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Quantum transport in mesoscopic systems of Bi and other strongly
spin-orbit coupled materials

Martin Rudolph

(ABSTRACT)

Systems with strong spin-orbit coupling are of particular interest in solid state physics as
an avenue for observing and manipulating spin physics using standard electrical techniques.
This dissertation focuses on the characteristics of elemental bismuth (Bi), which exhibits
some of the strongest intrinsic spin-orbit coupling of all elements, and InSb, which exhibits
some of the strongest intrinsic spin-orbit coupling of all compound semiconductors. The
experiments performed study the quantum transport signatures of nano- and micron-scale
lithographically defined devices as well as spin-orbit coupled material/ferromagnet inter-
faces. All Bi structures are fabricated from Bi thin films, and hence a detailed analysis of
the characteristics of Bi film growth by thermal evaporation is provided. Morphologically
and electrically high quality films are grown using a two stage deposition procedure. The
phase and spin coherence of Bi geometries constrained in one, two, and three dimensions
are systematically studied by analysis of the weak antilocalization transport signature, a
quantum interference phenomenon sensitive to spin-orbit coupling. The findings indicate
that the phase coherence scales proportionally to the limiting dimension of the structure
for sizes less than 500 nm. Specifically, in Bi wires, the phase coherence length is approxi-
mately as long as the wire width. Dephasing due to quantum confinement effects limit the
phase coherence in small Bi structures, imparing the observation of controlled interference
phenomena in nano-scale Bi rings. The spin coherence length is independent of dimensional
constraint by the film thickness, but increases significantly as the lateral dimensions, such as
wire width, are constrained. This is a consequence of the quantum transport contribution
from the strongly spin-orbit coupled Bi(001) surface state. To probe the Bi surface state
further, Bi/CoFe junctions are fabricated. The anisotropic magnetoresistance of the CoFe
is modified when carriers tunnel into the CoFe from Bi, possibly due to a spin dependent
tunneling process or an interaction between the spin polarized density of states in CoFe and
the anisotropic spin-orbit coupled density of states in Bi. InSb/CoFe junctions are studied as
InSb films are a simpler spin-orbit coupled system compared to Bi films. For temperatures
below 3.5 K, a large, symmetric, and abrupt negative magnetoresistance is observed. The
low-field high resistance state has similar temperature and magnetic field dependences as
the superconducting phase, but a superconducting component in the device measurements
seems absent. A differential conductance measurement of the InSb/CoFe interface during
spin injection indicates a quasiparticle gap present at the Fermi energy, coinciding with the
large magnetoresistance.
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Chapter 1

Introduction

There are instances in the natural world which can only be described as perfect coincidences.
The obvious example is the formation of life itself. There are more subtle cases, such as the
fact that when iron is forged in the presence of the carbon soot of a dirty fireplace, it becomes
an order of magnitude harder and steel is created. The element bismuth is another perfect
coincidence. Bi exhibits some of the most extraordinary electrical properties but with little
effort. All of these properties can be sourced to an ideal interplay between 209 nucleons and
83 electrons.

With 209 nucleons, Bi is the heaviest non-radioactive element. The large number of protons
introduces a large spin-orbit coupling (SOC) in the electron wavefunction, accompanied by
a spin-dependent energy splitting ∆ESOC ∝ Z4. The heavy nuclei also give rise to small
band gaps compared to lighter elements. With 83 electrons, Bi sits in group V, with each Bi
atom providing five electrons to the valence. Bi, as with most Group V elements, crystallizes
in a rhombohedral crystal structure, in which two atoms contribute to each unit cell. Thus
a total of ten electrons are present in each unit cell. An even number of electrons per unit
cell typically results in an insulating or semiconducting material, with the Fermi level in the
band gap. In Bi, however, the large SOC and the inherently smaller band gaps induced by
the heavy nuclei affects the band structure significantly. The former completely closes the
expected gap, resulting in a small overlap in the conduction and valence bands and forming
a semimetal. The latter provides a strong band repulsion at the band minima and forces
a large band curvature (Fig. 1.1). The result is a material that contains both electrons
and holes with extremely small effective masses m∗, and thus very large mobilities µ. In
pure Bi crystals, the average electron mobility is 60 × 106 cm2/Vs and the average hole
mobility is 12× 106 cm2/Vs [5]. For comparison, the highest mobilities of highly engineered
semiconductor heterostructures are of order ∼ 40×106 cm2/Vs [6]. In the race to obtain the
highest mobility semiconductors, the results are relegated to be described as the “highest
semiconductor mobility to date,” since Bi has yet to be surpassed. In addition, the small
semimetal overlap of the bands in Bi support a small carrier density of order 1023 m−3, which

1
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Figure 1.1: Electronic band structure of Bi near the Fermi level (horizontal line) at the Γ
and L points of the Brillouin zone. The energy values are in eV. (modified from [1])

yields a long Fermi wavelength and long quantum phase coherence times. In many cases,
as with semiconductors, the manifestation of so many desired properties in one material is
reflected by the difficulty of the material fabrication. However, Bi, with a low melting point
of 271 ◦C, can be easily transformed into a large, pure single crystal with only a kitchen
stove and a clean pot.

All together, bulk Bi exhibits a long mean free path l0, a long quantum phase coherence length
lφ, strong SOC, and is easily fabricated, which makes it an exceptional material for studying
quantum mechanics in the solid state. In 1928, Bi crystals provided the first experimentally
observed quantum oscillations [7], along with the discoveries of the Shubnikov-de Haas effect
[8–11] and the de Haas-van Alphen effect [12–14] in Bi crystals in 1930. Shortly thereafter,
an explosion of interest in the quantum properties of Bi ensued. In 1939, Bi became the
first element whose Fermi surface was experimentally determined [15]. By the 1970’s, the
quantum mechanical properties of bulk Bi had been well established [16], and interest in
bulk Bi began to diminish. A steady flow of studies began to emerge focusing on confined
geometries of Bi, naturally expected to exhibit even stronger quantum properties than in
bulk form. Specifically, thin films [17–35] and self-assembled nanowires [36–46] enjoyed most
of the attention, which continues to today. This dissertation presents work that extends the
study of confined Bi geometries further by focusing on Bi constrained in one, two, and three
dimensions by lithographic means, which has not received as much consideration [23, 47–55].
One goal is to study the feasibility of patterning Bi devices for quantum transport studies
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and applications. Moreover, in light of the recent observations of strong SOC metallic surface
states [56–59], we investigate the nature of the SOC in Bi nanostructures where the surface
states significantly contribute to the quantum transport. In general, the work encompasses
the effects of strong SOC on transport properties, which we extend by studying the interface
between films of Bi and the ferromagnet CoFe and the interface between the strong SOC
semiconductor InSb and micron-sized CoFe structures.

