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ABSTRACT

Topological insulators (TIs) are an exciting class of material desired for potential
applications to spintronics and low-power electronics. The bismuth chalcogenides are canonical
example materials that exhibit these properties. These materials are often synthesized as thin
films using molecular beam epitaxy (MBE) thin film deposition.

This technique, while

powerful, is limited by issues of substrate compatibility, wherein the interfacing materials of the
greatest experimental interest are not always the materials on which TI thin film grows with the
highest quality or with the sharpest interface.
There is, therefore, a desire to be able to grow a thin film of bismuth chalcogenides on a
substrate on which they grow to a high degree of crystallinity and then transfer that film to a
substrate of interest. Such a technique was described by Bansal, et al. in 2014.
We have characterized the effectiveness of this technique using atomic force microscopy
(AFM), x-ray diffraction (XRD), and transport studies – finding that it engenders very little
damage to the film and that transferred films are, for all intents and purposes, equivalent to
unaltered MBE-grown films.
We explore applications of this technique to TIs interfaced with the ferrimagnet yttrium
iron garnet (YIG) in order to explore coupling between the magnetization of the YIG and the
unique spin states on the surface of the TI. We also utilize this substrate transfer technique for
simplified plan view transmission electron microscopy (TEM) sample preparation used for the
characterization of our MBE process.
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Chapter 1
Topological Insulators
Topological insulators (TIs) are a class of material that exhibit the property of having an
insulating bulk as well as conducting surface states. In more practical terms, this means that a
material that is a topological insulator will be able to conduct electricity on its surface even
though the rest of the material is an electrical insulator. This defining property of TIs, as well as
many others, are particularly compelling, not only due to their potential for technological
applications, but because they emerge theoretically due to considerations of topological order.
In 1937, Lev Landau established the theoretical framework for describing generalized
phase transitions. This work set forth the standard understanding that a phase, which can be
thought of as a set of emergent properties of a system, is described in terms of an order
parameter and a corresponding broken symmetry. This order parameter varies from 0 to some
finite value and describes the deviation of the system from its original phase and corresponding
symmetries to a fully deviated state - a new phase with new symmetries. This process is
referred to as symmetry breaking and became the basis for our understanding of how systems
transition from one phase to another and how observable properties emerge.1
This explanation sufficiently described all physical systems until the discovery of the
integer quantum Hall state in 1980 by Klaus von Klitzing.2 This state arises in a 2D electron gas
subject to a large magnetic field. Due to the field, the electrons take on cyclotron motion with
quantized energies called Landau levels given by
𝜀𝑛 = ℏ𝜔𝑐 (𝑛 + 1⁄2)

(𝑛 = 0, 1, 2, 3 … )

𝑒𝑞𝑛. 1.1

2

where ωc is an angular frequency given by
𝜔𝑐 =

𝑒𝐵
𝑚∗

𝑒𝑞𝑛. 1.2

where e is the elementary charge, B is the applied magnetic field, and m* is the effective mass of
the carrier.3 On the edges of this material, the cyclotron motion is disrupted and can result in a
current in the presence of an electric field as shown in Figure 1 with a Hall conductance
quantized in accordance with the energy levels of the cyclotron motion as follows
𝜎𝑥𝑦

𝑒2
=𝑁
ℎ

𝑒𝑞𝑛. 1.3

where N is the number of filled Landau levels.
This state is peculiar in that it does not have an associated order parameter and cannot be
understood within the context of Landau’s theory of phase transitions.

Figure 1: Cartoon of the cyclotron motion and edge states of the quantum Hall state.

This state, instead, must be understood in terms of topological order. Trivial materials
have a band structure that can be generated by smoothly deforming the band structure of the
vacuum. In 1982, theorists Thouless, Khmoto, Nightingale, and den Nijs noticed that the
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quantum Hall state cannot be generated in this way. No smooth deformation of the vacuum band
structure could result in the band structure of the quantum spin Hall state.4
The common analogy for this concept is also a classic example in topology. Consider a
coffee cup and a donut. The donut can be smoothly transformed into the coffee cup as shown in
Figure 2.3

Figure 2: The smooth deformation of a donut into a coffee cup - illustrating the genus of the shape.5

