure 1(a) schematically demonstrates the electron
scattering in the FM layers dependent on the electron’s spin and the FM layer’s magnetization
direction. Figure 1(b, c) illustrates the two spin valve geometries, current in-plane and current
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perpendicular to plane.

Figure 1-1. Adapted from Chappert et al. (2007) [18]. (a) In the GMR spin valve illustrated, F1 and F2 are the
two ferromagnetic layers and M is the normal metal spacer. The black arrows in the boxes indicating the
magnetization direction for the different layers. The different faces, happy/neutral/sad, with arrows indicate the
electron’s spin direction and the amount of scattering in one or both FM layers as they move through the
structure (indicated by red lines. (b) and (c) demonstrate the two device orientations: current-in-plane (CIP) and
current perpendicular to plane (CPP) for the spin valves respectively.

The two first GMR results used thin films of Fe/Cr/Fe and reported a large resistance
ratio between the parallel and antiparallel states. Baibich et al. (1988) demonstrated up to 80% at
4.2 K from a Fe/Cr superlattice [15] and Binasch et al. (1989) demonstrated 15% at room
temperature for Fe (12nm)/Cr (1nm)/Fe (12nm) [14]—these results are summarized in Figure 1-2.
While brief, the basics of GMR theory provide a relevant framework for further discussion on
spintronics and the development of topological spintronics.
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Figure 1-2. GMR effect from two pioneering work. (a) Adapted from Binasch et al. (1989) and illustrates a
resistance ratio of 15% at room temperature [14]. (b) Adapted from Baibich et al. (1988) shows
magnetoresistance for different Fe/Cr superlattices at 4.2K with the largest resistance ratio being 80% [15].

1.1.3 Tunneling Magnetoresistance
The TMR effect replaces the metallic spacer in a GMR device with an insulator. This
allows for electrons to quantum-mechanically tunnel from one ferromagnetic layer to another.
The insulating layer also prevents backscatter of electrons that would happen with a metallic
spacer. This improved the P/AP resistance ratio in TMR compared to GMR and resulted in a
resistance ratio as high as 100% at room temperature through improvement of the barrier layer.
These TMR devices are known as a magnetic tunnel junction (MTJ) with the first tunneling
system using Al2O3 as the tunnel barrier [19], [20]. Early work, seen in Figure 1-3, had a
maximum resistance change of 30% at 4.2 K for the Fe/Al2O3/Fe measured by Miyazaki and
Tezuka in 1995 [19]. In the early 2000’s the spacer was replaced with MgO that resulted in a
higher measurable TMR value of above 100% at room temperature [21]–[23]. The two main
advantages of MgO are: it can be crystalline to improve the interfaces between following layers
in the heterostructure and the ability to filter electron spins by tuning the thickness of the MgO
tunnel barrier [24]. This filtering allows for only the majority carriers to pass through with the
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defined spin orientation to available states. Also, the CoFeB magnetization moves from in-plane
to out-of-plane when thin CoFeB films are interfaced with MgO [25].

Figure 1-3. Tunneling magnetoresistance at room temperature of 100 nm Fe/Al2O3/100 nm Fe. The Fe layers
are patterned into rectangles with the long axes (easy axis) at 90 degrees to give a different coercivity when the
magnetic field is swept. The resulting resistance ratio is approximately 18%. Adapted from Miyazaki and
Tezuka [19].

The current MTJ is a complex material stack using multiple magnetic layers and shifts
the coercivity of the fixed magnetic layer by exchange bias with antiferromagnetic IrMn. The
MTJ uses ferromagnets with out-of-plane anisotropy to lower the energy to switch the
magnetization by eliminating the shape anisotropy of the in-plane device. Current research in
MTJs focuses on improving the ferromagnetic materials, such as using half-metallic Heusler
alloys with near 100% spin polarization [26]. The other focus is on lowering the switching energy
from AP to P to make these devices relevant for industry.
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1.1.4 Spin Transfer Torque
The Landau-Lifshitz-Gilbert (LLG) equation [27], [28] provides a model for the
switching of the magnetization and the different forces, as seen in equation 1-1 [29]:
𝑑𝑴
𝑑𝑡

𝛼

= −𝛾0 𝑴 × 𝑯𝑒𝑓𝑓 + (𝑀 ) 𝑴 ×
𝑠

𝑑𝑴
,
𝑑𝑡

(1-1)

where M is the magnetization direction of the material, Heff is the effective field on the material,
Ms is the saturation magnetization or the amplitude of M when it is unperturbed, α is the Gilbert
damping constant, and γ0 is the gyromagnetic ratio. The first term in equation 1-1 is the
magnetization precession around its equilibrium axis. This precession can originate from a
perturbation from a magnetic field, spin-transfer torque, or ambient heat. The second term in
equation 1-1 defines the damping which, when the magnetization is perturbed, this precession is
forced back to equilibrium. There are three states for switching either with an applied field or
another mechanism. The case where the applied perturbation is not large enough to overcome the
damping such that the magnetization returns to equilibrium. The stable case where the
perturbation is equal the damping force and results in a steady state precession. And the final
switching case when the perturbation is so large it overcomes the damping and moves the
magnetization to a new equilibrium direction. While this can be done with an applied external
field, for device applications using the current to switch direction allows for miniaturization
(higher device density) and mathematically is an additional term added to the LLG equation
derived by Slonczewski [30]. For a GMR structure of two magnetic layers with a metal spacer,
the additional term is:
𝑑𝑴𝑺𝑻
𝑑𝑡

= 𝜂(𝜃)

𝜇𝐵 𝐼
𝑒𝒱

𝑴
̂ × (𝑴
̂×𝑴
̂𝑓𝑖𝑥𝑒𝑑 ),

(1-2)

̂ and 𝑴
̂ 𝑓𝑖𝑥𝑒𝑑 are the unit vectors for the magnetization of the free and fixed layer
where 𝑴
respectively, I is the current, 𝒱 is the volume of the free layer where the spin torque is acting,
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̂ ∙𝑴
̂ 𝑓𝑖𝑥𝑒𝑑 , and the rest are constants [29]. The full LLG
𝜂(𝜃) = 𝑞/(𝐴 + 𝐵 cos 𝜃), cos 𝜃 = 𝑴
equation with the combination of equation 1-1 and 1-2 is demonstrated pictorially in Figure 1-4.

Figure 1-4. The pictorial representation for the different torques in the combined LLG equation with STT.
Adapted from Ralph and Stiles [29].

This switching done by spin-transfer-torque (STT) utilizes a large current density across
the device. The current is spin polarized by the pinned ferromagnetic layer and transfers angular
momentum and torque to the free layer—if the free layer magnetization is antiparallel to the
pinned layer a large enough current will switch the free layer magnetization. For MTJs STT is
advantageous because the state can be read and switched through the same contact. To switch
from parallel to antiparallel magnetizations the current flows in the opposite direction (electrons
starting on the free layer side), since the current is not 100% spin polarized the antiparallel spin
electrons are reflected at the fixed layer interface and apply the torque to the free layer. This
ultimately results in current control of the parallel or antiparallel configurations. An issue as the
devices become smaller is the high current density can lead to the breakdown of the barrier or
heating which can result in thermally assisted switching.
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It is possible to solve for the switching current for the free layer in a MTJ with in-plane
ferromagnetic layers. Using the LLG equation as described by J.Z. Sun [31], or the combination
of equations 1-1 and 1-2, the critical switching current is,
𝐼𝑐 =

2𝛼𝑒
[𝑀𝑠 𝑉(𝐻
ℏ𝜂

+ 𝐻𝑘 + 2𝜋𝑀𝑠 )],

(1-3)

where H is the applied in-plane field along the easy axis, Ms is the saturation magnetization of the
material, Hk is the anisotropy field, α is the damping constant, V is the volume of the free layer,
and η is the spin polarization factor. With the in-plane ferromagnet configuration, the current
must overcome the shape anisotropy field defined by the 2𝜋𝑀𝑠 term. For CoFe this can be as
high as 8kOe [32] and will therefore dominate the other field terms. It is possible to eliminate the
shape anisotropy by using ferromagnets with out-of-plane magnetization. In this situation, a term
for the out-of-plane anisotropy field can be defined as Hk⊥ and the shape anisotropy term 2𝜋𝑀𝑠
is replaced by 2𝜋𝑀𝑠 − 𝐻𝑘⊥ ⁄2. Now, whether the ferromagnetic magnetization can be
defined by 2𝜋𝑀𝑠 > 𝐻𝑘⊥ ⁄2 for in-plane and 𝐻𝑘⊥ ⁄2 > 2𝜋𝑀𝑠 for out-of-plane. With this, the
switching current for a MTJ with out-of-plane ferromagnets can derived from equation 1-3
with the above condition to be:
𝐼𝑐 ≈

2𝛼𝑒
𝐻
[𝑀𝑠 𝑉 2𝑘 ].
ℏ𝜂

(1-4)

This greatly reduces the switching current needed and is the reason modern MTJs focus on
utilizing perpendicular ferromagnets with the CoFeB/MgO/CoFeB stacking. For this stacking
with a 50 nm x 100 nm device, a current density is need of 𝐽𝑐 ~6 × 105 A/cm2. For materials
research, the materials parameters need to be such that 𝑀𝑠 𝑉

𝐻𝑘
2

≥ 60𝑘𝐵 𝑇 = 𝑈𝑘 . Where 𝑈𝑘 is the

thermal stability for a device and 𝑘𝐵 is the Boltzmann constant. To prevent thermal switching of
the magnet, a 10-year lifetime is defined as 𝑈𝑘 = 60𝑘𝐵 𝑇. As devices become smaller, the large
current density for STT switching of CoFeB/MgO MTJs generates heating that could break down
the tunnel barrier. Two possible ways to low the switching current of the ferromagnetic layer are
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by voltage assisted switching [33] or switching by spin orbit torque (SOT) generated in materials
with large spin orbit coupling.

1.1.5 Spin Orbit Torque
Recently, materials with large spin orbit coupling (SOC) have been used to switch the
free magnetic layer. When a charge current (Ie) passes through the material with SOC a spin
current (Is) is generated perpendicular to the current direction by the spin Hall effect (SHE)[34]–
[36]. Similarly, the inverse spin Hall effect (ISHE) converts the spin current Js in SOC material
into a charge current Je. For the SHE electrons of opposite spins are pushed to opposite
boundaries of the sample as current flows—analogous to the regular Hall effect or anomalous
Hall effect for ferromagnets. The characteristic strength of this effect is given by the spin Hall
angle defined by 𝜃𝑆𝐻 = 𝐽𝑆 ⁄𝐽𝑒 . This was observed by Dan Ralph’s group using Pt and Ta to
switch a ferromagnet [37], [38]. Figure 1-5 shows a Ta electrode was used to generate a spin
current by the SHE and influence the free magnetic layer of an MTJ. The spin Hall angle of Ta
can be calculated by its influence on the ferromagnetic and with a large enough current, switch it.
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Figure 1-5. A) Depicts the measurement setup for the SHE generated in the Ta electrode layer. The MTJ with
in-plane ferromagnets is to measure the switching effect and extract the spin Hall angle. B) A minor loop of the
MTJ and insert is the full magnetization loop. C) Current switching of the MTJ when it is biased into the middle
of the minor loop with an external magnetic field of -3.5mT. D) Effect of ramp rate of the current of the
switching current for antiparallel (AP) to parallel (P) and P to AP. This shows that there is no asymmetry with
the switching current based on magnetic layer configuration. Adapted from L. Liu et al. [37]

For the above case of an in-plane ferromagnet, the switching current can be approximated by
modifying equation 1-3 of the STT switching equation. This can be written as
𝐼𝑐 ≈

2𝛼𝑒
[𝑀𝑠 𝑉(𝐻
ℏ𝜃𝑆𝐻

+ 𝐻𝑘 + 2𝜋𝑀𝑠 )],

(1-5)

by replacing the spin polarizing efficiency of the current η, by the spin-to-charge conversion
efficiency characterizes by the spin Hall angle θSH. Figure 1-5(d) shows the switching current
from parallel to anti-parallel and vice versa is the same as by SOT. In STT the switching currents
for the two directions are not equal due to spin accumulation in a spin valve or the MTJ’s
magnetoresistance behavior [37]. SOT switching can be advantageous to switch ferromagnetic
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insulators since the spin current will be injected into the insulator, unlike the charge current. To
reduce the critical current needed for switching it is important to identify materials with large spin
Hall angles. One class of materials, topological insulators, has been identified to generated large
spin Hall angles via their surface states. This will be addressed at the end of this chapter.

1.1.6 Spin-Charge Conversion
For the development of future spintronics systems, it is important to have materials
available that can efficiently convert a charge current to a spin current or vice versa. There are
two main methods for measuring the spin-to-charge conversion efficiency in a material, spin
pumping and spin-torque ferromagnetic resonance (ST-FMR). With an applied magnetic field,
the ferromagnetic magnetization will precess, resulting in a coupling of the microwave field and
ferromagnetic when the precession frequency and microwave frequency are equal [39]. At this
ferromagnetic resonance (FMR) condition, the ferromagnetic layer will then generate a spin
current vertically into a neighboring normal metal. In a 3D normal metal with SOC the spin
current becomes a charge current by the ISHE and can be read via the voltage VISHE [40], [41].
An improvement in spin pumping measurements is using a ferromagnetic insulator (FMI)
with low damping instead of a ferromagnetic metal [42]. In the FMI the microwave couples to the
magnetization and generates a pure spin current without any charge current that could be
generated in a ferromagnetic metal. Therefore, the resulting spin pumping signal in the normal
metal is purely from the spin-charge conversion in the normal metal.
In conventional FMR, a ferromagnet is placed in a microwave cavity where the reflected
microwave power is measured and at the resonance condition the ferromagnet will absorb the
microwave signal and result in a loss in the reflected power. This can be analyzed to extract the
ferromagnet’s characteristic properties. ST-FMR is the opposite from FMR spin pumping by
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using a microwave current sourced directly to the normal metal to generate a spin current via the
SHE in NM/FM bilayer. This spin current then influences the neighboring ferromagnet to cause
precession of the magnetization. This influence is then read through the changing AMR observed
in the ferromagnet, measured by a DC voltage [43].

1.2 Topological Insulators
Just in the past 20 years, the field of topological insulators has developed from theorized
to experimentally realized materials systems. These materials have an insulating bulk and
conducting edge or surface electrons, if the system is 2D or 3D respectively. The following
subsections will introduce 2D topological insulators (the quantum spin Hall insulator), 3D
topological insulators, the discovery of the quantum anomalous Hall effect in magnetically doped
topological insulators, and the applications of topological insulators for spintronics.

1.2.1 Quantum Hall Insulator
To understand the quantum spin Hall insulator, a normal band insulator is compared to
the quantum Hall states that arise when electrons confined to two dimensions experience a large
external magnetic field. The electrons in the material form orbits with a cyclotron frequency 𝜔𝑐 =
𝑒𝐵
𝑚

characterized by quantized energy levels, known as Landau levels, with energy 𝜖𝑛 = ℏ𝜔𝑐 (𝑛 +

1⁄ ).
2

Figure 1-6, adapted from Hasan and Kane (2010) [44], illustrates the difference in

topology for the normal insulator and the quantum Hall state band structures. The mathematical
principle of topology can be understood by the TKNN invariant [45]. If the Hamiltonian
smoothly changes then it maintains it is topological invariant. The TKNN invariant is described
as the Chern number, which is the total Berry flux [46] in the Brillouin zone and results in an

14
integer, invariant, number for different topologies. If thought of in physical terms as a sphere and
a torus the two states are topologically distinct. Figure 1-6. (c) and (f) demonstrate an overused
example that while a coffee cup can be smoothly deformed to a donut without breaking the
topology, an orange cannot become a donut without poking a hole in it and changing its topology.

Figure 1-6. Adapted from Hasan and Kane [44]. (a-c) Represent the normal band insulator while (d-f) represent
the quantum Hall state. (a) and (d) show the electron orbits for the two states. (b) and (e) show the band
structures in k-space. (c) and (f) illustrate the different topologies of the two states with an orange and donut.

1.2.2 Quantum Spin Hall Insulator
The transition from this non-trivial insulator to a normal insulator (vacuum) gives rise to
a chiral edge state as seen in the quantum Hall state. The previous topological quantum Hall state
requires the breaking of time reversal symmetry by a magnetic field. The class of materials that
fall under topological insulators utilizes spin-orbit coupling act as an effective field without
breaking time reversal symmetry. With a Hamiltonian that is constant under time reversal, the
eigenstates now obey Kramer’s theorem and are at least two-fold degenerate. One of the
degeneracies is spin with the other being time reversal (𝑘 → −𝑘) requiring the Dirac dispersion
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(k=0 and k=pi/a) are degenerate. Away from these points the degeneracy is lifted so to nontrivially connect the states then the edge(surface) states with the same spin and opposite k, are on
the opposite edge(surface). This gives a 1D conducting spin channel that is topologically
protected to form the 2D topological insulator or quantum spin Hall insulator.
Kane and Mele [47] proposed graphene to be a quantum spin Hall insulator, but due to
the small spin-orbit coupling from carbon there is a very small gap in the bulk states. This makes
the quantum spin Hall effect hard to measure in graphene so a system with larger spin obit
coupling but a narrowband gap was needed.

Figure 1-7. (a) Depicts the band structure for HgTe and CdTe. The important feature is for HgTe Γ 6 is the
valence band and Γ8 is the conduction band. For CdTe, the valence and conduction band are the reverse. (b) In
the quantum well structure, for d<dc valence band H1 is lower than conduction band E1. For d>dc the H1 band
is now above the E1 band. Adapted from Bernevig, Hughes, and Zhang [48].
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Bernevig, Hughes, and Zhang [48] showed that the quantum spin Hall state could be
observed by using a material with a larger bandgap and spin orbit coupling. HgTe has an inverted
band structure due to its large spin-orbit coupling as seen in Figure 1-7. The highest energy
valence band is the p-type Γ6 and the lowest energy conduction band is the s-type Γ8. This
contrasts with a normal band insulator, such as CdTe depicted in Figure 1-7 (a), where the highest
energy valence band is the s-type Γ8 and the lowest energy conduction band is the p-type Γ6.
Therefore, a quantum well designed with HgTe between two CdTe barrier layers forms the
prototypical conditions for a topological insulator. Bernevig et al. [48] calculated the band
structure as a function of the HgTe thickness d. Figure 1-7(b), when d is less than the critical
thickness dc=6.8nm (d< dc) then the system is a trivial topological state and there is no energy
level crossing in the quantum well band structure (energy level E1>H1). But, if d>dc then the
system is a non-trivial topological state because of band inversion—where the p-type E1 energy
level is below the s-type H1 energy level that is now the conduction band (Figure 1-7b).