This dissertation is organized as follows. In Chapter 2, an overview of the device fabrication
techniques and processes and the details of performing the low temperature quantum trans-
port measurements are provided. The quantum coherence properties of Bi nanostructures
are presented in Chapter 3 along with the characteristics of Bi film growth and the electronic
properties of Bi films, Bi wires, and Bi rings. Here the first ever quantum transport evidence
of the strong SOC Bi(001) surface states is presented. Next, in Chapter 4, we show the
transport implications of placing a ferromagnetic CoFe layer on the Bi(001) surface. Last,
studies of spin injection into the strong SOC semiconductor InSb from micron-sized ferro-
magnetic CoFe structures are presented in Chapter 5. The dissertation is summarized in
the conclusions of Chapter 6. The remainder of this introductory chapter lays out a brief
background on classical and quantum transport in the presence of a magnetic field.

Electronic transport in solids can be described as currents due to various electromotive
forces: drift currents due to a voltage gradient ∇V , thermoelectric currents due to a tem-
perature gradient ∇T , and diffusion currents due to a gradient in charge carrier density ∇n.
Together, these three currents combine to produce the total electrical current I through a
device (with cross-sectional area A and length L). Experimentally, care can be taken to
eliminate the contributions of thermoelectric and diffusion currents by careful temperature
stabilization and steady-state measurements, respectively. In doing so, the drift current can
be isolated and measurements of the electrical resistance R and corresponding resistivity
ρ = RA/L of a device can be performed via Ohm’s Law R = ∆V/I, which is the focus of
this work. While R is a quantity which can be directly measured, the conductance G = 1/R
and corresponding conductivity σ = GL/A = 1/ρ are natural quantities for describing the
theories. The resistance of a device is solely affected by electric and magnetic fields, deemed
magnetoresistance, with different dependencies and properties in the macroscopic (classical)
and microscopic (quantum) regimes. Loosely, the microscopic regime becomes valid when
the wave-nature of the charge carrier is coherent over the device. The macroscopic regime,
as is typical, results from an averaging of many statistically independent quantum coherent
regions. The crossover between the macro- and microscopic regimes is called the mesoscopic
regime, where both aspects blend. The influence of each regime is determined by the rela-
tion between various classical and quantum length scales in comparison with the device size.
All of the following length scales are physically rooted in a corresponding time scale. The
following assume a diffusive system.
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• L : the device size or length. In this work, we also use W as the device width and t as
the device thickness (height).

• l0 : The elastic scattering length, momentum scattering length, or mean free path of
the carrier determines the distance over which the carrier’s momentum eigenstate is
preserved. Momentum scattering events that limit l0 are elastic scattering events, so
that the energy eigenstate is unchanged. For diffusive systems, l0 < L. l0 = vF τ0, with
Fermi velocity vF and momentum scattering time τ0.

• li : The inelastic scattering length is the single carrier lifetime related to the single
carrier self-energy. li =

√
Dτi, with diffusion constant D and inelastic scattering time

τi.

• lφ : The phase coherence length describes the average length over which the energy
eigenstate of the carrier is preserved. It is closely related to li, except that li does
not include all energy modifying scattering events, and lφ < li. lφ is thus the proper
length scale over which the phase of the carriers are coherent and is the limiting scale in
which quantum coherent transport phenomena are observed. lφ =

√
Dτφ, with phase

coherence time τφ.

• lso : The spin coherence length describes the average length over which the spin portion
of the spinor is coherent. In the presence of SOC, which induces spin precession as the
carrier is transported, lso can be significantly reduced, and when lso < lφ, SOC effects
can dominate the transport. lso =

√
Dτso, with spin coherence time τso.

• ls : The spin diffusion length describes the length over with an ensemble of propagating
spins remain coherent. It is related to lso in that lso is a single particle coherence
phenomenon; thus, ls < lso. ls =

√
Dτs with spin diffusion time τs.

• lsf : The spin flip scattering length is the distance between spin-flip scattering events
which are induced by magnetic impurities. lsf describes a phase breaking event and
thus reduces lφ but not li. lsf =

√
Dτsf with spin flip scattering time τsf .

• lm : The magnetic length is distance in which the carrier picks up a phase of 2π from
to an external magnetic field due to the Aharanov-Bohm effect, which is equivalent to
an area of l2m being penetrated by one magnetic flux quanta h/e. lm =

√
h/eB

• lT : The thermal length is defined as the distance over which the carrier can diffuse
and remain in an energy eigenstate according to the uncertainty relation ∆E = ~/τ ,
where ∆E = kBT . Thus lT =

√
~D/kBT .

• λF : The Fermi wavelength describes the length scale that the carrier wavefunction
oscillates. When λF ≈ L, quantum size effects are important and a full quantum
picture is necessary.



Martin Rudolph Chapter 1. Introduction 5

The mesoscopic regime typically requires that λF < L . lφ so that the phase of the carrier
remains coherent on the scale of the device, while the device is not so small as to impart
strong quantum confinement and the introduction of discrete propagating modes.