Because this smooth transformation is possible, these two objects are said to be of the
same genus. Similarly, one can imagine that it is possible to smoothly transform an orange into a
saucer - making them the same genus. The genus is determined by the number of holes in the
object; the coffee cup and donut both with one hole and the orange and the saucer with none.
The generalized version of genus that applies to the topological consideration of band
structures is called the Chern invariant and is given by the following equation
𝑁

1
∑ ( ∫ 𝑑 2 𝑘 ℱ𝑚 )
2𝜋 𝐵𝑍

𝑒𝑞𝑛. 1.4

𝑚=1

where N is the number of occupied bands, Ƒ is the Berry flux (related to the phase shift of a
Bloch wave function caused by moving in a closed loop around k-space) and the integral is
performed over the Brillouin zone.3
The Chern invariant is not altered by smooth transformations of the system and is thus
robust to perturbations and termed to be topologically protected. This can be used to describe
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the phase and its emergent properties instead of the Landau conventions that failed to describe
this system.
Once this topological phase of matter was discovered, other similar systems began to be
explored for topological properties. The quantum spin Hall state is one such state.

The

quantum Hall state quite obviously does not have time reversal symmetry due to its dependence
on cyclotron motion. If one has a material with strong spin-orbit coupling, however, time
reversal symmetry can be maintained and edge states similar to those found in the quantum Hall
state can exist without the presence of a magnetic field. This new state, also topologically
protected, was first found to exist in the 2D electron gas at the interface of HgTe/CdTe quantum
wells in 2006 by Bernevig, Hughs, and Zhang.3,6
It was not long before people sought to find a 3D material that intrinsically exhibited
similar states. These 3D quantum spin Hall materials came to be known as topological
insulators.
Several groups of theorists, working independently, began to predict what materials
might have such properties. In the 3D case, it should be noted that edge states give way to
analogous surface states. The first such material in which these properties were observed were
bismuth antimony alloys. This was achieved by observing surface states directly using angle
resolved photoemission spectroscopy (ARPES) in a study by Hasan.7 Larger band gap
topological insulators were later discovered by similar techniques - including the bismuth and
antimony chalcogenides that are the materials system dealt with in the experimental portions of
this thesis.8
With experimental confirmation of this exotic state, in recent years, researchers have
begun to explore the potential technological applications of these materials. They have received
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particular attention as candidate materials systems for spintronics (electronics that are able to
exploit the spin degree of freedom) as well as low-power electronics. Their role in such
technologies can be understood using the following phenomenological descriptions of their
properties.
A cartoon of the band structure of a topological insulator is shown in Figure 3. Much like
a trivial insulator, there is a valence band and a conduction band separated by a bandgap. There
are, however, surface states that arise from the 3D quantum spin Hall effect that bridge the band
gap and thus allow a current to be conducted on the surface of an otherwise insulating
material. These surface states meet at a single point in energy-momentum space in the form of
two tip-to-tip cones called the Dirac cone. This is a familiar band structure most commonly
associated with graphene. If a section of the Dirac cone is taken at a given Fermi energy it is
found that the spins of the electrons flowing in the surface state are perpendicularly locked to
their momentum. This is termed spin-momentum locking. This property, in particular, makes
these promising materials for spintronic applications. Due to this spin-momentum locking, any
current on the surface will have a net in-plane spin polarization. Furthermore, a charge current
must necessarily result in a spin current. This ability to couple spin currents and traditional
charge currents is extraordinarily valuable in the effort to exploit the spin degree of freedom for
next-generation electronic devices.3
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Figure 3: Cartoon of a topological insulator’s band structure as well as an illustration of spin-momentum locking.

Another key feature of these materials is their 𝜋 Berry phase. The Berry phase is the
phase shift that occurs in a wave function when it completes a full closed loop around kspace. In the case of topological insulators this phase shift is 𝜋. If one imagines the path an
electron would take in order to scatter backward off of some point-defect, as shown in Figure 4,
it is clear that any path directly backwards would involve a full closed path around kspace. Thus, this path will incur the phase change of 𝜋. Therefore, a directly backscattered wave
function will completely destructively interfere with with the incident wave function. In this
way, direct backscattering is forbidden in a topological insulator. This makes them attractive
materials for application to electronics that seek to minimize ohmic heating.3