Figure 1-8. (a) Depicts a Hall bar geometry with edge channel electrons moving with spin up or spin down with
opposite momentum—spin momentum locking. GLR is the two-terminal conductance measured between μL and
μR. (b) The quantized conductivity is dependent on whether the device is in the normal or inverted regime. The
inverted regime has quantized edge conduction even when the energy level should be in the insulating gap.
Adapted from Bernevig, Hughes, and Zhang [48].
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Figure 1-8(a) shows a schematic for measuring the quantized edge states with a Hall bar.
If the Fermi level of the materials system is moved into the insulating gap and the device is in the
normal regime then there should be little conduction, typical of a normal insulator (Figure 1-8b).
If the sample is in the inverted regime then these edge channels will have quantized conductance
=2e2/h (e2/h for each spin direction) even though the bulk is insulating (Figure 1-8b). This was
experimentally shown by König et al. [49] in HgTe quantum wells with thickness d = 7.3 nm.
König et al. demonstrated the first quantum spin Hall insulator at T=30 mK with an electrical
gate to drive the Fermi level into the band gap. They successfully measured the resistance
plateaus h/2e2 for Hall bars with two different geometries to verify that the phenomenon is from
the edge channels alone—devices III and IV in Figure 1-9.

Figure 1-9. Longitudinal resistance of quantum well structures of HgTe with thickness d=5.5 nm for (I) and
d=7.3 nm for (II, III, IV) vs applied gate voltage at T=30mK. (I) and (II) have device geometry of (20 x 13.3) μm2
and don’t plateau at the quantized value. (III) and (IV) have a small device geometry of (1.0 x 1.0) and (1.0 x 0.5)
respectively and demonstrate a resistance plateau for the QSH insulator. Insert demonstrates there is still a
plateau up to T=1.8K for device III. Figure Adapted from König et al. [49].
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While the robust edge states are quantized they are buried in the quantum well, for
spintronics a 3D topological insulator with surface states is more attractive. Spin-polarized
surface states can be accessed more easily than the buried edge states in a quantum well, thus
allowing for interfacing with other materials to affect time reversal symmetry or applications
using spin polarized electrons.

1.2.3 3D Topological Insulator
3D topological insulators were the natural extension from the 2D quantum spin Hall
insulator. Similarly to the 2D case, the generalized 3D theory [50]–[52] preceded the
experiments. Fu and Kane then predicted the material system Bix-1Sbx [53] which was
experimentally shown with bulk crystals and angle-resolved photon emission spectroscopy
(ARPES) to characterize the band structure. With time reversal symmetry, electrons in the surface
states can only scatter to an opposite momentum by also switching spin direction—similar to the
2D TI case. Unfortunately, Bix-1Sbx is not the ideal 3D topological insulator because of a few key
properties. First, the bandgap is approximately 6 meV so the insulating bulk is almost nonexistent. Secondly. the Dirac point is away from the Γ point (momentum k=0) in the Brillouin
zone and centered at the L point. Lastly, there are multiple surface states that can scatter to each
other—a single surface state enhances the spin momentum locking of the surface electrons.
Therefore, a simpler Dirac dispersion, centered at the Γ point would be ideal.
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Figure 1-10. Shows the ARPES measurements of Bi2Se3 (111) around the Γ point. The intensity goes from dark
to light. Visible are the bulk conduction and valence bands with the slice of the helical Dirac cone connecting the
two sides for slices in the (a) y and (b) x momentum directions (kx, ky). Adapted from Xia et al. [54].

These prototypical topological insulators were found in the Bi-chalcogenides: Bi2Se3,
Bi2Te3, and Sb2Te3 [55]. Bulk crystals of Bi2Se3 confirmed the robust surface states in bulk
crystals by ARPES [54], [55]. Figure 1-10 shows the ARPES measurements around the Γ point
for the Bi2Se3(111) crystal. Using density functional theory (DFT) with spin obit coupling added
to the model by the local density approximation (LDA), it is possible to model the helical Dirac
cone (Figure 1-11) of Bi2Se3. Figure 1-11 shows the difference in the band structure when spin
orbit coupling is added to the model.
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Figure 1-11. Density functional theory (DFT) of model of the band structure of Bi2Se3 with and without spin
orbit coupling included. Here, SOC plays a major role in the band structure. The surface states are only in the
insulating gap when SOC is included. Adapted from Xia et al. [54].

Bi2Se3 has become the prototypical topological insulator, with most knowledge based on
Bi2Se3 being applicable to the others: Bi2Te3 and Sb2Te3. Its layered crystal structure, connected
by van der Waals bonding (like graphene), has proven very useful in allowing 3D topological
insulators to be grown on a variety of substrate materials. The growth method focused on in this
thesis will be molecular beam epitaxy (MBE), outlined in chapter 2, which allows for layer-bylayer deposition and control. With MBE, the change in the band structure of thin film Bi2Se3 was
studied by ARPES as the Bi2Se3 thickness is increased from 1 to 7 quintuple layers (Figure 1-12).
At only a few quintuple layers (QL) the film is thin enough that the top and bottom surface states
are coupled (it was found that the surface state penetrates ~1nm below the surface). At around 5
or 6 QLs the surfaces have decoupled and the Dirac cone is visible. This allows for tuning of the
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band structure as a function of thickness and could be used to turn on and off the individual
surface states.

Figure 1-12. Angle resolved photon emission spectroscopy (ARPES) data from Bi2Se3 films ranging from 1 QL
to 7 QL. This shows the evolution of the helical Dirac cone as a function of thickness in these thin films. Below 4
QL the films top and bottom surface states are still coupled and the Dirac cone does not fully form. Seen as 6
QL, the film is thick enough for the surface states to be independent. Adapted from Su-Yang Xu et al.[56].

1.2.4 Breaking Time Reversal Symmetry in a TI
A main characteristic of the TI surface state is its protection by time reversal symmetry. It
is then interesting to change the band structure by breaking the time reversal symmetry by an
applying a magnetic field, interfacing with a permanent magnet, or doping the TI with elements
(Mn, Cr, V) to make the TI layer ferromagnetic. This can be analyzed by looking at the effective
Hamiltonian for the surface states in equation 1-6:
𝐻𝑠𝑢𝑟𝑓 (𝑘𝑥 , 𝑘𝑦 ) = 𝜖I + ℏ𝑣𝑓 (𝜎 𝑥 𝑘𝑦 − 𝜎 𝑦 𝑘𝑥 ),

(1-6)

where ℏ is Plank’s constant, I is the 2x2 identity matrix, 𝜖 is the energy, 𝑣𝑓 is the Fermi velocity,
𝑘𝑥,𝑦,𝑧 are the momentums, and 𝜎 𝑥,𝑦,𝑧 are the Pauli spin matrices. This can then be perturbed by
adding the effect from a magnetic field. The magnetic field adds a mass term independent of
momentum, 𝐻1 = ∑𝑖=𝑥,𝑦,𝑧 𝑚𝑖 𝜎 𝑖 , which changes the Hamiltonian in equation 1-6 to:
𝐻𝑠𝑢𝑟𝑓 (𝑘𝑥 , 𝑘𝑦 ) = 𝜖I + ℏ𝑣𝑓 (𝜎 𝑥 𝑘𝑦 − 𝜎 𝑦 𝑘𝑥 ) + ∑𝑖=𝑥,𝑦,𝑧 𝑚𝑖 𝜎 𝑖 ,

(1-7)
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where, with 𝜖 = 0, the eigenenergy is determined to be,
𝐸𝑘 = √(ℏ𝑣𝑓 𝑘𝑦 + 𝑚𝑥 )2 + (ℏ𝑣𝑓 𝑘𝑥 + 𝑚𝑦 )2 + 𝑚𝑧2.

(1-8)

Confirmed by ARPES, the in-plane magnetic field shifts the location of the helical Dirac cone in
momentum space. The out-of-plane magnetic field opens a gap in the energy at the Dirac point.
Or mathematically, the Pauli spin matrices are odd under time reversal thus a non-zero 𝑚𝑧 𝜎 𝑧
results in breaking of the time reversal symmetry of the TI surface states.

Figure 1-13. (a, b) The Hall and longitude conductivity respectively from the first QAHE in Cr-(Bi, Sb)2Te3 on
SrTiO3. The sample was biased with a back gate, utilizing the high dielectric constant of the STO substrate to
shift the Fermi level. When the Fermi level is within the energy gap then conduction is only coming from the
single quantized edge state. For Cr-(Bi, Sb)2Te3 the Hall conductivity was measured to 0.987 e2/h. Similarly, (c)
shows the conductivities for the V-(Bi, Sb)2Te3 at 25mK with the gate voltage set such that the Fermi level is in
the gap. For V-(Bi, Sb)2Te3 the Hall conductivity was measured to 1.00019 e2/h. Adapted from C.-Z. Chang et al.
[64] and [65].
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A chiral edge state results from the breaking of the time reversal symmetry of the surface
states. This single edge state is quantized and spin polarized but not necessarily along the bulk
magnetization direction [57]. This was initially searched for by doping of the TI with Mn [56] or
interfacing with different ferromagnetic insulators (FMI), GdN [58], EuS [59], YIG (Y3Fe5O12)
[60], [61], and others [62], [63]. It was found the coupling between the FMI and TI was
insufficient to fully break the TR symmetry of both surface states and result in the quantum
anomalous Hall effect (QAHE). In the Mn doping case, it is believed the Mn forms clusters so the
film is not uniformly doped, thus creating a non-uniform magnetization throughout the film. The
QAHE was first seen in Cr doped (Bi, Sb)2Te3 [64] with the results depicted in figure 1-13(a,b).
This was confirmed by many groups and now has also been seen robustly in V-(Bi, Sb)2Te3 [65],
figure 1-13(c). The QAHE signature is quantization of the Hall conductivity being equal to |e2/h|
has been seen from 30 mK to 1 K in these systems. At temperatures above the quantized limit,
these doped TIs are still ferromagnetic with a Tc around 20 and 40K for Cr and V, respectively.

1.2.4 Topological Insulators for Spintronics Applications
A natural thought when you find a material with spin polarized electrons is “can this be
used in technology” or more specifically spintronics. The field is rapidly exploring the use of TIs
for spintronics after initial reports of large spin Hall angle measured by spin pumping in TI/FM
[66]–[68] and spin torque FMR in Permalloy (Py)/Bi2Se3 [69] bilayer. Figure 1-14 illustrates the
measurement setup for ST-FMR and the resulting torques in the Py (Ni-Fe) layer resulting from
the spin current generated in the TI. By ST-FMR in Py/Bi2Se3 the spin Hall angle was found to be
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almost an order of magnitude higher than values reported for conventional metals, Table 1-2.

Figure 1-14. Adapted from A. Mellnik et al. [69] (a) Microwave current creates an effective electric field in the
TI layer that results in a shift of the Fermi surface and a net spin accumulation. (b) Schematic for Py/Bi 2Se3
sample with indicated rf current Irf, an applied external magnetic field, torques in the Py layer, and arrows for
spin moment directions in the Bi2Se3. (c) Bias tee to separate the low and high frequency signals from the
Py/Bi2Se3 bilayer.
Table 1-2. Adapted from A. Mellnik et al. [69] work on Bi2Se3. This compares the spin Hall angle (θ∥) and spin
current conductivity (σS,∥) from their work and other known materials.

Parameter

Bi2Se3[69]

Pt[43]

β-Ta[70]

Cu(Bi)[71] β-W[72]

θ∥

2.0-3.5

0.08

0.15

0.24

0.3

σS,∥

1.1-2.0

3.4

0.8

_

1.8

θ∥ is dimensionless and units for σS,∥ are 105 ℏ/2e Ω-1m-1.

Because of the complicated nature of the measurements and the importance of interface
effects, there has been a wide range of reported spin Hall angle values for TIs. So far, these
measurements all relied on a conducting ferromagnetic layer in proximity to a TI layer. Apart
from the work on showing SOT switching of Cr-BST/BST at low temperatures [73], the
ferromagnet was a metal which is highly conductive compared to the semiconducting TI layer
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and results in current shunting through the metal [66]–[69], [73]–[76]. While these measurements
are accurate, the following analysis must account for the current paths, resistances, and film
thicknesses accurately with discrepancies resulting in a range of values. A “cleaner” measurement
is to use spin pumping of a ferromagnetic insulator (YIG) to generate a pure spin current into a
TI. We have successfully demonstrated this in TI/YIG bilayers [77], and will report the details in
Chapter 4, though the resulting spin Hall angle is lower than expected. We believe this to be due
to the importance of the interface on the spin-charge conversion in TIs and difficulty in growing
high quality TI films on YIG with a clean interface.

1.2.5 Proximity Induced Magnetization in TI/FMI Heterostructure
There has been considerable work from a few core groups using a ferromagnetic insulator
(FMI) to induce magnetization in a TI [60], [61], [63]. We have yet to see a similar result in our
samples via electron transport studies but a co-worker has seen the effect by photocurrent
measurements, where the TI can be used to monitor the state of the FMI YIG (paper in progress).
To see the induced magnetism in the TI/FMI structure by transport measurements it is necessary
to have a very clean interface. From discussions with Prof. Cui-Zu Chang (PSU) and Prof. Kang
Wang’s (UCLA) students, only a limited number of samples will see the induced magnetization
(on the order of 1 out of 10s of samples). This is particularly true for TI/YIG heterostructures
most likely due to the small coercivity making it difficult to detect.
For the magnetic behavior in TI/YIG, the background Hall effect is subtracted to realize
the magnetic loop [61] since the higher carrier density overshadows the weak magnetic signature
as seen in Figure 1-15. In this work, the induced magnetization in Bi2Te3 has a curie temperature
of 150K, above which the magnetic behavior disappears. There has also been evidence of induced
magnetization in Bi2Se3/YIG with polar MOKE (magneto-optical Kerr effect) and
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magnetoresistance behavior in the longitudinal resistance (Rxx), which is attributed to domain
nucleation in the Bi2Se3 [60].

Figure 1-15. Comparison of anomalous Hall effect for Bi2Te3 on YIG and Bi2Te3/Si control sample at 1.9K
(inferred from figure since it is not explicitly stated). The insert shows the linear Hall resistance (Rxy) before
being a linear subtraction to obtain the RAHE. Adapted from Z. Jiang et al. [61]

Recent work of (Bi, Sb)2Te3 interfaced with the perpendicular ferromagnetic insulator
Tm3Fe5O12 (TIG) have shown coercivity curves in transport measurements [63]. In this study,
they varied the composition of the (Bix, Sb1-x)2Te3 from n-type to p-type while still maintaining
the magnetic behavior (Figure 1-16). The behavior is robust at room temperature up to 400K,
though as temperature increases the coercivity decreases. In collaboration with Prof. Cui-Zu
Chang and Prof. Jing Shi, we hope to observe the induced magnetization in TI films grown on
TIG. While still in the early stages of development we hope to enhance the observed QAHE seen
in Cr-(Bi, Sb)2Te3 by raising the QAHE critical temperature from addition symmetry breaking
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from TIG.

Figure 1-16. (A) Is a schematic of the TI/TIG heterostructure with arrows for magnetization direction. (B)
Cartoon of the gap opened in the Dirac cone by induced magnetization from the TIG. (C) TEM of the TI/TIG
heterostructure with the TIG strained to SGGG substrate. (D-E) The induced magnetization for both p and ntype (Bi, Sb)2Te3 films on TIG. Figure from C. Tang et al. [63]

1.3 Dissertation Outline
This dissertation focuses on interfacing topological insulators with ferromagnets and the
interactions in such bilayers. When interfaced with a ferromagnetic metal or insulator, the
topological insulator can influence the magnet via the spin polarized surface states. Here, we
explore the interaction between the magnetization of the ferromagnet and a current flowing in the
topological insulator. Our primary interest is in understanding the spin-charge conversion that
occurs in such systems.
The experimental methods used for synthesis and characterization are reviewed in
Chapter 2. Chapter 3 introduces the development of the growth for different topological insulators
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on ferromagnetic insulator substrates, with a focus on yttrium iron garnet. In Chapter 4, we
explore the spin-charge conversion efficiency in Bi2Se3/YIG heterostructures. Using FMR spin
pumping to generate a pure spin, the role of the TI surface states and TI/YIG interface is
determined. Chapter 5 is a study of electrical transport phenomena in TI/YIG heterostructures at
low temperatures. At He3 temperatures, the system shows hysteretic magnetoresistance that
decays with a long relaxation time. This physics is explored and a hypothesis for the unusual
phenomenon is proposed. Finally, Chapter 6 explores work a study on the perpendicular
ferromagnetic metal tau-MnAl where the interface and magnetic properties of these films are
characterized. We believe that this material may be of interest for combining with topological
insulators in spin-orbit torque devices.
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Chapter 2
Experimental Methods
This chapter focuses on the different techniques used to synthesize crystalline films and
characterize them. The main method for synthesizing TI thin films is molecular beam epitaxy
(MBE) on a variety of substrates. The films are then characterized by x-ray diffraction, atomic
force microscopy, transmission electron microscopy, and electrical transport measurements.

2.1 Molecular Beam Epitaxy
We selected MBE as our growth technique because it is a well-established method for
synthesizing semiconductor, metal and oxide thin films of high crystalline perfection. The ultrahigh vacuum (10-10 Torr) conditions used for MBE limit contamination by other elements and
allow atomic-layer-by-atomic-layer film growth. Here, we give an overview of the MBE
instrumentation; a more detailed analysis of the growth mechanisms will be given in Chapter 3.