Classical Magnetotransport

In diffusive mesoscopic systems, the classical macroscopic corrections to the magnetoresis-
tance are not negligible, and even dominate the transport at high temperatures. In the
Drude model, the magnetoresistance is characterized by the resistivity tensor ρ̂ defined by
E = ρ̂j. For a single carrier system, we have

ρ̂ =
1

neµ

(
1 −µB
µB 1

)
, (1.1)

where (neµ)−1 = ρ is the resistivity at B = 0 and n and µ are the carrier density and mobility,
respectively. For the one carrier system, the longitudinal magnetoresistance (diagonal terms)
does not have a B dependence, and the transverse magnetoresistance (Hall signal) is linear
in B. There is no classical correction to the magnetoresistance in this case. However, Bi is
a two carrier system that has both electrons and holes. We introduce a second carrier with
density p and mobility ν, and solve the matrix equation ρ̂ = (ρ̂−1

n,µ+ρ̂−1
p,ν)
−1. The longitudinal

and transverse components of the resistivity tensor become

ρxx =
nµ+ pν + µν(nν + pµ)B2

e [(nµ+ pν)2 + µν(n+ p)B2]
, (1.2)

ρxy =
nµ2 + pν2 + µν(n+ p)B2

e [(nµ+ pν)2 + µν(n+ p)B2]
B. (1.3)

The resistance of a two carrier mesoscopic system includes a B dependent Drude component
that at low fields is quadratic in B. In addition, the Hall signal is odd in B with a dominant
B3 component. From Equations (1.2) and (1.3), one can obtain the carrier parameters n,
p, µ, and ν. With independent knowledge of the effective masses of the carriers, one can
also determine kF , λF τ0, vF , l0, and D for each carrier. Often the transport contributions
from the two carriers cannot be distinguished, and the system is described by an effective
l0 and D by an appropriate averaging. The two carrier model can be extended to more
than two carriers by introducing another conducting channel in the summation by ρ̂ =
(
∑

i ρ̂
−1
i )−1 where i denotes the index of the carrier. The Drude multi-carrier correction to

the magnetoresistance is the only classical correction that is encountered in this work.

Quantum Magnetotransport

Quantum mechanically, the application of B has two (related) profound effects on solid
state systems. The first is the evolution of the energy eigenstates to create Landau levels.
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The second originates from the gauge invariance of the magnetic vector potential A, which
introduces an additional phase to the wavefunction of the form

φAB =
e

~

∫ r

r0

A · dl, (1.4)

which the carrier accrues upon propagating from r0 to r along the path dl. This phase is
commonly referred to the Aharonov-Bohm (AB) phase [60]. The observation of Landau lev-
els, as a modification to the energy spectrum of the system, requires a pure single crystalline
material where the energy spectrum remains unperturbed throughout the device. In addi-
tion, a significant magnetic field is necessary to sufficiently alter the energy spectrum to form
discrete Landau levels. Phenomena based on the AB phase, however, are easily observed in
many systems, whether they be diffusive, ballistic, polycrystalline, etc., with the application
of only a small magnetic field. The rapid oscillation of the carrier wavefunction as a function
of A makes the overall system very sensitive to the strength of the applied B. Moreover,
experiments that are sensitive to the AB phase allow measurements of the overall phase
nature of the carriers, which is important in understanding and designing phase coherent de-
vices. The most common technique for observing the phase nature of the carriers is through
interferometry experiments. Much like the variable path arm of a Michelson interferometer
tunes the phase of the recombining wave paths, an applied magnetic field, through φAB,
can tune the phase of a charged particle as it interferes over multiple paths. In solid state
physics, phase sensitive carrier interference phenomena are evident in the Aharonov-Bohm
(AB) effect, the Al’tshuler-Aronov-Spivak (AAS) effect, the weak localization (WL) effect,
and universal conductance fluctuations (UCFs).

The Aharonov-Bohm effect originally referred to the free electron double slit interference
experiment, where the region between the two electron beams contains a variable magnetic
field to tune the electron phase [60, 61]. In solid state systems, the AB effect was realized
in the conductance of lithographically fabricated Au rings [2]. An electron traversing a ring
structure can take either arm, and upon the electron’s “recombination” at the other end of the
ring, interference due to the differing accrued kinematic phases eik·r will occur. The schematic
in Fig. 1.2(a) indicates the geometry. The phases accrued on each path reflect the length
of the path, which depends on the specific impurity configuration of the ring as scattering
centers will cause the path lengths to deviate from half the ring circumference. The overall
phase in each arm can be tuned by the application of B perpendicular to the ring, for which
A circulated counterclockwise. In the top arm, dl is clockwise, so φAB is negative, while the
opposite case occurs in the bottom arm where φAB is positive. The overall phase difference
imparted a uniform external magnetic field is ∆φAB = e/~

∮
ring

A · dl = e/~
∫
ring

B × da =

2πΦ/Φ0, where Φ is the magnetic flux penetrating the ring and Φ0 = h/e is the magnetic
flux quantum. The interference pattern is periodic in B, with a periodicity dependent on
the inverse of the enclosed ring area and scaled to h/e. Moreover, the constructive and
destructive interference corresponds directly to high and low probability that the electron
traveled through the ring, and by the Landauer formalism, where R = h/(e2T ), the resistance
of a structure is related to the transmission probability T through the structure. Figure 1.2(b)
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Figure 1.2: (a) Schematic of the Aharonov-Bohm effect in solid state rings, and (b) its first
experimental observation in a 0.8 µm diameter Au ring [2].

displays the original data from Ref. [2], showing the resistance oscillations with period h/e
(normalized to the ring size) for a 0.8 µm diameter Au ring at sub-Kelvin temperatures. As
a phase sensitive interference phenomenon, its observation is limited by the phase coherence
length lφ. The electrons’ wavefunction must remain coherent over the length of the ring arms
to interfere significantly, so the Aharonov-Bohm effect is only evident for rings with radius
R . lφ/π.

The magnitude of the oscillations in the AB effect also depends on the number of different
paths that can be taken through each arm and the variation in the length of each of those
paths (Fig. 1.2(a) only represents one path). For pure devices (fabricated from materials
with little disorder), the paths are dominated by scattering along the edge of the ring, and
most path configurations have a similar overall length. However, for devices fabricated from
disordered materials, the scattering about defects inside the width of the ring dominates
the electron trajectory. In this case, the overall length of the path can vary greatly, and
the phase shift accrued at the recombination point thus also varies. When all paths are
accounted for, the total phase will average to zero, and the AB effect is diminished. Thus,
the AB effect is sensitive to the level of disorder in the device, and is observable only when
l0 ≈ w, where w is the line width of each ring arm.