Figure 4: Cartoon of a scattering process, illustrating that a closed loop around k-space must occur for a directly
backscattered electron.
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The motivation to study these unique materials is two-fold, both in general and in the
case of the work detailed in this thesis. It is compelling work as an exercise of pure scientific
curiosity - physically realizing materials that overturned and expanded our understanding of how
physical properties emerge, but also fascinating as an endeavor to control and exploit these
properties for new technologies.
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Chapter 2
Bismuth Chalcogenides
The family of topological insulators that are the primary focus of this thesis are the
bismuth chalcogenides. These compounds are of the form Bi2A3 where A is either selenium or
tellurium. Dopants such as antimony are often introduced in the bismuth sites. These materials
are inherently semiconductors though they are often unintentionally doped by selenium/tellurium
vacancies to a metallic state.
Crystallization occurs as a stack of weakly bonded layers. Each layer, commonly
referred to as a quintuple layer, consists of five layers alternating bismuth and
selenium/tellurium. Within these layers there is strong covalent bonding, though between
stacked quintuple layers there is only van der Waals bonding - a structure reminiscent of
graphite.7

Figure 5: The crystal structure of bismuth telluride and selenide.

9
Theoretical considerations of these materials’ band structures by Zhang, et al. in 2009 predicted
the topological surface states – forming a single Dirac cone.8 The theoretical band structures predicted
by these researchers and shown in Figure 6 have been confirmed experimentally by the direct imaging of
the bands using ARPES.

The bismuth chalcogenides have since become the most promising and

canonical examples of topological insulators.

Figure 6: Theoretical band structures of bismuth and antimony chalcogenides - predicting topological surface
states (except for in Sb2Se3) forming a single Dirac cone.8
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Chapter 3
Synthesis and Sample Preparation
Molecular Beam Epitaxy:
Since the properties of interest in a topological insulators exist in the surface state, it is
desirable to synthesize these materials in the form of thin films on the order of tens of
nanometers in thickness - maximizing the ratio of surface to bulk and thus ensuring that the
observed properties will be dominated by the surface states. In the case of these experiments,
this was achieved using molecular beam epitaxy (MBE).
Molecular beam epitaxy is a thin film deposition process that utilizes ultra-high vacuum
and elemental sources to give the operator fine control over composition, thickness, and
uniformity. A typical MBE system consists of a growth chamber maintained at ultra high
vacuum (~10-9 Torr), a load/lock chamber that allows for access to the growth chamber without
losing vacuum, elemental sources in the form of Knudsen effusion cells, and often some sort of
in situ characterization such as reflection high-energy electron diffraction (RHEED).
A substrate is placed in the growth chamber on a rotating chuck and is heated to expel
adsorbed gasses and water. Solid elemental sources are also heated within separate Knudsen
cells and begin to sublime small amounts of material which is contained by a shutter. The source
temperature and thus the number of molecules that are incident on the substrate is controlled so
as to achieve the desired stoichiometry in the final sample. After the substrate is outgassed, the
shutters are opened and the growth begins in an approximately atomic layer-by-layer manner as a
roughly collimated beam of source atoms are now incident on the substrate. The substrate
continues to be heated during this process so that once source atoms have adsorbed onto the
surface of the substrate they are still free to move and find favorable positions in a growing
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crystal lattice. Growth is mostly laterally uniform and thickness increases in an approximately
linear manner - characterized by a constant growth rate. A schematic of the growth chamber can
be seen in Figure 7.

Figure 7: Cartoon of an MBE system showing a standard arrangement of its components.

RHEED, also shown in Figure 7, is a common type of in situ characterization in an MBE
setup. A RHEED system consists of a high-energy electron gun and detector. The electrons are
incident on the surface of the sample at a shallow angle - allowing the technique to probe only
the surface of the thin film as it grows. The particular pattern that forms on the detector screen
will be determined by the diffraction of the electron beam by the growing crystalline lattice. It is
well known that in a 3D crystal, diffraction results in an array of bright spots in reciprocal
space - the Fourier transform of the real space lattice. It stands to reason that if a crystal is
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restricted to two dimensions - such as the surface of the growing film that a RHEED system sees,
the array of dots will give way to a set of vertical streaks. Furthermore, using this reasoning,
regularly monitoring RHEED during growth can be used to ensure that 2D layer-by-layer growth
is occurring in that, if streaks begin to coalesce into dots, it is indicative of the development of
3D features.
Because the overall intensity of the RHEED signal is dominated by reflection, the overall
intensity of the signal will vary with the completeness of the layer on the surface - with lower
reflectivity on rough, incomplete layers and higher reflectivity on smooth complete layers. In
this way, by tracking the oscillations in the intensity of a RHEED signal, the frequency of layer
completion and thus the growth rate can be determined.
The Samarth research group utilizes a commercial Epi 620 MBE system to produce
bismuth chalcogenide films. This system is shown in Figure 8.