2.1.1 Overview of MBE
For MBE, elements can be sourced by Knudsen effusion cells, electron guns (e-gun), or a
metal-organic bubbler depending on the application. The metal-organic bubbler is popular for
oxide MBE, to source highly volatile or high melting point elements. The chambers used for this
work are equipped with Knudsen effusions cells and an electron beam evaporator cell (e-gun).
The e-gun is used to supply high melting point materials: iron, vanadium, niobium, or chromium.
Knudsen effusions cells provide thermal control of the source material to define the evaporation
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rate. In an ultra-high vacuum (UHV), these sources supply a beam of atoms of the given source
material that can be modulated by shutters to block the beam path. This allows for co-deposition
of a compound or shuttered deposition to create layer stacking. Figure 2-1 is a diagram of an
MBE system.

Figure 2-1. Model of the inside of an MBE adopted from Joon Sue Lee [78]. Depicted are the shuttered sources
at the bottom, a RHEED gun and screen for in-situ growth characterization, and a substrate holder/rotator.

The two systems used in this work are an EPI620 (II-VI chamber) and an EPI930 (III-V
chamber) commercial systems. EPI is now owned by Veeco, which supplies our replacement
parts. The UHV is maintained by a cryopump for the EPI620 and an ion-pump attached to the
EPI930. The cryopump uses a compressor to pressurize and release ultra-high purity helium gas
in a closed loop for pulse tube cooling of a copper cold finger in the chamber. This cold finger is
around 12 K and collects ions in the system by freezing them on the cold finger. The ion pump
maintains vacuum by applying a large electric field that ionizes the gas and then accelerates the
ions into the electrode wall where they remain. Figure 2-2(a) depicts the TI chamber’s layout and
Figure 2-2(b) shows both chambers connected by the UHV transfer line.
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The TIs thin films grown for this work were produced in the II-VI chamber. The TIs
grown here are Bi-chalcogenides. For this, Knudsen cells have high purity (>5N) elemental Bi,
Sb, Te, Se, and Cr for doping. The e-gun currently has Fe for FeSe growth and V for QAHE
samples. For this research, I have grown thin films of Bi2Se3, Bi2Te3, Sb2Te3, (Bix, Sb1-x)2Te3, and
Cr-doped Sb2Te3 and (Bix, Sb1-x)2Te3 on a variety of substrates. Typical substrates include
InP(111)A, GaAs (111)A, Sapphire, SrTiO3(111) and more exotic magnetic oxides YIG(111),
BaM(0001), TmIG(111), EuIG(111). For calibrating the deposition rate of each element between
growths, a beam flux measurement (BFM) is done at the cell deposition temperatures. The BFM
measures the pressure differential when the shutter of the cell is open and closed with an iongauge that is moved in front of the substrate holder. This effective pressure is used to calibrate the
system week to week or before and after a chamber vent. As the material in the cell depletes the
BFM can slowly change. For an even more accurate calibration material can be deposited at a
given BFM on a substrate and then sent out for Rutherford backscattering spectroscopy to
accurately measure the thickness. This then calibrates the BFM value of an element with a
deposition rate.

Figure 2-2. (a) Picture of the TI chamber with RHEED screen, cryopump, effusion and e-gun cells mark. (b) Image
of the II-VI and III-V chambers connected by the UHV transfer/buffer chamber. Labeled is the III-V buffer ion
pump with the III-V chamber ion pump hidden by supports. Adapted from Joon Sue Lee [78].

In relation to the TI work, the III-V chamber is mainly used for substrate preparation or
Al capping of samples to prevent oxidation. The available cells include Ga, In, Al, As, Sb, Mn,
and Si and Be for doping of semiconductors. For capping, a thin Al layer (~4 nm) is deposited on
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the sample when the same surface has cooled down to 20 °C. This low temperature allows the Al
to deposit in a smooth amorphous layer. The sample is then removed from UHV to oxidize in the
atmosphere since Al oxidization is a self-limiting process. This cap is useful for materials that
would otherwise quickly oxidize and TIs that are very surface sensitive. For TIs, the Al cap gives
protection from cleanroom processing, can act as the foundation for a top gate, and be easily be
removed chemically.
The arsenic source in the III-V is also used to remove the native oxides on III-V
substrates to prior to growth to form smooth, crystalline surface. During removal of the native
oxide, refractive high energy electron diffraction (RHEED) is used to monitor the growth surface
to determine when the oxide is removed—this technique will be addressed in the next section. In
the III-V chamber, there is also a band-edge thermometry system (BandiT), which functions by
measuring the temperature dependent bandgap of the substrate. This is done by illuminating the
substrate with a broad spectrum white light source and then measuring the absorption of the light
from the diffusive reflection off the substrate. This allows for real-time temperature
measurements of the substrate as it is heated. For InP, the substrate is ramped to 610 °C as
measured by the thermocouple (Ts) with arsenic being opened at Ts = 500 °C, When the
temperature reaches ~400 °C according to BandiT, the RHEED should be starting to form a 2x2
pattern that indicates the native oxide has been fulling desorbed. Immediately, the substrate is
cooled down with arsenic being turned off when Ts = 400 °C. Arsenic is used to prevent indium
from balling up on the surface during the desorption process from loss of phosphorous by
creating a high partial pressure at the surface. Over-desorption of the InP can yield In blobs on the
surface that may not be apparent in RHEED and only detect by AFM after growth.
For GaAs, the native oxide can be removed at a sample temperature of 580 °C with a
similar process to InP. After removing the oxide a GaAs buffer layer can be grown to further
smooth the substrate surface. The specific substrate, Ga cell, and As cell temperatures depend on

33
the substrate crystal orientation. High-quality GaAs is grown at 580-620 °C with an As overpressure to maintain stoichiometry [79]. When the elements combine on the surface the phase
diagram for this temperature range and arsenic over-pressure is 4Ga(g) + As4 (g) → 4GaAs(s) +
excess As(g) from arsenic over-pressure. With the excess arsenic being pumped out of the
system.
A typical TI sample growth flow is as follows for III-V substrates, oxide substrates have
different parameters:
1. The substrate is mounted to molybdenum block using indium or clips to hold it.
2. The sample is loaded onto the sample cart in the load lock (II-VI buffer).
3. If InP or GaAs substrate the sample is loaded into the III-V for desorption and growth
of a buffer layer for GaAs. If an oxide substrate the sample is loaded into the II-VI
chamber and heated up to a temperature for outgassing (STO, YIG, sapphire at 500
°C or 600 °C and BaM at 340 °C) and allowed to outgas at that temperature for 1
hour. The substrate is then cooled down to the initial growth temperature.
4. For InP and GaAs the substrate is then moved through UHV on the sample cart to the
II-VI chamber for growth.
5. The loaded substrate is then heated the growth temperature of ~330 °C for Bi2Se3 and
~ 320C for (Bi, Sb)2Te3 (these temperatures have recently shifted up by 5-10 °C to
these values).
6. The film is then grown for a predetermined time for the desired thickness.
7. The sample is then cooled down and can be capped with Se or Te in the II-VI
chamber or Al back in the III-V chamber if desired. It should be noted that for Se
capping the sample must be on an In-free mount or when unmounting the sample on
the hotplate the Se cap is simultaneously being desorbed.
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2.1.2 Refractive High Energy Electron Diffraction (RHEED)
RHEED is a surface sensitive technique for monitoring the surface during growth and the
growth rate. RHEED uses high energy electrons sourced at a glancing angle to the sample surface
(a few degrees) and the diffract electrons incident on a phosphorus screen. The electrons react
with the phosphorus causing fluorescence that can be imaged with a CCD. Figure 2-3 illustrates
the setup of the incident electrons on the sample and the corresponding reflections onto the
imaging screen.
Using the kinematic scattering the theory, the possible reflections are determined by the
incident in diffracted wavevectors 𝒌𝟎 and 𝒌′ , respectively that differ by the reciprocal-lattice
vector G:
𝒌′ − 𝒌𝟎 = 𝑮.

(2-1)

For RHEED only the elastic scattering events are considered, this defines |𝒌′ | = |𝒌𝟎 | and allows
for the construction of the Ewald sphere in reciprocal space. The magnitude of 𝒌𝟎 is defined as:
1

𝐸2

𝑘0 = ℎ √2𝑚𝑒 𝐸 + 𝑐 2 .

(2-2)

The second term is the relativistic correction which is significantly small for the 12 keV electron
energy used for RHEED. For 12 keV electrons, 𝑘0 = 561 nm-1 is used to construct the Ewald
sphere centered around 𝒌𝟎 with allowed reflection where the sphere intersects reciprocal lattice
points 𝒌′ from the origin (Figure 2-3a). The further approximation can be made since low angle
RHEED is a surface sensitive technique the sampled crystal lattice is assumed to be a 2D layer. In
reciprocal space, this changes the reciprocal lattice to 1D rods extending from the surface of the
sample in the z-direction as illustrated in side view 2-3(a). Because the Ewald sphere radius is
much larger than the reciprocal lattice of a crystal it can be approximated as taking a planar cut
through the rods. As illustrated in Figure 2-3(b) with the top-down view of the RHEED system,
the allowed reflections create an ordered pattern on the RHEED screen that can be the used to
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analyze the corresponding crystals surface. If the crystal is perfect the RHEED pattern would
result in ordered spots on the screen but most surfaces are not perfect so the dots become vertical
lines. This is different than when a surface has more of a rough or 3D morphology that results in
the RHEED lines going from “streaky” in Figure 2-4(a) or (c) to “spotty” as seen in Figure 24(b). Other patterns that can appear are a blank screen that indicates the surface is amorphous and
circular lines (rings) where the surface has gone to island growth and the surface is no longer
continuous.

Figure 2-3. Adapted from W. Braun [80]. (a) Illustrates the side view for incident electrons on a sample and the
resulting reflections from the constructed Ewald sphere interacting with the reciprocal-space rods. S denotes the
specular reflection of the main beam centered at H. (b) Is a top-down view of the RHEED system, where the dots
are vertical lines out of the plane.
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Figure 2-4. RHEED at 12 keV and 1.5 A of: (a) Desorbed InP(111)A with visible 2x2 reconstruction in the
RHEED pattern. (b) Desorbed GaAs(001)B substrate shows spotty RHEED indicative of a rough, 3D surface. (c)
After 5 nm of GaAs is epitaxially grown to form a smooth film surface the RHEED pattern becomes the 4x4
reconstruction expected for GaAs(001) at these temperatures (Ts=750 °C, BandIT measures 590 °C).

For film growth rate, the intensity of the lines can be measured as a function of time. The
intensity of the diffracted lines will lose intensity as the film goes from smooth to the start of
nucleation of the next atomic layer. The intensity cycles from higher with a smooth film to lowest
when the film is half complete. Then intensity will rise again as the film smooths back out. By
measuring the time from the peak to peak of these periodic oscillations the growth rate can be
determined by knowing the crystal dimensions. For heteroepitaxy, the RHEED oscillations can be
monitored during growth to allow for termination of a layer exactly when it ends. Figure 2-5
shows RHEED oscillations for a GaAs film grown on GaAs (001). For the TI films grown here,
RHEED oscillations are used on characteristic samples after an initial layer is deposited so a TI
line can be measured. Usually, we use x-ray reflection to characterize the growth rate of the TI
film due to inconsistencies in the RHEED oscillations for the TI film.
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Figure 2-5. RHEED oscillations for a GaAs film growth on GaAs (001). The oscillation period corresponds to the
time to grow a monolayer of GaAs. The peak intensity is where the electrons reflect of the smooth film surface.
The intensity minimum from the middle of a layer deposition when the film is roughest—only a half atomic
layer is formed.

2.2 X-Ray Diffraction and Reflection
Crystals can be characterized by x-ray diffraction (XRD) for the crystal structure and xray reflection (XRR) for the film thickness, roughness, and material layers. X-ray light is used
because the wavelength (0.01-10 nm) is small enough to penetrate the spacing between atoms in a
crystal lattice. This creates scattering from atoms deeper in the crystal with a typical penetration
depth of ~100 nm. This scattered light creates interference peaks and conforms to the relationship
defined by Bragg’s law:
2𝑑 sin 𝜃 = 𝑛𝜆,

(2-3)

where d is the lattice spacing, θ is the angle between the penetrating beam and the lattice plane, n
is an integer, and λ is the wavelength of the X-ray light source (Figure 2-6). Using this simple

38
relation, crystals of different materials can be analyzed to determine composition, the lattice
constants, and crystal phases present.

Figure 2-6. Adapted [81] illustration of Bragg diffraction for incident X-ray light with wavelength λ and the
reflected beam from the crystal. The interlayer spacing d of the crystal lattice and incident angle θ of the X-ray
beam are also labeled.

Figure 2-7 is an image of the interior of the PANalytical X’Pert3 MRD 4-circle X-ray
diffraction instrument at Penn State. The 4-circle allows for manipulation of the sample position
and angle with respect to the beam line and independent control of the x-ray source incident angle
and detector receiving angle. This tool has a monochromatic source so only one X-ray
wavelength illuminates the sample, this results in an X-ray spectrum with single reflections due to
there not being multiple wavelengths diffracting.
The X-ray source and detector are moved together at the 2θ-ω relationship from 2θ is 5 to
150 degrees. At the different angles, the interference changes to give peaks at different angles
depending on the crystal structure. By comparing a spectrum to a well-established database, it is
possible to determine the material being studied. For a material where peak position is known—
such as crystalline TI films we grow, the intensity and peak width is important to determine the
crystal quality. This can be further analyzed using a “rocking curve” where the detector and
source are moved to a particular crystal peak position. Then the detector position is varied around

39
that value. This gives a characteristic curve where the FWHM of the peak defines the crystallinity
of the material. For topological insulators on InP(111)A the FWHM is usually less than 0.1
degrees. On oxides, the rocking curve for the TI is usually slightly higher. These values though
are subject to change based on the instrument and the thickness of the film. Thicker TI films
usually have a smaller rocking curve FWHM instead of the typically grown 5-10QL because of
reduced strain in the film. Figure 2-8(a) is an example XRD 2θ-ω spectrum for a 16QL (Bi,
Sb)2Te3 film on InP(111)A with a rocking curve FWHM of 0.115 degrees around the (006) film
plane.

Figure 2-7. X-ray tool with a monochromatic source, Xe crystal and PIXcel detectors, and a sample stage with
x, y, z, chi angle (around beam path), and phi angle (in sample x-y plane) manipulation.

X-ray reflectivity (XRR) uses small angle incidence on the sample surface. The scan is
from 0.1 to at least 5 degrees with the reflected intensity decreasing when moving to higher
angles. The intensity will have oscillations in it depending on the sample’s layers and each layer’s
thickness, density, and roughness. This technique is used for characterizing the growth rate for
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samples grown. Figure 2-8(b) shows an example XRR spectrum for a film grown to be 20 QL
(Bi, Sb)2Te3 on InP(111)A but the resulting fit gives a thickness of approximately 16 QL.

Figure 2-8. X-ray diffraction (XRD) from 5 to 60 degrees of supposedly 20 QL (Bi, Sb)2Te3/InP(111)A. (b) X-ray
reflectivity (XRR) of the same film from 0.1 to 7 degrees can be modeled to yield a (Bi, Sb)2Te3 thickness of
approximately 16 QL.

2.3 FMR Spin Pumping
For FMR spin pumping, an additional magnetic field term is applied to the magnetization from a
rf frequency source transverse to the magnetic field. The microwave field can be considered as
modifying the effective field in the Landau-Lifshitz-Gilbert equation (1-1) such that the
precession angle can be written as 𝜃 =

ℎ𝑟𝑓 𝛾
2𝛼𝜔

. Where hrf is the rf field, γ is the geomagnetic factor,

α is the damping constant, and ω is the precession frequency. If the demagnetization of the
ferromagnetic is considered and the shape geometry, the LLG equation can be solved for the
ferromagnetic resonance frequency[28][82]. Using the equation of motion

𝑑𝑀
𝑑𝑡

= 𝛾(𝑀𝑥𝐻) for

rotational magnetization can be solved. Considering the demagnetization field in a thin film with
no charge current then for Maxwell’s equation the magnetic induction B = 0. Then consider the
magnetization of the film as collective dipole moments that create a demagnetization field such
that 𝐵 = 𝐻𝑑𝑒𝑚𝑎𝑔 + 4𝜋𝑀𝑠 therefore 𝐻𝑑𝑒𝑚𝑎𝑔 = −4𝜋𝑀𝑠 and 𝐻𝑒𝑓𝑓 = 𝐻 + 𝐻𝑑𝑒𝑚𝑎𝑔 . The internal
field has two dependences if the magnetization is considered as dipole moments in a thin film, the
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magnetization of the film M and the perpendicular component from the precession of the
magnetization, m. For M out of plane, the dipoles are short such that there is a static
demagnetization field 𝐻𝑑𝑒𝑚𝑎𝑔 = −4𝜋𝑀𝑠 , and the dynamic magnetization, m line up in-plane so
ℎ𝑑𝑒𝑚𝑎𝑔 ≈ 0 (Figure 2-9a).

Figure 2-9. Illustration for the static and dynamic demagnetization in thin films. With (a) being for out-of-plane
magnetization and (b) for in-plane magnetization of the film while maintaining the same coordinate system.
Adapted from Chunhui Du [83].

Solving the LLG equation for no damping (α = 0) with 𝐻 = (0, 0, 𝐻 − 4𝜋𝑀𝑠 ) and 𝑀 =
(𝑚𝑒 −𝑖𝜔𝑡 , 𝑚𝑒 −𝑖𝜔𝑡 , 𝑀𝑠 ), the resonance condition is:
𝜔
𝛾

= 𝐻 + 4𝜋𝑀𝑠

Figure 2-9(b) shows in an in-plane magnetization the dipole lengths are large and the static
demagnetization field 𝐻𝑑𝑒𝑚𝑎𝑔 ≈ 0 with the dynamic demagnetization being time dependent

(2-4)
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because of precession as ℎ𝑑𝑒𝑚𝑎𝑔 = −4𝜋𝑒 −𝑖𝜔𝑡 . With H still along z and y-axis considered the
short direction the LLG equation can be solved with 𝐻 = (0, −4𝜋𝑚𝑒 −𝑖𝜔𝑡 , 𝐻) and 𝑀 =
(𝑚𝑒 −𝑖𝜔𝑡 , 𝑚𝑒 −𝑖𝜔𝑡 , 𝑀𝑠 ). The resonance condition changes to:
𝜔
𝛾

= √𝐻(𝐻 − 4𝜋𝑀𝑠 ),

(2-5)

for an out of plane magnet. Therefore, for a given frequency the FMR resonance condition is at a
lower field for the in-plane magnetization material compared to the out-of-plane. These are
known as the Kittel equations and are proved more mathematically in Kittel [82] and Coey [84].