However, for disordered systems (and pure systems), one observes an oscillation period of
h/2e, which is the result of the related Al’tshuler-Aronov-Spivak effect [62]. Here, the in-
terfering paths that are considered are only pairs of time reversed paths, as depicted in
Fig. 1.3(a), i.e. clockwise (red) and counterclockwise (blue) paths that encounter the same
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Figure 1.3: (a) Schematic of the Al’tshuler-Aronov-Spivak effect in a solid state ring of a
disordered material. (b) Comparison of resistance oscillations between a single ring (N=1
panels) and a 30 rings in series (N=30 panel) about B = 0 (left panels) and B ≈ 0.1 T (right
panels) [3].

scattering centers. Because the time reversed paths are identical in length, they must in-
terfere constructively (they can also interfere destructively in the presence of SOC, but in
either case, the interference is complete). Thus, even in a highly disordered device, the
large variation in possible path lengths for different time reversed pairs does not change
the average phase at the recombination point, since all of the paths interfere constructively.
Experimentally, the AAS effect can be achieved by a ring in a disordered material or by a
series of many rings, which effectively ensemble average their unique impurity configurations
and geometries to a single disordered ring [63]. In addition to having twice the frequency,
AAS differs from AB in that the time reversal symmetry necessary for AAS is broken by the
application of B. While AB oscillations persist to very large B, AAS oscillations decay on
the order of 10−3 T, as is evident in Fig. 1.3(b).

Both the AB and AAS effects utilize a ring shaped channel to enclose a well defined area.
The result is the observation of a well defined oscillation frequency of the transport in B
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Figure 1.4: Schematic of the electronic interference about random disorder (x’s) that gives
rise to universal conductance fluctations.

for both effects. Since the period of oscillation is only dependent on the particle charge
(assuming the ring area is known), these phenomena can be used as a spectroscopic tool for
determining the characteristics of quasiparticles. For example, the collective quasiparticles
that exist in some fractional quantum Hall states have a fractional charge. This was shown to
be true in an AB experiment on the v = 1/3 plateau, where the AB periodicity was observed
to be 3h/e, indicating a quasiparticle charge of e/3 [64]. In an open geometry, where there
is no lateral constraining of the carriers, AB and AAS oscillations do not exist because the
superposition of the many different areas enclosed by interfering paths would average out.
However, phenomena analogous to the AB effect and the AAS effect arise in open geometries,
namely universal conductance fluctuations and weak localization, respectively.

UCFs arise from interference along nonlocalized paths from random disorder [65–67] in meso-
scopic systems. The disorder are scattering centers that repel electrons and cause a small
depletion region in their vicinity. Propagating electrons tend to maneuver around the disor-
der and, if the system has sufficient phase coherence, do so by interfering about the disorder.
This is similar to the AB effect geometry, where the physically imposed forbidden region for
the electrons is replaced by an impurity center, as depicted in Fig. 1.4. Each of the paths
around each defect provides an oscillatory contribution to the total device conductance, so
long as lφ is large enough that the paths around the defects remain coherent. Thus, UCF
analysis can yield values for lφ in a device, since lφ imposes a limit on the length of the
interfering paths. For longer lφ, there is a larger probability that a given trajectory will
interfere about a scattering center and the UCF amplitude increases. The fingerprint in R
of UCFs changes with the impurity configuration as the specific disorder geometry dictates
the interfering path trajectories, so general formalisms must involve ensemble averages over
many similar samples with differing impurity configuration. However, in a single device,
the impurity configuration is fixed for temperatures at which lφ is long enough to observe
quantum coherent phenomena. Experimentally the effective impurity configuration can be
varied by modifying the interfering paths instead, which is accomplished by varying the
Fermi level EF or by modifying the dynamics of the electron phase. The former effectively
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changes the electron density and thereby the relation between the electrons and the scat-
tering centers is modified. The latter is accomplished by applying B and adding an AB
phase throughout the sample. Averaging the UCF fingerprints at different EF or B in one
sample is equivalent to averaging the UCF fingerprints over different samples. Varying EF in
metallic or semi-metallic systems like Bi is difficult, and so our study of UCFs is performed
by magnetoresistance measurements.

The evolution of the UCF fingerprint in B arises from the shift of the interfering nature of
each impurity center as the AB phase is added. For a device with a small number of defects,
the superposition of the many different phases does not average to zero, and an oscillatory
behavior of R in B remains. These oscillations, however, are not periodic, because in an
open geometry, the trajectories about the defects will change with B (trajectories for the
AB effect are relatively fixed). As the number of defects increases, the visibility of the UCFs
decrease as the average phase tends to zero. Thus, UCFs are most evident in small devices
with a few defects. Note, however, that the device size L may be larger than lφ since phase
coherence only needs to be satisfied over the scale of the defect size. lφ is extracted from
the UCF signal by analysis of the autocorrelation in B of R(B). From the autocorrelation
function

F(∆B) =
〈δR(B)δR(B + ∆B)〉B

〈(δR(B))2〉B
(1.5)

we extract a correlation field Bc such that F(∆Bc) = 1/2. Since long interfering paths
require a smaller B to uncorrelate by the accumulated AB phase, the UCF fluctuation has a
short wavelength cutoff corresponding to the largest interfering path present, whose length
is related to lφ. ∆Bc provides a measure of this periodicity cutoff of the UCFs. For one and
two dimensional geometries, Bc and lφ are related by [67, 68]

Bc =


C
h

e

1

lφW
, lφ > W,

C
h

e

1

l2φ
, lφ < W,

(1.6)

where C = 0.95 for lφ � lT , and C = 0.45 for lφ � lT .

Just like UCFs are the open geometry generalization of AB oscillations, weak localization
is the open geometry generalization of AAS oscillations, in which time-reversal symmetry
magnifies the interference contribution to the transport. Consider a disordered system in a
Feynman picture, where an the probability of an electron propagating from ri to rf consists of
the superposition of all possible paths from ri to rf , as depicted in Fig 1.5(a). The quantum
mechanical superposition dictates that the probability P follows

P =

∣∣∣∣∣∑
i

Ai

∣∣∣∣∣
2

=
∑
i

|Ai|2 +
∑
i,j

AiA
∗
j , (1.7)

where Ai indicates the probability amplitude of each individual path. The first term is the
classical probability, while the second term describes the interference between the paths. In
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Figure 1.5: (a) Infinite propagating paths superimpose to produce the total probability for
an electron to go from point ri to rf . (b) A localized electron is the superposition of many
pairs of time reversal symmetric paths.

the case of a propagating trajectory, the infinite paths that comprise of the total probability
all have different lengths and accrue different phases, thereby averaging the interference term
to zero. What remains is simply the classical probability for propagating trajectories.