Figure 8: The Epi 620 MBE system.

Often, epitaxy processes are executed with the purpose of using the substrate crystal
structure and lattice constant as a template for the grown film - making it an incredibly valuable
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technique for growing films with the same composition as the substrate or introducing strain in a
film. The epitaxy done in the Samarth group, however, is so-called van der Waals epitaxy where there is only weak van der Waals bonding of the films to the substrate and very little
impact of the substrate crystal structure on the crystal structure of the film. This allows for much
greater freedom in substrate selection. This capability is enabled by the weak van der Waals
bonding between the layers of bismuth chalcogenides. The experiments presented in this thesis
focus on growth performed on sapphire substrates.
Despite this weak interaction at the interface, the particular characteristics of the substrate
will still have a large impact on the quality of growth. It can sometimes be necessary to consider
pre-deposition treatment of the substrate in an effort to improve the crystallinity of the film. In
an effort to improve the quality of our own bismuth selenide films, we have had great success in
transitioning from commercial c-axis oriented substrates to commercial substrates with a 0.25
degree miscut annealed at 1000 °C for two hours. Miscutting a substrate means that when
wafers are cut from bulk crystal the cut is made at a small deliberately off angle - populating the
surface of the substrate with step edges. These edges can help to promote layer-by-layer growth
by providing nucleation sites at the step. Annealing before growth can help to reduce defects
and imperfections on the surface that would hinder good crystallinity. See Appendix A for more
details.

Substrate Transfer:
As powerful as the van der Waals epitaxy process is in allowing for a broad variety of
interfaces, there are simply some materials onto which a thin film will not grow to high quality
or with a clean interface - as is often experimentally desirable. There is, therefore, a desire to be
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able to grow a film of a topological insulator on a substrate that will yield a high quality film and
then transfer this film to a substrate or interfacing material of interest.
Such a process was first described for bismuth chalcogenides by Bansal in 2014. It is
based on this work that we have built our own substrate transfer efforts.9
The process begins with an MBE-grown film on an oxide substrate such as sapphire
(Al2O3). The MBE is generally performed on a small chip of a larger substrate. The chip is then
spin-coated with poly methyl methacrylate (PMMA) - a polymer commonly used as an e-beam
resist. This polymer layer is generally on the order of a micron in thickness and will serve as
structural support for the much thinner ( < 10 nm) topological insulator thin film as it is
physically manipulated. The greatest success has been seen with PMMA spun on at 4500
RPM. Small pieces of the growth substrate, film, and PMMA are cleaved off using a diamond
scribe. This is necessary both in order to get many samples from one film and because, during
the spin-coating process, some of the PMMA covers the TI/sapphire interface interfering with
future steps.

Cleaving the sample exposes this interface allowing the processing to

continue. What is now a small chip of material on the order of 5 mm square is placed on the
surface of a bath of 45% by weight potassium hydroxide (KOH). Though the chip is much more
dense than the chemical it will remain floating on the surface tension of the liquid. Vapors from
the KOH then begin to etch the substrate. At the interface between the TI and the substrate, this
etching allows the edge of TI to begin to delaminate from the substrate. Once this delamination
begins, the chemical is drawn into the small gap by capillary action. This begins a front of
delamination beginning at the edge of the chip moving inwards. Once this front reaches the
center of the chip the bare substrate falls to the bottom of the chemical bath leaving the TI and its
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PMMA support structure floating on the surface as shown in Figure 9. This process can take
anywhere from 5 to 45 minutes depending on unknown factors.

Figure 9: The free floating TI and support floating on the surface of the KOH after complete delamination.
The growth substrate can be seen sunk to the bottom of the liquid.

This free floating film can be carefully lifted out of the KOH and onto the surface of a
water bath to remove chemical residue. At this point the free-floating film can be lifted out of
the water bath and onto any substrate of interest, onto which it will readily adhere by van der
Waals forces. Once left to dry completely, the PMMA can be removed by soaking in successive
acetone and isopropanol baths.
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Figure 10: TI film after transfer to a silicon substrate.