Figure 2-10. Adapted from Y. Tserkovnyak et al. [39] Illustration of FMR driven ferromagnet (F) pumping a
spin current Is into the normal metal (N) spin sink. The resulting spin accumulation μs is spacial dependant as it
diffuses into the normal metal.

A rf field can be supplied using a microwave cavity or a strip line near the sample. For
spin pumping of a spin current into a normal metal the ferromagnetic layer must have an in-plane
magnetization. The magnetization than precesses around an in-plane axis and generates a spin
current perpendicular to the magnetization [39], in vertical thin film stacks this creates a spin
current that moves to the neighboring layer (Figure 2-10). If the magnetization of the
ferromagnetic was out-of-plane then the spin current would instead move to the sides of the
𝑝𝑢𝑚𝑝

sample. In the case of a normal metal (N) that is an ideal spin sink the spin current 𝑰𝑠 = 𝑰𝑠

+

43
(0)

𝑝𝑢𝑚𝑝

𝑰𝑠 , where 𝑰𝑠

(0)

is the spin current generated from spin pumping and 𝑰𝑠 is the backflow spin

current into the ferromagnet (F). This forms a spin accumulation in the normal metal defined as
the spatially dependent potential vector μs(x) [39].
A generated spin current in a normal 3-dimensional metal with large SOC such as Pt will
create a charge current via the ISHE and is read as a voltage VISHE. For FMR spin pumping, this
signal can be defined as [42]:
−𝑒𝜃𝑆𝐻
𝜆𝑆𝐷
𝑁 𝑡𝑁 +𝜎𝐹 𝑡𝐹

𝑉𝐼𝑆𝐻𝐸 = 𝜎

𝛾ℎ𝑟𝑓 2

𝑡

tanh (2𝜆𝑁 ) 𝑔↑↓ 𝑓 𝐿𝑃 ( 2𝛼𝜔 ) ,
𝑆𝐷

(2-6)

where e is the electron charge, 𝜃𝑆𝐻 is the spin Hall angle, 𝜎𝑁 (𝜎𝐹 ) is the conductivity of the
normal metal (ferromagnetic), 𝑡𝑁 (𝑡𝐹 ) is the thickness for the normal metal (ferromagnetic), L is
the sample length, 𝜆𝑆𝐷 is the spin diffusion length, 𝑔↑↓ is the spin mixing conductance, f is the
FMR frequency 𝜔 = 𝑤𝜋𝑓, ℎ𝑟𝑓 is the rf field, α is the Gilbert damping, and P is a scaling factor if
the magnetization precession is ellipsoidal instead of circular. If the precession is circular P = 1,
though in thin ferromagnetic field with in-plane magnetization the demagnetization field is large
and the precession becomes ellipsoidal [40]. Thus, the P scaling factor is,
𝑃=

2𝜔[𝛾4𝜋𝑀𝑠 +√(𝛾4𝜋𝑀𝑠 )2 +4𝜔2 ]
(𝛾4𝜋𝑀𝑠 )2 +4𝜔2

,

(2-7)

where 𝑀𝑠 is the saturation magnetization of the ferromagnetic and 𝛾 is the geomagnetic ratio.
𝑔↑↓ is the spin mixing conductance at the interface,
𝑔↑↓ =

4𝜋𝑀𝑠 𝑡𝐹
(𝛼𝑁⁄𝐹 −
𝑔𝜇𝐵

𝛼𝐹 ),

(2-8)

where g is the Landé factor and 𝜇𝐵 is the Bohr magneton. Equation 2-6 can be simplified for
when the ferromagnet is an insulator such that 𝜎𝐹 → 0 in the case of YIG. For YIG the spin
current density Js can be defined as [42]:
𝐽𝑠 =

𝜎𝑁 𝑡𝑁 +𝜎𝐹 𝑡𝐹
𝑡
𝜃𝑆𝐻 𝜆𝑆𝐷 tanh( 𝑁 )
2𝜆𝑆𝐷

𝑉𝐼𝑆𝐻𝐸
,
𝐿

(2-9)
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with the spin-charge conversion efficiency related as 𝐽𝑐 ∝ 𝜃𝑆𝐻 𝐽𝑆 .
The work presented in Chapters 3 and 4 uses a microwave strip line because it can
generate a stronger local field than the more uniform field generated in a cavity. Figure 2-11 is
the microwave strip line used with a copper back plate to ground. The sample is mounted on
double-sided tape face up and lengthwise, such that the microwave strip line goes across the
narrow width of the sample. The microwave strip line is electrically isolated from the sample with
a piece of weighing paper and connected to the copper ground by silver paint. The voltage leads
are connected by indium dots and gold wire to the sample. During measurements, the microwave
waveguide is suspended between the poles of an electromagnet with the field applied parallel to
the sample surface and along the narrow width of the sample.

Figure 2-11. Microwave waveguide setup from FMR spin pumping measurements. Sample is put faceup under
the copper waveguide (strip line). The copper tape is electrically isolated from the sample by weighing paper.
The copper is then attached to the ground point with double-sided tape and electrically with silver paint.
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Chapter 3
Growth of topological insulators on magnetic insulators
There are many challenges when growing epitaxial heterostructures of different
materials. This has been extensively studied in a variety of semiconductors, such as the III-V, IIVI and group IV systems. Most of these semiconductors have the zinc blende crystal structure
and can be considered similar materials. When growing a heterostructure of different
semiconductors the first constraint for epitaxial growth is the lattice mismatch. Extensively
studied in III-V semiconductors, a misfit strain is generated from lattice mismatch in epitaxial
films. For thin films on a substrate, the strain in the film can be accommodated elastically,
plastically or a combination of both [85]. For a coherently strained film, there is a critical
thickness where relaxation of the lattice will occur. Strain engineering can influence the
material’s electrical and optical properties [85], [86]. Large lattice mismatch can result in island
growth, such as InAs/GaAs quantum dots [87], [88]. For future applications, there is a need for
epitaxial films of dissimilar materials such has heterostructures of metal, semi-metals, and
semiconductors. This is specifically true for the semiconductor industry, which requires new
materials be compatible with silicon substrates.

3.1 Epitaxy of Dissimilar Materials
For epitaxy of dissimilar materials, new parameters must be considered to promote
epitaxial growth. The lattice parameter is still important. But if the lattice constant mismatch is
too high it is possible to accommodate that strain. Using the simplified example of two cubic
crystals of dissimilar materials. Consider material A with lattice constant a0 and material B with
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lattice constant b0. It is possible with lattice parameter ratios to still align the crystals such that
strain is accommodated if 𝑎0 = (1, 0.5, √2, 1⁄√2 )𝑏0 [89]. Obviously, if the crystal is non-cubic
these ratios can become more complicated. Also, even if there is a ratio that allows for a low
strain orientation it still may not be the resulting growth direction of the film.
The epitaxy of dissimilar materials on GaAs (001) been actively studied for different
metal, such as Fe for spintronics applications. Other magnetic materials include, τ-MnAl[90],
NiAl [91], [92], and MnAs. For such materials, low-temperature growth or template layers are
needed to allow for epitaxial growth. The initialization of the growth at lower temperatures
allows for the material to stick to the substrate as a film instead of island growth. At higher
temperatures, the material will thermodynamically want to stick to itself over the substrate. Phase
diagrams can help analyze the thermodynamics but mostly this needs to be experimentally tested.
This interface is important for initializing a good growth but also for heterostructures where the
interface dominates the physics. A simplistic model for this is if the growing material A is going
to wet the surface of substrate material B, then the surface energy per unit (γ) is such that γ𝐴 +
γ𝑖𝑛𝑡 > γ𝐵 . But, if γ𝐴 + 2γ𝑖𝑛𝑡 < 2γ𝐵 then material A will ball up on the surface of material B
[89]. Therefore, a low temperature template is used for the first few layers to γ𝐴 > γ𝐵 , or γ𝐴 ≈
γ𝐵 . This does form a constraint in these systems that multiple layer heterostructures of dissimilar
materials are very challenging. Also of note, heterostructures with Fe or Mn are very dependent
on processing temperature since the Fe or Mn can easily diffuse in the crystal.
Lastly, the overall symmetry of the different crystals plays a factor in defining the
respective orientations. It is easier to grow a lower symmetry crystal on top of a higher symmetry
crystal. The lower symmetry material can align itself without creating defects. In reverse, the
higher symmetry material will orient separately in different regions of the substrate. This creates
2D defects called inversion domain boundary through the new layer of the higher symmetry
crystal [89].
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3.2 Epitaxy of Topological Insulators
Some of these techniques can be applied to growing topological insulators on a wide
range of substrates. The Bi-chalcogenide topological insulators are made of a unit cell of 5 layers
of atoms (a quintuple layer, QL) with covalent bonding between atoms in the layer and the unit
cells bonded through van der Waals forces. This creates an advantage for the epitaxial growth of
these TI materials since the first layer will bond to the substrate by van der Waals forces and is
termed van der Waals epitaxy [93]. Figure 3-1(a) shows the crystal structure for Bi2Se3 (Bi2Te3
5
and Sb2Te3 are similar) which belongs to the space group R3̅m (𝐷3𝑑
) and lattice constants 𝑎 =

𝑏 = 4.143Å and 𝑐 = 28.636Å[94]. Figure 3-1(b) is the unit cell of YIG which will be discussed
as a substrate in this chapter and following. The YIG unit cell has 8 formula units to equal 160
atoms in a cubic unit cell with 𝑎 = 𝑏 = 𝑐 = 12.367Å and a curie temperature of 550 K [83]. The
tetrahedral and octahedrally coordinated Fe3+ have magnetic moments in opposite directions that
make YIG a ferrimagnet [95]. Described in the following sections using van der Waals epitaxy
we have developed the growth of these topological insulators on ferromagnetic insulator
substrates.

Figure 3-1. (a) Side view of the Bi2Se3 unit cell. (b) Top view of the hexagonal base with different site positions
marked. (c) Bi2Se3 quintuple layer stacking. (d) The unit cell of Y3Fe5O12 with the Fe in tetrahedral and
octahedral coordination. Adapted from B. Yan and S. Zhang [96] and H. Wang [95].
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3.2.1 Growth of Topological Insulator on Ferromagnetic Insulators
The first ferromagnetic substrate we have extensively studied is yttrium iron garnet.
Initially, we used a low-temperature seed layer of 1 or 2 QL of Bi2Se3 at Ts=200 °C to promote
epitaxial growth on the YIG substrate. We would then anneal the sample at a standard growth
temperature of Ts = 325 °C for Bi2Se3 on InP(111)A and finished the growth at that temperature.
RHEED for the different steps of the seeded growth are shown in Figure 3-2 illustrates the
progression of the film surface. By XRD, AFM and transport the Bi2Se3 film on YIG are of good
quality and comparable to growths on InP(111)A. But, using TEM to analyze the interface we
find an interfacial layer that seems to be amorphous. This interfacial layer is below 1 nm of
thickness making it difficult to analyze by EDS for composition or FTT for crystal information.
This interfacial layer is detrimental to the spin transport between the YIG and the TI. As will be
shown in the next chapter, a spin current can be generated using FMR spin pumping. From the
results, the spin mixing conductance is determined to be lower than measured in TI/FM systems
[77]. This decrease in the spin mixing conductance is attributed to the interfacial region.

Figure 3-2. RHEED with electrons sourced at 13kV and 1.5 A. A) Is the YIG substrate before growth of the seed
layer. B) End of the 2 QL Bi2Se3 seed layer grown at 200 °C. At this thickness, the streaky RHEED pattern is
starting to appear. C) End of the anneal at 325 °C before continuing the growth. At which point the RHEED
lines have become sharper, indicating the crystal surface has ordered more. D) End of the growth of a 10QL
Bi2Se3 film.
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Compared to other published results, we have not seen induced magnetization in our TI
films from the YIG substrate. This could possibly be attributed to the interfacial region, other
TEM from other groups shows a similar region. From discussions with Prof. Cui-Zu Chang,
induced magnetization appear only in a few samples out of many grown on YIG. This leads to the
assumption that occasionally the TI films may form a better interface. This can be seen from the
following characterization of two Bi2Se3 films grown with different methods on YIG. The first
film is grown using the then standard template method described above. The second film was
grown using a higher initial temperature of T𝑠 = 285 °C then, once the RHEED pattern of the
sample begins to change, the substrate is ramped up to T𝑠 = 325 °C while continuing to grow
Bi2Se3. RHEED of the full growth is shown in Figure 3-3 for the continuous growth method. The
idea here is to allow some material to stick at the lower temperature and then use the very thin
initial layer to promote the growth of the rest of the film. If the initial substrate temperature is too
high we see RHEED patterns that indicate 3D growth and the AFM shows patchy films with pits
to the substrate. In this way, RHEED is the main tool for determining if the growth is successful.
Afterwards, resistance vs temperature measurements can determine the quality of the film. If a
Bi2Se3 shows insulating instead of metallic behavior then we can conclude the film is highly
defective.

Figure 3-3. RHEED with electrons sourced at 13kV and 1.5 A. A) Is the YIG substrate before growth. B) After
1/6th of a QL which was 1min of Bi2Se3 growth. C) RHEED after 1 QL of Bi2Se3. D) The RHEED at the end of
the growth has become sharp.
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3.2.2 AFM Characterization of Bi2Se3/YIG Growth
To compare the two different growths of Bi2Se3 on YIG we can use a variety of
techniques to analyze crystal quality and transport properties. The following focuses on two
growths of 8 QL on 1x5 mm YIG pieces. These small piece sizes are used for spin pumping
measurements that will be discussed shortly. The AFM of the two samples shows the roughness
is comparable around 0.8 nm. Looking at the surface morphology, the 2-step growth method
(sample A for the following figures) shows surface triangles that we associate with a good Bi 2Se3
film. These triangles are seen on Bi2Se3/InP(111)A and with a qualitative analysis, we can say
that if the triangles mostly point in the same direction there are minimal screw dislocations. If the
triangles are more randomly orientated as seen in Figure 3-4A, we can say that there are more inplane defects.

Figure 3-4. A) AFM of 2-step growth of Bi2Se3/YIG with the low-temperature seed layer and a roughness of
0.74nm. B) AFM of Bi2Se3/YIG using continuous growth method with a roughness of 0.84 nm.

For the single step growth seen in Figure 3-4(B), the typical triangle shape is gone. While the
roughness is similar the surface difference could be due to how the growth initiated and the
resulting growth behavior. For the 2-step growth, the film is fully recrystallized as observed by
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RHEED when the second layer is started. This could be giving a more favorable growth surface
that results in the surface of the film appearing different. I hesitate here to call one surface better
than another.

3.2.3 XRD Characterization of Bi2Se3/YIG Growth
Because of the small sample size, the following XRD was done on different samples that
are around 3x5mm. The larger substrate size allows for a better XRD signal. In Figure 3-3 the
XRD spectrum of the two different 6 QL Bi2S3 growths on YIG are compared. The continuous
growth method shows sharper peaks and film peaks at higher angles in the 2θ-ω scan than the
seeded growth. From this, we can assume that the continuous growth method produces a more
crystalline film. If we look at the rocking curve of the two films at the Bi2Se3 (006) film peak, we
observed a nearly identical FWHM of 0.056 degrees for the seeded growth and 0.060 degrees for
the continuous growth. Reciprocal space maps for the two films could give a more complete
picture of the film quality and strain. While both films are of similar quality, the continuous
growth appears to be slightly better by XRD.
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Figure 3-5. Offset XRD spectrum of two 6 QL films of Bi2Se3 on YIG. The red spectrum represents the film
grown using a seeded growth technique and the black spectrum the film continuously grown at higher
temperature. The film peaks for lower angles are labeled. The continuous growth film peaks are sharper and are
present to higher angles.

3.2.4 TEM Characterization of Bi2Se3/YIG Growth
We also can compare the two growths by TEM in Figure 3-6. The interface is important
for the coupling of the ferromagnetic insulator with the TI top layer. From high-angle annular
dark field (HAADF) scanning tunneling electron microscopy (STEM) it is possible to get a clear
picture of the interface using prepared cross-sectional samples. The samples presented in Figure
3-5 were prepared by focused ion beam (FIB) and imaged by the MCL staff at Penn State. Both
samples were grown for the same total deposition time, so nominally should have the same
thickness. For TIs, one can distinguish a QL by the two bright bands that indicate the heavy Bi
atoms and the outside dark bands that are the Se layer. Here, we see sample A has 6 QL while
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sample B has 7 QL. This variation could be due to the small sampling size of a TEM crosssection. As seen in the AFM above (Figure 3-4) there are QL level steps across the film. Of
importance is the amorphous region at the interface. We see this in both samples and it is of
similar thickness around 0.5-0.7 nm. We believe this amorphous region is from the beginning of
the growth [93], [97] and the Bi2Se3 either does not fully crystallize or because of lattice
mismatch does not form a crystalline layer. The objective of using the continuous growth method
was to improve the interface. As we see here it does not appear to accomplish that goal. The
development of this amorphous layer has not been fully characterized. Colleagues have seen this
as well for (Bi, Sb)2Te3 on SrTiO3 and if compared to the TEM in chapter 4, the amorphous
region there is thicker, around 1 nm [77]. This amorphous region can also be seen in samples
grown by other groups of Bi2Se3/YIG [60].