Next, consider an electron that is localized at ri. Again, the probability of the localized
trajectory is a superposition of all paths from ri to ri, which comprises of an infinite amount
of time reversed pairs, as depicted in Fig. 1.5(b). Focusing on a single time reversed pair, we
can simplify Equation (1.7) with i = 1, 2, so that P = |A1||A2| + A1A

∗
2 + A2A

∗
1. Since time

reversed paths are equivalent except in the direction of time, their probability amplitudes
and phases are equal, and A1 = A2 = A. The result is that the two time reversed paths
interfere constructively, and P = 4 |A|2, which is twice that of the classical probability of
2 |A|2. Thus, time reversed paths, which are necessarily localized, carry twice the weight of
propagating paths. This is only true for time reversed paths whose lengths are within lφ,
otherwise the interference will not be coherent. Thus, the increased probability for localized
electrons only exists for significantly large lφ, which occurs at low temperatures. An increase
in the resistance at low T is observed, called weak localization (WL).

Since WL is based on the properties of time reversed paths, any perturbation that breaks
time reversal symmetry will destroy the WL effect. Application of a magnetic field breaks
time reversal symmetry. In the case of B perpendicular to the system, a magnetic flux
through the time reversed paths moves the interference away from being constructive to
destructive and so on. AAS oscillations do not result because each time reversed pair encloses
a different area. Thus each pair goes from constructive interference to destructive at a
different B. The interference averages out, as if the localized paths were weighted classically,
and the resistance saturates at the classical value for sufficiently high B. WL results in a
characteristic magnetoresistance as time reversal symmetry is broken [69–75]. Figure 1.6(a)
depicts the magnetoresistance of WL is the regime of lφ � lso, which is when SOC is
negligible. There is an increase in the resistance due to the higher probability of localized
paths at low B.
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Figure 1.6: The magnetic field dependence of R under weak localization phenomena in the
regimes where lφ � lso (a), lφ ≈ lso (b), and lφ � lso (c). Conductance (1/R) data of WL
for Mg devices with variable proportions of Au to tune the SOC and lso. Taken from [4].

For systems with appreciable SOC, the constructive interference of the time reversed paths
turns to destructive interference. The s = 1/2 symmetry of the electron spin causes an extra
phase shift of π between the time reversed paths because the spin itself must also rotate
along those paths in the presence of SOC (s = 1/2 particles are symmetric in 4π rotation,
not 2π). Since lso describes the distance an electron travels before the spin can rotate, only
paths longer than lso can accumulate the extra SOC induced phase shift for destructive
interference. For systems with appreciable but weak SOC, lφ ≈ lso, and only the longer
phase coherent paths are affected by SOC. The shorter paths behave as if there was no SOC.
Therefore, the destructive interference can only occur at the lowest magnetic fields (larger
paths enclose a larger flux and dephase at lower magnetic fields than shorter paths), while
the constructive interference dominates at higher B. The low field destructive interference
corresponds to a decrease in probability for localized paths and is evidenced by a decrease in
the resistance. This situation is depicted in Fig. 1.6(b). For systems with very strong SOC
(like Bi), lφ � lso and all paths that are phase coherent are influenced by SOC. Thus, the
entire B range where time reversed paths are coherent experiences destructive interference,
as shown in Fig. 1.6(c). The term weak antilocalization (WAL) is used to describe weak
localization in SOC systems since at low B the electrons are less likely to be localized.
Figure 1.6(d) show an experimental study on the WL B dependence as the SOC is tuned [4].
Note that the figure displays the conductance (1/R). Various proportions of Au, a heavy
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element with strong SOC, were added to Mg, a light element with no SOC, films. As the Au
concentration is increased, the turn from WL to WAL is clearly observed. The WL (WAL) is
significantly altered in the presence of varying degrees of SOC and is thus a sensitive measure
of lso and lφ [73–75]. There are many different accepted models that describe the functional
dependence of R on lφ and lso, each for different systems (quasiballistic vs. diffusive) and
geometries (one-, two-, and three dimensions), so the specific models used in this work will
be introduced in the main chapters of this manuscript in the context of the specific device
for which it is applied.

AB, AAS, UCF, and WL are all phase sensitive phenomena, and their visibility are fully
determined by lφ. In the case of AB and AAS, lφ > L. For UCFs, lφ > l0 and L . Ldisorder,
with Ldisorder denoting the average separation of disorder in the system. For WAL, lφ > l0.
Any dephasing mechanism is translated as a diminished visibility of these effects with a
characteristic T dependence. At very low T , lφ is limited by low-energy transfer Nyquist
scattering (characterized by scattering time τN). At higher T , the dephasing is dominated by
electron-phonon scattering (characterized by τep). The dependence on T of both scattering
mechanisms is modeled as power laws with τN , τep ∝ T−p. One can distinguish the dephasing
mechanisms by the dephasing exponent p. For Nyquist scattering in one dimension, p = 2/3;
in two dimensions, p = 1 [76]; and in three dimensions, p = 3/2 [77]. The exponent p for
electron-phonon scattering is not theoretically agreed upon and has been experimentally
determined as p ≈ 2-4 [78]. The lφ obtained from the phase sensitive measurements is
expected to follow lφ ∝ T−p/2.

The majority of the work presented in this dissertation examines the coherence properties
of Bi structures (Chapter 3). The portion of the work examining the interface properties of
strong SOC systems with ferromagnetic layers (Chapters 4 and 5) concerns different physics,
and the governing physical principles will be introduced in its respective chapters.



Chapter 2

Device Fabrication and Measurement
Techniques

Over the past few decades, nanofabrication methods have improved at an astounding pace,
typically documented by Moore’s Law, a (correct) prediction that the density of transis-
tors fabricated on a chip will increase exponentially in time [79], although the trend can be
extended to most digital electronics. The progress can be attributed to advances in two par-
ticular areas: materials growth and device patterning. Materials purity has vastly improved
with various forms of chemical vapor deposition (CVD), atomic layer deposition (ALD), and
molecular beam epitaxy (MBE). These methods also allow for vertical patterning, where
layer thicknesses can be controlled within an atomic layer. Device patterning has improved
by shrinking the planar device dimensions by fine tuning lithographic techniques with more
sensitive resists and smaller photolithographic wavelengths.