It should be noted and seen in Figure 9 that some of the TI at the edge can be etched
away if it is exposed to the KOH for long periods of time. This etching, however, is quite
slow, and any issue associated with it can be readily avoided by only conducting experiments
and fabricating devices on the center of the transferred sample. This process has shown itself to
be a reliable and effective solution to substrate compatibility issues and, beyond that, an
opportunity for unique applications inaccessible to traditional thin film deposition
techniques. The characterization and application of this process are the primary focus of this
work.
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Chapter 4
Process Characterization
Atomic Force Microscopy:
Atomic force microscopy is an advanced profilometry technique that allows for fast
subnanometer scale characterization of surface metrology. A micron-scale cantilever is vibrated
at its resonant frequency by piezoelectrics. This motion is tracked by a laser incident on the back
of the cantilever and reflected into a spatially resolved photodetector which detects the
movement of the reflected beam based on the vibration of the cantilever. This cantilever is
brought close to the surface of the sample. Once sufficiently close, the resonant frequency will
be altered by weak, short-range interactions between the cantilever and the surface. The
cantilever is then vibrated with a sufficient amplitude that it regularly taps the surface. It is then
scanned across the surface altering its vertical position with a feedback loop maintaining
consistent tapping on the surface. In this way, the surface features can be mapped.
This is a valuable technique in characterizing both the MBE grown samples as well as
comparing the samples before and after substrate transfer. This comparison can be seen in
Figure 11.
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Figure 11: Comparison between the surface features of a bismuth selenide film before (left) and after
(right) substrate transfer. The large blotches on the right image are residual PMMA.

The large white blotches seen on the sample after substrate transfer are simply residual
PMMA that is often difficult to fully remove. If one looks past these features, it is apparent that
the samples retain similar surface features throughout the processing as well as their
subnanometer roughness - with a root mean square roughness of 0.53 nm before transfer and
0.63 nm after transfer. This data is a key indication that the substrate transfer process,
astoundingly, does very little damage to the TI thin film.

X-Ray Diffraction:
X-ray diffraction (XRD) is a common technique used to characterize the crystalline
structure of a sample. It is based on the constructive interference of x-rays through diffraction by
regular planes in the periodic crystal lattice. It is necessary to use x-rays as their wavelength
(1.54 Å in the case of the commonly used Copper Kα1 x-rays) is on the order of the interplanar
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distance of the crystal structure of many materials - thus allowing for strong first order
diffraction.
Samples are exposed to an x-ray beam incident at a certain angle. The intensity of the
reflected beam is collected and analyzed in a sweep of many incident angles. Peaks in the
intensity of the reflected beam as a function of angle will correspond to an angle θ satisfying the
Bragg condition given as follows
2𝑑 sin(𝜃) = 𝑛𝜆

𝑒𝑞𝑛. 4.1

where d is the interplanar distance, 𝜆 is the wavelength of the incident x-rays (1.54 Å ), and n is
an integer taken to be 1 in the case of first order diffraction studies.10 By analyzing the locations
of the peaks, interplanar distances unique to a specific materials can be extracted for
identification of particular composition and crystal structure. Furthermore, the width of the peak
can be used as a broad metric for the degree crystallinity, defect density, and strain in the
sample.
All XRD studies shown in this thesis were done in the Bragg-Brentano geometry - a
technique useful for our films because it only shows the peaks of planes that are parallel to the
surface of the film.
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Figure 12: XRD theta scan of a bismuth selenide film transferred from sapphire to silicon.

Bragg-Brentano XRD performed on samples after a substrate transfer from sapphire to
silicon show all expected c-axis peaks, indicating that the process imparts no significant
crystallographic or chemical change to the film. Furthermore, if one looks closely at Figure 12
and in the expanded view of the (006) peak in Figure 13, fringes can be seen surrounding both
the (003) and (006) peaks. These are called thickness fringes and occur due to the contribution
of the bottom of the film close to the substrate to the diffraction pattern - in this way, they are
indicative of the sharp interface with the substrate that one would both expect and desire from a
substrate transfer process.