Figure 3-6. HAADF STEM of (A) 2-step growth of Bi2Se3 with the low-temperature seed layer and (B) Bi2Se3
using continuous growth method. Both growth methods have an amorphous region at the interface of
approximately 0.7 nm. Counting the layers, we see that (A) is 6QL while (B) is 7QL even though both films were
grown for the sample time. This could be an artifact of TEM because of the small sample area and there can be
a 1-2 QL variation on the surface.
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3.2.4 Spin Pumping Characterization of Bi2Se3/YIG Growth
Finally, using spin pumping we can evaluate the spin to charge conversion efficiency in
the sample, which should be dominated by the interface. These samples are both above the 6 QL
limit for Bi2Se3 where the top and bottom surface have decoupled. As will be demonstrated in the
next chapter, once above 6 QL the spin to charge conversion efficiency (Jc/Js) becomes constant.
For these samples, the measured spin pumping voltage (VSP) was roughly comparable at 100 mW
of microwave power at 3GHz. The spin pumping voltage was then normalized to the two-point
sample resistance (Figure 3-7), with the resulting ratio being proportional to Jc/Js or θSH. Sample A
has a resistance approximately half that of sample B. Therefore, even though the spin pumping
signal is similar, the spin to charge conversion efficiency in sample A is almost double that of
sample B. The difference in resistance could be due to more defects in sample B causing
scattering and increasing the resistance. Or, if sample B’s Fermi level is closer to the gap, the
carrier concentration could be lower, resulting in a higher resistance. This raises the concern that
not only is the spin to charge conversion efficiency dependent on the interface but also the film
quality. Of note, the overall VSP magnitude depends on the YIG film used due to variations from
YIG film’s properties. This can be seen by VSP here was approximately 3 μV, whereas previous
results from our group have been as high as 40 μV[77], also measured at 3GHz and 100 mW
microwave power. Therefore, to have comparable data the samples should ideally be grown on
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the sample YIG substrate or at least pieces from the same growth.

Figure 3-7. Spin pumping microwave frequency of 3 GHz and 100 mW power. The measured spin pumping
voltage for both films are comparable. Sample (A) was grown using the 2-step growth of Bi2Se3 with a lowtemperature seed layer. Sample (B) is Bi2Se3 using the continuous growth method. When normalized to the
resistance of the sample, sample A’s resistance (2.4 kΩ) is approximately half that of sample B (4.78 kΩ).

Though the continuous growth method does not seem to have improved the spin pumping
in Bi2Se3/YIG heterostructures, the technique does have its advantages when growing the ternary
TI (Bi, Sb)2Te3 on YIG. For (Bi, Sb)2Te3, the seed layer/recrystallization method does not work—
the seed layer will not recrystallize when the sample is annealed into a nice RHEED pattern. This
could be caused by either the complexity of the compound or forming crystalline (Bi, Sb)2Te3 is
unfavorable. To overcome this, for samples to be discussed in chapter 4 and other work, a seed
layer of 1 QL Bi2Se3 was used to help initialized growth. This procedure is similar to the one
described above for Bi2Se3. A seed layer of 1 QL Bi2Se3 was deposited at 200 °C and then
annealed to 295 °C where the (Bi, Sb)2Te3 growth would begin. This results in a crystalline (Bi,
Sb)2Te3 film since the in-plane lattice constants of the two films are very similar and the crystal
structure is identical. While this method works very well it does yield two cautionary points.
First, the Bi2Se3 is n-type and will donate carries to the neighboring (Bi, Sb)2Te3 layer—which
can be n or p-type depending on the Bi:Sb ratio and thereby influence the Fermi level. The
solution is to counter dope the (Bi, Sb)2Te3 layer more p-type with more Sb. Second, the
interfacial layer is Bi2Se3 instead of (Bi, Sb)2Te3 so this makes a more complex picture for which

56
surface states are interacting during spin pumping. Using samples of this structure (Bi, Sb)2Te3/1
QL Bi2Se3/YIG we have shown that the spin pumping signal is dependent on the Fermi level.
With spin pumping signal lower in the valence band, flat in the band gap, and highest in the
conduction band. This work shows that the “full band” structure, including the surface states,
impacts the spin pumping signal in TI/YIG. This work by H. Wang et al. is under review at nature
physics (2017). This result expands on the results of Chapter 4, where the spin pumping signal
was determined to be dominated by the surface states.

3.2.5 (Bi, Sb)2Te3/YIG Growth
By using the continuous growth method, we can grow (Bi, Sb)2Te3 directly on YIG. This
has been instrumental in yielding samples that give a strong photocurrent signal for my
colleagues. Of note, the sample with the strongest signal (170207A) also had the strongest XRD
peaks compared to samples grown under similar conditions as seen in Figure 3-8. This again
illustrates how sensitive the film growth is to the first layer of deposition. The sample 170207A
was patterned into a small Hall bar (150 x 100 µm) with a Al2O3 top gate. This sample gave the
best results for photocurrent measurements done by colleagues Yu Pan and Timothy Pillsbury. It
was also used for gate dependence measurements in chapter 5.
As seen in Figure 3-8, the second (Bi, Sb)2Te3 film from 170209A grown under similar
conditions shows a weaker XRD signal in the low angle film peaks. This was the same for the
group of samples grown in that time frame. With a photocurrent measurement of a sample other
than 170207A the signal was much weaker. We can conclude that somehow this one growth was
able to have a high crystal quality that yields better results.
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Figure 3-8. X-ray diffraction of two 10 nm (Bi, Sb)2Te3 grown under similar conditions around the same time
frame. Sample 170207A has stronger peak intensity at low angles than 170209A that is used to represent other
films grown in the same time frame.

This growth method for (Bi, Sb)2Te3 on magnetic insulator substrates is being used for
many current and future projects. We have been collaborating with Prof. Jing Shi and Prof. CuiZu Chang on growths for spin Seebeck measurements and samples for them to finish a paper on
FMR measurements of (Bi, Sb)2Te3/YIG. Also, using these growths we are interested in doing a
spin pumping study of the thickness dependence of (Bi, Sb)2Te3. Currently, we have successfully
measured the spin pumping signal of 6 QL and 12 QL (Bi, Sb)2Te3 with future samples focused
on thinner films of 3, 4, and 5 QL. We are looking for a similar trend as seen in Bi2Se3 [77] and
for possible emergent phenomena in the thinner samples where surface transport is dominant.
And a final project, using the perpendicular ferromagnetic insulator TIG, we want to see the
induced magnetism in a (Bi, Sb)2Te3 layer and the enhancement of the magnetic properties in
magnetic doped TI in the quantum anomalous Hall region.
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Chapter 4
Surface-State-Dominated Spin-Charge Current Conversion in TopologicalInsulator–Ferromagnetic-Insulator Heterostructures
Here, we report the ferromagnetic resonance driven spin-pumping signal in topological
insulators Bi2Se3 and (Bi, Sb)2Te3 thin films deposited by molecular beam epitaxy on Y3Fe5O12.
By varying the thickness of the topological insulator, we observe a dramatical change in the spincharge conversion efficiency, as measured by the inverse Rashba Eldelstein effect length (λIREE),
from 2QL until saturating at 6QL. This indicates that the surface states play a dominant role in the
measured spin pumping signal. This chapter is based on a paper that I co-authored in Physical
Review Letters [77].

4.1 Introduction
Future spintronics devices will utilize new materials with efficient spin-to-charge
conversion. This is measured by the inverse Rashba-Edelstein effect (IREE) and/or the inverse
spin Hall effect (ISHE) in 2D [66]–[69], [73]–[76], [98] or 3D [40], [42], [99]–[102] systems.
One such material is 3D topological insulators (TI) with large spin orbit coupling (SOC) that also
have spin-momentum “locked” surface states [44], [69], [103], [104]. These surface states are
spin polarized and could be efficient for spin-to-charge conversion. Previous studies of TIs have
used ferromagnetic metals to measure the spin transfer which leads to shunting path for the
current [67]–[69], [74]. These studies have shown very promising spin transfer but convolute the
interpretation by introducing a shunting path. To circumvent these problems, we use the low
damping ferromagnetic insulator yttrium iron garnet (Y3Fe5O12) [105] and grow Bi-chalcogenide
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TIs heterostructure to characterize. Here, we report the ferromagnetic resonance (FMR) driven
spin pumping signal in TI/YIG bilayers, showing robust spin pumping signal at room
temperature. We demonstrate the surface state dependent spin-to-charge conversion by varying
the Bi2Se3 thickness in the Bi2Se3/YIG bilayer from 2 to 60 quintuple layers (QL). This is
characterized by the IREE effective length λIREE in 2D systems [98], which dramatically increases
as the surface decouple from 2 to 6 QL from 1.1±0.13 pm to 35±4 pm. Above 6 QL λIREE
saturates, providing evidence that the surface states dominate the spin-to-charge conversion in
these 3D TIs.

4.2 Methods
TI thin films were grown by molecular beam epitaxy using a two-temperature growth
method on crystalline thin films of YIG deposited by sputtering on GGG substrate [105]. An
initial 2 QL layer of Bi2Se3 was deposited at 200 °C to allow for good adhesion to the substrate.
The initial layer was then annealed to 325 °C to recrystallize the film as observed by the RHEED
pattern that developed. The remaining film was then grown to the final desired film thickness.
The RHEED is shown in Figure 4-1 for the film at different growth steps.

Figure 4-1. Electrons sourced at 12 keV and 1.5 A from an electron gun onto the sample. (a) RHEED of the YIG
substrate after outgassing at 500 °C. (b) RHEED after deposition of the 2 QL Bi 2Se3 seed layer at 200 °C where
the RHEED has very little pattern. (c) Streaky RHEED pattern of the 2 QL seed layer after being annealed for 1
hour at 325 °C. (d) RHEED of the final film where the lines have become even sharper.

Figure 4-2(a) shows a scanning transmission electron microscopy (STEM) image for
ordered 6QL Bi2Se3 on 30nm YIG. Of note is the approximate 1 nm amorphous region at the
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Bi2Se3/YIG interface that most likely developed from the initial seed layer. Atomic force
microscopy in Figure 4-2(b) of a representative film, shows a smooth surface with 0.71nm
roughness. Figure 4-2(c) A x-ray diffraction (XRD) 2θ-ω scan of a 40 nm Bi2Se3 film shows
single crystal orientation for the film layers. Figure 4-2(d) is FMR adsorption spectrum for a
30nm YIG film representative of those used in this work, at radio-frequency (rf) f = 3 GHz with
an applied in-plane magnetic field H. The peak-to-peak linewidth (ΔHpp) of the film is 9.2 Oe and
the effective saturation field is 1.76 kOe, extracted from fitting the frequency dependence of the
resonance field[105].

Figure 4-2. (a) High-angle annular dark field (HAADF) STEM image of a cross-section of Bi2Se3/YIG bilayer
sample with an interfacial layer visible. (b) Atomic force microscopy of 6 QL Bi 2Se3 on YIG, with a surface
roughness of 0.71 nm even though the film surface contains some small pits. (c) Semilog 2θ-ω XRD scan from 5
to 75 degrees of 40 QL Bi2Se3/YIG, with clear film peaks up to the (0,0,21) plane due to the thick film. (d) A
representative room-temperature FMR derivative spectrum of a 30 nm YIG film with an in-plane magnetic
field, which gives a ΔHpp of 9.2 Oe at f = 3 GHz.
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The spin pumping measurements were performed on the TI/YIG bilayers using a
microwave strip line at room temperature. The samples’ dimensions were approximately 5 mm in
length and 1 mm in width. As illustrated in Figure 4-3(a), the spin pumping voltage is measured
along the length of the sample (y-axis) while during the measurement the dc magnetic field H is
applied in the x-z plane. At the resonance condition, the magnetization M of the YIG processes
with frequency f in the GHz range, this angular momentum transfers to the conduction in the TI
layer through interfacial exchange coupling [101]. The resulting pure spin current moves along
the z-axis into the TI layer with spin polarization parallel to M, and results in a charge current in
the TI layer leading to a spin pumping signal due to the ISHE. Figure 4-3(b) shows the resistivity
for a 6QL Bi2Se3 film and 6QL (Bi, Sb)2Te3/1 QL Bi2Se3 film grown on YIG. The (Bi, Sb)2Te3
film shows resistive behavior typical of these films due to their lower carrier concentration and
the Fermi level being near/in the gap. This results in more insulating behavior and the conduction
is dominated by the surface states [106]. The Bi2Se3 film resistivity exhibits the typical metallic
behavior due to Se vacancies increasing the carrier concentration [58]. At room temperature, the
measured 2D carrier concentration by the Hall effect of the films are 4 × 1013 cm-2 and 9.8 × 1012
cm-2 for the 6 QL Bi2Se3 and (Bi, Sb)2Te3 films, respectively.
Figure 4-3(c) shows the spin pumping spectra for a 6QL Bi2Se3/YIG bilayer sample of
VSP vs H, at 100 mW microwave power and f = 2, 3, and 4 GHz. For f = 2 and 3 GHz the signal is
relatively similar around 40 µV, and for f = 4 GHz the signal decreases to about 20 μV due to the
microwave transmission line performance at the higher frequency. The magnetic field is applied
along the x-axis such that θH is 90° or 270°. The spin pumping signal reverses sign as the field
goes from the negative to positive resonance field (θH = 90° to 270°), as expected from either
IREE or ISHE. Figure 4-3(d) shows the spin pumping signal for a 6QL Bi2Se3/YIG bilayer at f =
3 GHz centered at H-Hresonant = 0 and different microwave powers of 18, 32, 56, and 100 mW. The
insert shows that the spin pumping signal is linearly dependent with power for this regime.
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Figure 4-3. (a) schematic of the experimental setup for spin pumping measurements with x defines along the
width of the sample. (b) The resistivity of 6 QL Bi2S3 and (Bi, Sb)2Te3/ 1 QL Bi2Se3 grown on YIG as a function
of temperature. (c) Spin pumping spectra VSP vs H of 6 QL Bi2Se3/YIG at 100 mW microwave power and
frequency f = 2, 3, and 4 GHz. (d) Microwave power dependence of VSP for 6 QL Bi2Se3/YIG at f = 3 GHz
around the resonant field. Microwave power is 18, 32, 56, and 100 mW (blue, black, green, red curves,
respectively) with linearly increasing VSP with power plotted in the insert.

4.3 Results and Discussion
To understand the effect of the bulk and surface states on the spin pumping signal we
varied the thickness of the Bi2Se3 from 2 QL to 60 QL. In Figure 4-4(a) there is a significant
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increase in VSP as the Bi2Se3 thickness is lowed from 40 QL to 4 QL due to the increase in the
resistivity in thinner films. If we consider the TI transport as dominated by the surface states, this
can then be considered a 2D system and the spin-to-charge conversion will be dominated by
IREE. In IREE, the generated spin current is injected and converted to a charge current with the
relation Jc = λIREE Js. In SI units, the spin current density Js is in A ∙ m−2 and the 2D charge current
density Jc is in units of A ∙ m−1 . Therefore, λIREE has dimensions of length and is used to
characterize the spin-to-charge conversion efficiency in 2D materials [107], [108]. Using the
above relation, the observed spin pumping signal VSP can be written with the IREE effective
length as:
𝑉𝑆𝑃 = −𝑤𝑅𝜆𝐼𝑅𝐸𝐸 𝐽𝑠 ,

(4-1)

where w is the sample width and R is the two-point resistance. Js is the spin current density that
goes from the YIG to the TI interface. This can be calculated from the YIG properties measured
by FMR and written in the form [40], [42], [102]:
𝐽𝑠 =

2
2
2
2
2𝑒 𝑔↑↓ ℎ𝑟𝑓 ℏ𝜔 [𝛾4𝜋𝑀𝑠 +√(𝛾4𝜋𝑀𝑠 ) +4𝜔 ]
,
2
ℏ
2𝜋(∆𝐻𝑝𝑝 ) [(𝛾4𝜋𝑀𝑠 )2 +4𝜔2 ]

(4-2)

where 𝑔↑↓ is the effective spin mixing conductance at the interface [39], 𝛾 is the absolute
2
gyromagnetic ratio, ℎ𝑟𝑓
is the radio-frequency field, 𝜔 is the FMR angular frequency, ∆𝐻𝑝𝑝 is the

FMR peak-to-peak linewidth, and Ms is the saturation magnetization of the YIG thin film. Using
FMR of the bare YIG and TI/YIG, the effective spin mixing conductance 𝑔↑↓ can be calculated by
the broadening in the FMR linewidth [39], [40], [100]:
𝑔↑↓ =

2𝜋√3𝛾𝑀𝑠 𝑡𝑌𝐼𝐺
(∆𝐻𝑇𝐼⁄𝑌𝐼𝐺
𝑔𝜇𝐵 𝜔

− ∆𝐻𝑌𝐼𝐺 )

(4-3)

Where g is the Landé factor, tYIG is the YIG thin film thickness, µB is the Bohr magneton, ∆𝐻𝑌𝐼𝐺
is the peak-to-peak linewidth measured by FMR, and ∆𝐻𝑇𝐼⁄𝑌𝐼𝐺 is the peak-to-peak linewidth of
the TI/YIG bilayer measured by spin pumping.
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Next, is to determine if the spin pumping signal is dominated by the spin polarized
surface states or the SOC in the bulk by varying the TI thickness. Figure 4-4(b) shows the
thickness dependence of Bi2Se3 on the spin-to-charge conversion Jc/Js or λIREE saturates as the
Bi2Se3 goes above 6 QL. The spin pumping signal VSP decreases at the same time due to the
thicker samples having lower resistance. From 6 to 2 QL Bi2Se3, Jc/Js length dramatically
decreases from 35±4 pm to 1.1±0.13 pm. This is due to the surface states being approximately 23 nm thick so below 6QL the surface states are coupled and open a gap as seen by APRES. The
spin texture of the top and bottom surface is opposite, resulting in interference and a decrease in
the spin polarization of the surface states when the two are coupled. This could explain the
decreasing Jc/Js as the Bi2Se3 thickness goes from 6 to 2 QL and indicates the surface states play a
key role in the spin-charge conversion for Bi2Se3.

Figure 4-4. (a) Spin pumping signal VSP at f = 3 GHz and 100 mW microwave power for Bi2Se3 thicknesses 4, 6,
24, and 40 QL centered on the resonant field. The increase in signal is due to the thinner films having a higher
resistance. (b) The red curve is the spin-charge conversion efficiency Jc/Js (or λIREE) for various thicknesses of
Bi2Se3/YIG and the blue curve is the corresponding spin pumping signal VSP for the respective films.