The work presented in this thesis tackles both of these nanofabrication methods, albeit at
a smaller scale and in a more specific setting. The device structures explored range from
being single material devices involving only Bi, Bi devices with Au contacting extensions,
mulitlayered Bi devices using CoFe electrodes and SiO insulating layers, and devices using
InSb wafers. In the ensuing chapter, the fabrication techniques of devices in this thesis will
be documented, beginning with the growth of thin films. Next, the processes of patterning
the films into specialized structures will be presented, which includes photolithography and
electron-beam lithography. Lastly, the techniques used to perform electrical measurements
at temperatures down to 0.4 K and magnetic fields up to 9 T will be explained. Only the
techniques are discussed in this chapter. Procedures for specific devices are outlined in their
corresponding sections in Chapters 3-5.

14
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2.1 Film Growth

The material most central to this work is Bi. It is one of two active materials that we grow,
and it is the only one where material imperfections become an issue when care is not taken
during the growth process. We start with discussing Bi film growth. The deposition of Au,
CoFe, and SiO is more straight forward, and will be discussed afterward. InSb films are
also used in this thesis. These films are grown by our collaborators, and their details will be
presented in Chapter 5.

Bi is very easily purified and made defect-free in bulk form. In fact, one can simply heat
a saucepan full of Bi on the stove, let it melt, and then cool the pan to obtain large single
crystals. However, this very property makes it difficult to obtain high quality Bi films. The
ease with which Bi forms single crystals also hinders its ability of form smooth, high-quality
films. The growth of Bi on substrates starts with island formation of many nanocrystallites,
which coalesce into misoriented grains. The goal is to obtain the topologically smoothest
film with the largerst grains. To accomplish this, we use a custom Bi deposition system,
which is capable of nanoTorr pressures and variable substrate temperatures. The details of
this system are described in Appendix A.

The substrate that we use is a Si 〈001〉 wafer with a 3000 Å thermal oxide layer from NOVA
Electronic Materials. Other substrates, including GaAs, Al2O3, glass, and BaF2 have also
been used, but Si produced the best films. A 3 inch Si wafer is cleaved into rectangular pieces
2-10 mm on edge, depending on the size of the device envisioned. The cleaving is done by
scoring the backside of the Si wafer with a carbide pin, and then applying pressure on the
top side of the wafer to cleave along the scored line. The top side of the wafer is always
in contact with lens paper during scoring to prevent any scratches from forming. Next, the
Si piece is cleaned sequentially for three minutes each in trichloroethelyne (TCE), acetone
(ACE), and isopropanol (IPA). This step is to remove any organics that may be present
on the surface from the fabrication of the wafer and years of storage. The surface is also
rigorously squirted with IPA and blown dry with N2 to physically remove dust particulates.
The cleaned Si piece is glued onto an 18 × 18 mm2 glass slide with colloidal graphite to
make it easier to work with. The Si piece on the glass slide is baked at 170 ◦C to anneal the
colloidal graphite and to desorb any water on the surface of the Si piece.

The glass slide with the Si substrate are placed into the Bi deposition system, along with
99.999 or 99.9999% pure Bi shot (Kurt J. Lesker and ESPI Metals, respectively), and Bi
films are thermally evaporated onto them at ultra-high vacuum. To produce the best films,
the following procedure is followed (for more details, see Chapter 3). The vacuum chamber
is pumped down the chamber to a base pressure of pb < 2× 10−8 Torr. A 20 nm nucleation
layer of Bi is deposited at a rate of 1 Å/s and a substrate temperature of 100 ◦C. To
monitor the thickness of the film, a calibrated quartz crystal balance and monitor are used
(Maxtex model TM-100 and 6 MHz crystal). After the nucleation layer, a high quality layer
of Bi is grown at a substrate temperature of 270 ◦C. Any amount may be deposited to
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obtain the desired total thickness, but the high quality layer should be deposited at a rate of
1 Å/s. Deviations from these values have a surprisingly large effect on the film morphology.
The electrical properties are affected less since the physical defects are localized. However,
when constructing small structures from a Bi film, it is necessary to choose an area without
pronounced physical defects, which is easier and more reliable if the original film is optimally
grown.

To grow layers of supplementary materials (Au, SiO, and CoFe), thermal evaporation tech-
niques are also implemented. For these materials, a commercial Edwards (model 306 A)
evaporator is used. This evaporator does not control the substrate temperature, and pb ≈
8× 10−7 Torr with the use of the liquid N2 trap. Au layers are deposited to make contacting
pads for packaging. By itself, Au makes a brittle foil, so a lone layer of Au cannot be used.
First, 5 nm of Cr (R. D. Mathis: chromium plated tungsten rod) is deposited (usually at a
rate of 0.5-1.0 Å/s) to act as a sticking layer for the Au. Subsequently, the desired amount of
99.9% pure Au (Alfa Aesar) is deposited (typically around 40 nm) at a rate of 2-3 Å/s. When
an insulating layer is necessary, a 99.99% pure SiO (Aldrich) film of 20-100 nm is grown at a
rate of 1-2 Å/s. For ferromagnetic films, Co0.6Fe0.4 (Kurt J. Lesker) is evaporated at a rate
of 1-2 Å/s for a total thickness of 30-60 nm. For CoFe films deposited on top of a Bi film, the
evaporation rate for CoFe must not exceed 1 Å/s. The CoFe evaporates at a temperature
much higher than the melting point of Bi, so if the CoFe is deposited too rapidly, the heat
of fusion released will not be able to dissipate and the Bi film may melt and/or vaporize.

2.2 Patterning Films

Aside from building vertical heterostructures (previous section), lateral patterning of the
film heterostructure layers is necessary to isolate specific parts of a device. Discussed in
the following are the two methods we use to create patterns. Photolithography will resolve
≈ 3 µm linewidths, while electron-beam lithography is capable of linewidths narrower than
100 nm. The two methods we use to tranfer the pattern to the film, etching and lift-off, are
also explained.

Photolithography, as the name literally translates to, is the transferring of patterns using
photons. The working principle is to selectively expose a photosensitive material (called
photoresist) with light, and then place the material into a solution that only dissolves the
exposed portion. To produce patterns on the micron scale, selective exposure requires a
coherent light source to avoid strong diffraction and a shadow mask placed in contact with
the photoresist, which itself must be only microns thin to minimize light scatter as it passes
through. The detailed procedure is as follows.