Figure 13: (006) peak from the same scan shown in Figure 12 - showing clear thickness fringes.
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Transport:
Measurements of electron transport were taken on these samples transferred from
sapphire to silicon using the Hall bar geometry. This geometry allows for the measurement of all
key parameters including carrier type, carrier concentration, and mobility. Key to the success of
these measurements, is the definition of the Hall bar geometry. Viewed from above, as shown in
Figure 14, the Hall bar consists of a main channel through which a known current is passed from
point 1 to point 2. Rxx can be monitored by measuring the voltage across points 3 and 4 or 5 and
6 and Rxy (when the sample is subject to an out-of-plane magnetic field) is monitored by
measuring the voltage across points 3 and 5 or 4 and 6. This geometry takes advantage of the
four-probe measurement technique where voltage is measured at points interior to the contacts
dedicated to passing current. In this way, the sample resistance can be isolated from contact and
line resistance.

Figure 14: Cartoon of a Hall bar geometry showing the contact points.
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This device, with specific length and width, must be patterned onto the sample. This is
achieved using common photolithographic techniques. The chip is spin coated with SPR 3012
photoresist - a polymer whose solubility in a developing chemical is sensitive to its exposure to
UV radiation. Once a thin film of this photoresist is placed on the surface, the sample is exposed
to UV through a photomask in a Karl Suss MA/B6 contact aligner. This allows the user to
selectively expose parts of the photoresist and protect others - establishing a pattern. The sample
can then be developed in CD26 dilute tetramethylammonium hydroxide solution - dissolving the
SPR 3012 that was exposed to the UV. The sample now has a protective layer of polymer in the
shape of the desired device on its surface. It can then be etched in reactive plasma in an Ulvac
NE-550 system, leaving only the parts of the TI that were protected by the photoresist. In this
way, the Hall bar geometry is defined.
Contacts were made using indium dots and the longitudinal and Hall resistance were
monitored as a function of applied out-of-plane magnetic field to reveal the characteristic
magnetoresistance at 4 K of the sample shown in Figure 15. This magnetoresistance shows the
characteristics of a sample whose resistance is dominated by weak antilocalization. Carrier
concentrations and mobilities in these samples are consistent with accepted values.
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Figure 15: Longitudinal resistance versus magnetic field showing the characteristic magnetoresistance of weak
antilocalization.

Weak antilocalization is a transport phenomenon common to materials with strong spinorbit coupling at low temperature. At this low temperature, electrons no longer behave
ballistically, but instead move in a manner akin to a random walk. If one considers an electron
that randomly moves in a closed self-intersecting path it can either move around the path
clockwise or counterclockwise as shown in Figure 16. Similar to the discussion of
backscattering suppression, these two paths will destructively interfere due to the 𝜋 berry phase,
thus making it unlikely that an electron will undergo a backward random walk - decreasing the
resistivity. This process is heavily suppressed by the application of a magnetic field as the
applied field will introduce additional phase shifts. For this reason, the resistance of the sample
will be at a minimum at zero field and increase as a larger field is applied. 11
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Figure 16: Cartoon of the closed random walk loop considered in the theory of weak antilocalization. 11

This is described in a theoretical model by Hikami, Larkin, and Nagaoka (HLN) by

𝜎𝑥𝑥 (𝐻) =

𝛼𝑒 2
1
ℏ𝑐
ℏ𝑐
[𝜓 ( +
) − ln (
)] + 𝜎𝑥𝑥 (0)
2
2
2𝜋 ℏ
2 4𝑒ℓ 𝐻
4𝑒ℓ2 𝐻

𝑒𝑞𝑛. 4.2

where σxx is the longitudinal conductivity, α is a parameter ideally expected to be -½, ℓ is the
phase coherence length - the characteristic length over which the operative phase shifts are
robust, and 𝜓 is the digamma function - the logarithmic derivative of the gamma function.12 The
transport data was fit to this model finding α to be -0.54 and ℓ to be 147 nm. The accuracy of
this fit at small field, as shown in Figure 17, is another indication that these transferred films are
equivalent to unaltered MBE grown films. Note that the HLN model is not robust at large field
and is thus divergent from experimental data.
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Figure 17: Fit of transport data to the HLN model - showing good agreement. δG is the change in conductance of the
sample.
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Chapter 5
Applications
YIG Interfaces:
Yttrium iron garnet (YIG) is a ferrimagnetic substance.