This could also be explained by the spin pumping driven by ISHE, which relies on spin
diffusion defined by 𝐽𝑐 = −𝜃𝑆𝐻 𝜆𝑆𝐷 tanh(𝑡𝑇𝐼 ⁄2 𝜆𝑆𝐷 )𝐽𝑠 . The ISHE spin pumping can then be
written as:
𝑡

𝑉𝑆𝑃 = −𝑤𝑅𝜃𝑆𝐻 𝜆𝑆𝐷 tanh ( 2𝜆𝑇𝐼 ) 𝐽𝑠 ,
𝑆𝐷

(4-4)
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where tTI is the TI film thickness, 𝜃𝑆𝐻 is the spin Hall angle for the material, and 𝜆𝑆𝐷 is the spin
diffusion length. Using equation 4-4 to fit the data in Figure 4-4(b) in Figure 4-5 and we can
extract a spin diffusion length 𝜆𝑆𝐷 ~1.6 nm requiring the presence of a “dead layer” at the
interface. While there is an amorphous region at the TI/YIG interface it is not correct to call it a
“dead layer” as seen when 1 nm SrTiO3 is inserted in-between Pt and YIG. The spin pumping
signal for Pt/(1 nm) SrTiO3/YIG decreased the signal by three orders of magnitude [101]. At f =3
GHz and 100 mW microwave power, VSP for 6 QL Bi2Se3 is ~45 µV comparable to the ~18 µV
measured in 5 nm Pt/YIG (Figure 4-7). This indicates though there is an amorphous layer at the
interface it is not a “dead layer”. Though we cannot completely rule out the spin diffusion model,
the spin polarized current would be limited to the bottom surface and the surface states due to the
short diffusion length. Comparing the resulting Jc/Js (or λIREE) to reported spin Hall angle 𝜃𝑆𝐻
yields a value approximately two orders of magnitude than measured by spin torque FMR[69].
This could be due to the amorphous interface layer potentially decreasing the spin-to-charge
efficiency from growing the TI on YIG vs sputtering of Py on top of an already grown TI film.
Another reason could be the difference in the measurement techniques. In ST-FMR the charge
current can have multiple scatterings between the metallic ferromagnet and the TI, to transfer spin
to the ferromagnet. In the spin pumping the charge current may not have the same scattering
process.
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Figure 4-5. Jc/Js thickness dependence of Bi2Se3 replotted with fitting from the spin diffusion model using 𝑱𝒄 =
𝒂𝝀𝑺𝑫 𝐭𝐚𝐧𝐡[(𝒕𝑻𝑰 − 𝟐)⁄𝟐 𝝀𝑺𝑫 ]𝑱𝒔 . Where a is a fitting parameter and the fit gives the spin diffusion length of 𝝀𝑺𝑫 =
𝟏. 𝟔𝟒 𝐧𝐦.

To study the effect of the surface states on the spin pumping signal, control samples of
the TI (Bi, Sb)2Te3 were grown on YIG. The five control samples are sample A: (Bi,
Sb)2Te3/YIG; sample B: 6 QL (Bi, Sb)2Te3/1 QL Bi2Se3/YIG; sample C: 6 QL (Bi, Sb)2Te3/6 QL
Bi2Se3/YIG; sample D: 6 QL Cr(Bi, Sb)2Te3/1 QL Bi2Se3/YIG; and sample E: 6 QL Cr(Bi,
Sb)2Te3/6 QL Bi2Se3/YIG. The spin pumping signal for the 4 samples (B-E) with a Bi2Se3 seed
layer are shown in Figure 4-6(a) for f = 3 GHz and 100 mW microwave power. The higher spin
pumping signal VSP in the Cr doped samples D and E is due to a higher resistance than the nondoped samples with the sample structure. For the 5 control samples, the spin charge conversion
efficiency Jc/Js can be calculated and compared with Bi2Se3/YIG thickness dependence in Figure
4-6(b). For samples C and E, that have the 6 QL Bi2Se3 middle layer, the values for Jc/Js are 37 ±
4 pm and 34 ± 4 pm, respectively. These values are comparable to the result of Jc/Js = 35 ± 4 pm
obtained for 6 QL Bi2Se3/YIG, indicating that after 6 QL of Bi2Se3 the spin-charge conversion
efficiency is only dependent on the bottom Bi2Se3 layer—therefore, the different resistance, band
structure or doping of the top (Bi, Sb)2Te3 layer has little effect. For samples B and D that have a
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1 QL Bi2Se3 seed layer we see a lower Jc/Js of 20 ± 2 pm and 22 ± 3 pm, respectively. The surface
state interaction in these samples is more complicated since there are two interfaces that
contribute to the spin pumping, the Bi2Se3/YIG interface and the (Bi, Sb)2Te3/Bi2Se3. The
resulting spin pumping of samples B and D are lower than the spin-charge conversion for pure 6
QL Bi2Se3. The Cr doping was done to improve the (Bi, Sb)2Te3 growth on YIG and change the
SOC strength of the material. For samples C and E, with Cr doped (Bi, Sb)2Te3 samples are
ferromagnetic at low temperature [61], [109]. Even though the bulk material parameters have
been changed the spin-charge conversion efficiency has stayed similar, indicating that the spin
pumping in TIs is dominated by the interface. Lastly, sample A was a direct growth of 6 QL (Bi,
Sb)2Te3 on YIG with a resulting spin-charge conversion efficiency of 17 ± 2 pm. This is about
half the Jc/Js value for Bi2Se3 of the same thickness and is in contrast to reported larger spin Hall
angle of (Bi, Sb)2Te3 compared to Bi2Se3 [108]. The interface of the (Bi, Sb)2Te3/YIG is most
likely of lower quality than the top down structure used for fabricated CoFeB/MgO/(Bi, Sb)2Te3
heterostructure on higher quality (Bi, Sb)2Te3 grown on latticed matched InP(111)A [108]. This
poor interface is most likely due to the low-temperature growth conditions used to grow the (Bi,
Sb)2Te3 directly on YIG at 275 °C and could have resulted in a bad interface and/or a poor
crystal. At the end of this chapter is the TI sample information used for Jc/Js and comparison
AFM of the two different (Bi, Sb)2Te3 samples. Further studies and comparisons need to be done
using (Bi, Sb)2Te3 grown directly on YIG with higher interfacial and crystal quality.
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Figure 4-6. (a) Spin pumping signal VSP at f = 3 GHz and 100 mW microwave power for samples B: (Bi,
Sb)2Te3/1QL Bi2Se3/YIG, C: Cr(Bi, Sb)2Te3/1QL Bi2Se3/YIG, D: (Bi, Sb)2Te3/6QL Bi2Se3/YIG, and E: Cr(Bi, Sb)2Te3/6QL
Bi2Se3/YIG around the resonant field. (b) Jc/Js as a function of Bi2Se3 thickness for Bi2Se3/YIG, (Bi,
Sb)2Te3/Bi2Se3/YIG, and Cr(Bi, Sb)2Te3/Bi2Se3/YIG.

Lastly, we compare the spin pumping and the spin mixing conductance of Bi2Se3/YIG to
Pt/YIG. Pt is a nonmagnetic heavy metal with large SOC that has been well studied for measuring
spin currents [40], [42]. For normal metal Pt, the spin pumping signal is from the ISHE as
expected for a 3D material system [40], [100]. Figure 4-7(a) shows the spin pumping spectrum
VISHE for 5 nm Pt/YIG at f = 3 GHz and 100 mW microwave power. By measuring the FMR
linewidth boarding for Pt/YIG the spin mixing conductance 𝑔↑↓ can be calculated to be
(5.19 ± 0.6) × 1018 𝑚−2 and is comparable to other reported values [42], [102]. In figure 4-7(b)
the spin mixing conductance 𝑔↑↓ for the different Bi2Se3 thicknesses are compared to the value for
5 nm Pt. The spin mixing conductance for Bi2Se3 films of thickness 2 to 60 nm is in the range of
(3 − 7) × 1018 𝑚−2 and comparable to the Pt value. For thicker 3D materials there is a backflow
of spin current that enhances the spin mixing conductance [39], [41], the absence of this
enhancement in the thick TI films is another indication that TI spin pumping is dominated by the
2D surface states.
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Figure 4-7. (a) Spin pumping signal VISHE for 5 nm Pt/YIG at f = 3 GHz and 100 mW microwave power. (b) Spin
mixing conductance with the blue line being the value for 5 nm Pt/YIG and the red dots the values for various
thicknesses of Bi2Se3/YIG. The spin mixing conductance values are in the same range indicating the spin mixing
conductance in Bi2Se3/YIG is dominated by the interface.

4.4 Conclusion
In conclusion, we report the robust spin pumping signal in TI/YIG heterostructures at
room temperature. The thickness dependence in the λIREE for Bi2Se3/YIG measured by the IREE
voltages and the interfacial spin current density demonstrates the dominant role of the surface
states in the spin-charge conversion efficiency. The IREE length indicates the important role of
the interface condition on the spin Hall physics in topological insulators.
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4.5 Additional Sample Information

Figure 4-8. AFM images of: (a) 30 nm YIG with roughness 0.26 nm, (b) 6 QL (Bi, Sb) 2Te3/1 QL Bi2Se3/YIG with
roughness 0.56 nm, and (c) 6 QL (Bi, Sb)2Te3/YIG with roughness 1.70 nm.

Additional information includes Figure 4-8 with AFM comparison representative samples
of 30 nm YIG, 6 QL (Bi, Sb)2Te3/1 QL Bi2Se3/YIG, and 6 QL (Bi, Sb)2Te3/YIG used in this
work, with roughness 0.24, 0.56, and 1.70 nm, respectively. Table 4-1 summarizes the sample
information used to plot Figure 4-4(b), Figure 4-5, and Figure 4-6(b), using Jc = VSP/wR and
equation (4-2) and (4-3) to calculate the spin current density Js. The spin current Js is roughly
constant while Jc is dependent on sample thickness and composition.
Table 4-1. The measured values for Jc and Js for the samples used in this study. The (Bi, Sb)2Te3 samples
nominally have the same Bi:Sb composition.

Sample

TI Thickness (QL)

Jc (A m-1)

Js (A m-2)

Bi2Se3/YIG

2

1.63 × 10−7

1.43 × 105

Bi2Se3/YIG

3

8.97 × 10−7

1.22 × 105

Bi2Se3/YIG

4

2.58 × 10−6

1.50 × 105

Bi2Se3/YIG

5

3.89 × 10−6

1.44 × 105

Bi2Se3/YIG

6

4.89 × 10−6

1.39 × 105

Bi2Se3/YIG

14

4.81 × 10−6

1.45 × 105

Bi2Se3/YIG

24

6.07 × 10−6

1.61 × 105
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Bi2Se3/YIG

40

4.42 × 10−6

1.19 × 105

Bi2Se3/YIG

60

5.49 × 10−6

1.55 × 105

(Bi, Sb)2Te3/YIG

6

2.21 × 10−6

1.34 × 105

(Bi, Sb)2Te3/1QL Bi2Se3/YIG

6

2.88 × 10−6

1.42 × 105

(Bi, Sb)2Te3/6QL Bi2Se3/YIG

6

5.14 × 10−6

1.39 × 105

Cr-(Bi, Sb)2Te3/1QL Bi2Se3/YIG

6

4.05 × 10−6

1.85 × 105

Cr-(Bi, Sb)2Te3/6QL Bi2Se3/YIG

6

6.94 × 10−6

2.06 × 105
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Chapter 5
Magnetoresistance in TI/YIG heterostructures at low temperatures
In Chapter 4, we discussed spin-to-charge conversion in heterostructures that interface a
TI with a FM insulator. An interesting question in this context is whether the exchange interaction
between the FM and the TI might result in induced magnetic ordering in the TI layer. Such
induced ferromagnetism has been suggested in recent studies of TI/YIG [60], [61] and TI/TmIG
heterostructures [63]. We searched for evidence of this phenomenon in our heterostructures, but
did not find any. However, magnetoresistance measurements in our samples do show unusual
hysteretic behavior at low temperature (400 mK < T < 2 K). While a rigorous interpretation of
these observations is still developing, in this chapter, we describe the phenomenology of our
observations and hypothesize a possible explanation.

5.1 Introduction
Recently, with reports of efficient spin-to-charge conversion in topological insulators
[67], [69], [73], [110] these materials could be used for spintronics applications. In
TI/ferromagnetic bilayers the TI has been shown to effectively manipulate the ferromagnetic
layer[73], [110] similar to other materials with large spin orbit coupling [70]. To isolate the
charge current effects in the TI and the effect of the spin polarized surface states heterostructures
of TI/ferromagnetic insulator (FMI) can be used. The FMI such as Y3Fe5O12 (YIG) is ideal with
its in-plane magnetization and ultra-low damping [111] to generate a pure spin current via FMR
spin pumping [77] or spin Seebeck effect [104]. These methods show lower spin-charge
conversion than in the TI/ferromagnetic metal but offer a way to couple the magnetization to the

73
TI. Reports for magnetotransport in TI/FMI bilayers have shown the induced magnetization in
Bi2Se3/YIG [60] and Bi2Te3/YIG [61] in the TI at low temperature. The induced magnetization is
much weaker with a curie temperature of about 150 °C [60] compared to (Bi, Sb)2Te3/Tm3Fe5O12
with induced magnetization above 400 °C [63].
In this work, we report the effect of low temperature on the magnetotransport in TI/YIG
heterostructure and control Pt/YIG. We observe hysteretic features in the transport measurements
below 2 K that are asymmetric with a magnetic field. These features are observed in the TI/YIG
heterostructures as well as the normal metal (NM)/YIG control, although the strength of the effect
is much weaker in the latter case. These features seen in both TI/YIG and Pt/YIG have a long
relaxation time on the order of 100s of seconds. A proposed explanation from paramagnetic
defects in YIG and a phonon bottleneck are explored.

5.2 Methods
YIG thin films of 20 nm thickness are deposited by sputtering on gadolinium gallium
garnet (Gd3Ga5O12, GGG) substrates. The YIG films have low damping and a coercivity of less
than 1 Oe at room temperature. They are then transferred to an ultra-high vacuum (UHV)
molecular beam epitaxy for TI film growth. The films are grown using an initialization of the TI
growth at a lower temperature of 200-260 °C. The temperature is then raised to a higher growth
temperature for the rest of the growth (~325 °C). Films are characterized by atomic force
microscopy and x-ray diffraction for quality of the film. The TI films are then patterned using a
probe tip to scratch a Hall bar with nominal dimensions of 1000 µm x 500 µm. This prevents
damage to the sensitive TI layer, damage during photolithography as was needed to observe the
quantum anomalous Hall effect [64], [109]. The electron transport is measured in a physical
property measurement system (PPMS) down to ~2K and for lower temperatures in a custom
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oxford He3 cryostat insert in a dewer with a 6 Tesla superconducting magnet. In the He3 cryostat
the resistance is measured by a Stanford Instruments S830 lock-in amplifier with a low-frequency
current sourced at 19 Hz from the lock-in amplifier.

5.3 Results
At He3 temperatures the magnetoresistance develops dramatic features when sweeping
the magnetic field. Figure 5-1 shows the hysteretic magnetoresistance observed 400 mK in 6 QL
Bi2Se3, 6 QL Sb2Te3, and 5 nm Pt all on 20nm YIG. These features appear around ±2 T and
depend on sweep direction. Sweeping magnetic field from -6 T, a peak appears at -2 T and then a
dip is seen at 2 T. Sweeping in reverse, the opposite is seen with a peak at 2 T and a dip at -2 T.
The resistance features are largest at base temperature of 400 mK and are observed to
approximately 2 K. As temperature increases the features amplitude decreases until the resistance
shape is that of the typical weak anti-localization seen in TI films on non-magnetic substrates.
One way to analyze the resistance fluctuations is to think of it in terms of heating or cooling.
Figure 5-2 shows the resistance vs temperature for the three samples studied here. At low
temperatures, the resistance vs temperature curves has a sharp increase in resistance as
temperature decreases. This resistance trend has been attributed to the localization of states at low
temperature. With this information, the peaks in the magnetoresistance could be associated with
cooling of the sample. While the drops in resistance would be from heating.

75

Figure 5-1. (a) Schematic of TI material patterned into a Hall Bar on a YIG substrate. Hysteretic
magnetoresistance at 400 mK in (b) 6 QL Bi2Se3, (c) 6 QL Sb2Te3, and (d) 5 nm Pt.

Figure 5-2. Resistance as a function of temperature for three different materials on YIG. Hall bar dimensions
are 1000 μm x 500 μm. (a) 6 QL Bi2Se3/YIG shows metallic behavior, (b) 6 QL Sb2Te3 shows insulating behavior,
which indicates the film may have some disorder. and (c) 5 nm Pt shows expected metallic behavior. All samples
show an increase in resistance at low temperature.

The effect also disappears as the temperature is increased. Figure 5-3 shows data on the
Bi2Se3/YIG sample from 0.4 K to 1.5 K. As the temperature increases the overall shape of the
curves begins to disappear and approaches the weak antilocalization behavior observed in nonmagnetic heterostructures, such as TI/InP. Because of the nature of the oxford He3 measurement
system, the temperature control between ~2 – 3 K is very unstable. Though temperature
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dependent magnetoresistance studies were performed on the other samples, the Bi2Se3 data is
representative of them.

Figure 5-3. Magnetoresistance of 6 QL Bi2Se3/YIG at different temperatures with magnetic field out of plane.
(a)-(d) Are 0.4 K, 0.7 K, 1.0 K, and 1.3 K respectively. The overall “butterfly” shape goes away as temperature
increases.