The device onto which the pattern is to be transferred is mounted onto a spin-coating machine
(Specialty Coating Systems model P-6000). The mounting head of the machine is for devices
at least 15 mm in diameter. Most devices are smaller than this, so they are first be glued to
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Figure 2.1: Cartoon of an etching process (a) and a lift-off process (b) for transferring a
pattern to a Bi film.

a glass slide. The photoresist used for all devices in this thesis is AZ5206, a resist capable
of both positive and negative pattern developing. Enough AZ5206 to cover the device is
dripped onto it with a pipette, and immediately spun at 4000 rpm for 40 s. With these
spinning parameters, the AZ5206 layer is 600 nm thick. To cure the photoresist and remove
the solvent, the device is baked in a 90 ◦C convection oven for 30 minutes. A Karl Suss
(model MJB3) photolithography machine equipped with a mercury lamp emitting 365 nm
ultra-violet light with an intensity of 6.5 mJ/cms is used to expose the photoresist. FeO
photomasks (copies of original photomasks made by Advanced Reproductions) selectively
shadow portions of the device. The exposure time varies with the device material due to
differences in surface reflectivity, but an exposure time of 23 s worked well for the 5 nm
resolution I required. Developing the exposed device in 1 parts AZ 351 developer and 5
parts H2O for 10 s successfully dissolves away the exposed portions of the photoresist. I
typically left the device in the developer for an extra 5-10 s to ensure complete development,
followed by rinsing the device in H2O for 30 s. At this stage, the desired pattern is transferred
to the photoresist layer on top of the device, but the device itself has not been altered.

One method to transfer the pattern to the device is to etch the exposed portions of the
device, presented pictorially in Fig. 2.1(a) for a Bi device as an example. This requires that
the Bi film has already been deposited (ii) onto the substrate (i). A layer of resist is spun
(iii), exposed through a shadow mask (iv), and developed (v). The device is then placed
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into an etchant that eats the Bi. This oftentimes overetches the Bi to produce larger holes
than the resist pattern defines (vi). Lastly, the resist layer is removed with acetone. The
lift-off method is shown in Fig. 2.1(b). Here, we begin with a bare substrate (i) and spin
(ii), expose (iii), and develop (iv) the photoresist. Next the layer of Bi is deposited (v). The
resist is lifted off by acetone, thereby remove the Bi that was on the resist (vi). It is clear the
the etching method is a positive transfer of the mask while the lift-off method is a negative
transfer. For the devices in this study, Bi patterns were produced almost exclusively by
etching, while Au, SiO, and CoFe patterns were made via lift-off.

The etchant for Bi is a solution of H2SO4 : H2O2 : H2O. To remove large areas of Bi, a ratio
of 1 : 1 : 130 is used, which etches the Bi film at a rate of 1 nm/s. The etching is not
uniform, preceding faster at the edges of the pattern than in the middle. This results in
different etching rates depending on the size of the area etched. For smaller areas, more
of the etching region is near the edge of the pattern, so etching will be faster. For etching
small areas of Bi (lines > 3 µm defined by electron-beam lithography), a more dilute ratio
of 1 : 1 : 250 is used, which etches at a rate of 1 nm/s. Because Bi etches quicker laterally
than vertically, etching small patterns in monitored carefully to make sure the pattern is
not destroyed. For lift-off of Au, SiO, and CoFe layers, the device is submerged in boiling
acetone for a minimum of 1 minute. The surface of the device is then rigorously squirted
with acetone until all of the unwanted material is removed.

Defining smaller structures via electron-beam lithography is similar to photolithography,
except that an electron resist is used and an electron beam from a scanning electron micro-
scope (SEM) exposes the resist. The electron resist used for all device fabrication is 950 K
polymethylmethacralate (PMMA). The PMMA is dissolved in chlorobenzene so that it can
be spun onto the device. The two concentration used are 3% and 6% PMMA in chloroben-
zene. The PMMA is spun onto the device at 7800 rpm for 40 s, which results in a PMMA
layer thickness of 120 nm and 320 nm for the 3% and 6% concentrations respectively. After
spinning, the PMMA is cured by baking on a 150 ◦C hot plate for 5-10 minutes.

The selectively expose the PMMA for patterning, the Nano-Pattern Generating Software
(NPGS) is used to control the position of the electron beam in the SEM. NPGS accepts
a computer aided drawing (in our case AutoCAD .dc2 files), which defines the areas that
the electron beam will write (actually written as an overlapping dot mesh). The amount
of exposure that the PMMA requires depends largely on each pattern due to the proximity
effect. The scatter of electrons in the PMMA broadens the exposure region, which is more
pronounced when regions near on another are exposed. For example, a single circle 1 µm in
diameter can be exposed with 240 nC/cm2 dose. However, if everything but a single circle
1 µm in diameter is exposed, a dose of only 140 nC/cm2 is necessary. Once the PMMA
has been exposed, it is developed in a solution of 1 : 3 methyl-isobutyleketone (MIBK)
: isopropanol for 70 s. To transfer this pattern to the device, both lift-off and etching
techniques are used. Details for specific device fabrication will be given in their respective
sections in Chapters 3-5.
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2.3 Measurement Setup

To perform quantum transport measurements on the devices, they mounted into low tem-
perature systems. First, the devices are packaged, as explained below. The low temperature
measurement systems are then outlined. Lastly, the integrated and semi-automated mea-
surement setup is detailed.

Finished devices are packaged into a standard 14 dual-inline package (DIP) form. This first
requires the device to be electrically connected to the pins of an empty 14 pin DIP header.
These electrical connections are made by soldering Au wire from the device to the DIP
header pins. First, a solder mound is placed on the contacting pads of the device pattern.
Next, pretinned Au wire is soldered to the mound. The device with Au wires is then placed
onto a DIP header. The DIP header is pregreased with Apezion N low temperature grease to
ensure that the device does not fall off of the DIP header, particularly at low temperatures.
The free ends of the Au wires are then solder to the DIP header pins. The solder used for

Figure 2.2: Schematics of the 3He cryostat system (a) and the cryogen-free pulse tube
cryofridge cryostat (b).
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the devices depends on the device. For Bi devices, Wood’s metal solder (50% Bi, 26.7% Pb,
13.3% Sn, 10% Cd by weight) is used since its melting point is 70 ◦C, which avoids unwanted
annealing of the Bi (melting point of 271 ◦C) device. The soldering iron is set to 120−130 ◦C
for Woods metal. For other devices, particularly those from InSb, In solder is used with a
soldering iron temperature of 240 ◦C. The soldering station used is a Weller model WD1M
with a Weller RT1 Needle Tip.