Ferrimagnets have

antiferromagnetic order with magnetic moments alternatingly antialigned. However, unlike an
antiferromagnet, the two the aligned and antialigned states are different species with different
magnetic moments - giving the materials a net magnetization. Generally speaking, this results in
a material that behaves much like a ferromagnet - with hysteretic behavior in field sweeps and
magnetic domains. There is significant interest in interfacing topological insulators with these
types of materials to study how the unique spin states on the surface of the TI might couple to the
magnetization. YIG is chosen as a material of particular interest because its magnetization can
readily be excited with RF radiation - making it an experimentally compelling and convenient
interfacing material.
If one wants to study coupling between the YIG and the TI, it stands to reason that a
clean and sharp interface would be desirable. The YIG used in these experiments is grown by
pulsed laser deposition on a gadolinium gallium garnet (GGG) substrate. It is possible to deposit
bismuth chalcogenides directly onto the YIG by MBE, however this often results in an interfacial
amorphous layer that could hinder the coupling mechanisms that we are interested in
probing. This makes the YIG/TI system a prime candidate the application of this substrate
transfer process.13
Once the transfer of bismuth selenide from sapphire to YIG was completed, the sample
was wired for transport measurements. The resistance was monitored through a 5 Tesla
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magnetoresistance and no apparent effects of the YIG at large field. This is shown in Figure 18.

Figure 18: Device resistance versus field for bismuth selenide on YIG showing characteristic weak antilocalization
magnetoresistance and a curious feature around zero field.

The particular sample that this data was taken from was unusually small - making it
impossible to perform a four-probe measurement. The particularly large measured resistance can
be attributed to poor contacts whose effect could not be removed from the data. This was,
perhaps serendipitous in that it may have allowed for the observation of a small feature at zero
field that is shown in greater detail in Figure 19.

Figure 19: A more detailed view of the feature seen at zero field in the measurement of device resistance versus field for 8
nm bismuth selenide on YIG.
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At a field of approximately ±200 Oe, the measurement shows a sharp transition to higher
resistance. At 1.8 K, the indium in the contacts is a superconductor. It was noted that this
transition occurs at field values very close to the critical field of the indium contacts - the field
above which superconductivity ceases. Though many more experiments are needed to fully
understand what this feature is, a working hypothesis is that the proximity to the YIG has
induced ferromagnetism in the TI. Since current is carried by singlet state cooper pairs in the
superconducting indium, having one electron with spin up and one with spin down, and that
there is a some preferred spin orientation in a ferromagnet, there can be interfacial effects at
superconductor/ferromagnet interfaces as the two spin states struggle to reconcile - causing
higher resistance when the indium contacts are superconducting.
Many more experiments would be necessary to confirm or refute this hypothesis,
including a systematic study of the differential resistance at various fields that would illuminate
any disruptions to the Andreev reflections that transition current from cooper pair carriers to
classical carrier at superconducting/normal interfaces. Furthermore, coupling effects between
the YIG and the TI may only be apparent at lower temperature, making further transport studies
at these lower temperatures a promising path forward.
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Plan View TEM Sample Preparation:
Transmission electron microscopy (TEM) is a powerful characterization technique that
takes advantage of the electron’s extremely small de Broglie wavelength to resolve samples at
atomic resolution. In this technique, a beam of electrons is shot at a thin section of the material
being studied. The electrons that are transmitted through the sample are then measured and
transformed into an image - not unlike an optical microscope. Unfortunately, sample preparation
for this technique is often an extraordinary time consuming, difficult, and expensive endeavor
involving ion milling a very thin piece of the sample, cutting it out, and welding it to a copper
measurement grid. The substrate transfer process offers a unique opportunity to simply
delaminate the TI thin film from the substrate and place it directly onto the measurement grid - a
relatively painless process. This has proven itself to be quite effective in preparing samples for
plan view (top down) TEM - characterizing the microstructure of our MBE grown bismuth
selenide films.
In particular, we were interested in characterizing the grain boundaries, looking at how
grains meet, what defects occur at these interfaces, and if there is any bismuth or selenium rich
phase at the grain boundary.
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Figure 20: TEM micrograph showing many grains and many grain boundaries.

The relatively low magnification image shown in Figure 20 shows that the grains in our
samples are approximately of the scale 50-200 nm. Furthermore, grain boundaries seem to come
in two varieties - straight boundaries that simply appear as dark lines and jagged boundaries that
rich in dislocations.
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Figure 21: Atomic resolution image of a jagged boundary.