To further understand this behavior, it is necessary to understand the time scales of the
phenomenon. From the magnetoresistance curves, as the magnetic field sweep rate is increased
the hysteretic effects become larger. Therefore, measurements were done by ramping the
magnetic field from -6 T to a resistance peak at -2 T and then measuring the change in resistance
over time. Figure 5-4 shows that the resistance decays as a function of time and fit with an
exponential function to extract the time constant. At 400 mK the time constants are 152 seconds
for Bi2Se3, 331 seconds for Sb2Te3, and 240 seconds for Pt. These long lifetimes currently baffle
us. Initially one would think of nuclear relaxation in the TI layer because of the long-time
constant, as seen optically in GaAs but the long relaxation time is also seen in Pt/YIG. Since the
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long relaxation time is seen in TI/YIG and Pt/YIG this phenomenon is not related to the surface
states in the TI and possibly originates from the YIG layer. There has been work going back to
the 1950s that show the ferromagnetic resonance (FMR) linewidth of YIG broadening as
temperature decreases for doped YIG [112], [113] and recent work shows the YIG FMR
linewidth disappears at approximately 30 K [114]. With rare earth impurities in YIG films, it has
been reported that the relaxation time can have a T-1 dependence [114]. Photocurrent and MOKE
measurements by colleagues show the coercivity of TI/YIG films increases to ~100 Oe at 20K.
While these resistance fluctuations are at a much higher field we are unsure how the YIG
magnetization changes from 20 K to 400 mK. Plotting the relaxation time vs temperature for the
Sb2Te3/YIG film, the decrease in the relaxation time can be clearly seen.

Figure 5-4. (a) Representative curve for the relaxation in the resistance at -2 T in 6 QL Sb2Te3/YIG at 400 mK.
The red curve shows the magnetic field is swept from -6 T to -2 T and held there over time. The blue line is the
exponential fit. (b) The relaxation time vs inverse temperature for 6 QL Sb2Te3.
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To qualitatively understand the nature of the heating and cooling at ±2 T in the sample,
the energies involved can be analyzed. The energy from the magnetic field can be approximated
from the Zeeman interaction as 57.88 μeV/T. At ±2 T, the energies involved are approximately
115.76 μeV or 1.3 K. This Zeeman splitting could occur from paramagnetic defects in the YIG
substrate, such as Fe2+ or Bi3+ [115], [116]. Using Figure 5-1 (b) as the example, for sweeping of
the magnetic field from -6 T to 6 T, the initial paramagnetic spins are all aligned in the lower
energy band. At -2 T, the gap is small enough for the magnetic moments to reorder and move to a
higher energy state by taking energy (heat) from the TI layer. At 2 T, the paramagnetic moments
in the higher energy state now relax to the ground state by releasing energy. Now, the temperature
fluctuations in the TI layer can be explained by a phonon bottleneck effect [117]–[120]. Because
of the temperature of the sample (< 2 K), the phonon wavelengths in the substrate are short and
cannot effectively transfer energy in the crystal. Therefore, the energy transfer comes from the
conducting electrons in the top layer. This would be a possible explanation for the effects seen
here. The detailed model for this system will be done in collaboration with Prof. Michael Flatté.

5.4 Control Measurements
To fully characterize this effect, control measurements on magnetic field direction,
measurement setup and gate dependence were also performed. Figure 5-5 shows the
magnetoresistance curves for the Bi2Se3 film with the magnetic field applied in-plane and
perpendicular to the current. The sweep rate was approximated based on delays in the
measurement setup. The same behavior is observed as with out-of-plane magnetic field. As
expected, the weak antilocalization behaivor around zero magnetic field is no longer observed.
Around zero magnetic field there is still a large change in resistance that should be from the YIG
substrate magnetization switching. Still, the overall shape dependenant on magnetic field sweep
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direction and speed are still visable. These features for the in-plane magnetoresistance
approximately lineup with those observed in the out-of-plane magnetoresistance curve.
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Figure 5-5. In-plane magnetoresistance at 0.4 K of the 6 QL Bi2Se3 film on YIG. Similarly, to the out-of-plane
magnetoresistance, the resistance has a dependence on sweep rate (values are approximated from programed
instrument delays). The peaks and minima are approximately at the same magnetic field values observed in the
out-of-plane field.

Figure 5-6. Magnetoresistance at 0.5 K of 6 QL Bi2Se3/YIG in the PPMS measurement system. Using the PPMS
electronics the mode and step size was varied. (a) Shows the magnetoresistance with 500 Oe step size in linear
sweep mode where the measurement pauses to measure at each field. (b) The magnetoresistance in sweep mode
at 100 Oe/sec and 500 Oe step size. This shows approximately the same behavior as observed previously in the
oxford system.
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For another control, this Bi2Se3 sample was measured in the PPMS on a He3 insert. This
put the sample in-plane configuration with the current perpendicular to magnetic field. Similar
features were observed at 0.5 K by changing the sweep mode and step size in the PPMS. Figure
5-6 illustrates this for linear and sweep mode. The same features in the magnetoresistance are
observed in the PPMS when using the faster sweep mode. This shows that the effect is not
dependent on the measurement system but on the samples.
The final control measurement is on a gated sample of (Bi, Sb)2Te3/YIG. This sample is
patterned into a smaller Hall bar of 150 x 100 µm and the (Bi, Sb)2Te3/YIG is approximately 10
QL thick. This work was done on sample 170207A, which turned out to be the best (Bi,
Sb)2Te3/YIG heterostructure grown. The gate is an Al2O3 film deposited by atomic layer
deposition (ALD) and with an optically transparent indium tin oxide (ITO) gate electrode. This
device was fabricated and measured optically by Yu Pan, while I used it for low temperature
measurements. Figure 5-7 shows the out-of-plane magnetoresistance measurements carried out at
0.4 K with the gate voltage varied from -7 V to 8 V. For this device, the magnetoresistance did
not significantly change with gate voltage. The loop shape in the resistance is still prevalent as we
have come to expect. The limited change in gate voltage observed here should be confirmed in a
second sample. But, as of now, the absence of gate dependence on the magnetoresistance
indicated that the effect is not dependant on Fermi level. Interestingly, there is no significant
change as the Fermi level goes through the Dirac point (around -1.3 V).
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Figure 5-7. Gate dependence from -7 V to 8V on the out-of-plane magnetoresistance in the 10 QL (Bi,
Sb)2Te3/YIG heterostructure at 0.4 K. The offset in resistance between different gate voltages is from the sample
resistance changing with the Fermi level. The resistance loop shape is similar to what has been observed in the
previous samples. The loop’s shape does not significantly change with gate voltage and confirms the effect is
Fermi level independent.

5.5 Conclusion
We observed hysteretic magnetoresistance in TI/YIG films below 2 K with long
relaxation time. A model based on paramagnetic defects and the phonon bottleneck effect is being
explored. We continue to explore different materials with weaker spin orbit coupling to probe the
origin of this effect. Further control measurements with low SOC materials such as Ag are needed
to see if the effect is related to the large SOC in the TIs and Pt. Measurement of the magnetic
properties of the bare YIG substrate is needed below 1K to see how it changes at these
temperatures.
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Chapter 6
Growth and Characterization of τ-MnAl
The epitaxial stabilization of MnAl thin films in the τ-phase (tetragonal crystal
structure) results in a metallic ferromagnet with a strong uniaxial out-of-plane magnetic
anisotropy. The ensuing perpendicular magnetic anisotropy makes these films potentially
attractive for energy efficient, high-density magnetic memory applications. These thin
films are also of contemporary interest for semiconductor spintronics since they can be
integrated with III-V semiconductor devices. We describe the epitaxial growth of τ-MnAl
films on (001) GaAs, as well as the characterization of their structural, magnetic and
transport properties

6.1 Introduction

Ferromagnetic materials with a strong uniaxial perpendicular magnetic anisotropy
(PMA) are desirable for future spintronic based devices. The strong PMA allows for
thermal stability and lower switching current (eqn. 1-4). Currently, thin CoFeB
interfaced with MgO is used to form the perpendicular magnetic layer in most magnetic
tunnel junction structures [33]. MTJs form the key component for non-volatile magnetic
random access memory or magnetic data storage. For future MTJ structures,
ferromagnets with PMA defined by the crystal structure are more ideal than those from
interfacial effects. There are a few materials that can be tuned to fit the needed
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parameters. One promising material is the metallic ferromagnet MnAl in the tau phase
(tetragonal crystal structure). τ-MnAl has a large out-of-plane to in-plane crystal lattice
ratio c/a which leads to the magnetization being uniaxial out-of-plane. This is due to the
tetragonal crystal structure (P4/mmm, L10) with Al at the corners and a Mn in the center.
The tau phase of MnAl is metastable and can easily distort to the epsilon prime phase
where the magnetic moment is lower due to a decrease in the c-axis lattice constant [121].
Therefore, the tetragonal crystal is stabilized by lattice matching to a substrate.
Recently, sputtered τ-MnAl has shown single phase growth by the introduction of
a buffer layer [122], [123]. To stabilize the tau phase a GaAs(001) substrate is used for
MBE growth of epitaxial MnAl films. Because of the 2% lattice mismatch between τMnAl and GaAs(001) a low-temperature template layer is used. By growing an
amorphous layer of approximately Mn50Al50, the annealed film forms a τ-MnAl layer on
the GaAs(001) substrate. MBE gives stoichiometric control of the composition and
allows for growth at multiple temperatures. Recent measurements have shown the
presence of the Kondo effect in MnAl by transport [124] and optical [125] studies. Spin
orbit torque switching of MnAl was also accomplished in films of 3 nm thickness with
spin orbit torque from a 5 nm Ta top layer [126].
In this work, we show growth of τ-MnAl by MBE to study the magnetic and
crystal properties. We report similar magnetic properties to those seen by other groups
[127], [128]. Transmission electron microscopy shows full recrystallization of the
template layer with some diffusion of the reactive Al into the GaAs to form a thin AlAs
layer below the interface.
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6.2 Background Information

The ferromagnetic phase of MnAl is compositionally tuned with Mn between 5060 atomic percent (Figure 6-1a). This results in the tau phase with the CuAu I-type (L10)
tetragonal crystal structure (Figure 6-1b). MBE growth of τ-MnAl films goes back to
work at Bell’s labs in the early 1990’s[90], [127], [129]–[132]. Based on work with NiAl
it was shown that a GaAs or AlAs layer could be grown on top of τ-MnAl. This is
unexpected because the GaAs is a non-centrosymmetric and is a higher symmetry
material than τ-MnAl. This was accomplished by shuttered growth of the Ga (Al) layer
and then exposing it to As to form GaAs (AlAs) [92], [131].

Figure 6-1. (a) Phase diagram for MnAl showing the τ phase from J. H. Park et al.[121]. (b) Crystal structure of
τ-MnAl and AlAs from T. Sands et al. [127].
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6.3 Experimental Methods

The τ-MnAl films were grown by molecular beam epitaxy on GaAs (001)
substrates using an Epi 930 system. A 10 nm GaAs buffer is first grown on the GaAs
(001) substrate at 580 °C to smooth out the desorbed surface and provide a clean
interface. The sample is then cooled down to ~20 °C, which takes more than one hour.
This provides time for excess As in the system to be pumped out to prevent the highly
reactive Al or Mn from forming As based compounds. Then, a template layer is
deposited of a monolayer of Al then a monolayer of Mn. The thickness is roughly
calculated by Rutherford backscattering and calibrated to the beam flux measurements
for each element. From refractive high energy electron diffraction (RHEED), the film has
gone from the highly ordered GaAs surface to the amorphous template. The film is then
annealed to approximately 250 °C as measured by KSA BandiT temperature monitor of
the GaAs substrate. Under RHEED, the surface reconstruction shows a crystalline
surface similar to previous work. Now, Mn and Al are simultaneously turned on to grow
a film of approximately 15-20 nm. After which, an Al cap is deposited again at ~20 °C to
prevent oxidation.

6.4 Results

The magnetic properties of the film are characterized by superconducting
quantum interference device (SQUID) and Hall measurements in a physical properties
measurement system (PPMS). For the SQUID a piece of film approximately 8 mm2 is
loaded into the system. In a 5 T SQUID, the out of plane magnetic properties can be fully
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characterized (Figure 6-2a) at room temperature. The films have uniaxial magnetization
along the c-axis with roughly 1 T coercivity and a saturation magnetization of up to 400
emu/cc. For the measurements of the magnetic field along the sample plane the
magnetization never fully saturates. Figure 6-2(b) shows the effect of annealing on the
magnetization the τ-MnAl film. The saturation magnetization increases while the
coercivity decreases. This indicates that the as-grown film may have grain boundaries
that affect the magnetization. The annealing process allows the crystal to become more
ordered.

Figure 6-2. (a) SQUID magnetometry at 300 K shows large PMA. With the applied magnetic field along the
sample surface, the magnetization does not saturate, even at 5 T. (b) Out of plane magnetization of an as-grown
and annealed τ-MnAl film.

To accurately measure the anisotropy constant (Ku), a τ-MnAl film was patterned
into a Hall bar using standard photolithography and a physical Ar etch. Figure 6-3 shows
the out-of-plane and in-plane magnetoresistance from 2 K to 300 K. From these Hall
measurements, the τ-MnAl film exhibits similar out-of-plane coercivity as found by
SQUID magnetometry. For the in-plane magnetic field, the Hall resistance should go to
zero as the sample magnetization goes fully in-plane. This is not seen even up to 9T
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(Figure 3b), indicating the strong out-of-plane magnetic anisotropy of the film.

Figure 6-3. (a) AHE of the τ-MnAl film at different temperatures shows the slight increase in coercivity as
temperature decreases. (b) Hall resistance for the in-plane applied field at 2 K to 300 K. The resistance never
saturates indicating that at 9 T the film magnetization is still slightly out-of-plane.

Using XRD the observed τ-MnAl peaks (Figure 6-4) are shifted to higher angles than
reported in the crystal database. This indicates the thin film is under tensile strain from the lattice
mismatch with the substrate. But the shift is still close enough to the reported τ-MnAl peaks to
not be from the ε-phase. There is no indication of a second phase being present which is
consistent with a high-quality growth.

Figure 6-4. X-ray diffraction spectroscopy of MnAl film grown at 250 °C. Observed peaks indicated the MnAl is
under tensile strained. Resulting in an enlargement of the a and b lattice constant from lattice mismatch.
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Transmission electron spectroscopy reaffirms the crystallinity of the films seen in
x-ray diffraction. Using scanning TEM, well-ordered atomic columns are observed. The
full recrystallization of the low-temperature template can be seen by the sharp interface
between GaAs substrate and the MnAl film. With energy-dispersive X-ray spectroscopy
(EDS) the composition ratio of Mn to Al can be verified as close to 54-56% depending on
the growth. Diffusion and oxidation can also be quantified. The thin black area below the
interface in Figure 6-5 is confirmed to be a thin AlAs layer with GaAs above. From EDS,
some films had a Mn layer diffuse to the surface and oxidize.

Figure 6-5. The MnAl growth on GaAs can be quantified by cross-section TEM. a) The expected
tetragonal structure of the τ-MnAl is observed with a sharp interface to the substrate. Confirmation of complete
crystal reconstruction of the low-temperature template. Using STEM and EDS the black area below the
interface is determined to be caused by Al diffusion forming AlAs. b) EDS shows composition control of Mn and
Al.

6.5 Conclusion

In conclusion, highly crystalline τ-MnAl can be grown by molecular beam
epitaxy. Thus, obtaining films with strong perpendicular magnetic anisotropy as reported
by SQUID magnetometry and electrical measurements. These films could be used as the
perpendicular ferromagnetic for spin orbit torque switch by a topological insulator.

89

Additionally, though not reported here, the spin polarization of the τ-MnAl film was
measured by point contact to be approximately 50% in Prof. C. L. Chien’s lab at John
Hopkins University. Feature work includes measuring of the damping constant by timeresolved MOKE and interfacing with topological insulators.
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Chapter 7
Conclusion
In this dissertation, the growth of topological insulators on ferromagnetic insulators has
been explored. Chapter 3 demonstrated a method for achieving growth of TI on YIG and for the
improvement in (Bi, Sb)2Te3/YIG growth. These films have been used in my own work, my
colleagues at Penn State, and collaborations with groups at other universities. Specifically, the
improved (Bi, Sb)2Te3/YIG samples have increased the photocurrent signal measured by Yu Pan.
Though it is worth reiterating that there was one hero sample, those with lower crystallinity
seemed to have lower photocurrent signal. Therefore, the growth and interface of (Bi,
Sb)2Te3/YIG structure will be further explored using XRD, spin pumping, and photcurrent
measurements.
As outlined in Chapter 4, the spin charge conversion efficiency in TI/YIG samples was
characterized by FMR spin pumping. We determined for Bi2Se3/YIG the spin charge conversion
efficiency was dominated by the surface states. Before leaving Penn State, more (Bi, Sb)2Te3
samples with no seed layer will be grown for spin pumping measurements. The initial (Bi,
Sb)2Te3 samples measured in July 2017 by spin pumping were grown with other YIG for FMR
measurements in Jing Shi’s group. Samples with thickness 3, 6, 9, 12, and 15 QL (Bi, Sb)2Te3
were sent to Jing Shi’s group as part of a collaboration between them and Prof. Cui-Zu Chang.
This is an indication that in our samples, we should also see a strong spin pumping signal.
In Chapter 5, the hysteretic magnetoresistance in TI/YIG is presented. This behavior
could be a magneto-caloric effect. From discussion with Prof. Michal Flatté, he proposed this
could be heating from a paramagnetic disorder in the YIG coupled with a phonon bottleneck
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effect. We are in the process of working with Prof. Flatté to build a more rigorous model for this
system. With this model, we will prepare Chapter 5 for submission to Applied Physics Letters.
Finally, in Chapter 6 we reported the growth of single-phase τ-MnAl by MBE. The
magnetic properties show a strong out-of-plane magnetic anisotropy. This was confirmed in
transport measurements. The growth and characterization of τ-MnAl in Chapter 6 will be
prepared for submission to Applied Physics Letters, Materials. τ-MnAl could be used the
perpendicular ferromagnetic in topological insulator devices. The ability to grow both layers insitu could yield a sharp interface, which is ideal for manipulation of the ferromagnetic by the TI
surface states.

7.1 Collaborative Projects: Completed and Ongoing
During my Ph.D. I had the privilege to collaborate with many groups for measurements
and unique substrates. The following are a summary of the major ongoing projects and their
results using topological insulators. First is the collaborative work detecting the magnetic
fluctuations in TI/FM and TI/FMI heterostructures using the unidirectional spin Hall
magnetoresistance method. With the TI/YIG heterostructures switching of the magnet was also
observed. Lastly is the work on TI/BaM where our collaborators have used demonstrated pulsed
current switching of the BaM thin film substrate.

7.1.1 Collaborative Work on Unidirectional Spin Hall Magnetoresistance in TI/CoFeB
The following is work done in collaboration with Yang Lv and Prof. Jian-Ping Wang at
the University of Minnesota (UMN) as part of the C-Spin funding project, a SRC and DARPA
program. The TI films were grown by MBE on InP (111)A substrates and sealed in argon for
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transport to UMN. There the ferromagnetic top layer of CoFeB was deposited and
magnetoresistance measurements were carried out.
Recently, normal metal/ferromagnetic metal structures have used a new method for
electrically detecting the magnetic behavior in in-plane magnetic systems. By sourcing a current
at frequency ω, the second harmonic (2ω) longitudinal resistance R2ω is measured. For angledependent magnetoresistance, the resistance Rω will have a cosine dependence. The cosine
dependent effects observed in Rω are the anisotropic magnetoresistance (AMR) and the spin Hall
magnetoresistance (SMR). In the second harmonic resistance, there is a maximum in the
resistance magnitude when the magnetic field is in-plane and perpendicular to the current
direction. This effect has been termed the unidirectional spin Hall magnetoresistance (USMR) in
heavy metal/FM bilayers [133], [134]. The USMR effect is a possible path for a new magnetic
detection device.

Figure 7-1. Longitudinal resistance. (a) Longitudinal resistance measurement setup and definitions of rotation
planes. (b) First harmonic and (c) second harmonic resistances of 10 QL BST sample at 150 K is shown when the
external field is rotated in three orthogonal planes. The starting points and zero angles are at x+, y+ and z+, the
directions of rotation of increasing angle are x to y, z to x and z to y, for xy, zx and zy rotations, respectively.

Using this second harmonic measurement, a topological insulator is used to measure
USMR effect in TI/FM bilayer. Because there could be a Rashba-Edelstein interaction from the
surface states, we have renamed the signal seen for the TI/FM as the unidirectional spin Hall and
Rashba-Edelstein magnetoresistance (USRMR). At temperatures between 150 K and 70 K, the
USRMR effect is observed in TI/FM. Figure 7-1 shows an example first and second harmonic
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resistances for a 10 QL (Bi, Sb)2Te3/CoFeB bilayer. Figure 7-2 schematically shows the high and
low resistance states seen in the TI/FM bilayer.

Figure 7-2. Illustration of USRMR in TI/FM bilayer. Spin-polarized current is generated at the interface and in
the bulk when a charge current is applied. The relative direction of the spin polarization to the magnetization of
either (a) parallel and (b) anti-parallel results in different resistance states.

Figure 7-3. Summary of USRMR. (a) Sheet USRMR per current density and (b) USRMR per current density per
total resistance of all four samples at various temperatures. BS{x} or BST{x} are abbreviations of BS or BST
samples of {x} QL thicknesses.

With careful measurements to rule out thermal effects from the Rω, we determine that the
reported resistance ratio here is higher than those reported in NM/FM. This demonstrates a
possible pathway to utilize topological insulators as detectors in magnetic systems. Figure 7-3 are
the reported USMR values for different TI films normalized to the current density and the sample
resistance. While this work is currently under review at Nature Communications we have
investigated this effect in TI/YIG bilayers. In the TI/YIG samples, we see a similar effect to
TI/FM. For in-plane ferromagnets, it is difficult to measure the magnetization direction because
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there is no AHE as seen for perpendicular magnets. The USRMR allows for detection of
magnetization of the YIG using a TI. Using the SOT of the TI, we demonstrated current
switching of the YIG magnetization as measured by the USMR resistance. This is an exciting
result that has been accepted for publication in Nature Communication as of November 2017.

7.1.2 Collaborative Work on Unidirectional Spin Hall Magnetoresistance in TI/YIG
Using the two-step growth method for Bi2Se3 on YIG, I sent samples to Yang Lv for
patterning and magnetoresistance measurements. Similar to the TI/CoFeB work, in the TI/YIG
films the second harmonic resistance depends on magnetic field direction. Using the
unidirectional spin Hall magnetoresistance our collaborators at the University of Minnesota have
demonstrated switching in the Bi2Se3 films on YIG. This works is currently being prepared for
submission.

7.1.3 Switching of BaM with SOT from TI
Since May 2017, I have been working with Peng Li in Prof. Mingzhong Wu’s group at
Colorado State University on using a TI to switch a ferromagnetic insulator. They have been
sending us thin films of barium ferrite (BaFe12O19, BaM) on c-sapphire, which we used as
substrates for topological insulator growths. A recent sample of Bi2Se3 (170620B), of
approximately 6 QL thickness with an 18 nm Te cap, has yielded results of current switching.
Peng Li observed this at Argonne National Lab using pulsed current switching. The sample was
grown using a clip-mount on a molybdenum block. The initial layer was grown for 90 sec at
Ts=260 °C. The substrate was then raised to 290 °C while continuing the deposition. The
resulting RHEED pattern was streaky with arcs, indicating the film was rough or had some three-
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dimensional growth. Since the sample was then capped with Te to protect the sample there is no
AFM of the surface. AFM of the previous sample that was grown under the sample conditions (as
much as they can be) had a large roughness of 2.5 nm.
After these growths in July 2017, we are worked on improving the TI films on BaM by
increasing the higher growth temperature. The sample from september showed an improvement
in the RHEED from the latter stages of growth. Using RHEED the first sample grown in the batch
(170912A) showed improvement in the RHEED with a post-growth anneal. Therefore, during the
second sample growth (170912B) we decided to increase the temperature mid-growth. This gave
a remarkable improvement to the RHEED pattern. A challenge when growing a TI film on BaM
is that the initial layer does not seem to easily stick to the surface. We would presume something
with the surface chemistry or energy prevents good adhesion of the TI film. Therefore, the initial
layer is started at 260 °C or lower. Even at this low of a substrate temperature, after 1 min 30
seconds of deposition there can be no or limited change to the BaM RHEED pattern. If these
initial conditions were to be used on YIG the RHEED would have changed by 90 seconds of
growth since for TI on YIG at 270-280 °C we see the RHEED change within 10-30 seconds.
With new BaM substrates in October, I was able to grow films on the indium mounted
block by adjusting the initial temperatures even lower. By beginning at 225 °C, the film coverage
seems much better—previously in September, parts of the film were transparent. Increasing the
substrate temperature mid-growth from 290°C to 310 °C further improved the RHEED pattern.
Film quality could possibly be further improved by going to a higher temperature, such as ~325
°C, once the film has seeded. Annealing at a higher temperature seems to also visibly improve the
RHEED. The films from October 2017 were sent to Peng Li while he was at Argonne National
Lab for measurements. The data from these experiments needs to be fully analyzed. From initial
discussions switching did occur in these films but the coupling between the TI and BaM may be
weaker.
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Appendix A
Topological Growth on Epitaxial Graphene
Epitaxial graphene is formed by high-temperature sublimation of Si out of a SiC (0001)
substrate. This forms wafer scale, uniform graphene sheets on the SiC substrate that was used to
characterize TI growth on graphene. For spintronics a TI layer can be used to inject spin into the
graphene layer. Graphene is known to have high electron mobility that enables large spin
diffusion lengths. Early work on TI growth have previously used epi graphene substrates, we
explored this for the possibility to transfer the process to exfoliated graphene.
Figure A-1(a-b) shows the AFM and RHEED for an epi-graphene substrate with a few
layers of graphene. Figure A-1(c) shows the RHEED pattern has changed to the TI pattern after
the Bi2Se3 growth.

Figure A-1. (a) AFM of epi-graphene on SiC with approximately 0.32 nm roughness. (b) RHEED at 12 keV of
epi-graphene on SiC. (c) RHEED of Bi2Se3 on the epi-graphene/SiC.

To characterize the growth multiple substrate temperatures were used. Figure A-2 shows
the AFM for these single-step Bi2Se3 growths at different temperatures. At the highest
temperature of 325 °C, the substrate is not completely covered. While at the lowest temperature
of 265 °C, the film has rods on the surface. For this reason, I decided to try a two-step growth.
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This way, the initial film would fully cover the substrate and the subsequent film at a higher
temperature would improve the film quality. Figure A-3 shows the resulting AFM and XRD
using the two-step growth of an 8 QL Bi2Se3 film. The first 2 QL of Bi2Se3 were deposited at 265
°C then heated to 315 °C to growth the remaining 6 QL.

Figure A-2. Single-step growth of Bi2Se3 on epi-graphene at different temperatures. (a) AFM of Ts = 325 °C with
voids. (b) AFM of Ts = 295 °C with fewer voids and the start of rods forming. (c) AFM of Ts = 265 °C with
continuous films but many rods from for too low of a growth temperature.

Figure A-3. two-step growth of 8 QL Bi2Se3 on epi-graphene. (a) AFM of the final film with the roughness of 1.3
nm. (b) XRD 2θ-ω scan of the film shows Bi2Se3 peaks up to high angles.
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Figure A-4 shows the STEM for this 8 QL Bi2Se3 sample. In bright-field STEM, the
lighter Si and C layers are clearly visible. In dark-field STEM the heavier atoms in the TI layers
become brighter. From the STEM the Bi2Se3 and graphene form a sharp interface.

Figure A-4. High-resolution TEM of an 8 QL Bi2Se3 film on epi-graphene/SiC substrate. With bright-field
STEM on the left, the graphene and SiC layers are clearly visible with the Bi 2Se3 on top. On the right, the
heavier Bi2Se3 is clearly visible with HAADF-STEM.

Figure A-5 shows the AFM and XRD for the (Bi, Sb)2Te3 film grown at 295 °C on a 2
QL Bi2Se3 seed layer grown at 265 °C. The film has a higher roughness and small XRD peaks
indicating the film growth was not as good as the Bi2Se3. Further improvement of the growth is
needed by control the growth temperature.
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Figure A-5. A sample of 8 QL (Bi, Sb)2Te3 on 2 QL Bi2se3/epi-graphene. (a) AFM of the film shows rod-like
defects from either growth temperature or another growth defect. The final film has a large roughness of
approximately 2.5 nm. (b) XRD of the resulting film shows small peak intensity compared to Bi 2Se3 film.

From the TEM though the film looks well ordered. Figure A-6 shows the STEM of this
8QL BST/2QL BS/epi-graphene structure. From the image alone, it is not possible to distinguish
the interface between the BST and BS layer.

Figure A-6. High-resolution STEM of an 8 QL (Bi, Sb)2Te3 on 2 QL Bi2Se3 film epi-graphene/SiC substrate.
With bright-field STEM on the left, the graphene and SiC layers are clearly visible with the TI on top. On the
right, the heavier TI layers are clearly visible with HAADF-STEM. Without elemental analysis of the STEM
image, it is not possible to distinguish the two TI layers apart. This indicates that the TI layers have a clean
interface between each other and the graphene.

Figure A-7 Shows Raman spectroscopy for the different samples discussed above. The
Bi2Se3 has higher peak intensity indicating the higher quality crystal it formed.
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Figure A-7. Raman spectroscopy of an 8 QL Bi2Se3 on epi-graphene and 8 QL (Bi, Sb)2Te3 on Bi2Se3 seed layer
on epi-graphene. As seen here, the pure Bi2Se3 sample has a much better Raman signal. This higher signal is
expected since the Bi2Se3 film was more crystalline as seen by XRD.
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Appendix B
List of Samples Sent to Collaborators
It should be noted that some of the ship dates are approximates. Below are the sample
lists for TI samples sent to collaborators at different universities. Most of these collaborations
were done as part of C-Spin. Main people involved: Peng Li in Mingzhong Wu’s at Colorado
State University for BaM; Yang Lv in Jian-Ping Wong’s group at university of Minnesota on
USMR; and Andre Mkhoyan’s group at University of Minnesota for TEM.
Table 7-1. Table of topological insulator samples shipped to collaborators. Listed are the person, group
and university where the sample was sent and sample number. Additional columns give details on the sample
and other relevant information.

Ship Date

Group

Samples

Purpose/Details

Notes

9/29/2015

Roland
Kawakami,
OSU

~9.5nm Bi2Se3 on
sapphire (150924A)

Optical
measurements

Kept half for
XRR

10/1/2015

Mingzhong
Wu,
Colorado
State Univ

(Bi,Sb)2Te3 (150729B) on FMR
BaM (06-01-15) from
Prof. Wu

10/15/2015 Mahdi in
Jian Ping
Wang's
group.
UMN.

~6QL* Bi2Se3 on InP
(151013A)
~20QL* Bi2Se3 on InP
(151013B)

Spin measurements. Kept a small
Depositing CoFeB
piece of each
sample for XRR
(*not done yet
so thickness are
approx from
time of growth)

11/2/2015

~7QL (Bi,Sb)2Te3 on STO
(151029A)
Al capped ~7QL
(Bi,Sb)2Te3 on STO
(151102A)

Spin measurements.
Depositing CoFeB. Al
capped sample is for
reference.

Mahdi in
Jain Ping
Wang's
group.
UMN.
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11/19/2015 Richard in
Bokors
group
(UCB)

~Al capped ~7QL
(Bi,Sb)2Te3 on STO
(151008B)

11/19/2015 Mahdi in
Jain Ping
Wang's
group.
UMN.

151117B - 6QL

MHSG

Hall bar scribed.
2min30sec Al.
Step hight from
AFM~10nm
Kept a small
piece of each
sample for XRR

(Bi,Sb)2Te3 on InP(111)

12/19/2015 Yang in Jain 151216B - 6QL
Ping
(Bi,Sb)2Te3 on InP(111)
Wang's
group.
UMN.

Kept a small
piece of each
sample for XRR-Sample turned
out to be very
rough from
AFM

12/21/2015 Danielle
UMN for
TEM

151113A- 6QL Bi2Se3 on
YIG

TEM for paper

Sent small piece
and kept other
piece that was
used for XRR
and got
scratched after
xrr to try xrd on

2/1/2016

Prof. Chien
JHU

160120C-6QL Bi2Se3 on
30nm YIG with 2nm AL
cap

Thermal spin
measurements

AFM is rougher
than it should
be

2/1/2016

Yang in JP
160119B-10QL Bi2Se3 on
Wang's
InP
group UMN

InP either over
desorbed or
flux ratio is off.
XRR shows
10QL

Yang in JP
160217B-10QL Bi2Se3 on
Wang's
InP
group UMN
5/12/2016

Neal/Dan
Ralph

160511A-Al capped
Bi2Se3 on YIG

AFM ok

5/23/2016

Neal/Dan
Ralph

160520B-Al capped
Bi2Se3 on YIG

AFM better
than previous
sample
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6/2/2016

Gordan in
~9.5nm Bi2Se3 on
Paul
sapphire (150924A)
Cowell's
group UMN

6/21/2016

Danielle at
UMN

6/30/2016

Yang in JP
160628A,C -20QL
Wang's
(Bi,Sb)2Te3 on InP111A
group UMN

C better than A.
did AFM on full
piece of C.

7/11/2016

Yang in JP
160711C- 10QL Bi2Se3 on
Wang's
InP111A
group UMN

Was labeled A.

8/1/2016

Yang in JP
160729B-10QL
Wang's
(Bi,Sb)2Te3 on InP111A
group UMN

8/3/2016

Gordan in
160725A-10QL
Paul
(Bi,Sb)2Te3 on SrTiO3
Cowell's
111
group UMN

8/31/2016

Neal
160825A-Al capped 6QL
Richards,
Bi2Se3 on InP (111)A
Dan Ralph's
group
Cornell

9/1/2016

Yang. JP
160831B-Al capped 8QL
Wang UMN Bi2Se3 on 20nm YIG?

9/7/2016

Yang. JP
160905B-Al capped 8QL
Wang UMN Bi2Se3 on 20nm YIG?

Bi2Se3 on TEM grid from

10/11/2016 Yang. JP
161008,161009,161010
Wang UMN Bi2Se3 on 30nm YIG

Rest of sapphire
piece

In-plane TEM

2 4QL, 2 6QL, 1 8QL,
1 15QL

11/28/2016 Sasi at Intel 160414A Bi2Se3 on InP
01/09/2017 Neal, D.
Ralph
Cornell

170104A-jk-Al capped
6nm Bi2Se3 on 20nm YIG

01/18/2017 Yang. JP
170115A Bi2Se3 on 30nm 10nm Bi2Se3 30nm
Wang UMN YIG
YIG

104
01/18/2017 Yang. JP
170116A Bi2Se3 on
Wang UMN 15nm, 30nm YIG
02/09/2017 Neal, D.
Ralph
Cornell

8nm Bi2Se3 on 1
15nm YIG, 1 30nm
YIG

170201A-jk-Al capped
12nm Bi2Se3 on 20nm
YIG

2/16/2017

Yang. JP
170215A-JK-Al capped
Wang UMN 10nm Bi2Se3 on 30nm
YIG

10nm Bi2Se3 30nm
YIG

2/24/2017

Sasi at CR,
Intel

Both Al capped
10nm Bi2Se3

170219B-JK-Bi2Se3 on
Sapphire, 170214B-JKBi2Se3 on GaAs 111A

5/20/2017? Peng Li,
Colorado
state

170518B Te capped 6nm
Bi2Se3 on BaM

7/13/2017

170706A Al capped 10 QL
Bi2Se3 on YIG

Yang Lv,
UMN

8/08/2017? Peng Li,
Colorado
state

170620B Te capped 6nm
Bi2Se3 on BaM

10/10/2017 Peng Li,
Colorado
state

170912B Te capped 6nm
Bi2Se3 on BaM

10/30/2017 Peng Li,
Colorado
state

171026A and 171027A Te Sent to Peng Li while
capped 6nm Bi2Se3 on
at Argonne National
BaM
Laboratory

Sent only b? (a was
more transparent)
Sent to
Chong Bi at
University of arizona
state for processing
for Peng Li
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