Figure 21 shows more detail of one of the jagged grain boundaries. Elemental analysis of
this location revealed no difference in chemistry between the two grains and the boundary indicating that there is no boundary phase. Though dislocations are apparent at the boundary,
there is only a small angle (less than 5 degree) misorientation between the grains. More detailed
analysis will be necessary to fully characterize the nature of these dislocations and find an exact
angle of misorientation.
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Figure 22: Atomic resolution image of a straight boundary.

Figure 22 shows more detail of one of the straight grain boundaries. Elemental analysis
of this location revealed no difference in chemistry between the two grains and the boundary once again, showing no evidence of a boundary phase. Just as in the jagged grain boundaries,
the misorientation of the two grains is also of a very small angle.
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Figure 23: STEM image showing both surface features and microstructure.

Scanning tunneling electron microscopy (STEM) is a specific variety of TEM that
focuses the electrons to a smaller spot that is scanned across the sample to generate the
image. This technique is more sensitive to the thickness of the sample and thus allows surface
features to be resolved along with the microstructure. The triangular structures at the bottom left
of Figure 23 are features on the surface of the film. One might expect that these features would
correspond in some way to the grain structure, however this is quite obviously not the case as
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several grains can be seen running through the boundaries of the surface features. This could
indicate that the grains we are seeing only exist in the first few layers of the film and that surface
features grew overtop in a more orderly manner. Alternatively, it could be an artifact of the
extremely small misalignments between the grains that allow surface features to develop across
many grains. More analysis is necessary to determine why these surface features do not correlate
strongly with the grains.
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Chapter 6
Outlook

Having established the effectiveness of this substrate transfer technique, it can be applied
to any number of bismuth chalcogenide systems that may encounter some substrate compatibility
issue.
The project on YIG interfaces has a great deal of room for further study. First and
foremost, transport measurements can be conducted at lower temperature that may reveal some
coupling between the magnetization of the YIG and the spin states at the surface of the
topological insulator. Furthermore, a systematic study of the differential resistance at many
temperatures and magnetic fields could begin to shed light on the cause of the odd transport
feature at low field – looking for disruptions to the Andreev reflections at the interface of the TI
and the indium contact.
Additionally, there is a great deal more analysis to be done on the already-acquired TEM
data. This analysis may be able to reveal, with more specificity, how the gains meet, what type
of dislocations are occurring at the grain boundaries, and illuminate why surface features do not
correlate to microstructure.
Beyond these two projects, there are a multitude of potential novel applications for this
technique. The topological insulator could, for instance, be placed on a substrate with a certain
radius of curvature in order to study how that curvature affects the spin-orbit coupling and thus
the emergent properties of the TI. Indeed, once the substrate limitations of traditional thin film
deposition are overcome, experiments that may have been quite difficult or impossible in the past
are now possible.
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Appendix A
Substrate Annealing Study
As discussed in chapter 3, higher quality bismuth selenide films can be achieved by
annealing a miscut substrate before growth. The AFM of such a sample shown in Figure 24
shows a uniform surface dominated by roughly triangular patterns. These triangular patterns are
a mirror of the crystal symmetries of the material and are thus a good indication of improved
crystallinity over the unprocessed substrates.

Figure 24: 8 nm thick film of bismuth selenide grown on miscut, annealed sapphire.

Bragg-Brentano XRD studies were also conducted – showing all appropriate c-axis
peaks. This data is shown in Figure 25.
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Figure 25: Theta scan of 8 nm of bismith selenide grown on annealed miscut sapphire.

The (006) peak was also subject to an omega scan or rocking curve. This measurement is
achieved by applying x-rays incident at an angle corresponding to a diffraction peak. The
sample is then tilted slightly in the other axis to determine the degree to which the orientation of
the film varies relative to the orientation of the substrate. This data is shown in Figure 26.

Figure 26: Rocking curve of 8 nm of bismith selenide grown on annealed miscut sapphire.
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One would normally expect this measurement to result in a single peak, closely
approximated by a Gaussian. While this is clearly not the case with regard to the rocking curve
of these samples, the data does appear to take the form of the sum of two Gaussians – one with a
small variance and one with a larger variance. This is likely due to two distinct phases in our
samples. In the layers close to the substrate, there is likely more disorder – forming the broad
peak, however, as the MBE growth continues, a more uniform and perfect crystal structure forms
on top and yields the thinner peak.
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