Electrical measurements of the devices are performed at low temperatures in one of two
cryostats, a 3He system capable of 0.4 K in steady state and a cryogen-free system capable
of 4.0 K in steady state and 1.5 K for short bursts. The 3He system is a homebuilt insert for
a commercial 4He cryostat (Janis), depicted in Fig. 2.2(a), which has several chambers filled
with He that can be pumped on to lower the vapor pressure, thus lowering the temperature. It
incorporates a superconducting magnet to achieve magnetic fields of up to 9 T. In addition,
it is not necessary to use 3He in the inner-most chamber. Often, a 4He exchange gas is
used, which raises the base temperature to 1.2 K. The cryogen-free system (home built)
is depicted in Fig. 2.2(b). A cold finger is cooled by a pulse tube cryofridge (Cryomech
PT405) driven by a compressor (Cryomech CP950COPSW-4). The cold finger can reach
approximately 2 K, and through thermal conduction can liquefy the 4He exchange gas, with
the sample reaching a base temperature of 4.0 K. The liquefied 4He can be pumped on to
reach 1.5 K for up to 5 minutes. The crygen-free system is equipped with a resistive magnet

Figure 2.3: Schematic of the measurement system.
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capable of magnetic fields up to 1.4 T. The device probes that insert into the cryostats
contain calibrated thermometers and resistive heaters, used for controlling and varying the
temperature at temperatures other than the base temperature.

The device probes have a 19 pin Deteronics electrical feedthrough to allow electrical con-
nections to be made to the device, thermometers, and heaters. From the feedthrough, a
shielded wire bundle connects to a shielded switch box, where each individual feedthrough
wire can be accessed. For low noise resistance measurements, lock-in amplifiers are utilized
for both sourcing current and measuring voltages. The lock-in amplifiers utilized are from
Stanford Research Systems (model SR830), EG&G (model 7265), and Princeton Applied
Research (model P124A). The first two are digital instruments while the third one is an
analogue instrument. The analogue lock-in’s signal is digitized by a Kiethley (model 2400)
voltmeter. DC resistance measurements are performed by a Keithley (model 2400). DC volt-
age sources used for biasing the measurements are supplied by either a Kiethley (model 6487)
or a Yokogama (model GS200). The temperature is measured by the resistance bridge in a
Lakeshore (model LS311 or LS370AC) temperature controller, which also controls the probe
heaters. The magnets are driven by external power supplies isolated from the measurement
electronics. The superconducting magnet of the 3He system is powered either by a Cryomag-
netics (model CS-4) or a Kepco (model BOP 20-10D), where the Kepco is driven externally
by a Kiethely (model 2000) voltage supply. The resistive magnet in the cryogen-free system
is powered by a Power Ten (model P63C-60166) or a Kepco (model BOP 20-20D), where
both power supplies are externally driven by an auxillary voltage output from an SR830
lock-in. All of the information pertaining to the electrical, temperature, and magnetic field
measurements and control are combined via a general purpose interface bus (GPIB). Before
the GPIB signal connects to a computer, it is opitically isolated from the computer input by a
National Instruments (model GPIB-120A) to reduce any noise introduce from the computer
circuity. The data acquisition and remote control of the instruments are done by LabVIEW
programs in the computer.



Chapter 3

Bismuth Devices

Bismuth is the heaviest non-radioactive element, and its large Z value gives rise to strong
spin-orbit coupling (SOC). The spin-orbit coupling bends the energy bands in Bi so that it is
a semi-metal with a small conduction and valence band overlap. This small overlap gives rise
to a low carrier density, and the SOC, as a relativistic effect, gives rise to a non-parabolicity
in the electron and hole dispersions. The results are extremely anisotropic Fermi surfaces
characterized by small effective masses, and hence the carriers have a large Fermi wavelength,
high mobility, and long mean free paths [16]. The combination of these properties make Bi
an ideal candidate for studying spin-orbit effects in quantum systems. Specifically, at low
temperatures, the small density and large mobility results in long quantum coherence times
of the carriers, and thus the SOC becomes one of the limiting transport mechanisms.

The properties of bulk Bi have been well known since the middle of the 20th century. Also,
there are many studies involving the quantum properties of disorder Bi films. However,
high quality large grain Bi thin films and patterned Bi structures have not been extensively
studied. In this Chapter, an overview of the characteristics of Bi is given. We then present
a method for growing high quality Bi thin films, provide their structural and morpholog-
ical analyses, and show their electrical characteristics at both room temperature and low
temperatures [35]. The low temperature magnetoresistance is analyzed in terms of weak
antilocalization, from which we determine the phase and spin coherence times. Next, we dis-
cuss the patterning of Bi films into nanoscale wires. The low temperature magnetoresistance
of the wires indicate multiple quantum interference phenomena are in effect, from which
the coherent properties of the carriers are determined. A dependence of both the phase
and spin coherence on the wire width is observed [55]. Lastly, we mention a study on pat-
terned Bi rings, where the coherence of the carriers has been diminished due to geometrical
confinement. As a result, Aharonov-Bohm oscillations are not present.

22



Martin Rudolph Chapter 3. Bismuth Devices 23

3.1 Bismuth

Bi crystallizes in a rhombohedral lattice, which can be thought of a face-centered-cubic
(fcc) lattice stretched along its [111] direction, which in hexagonal coordinates (used here
throughout) is the [001] direction. Perpendicular to the [001] direction, the structure is
hexagonal, and crystal growth proceeds by stacking hexagonal bilayers. The Brillouin zone
of rhombohedral Bi is very similar to that of a fcc lattice, as shown in Fig. 3.1(a). The only
difference is that in the higher symmetry fcc lattice, all of the hexagonal faces are equivalent,
while the z-axis distortion in a rhombohedral lattice renders the top and bottom hexagonal
faces of the Brillouin zone different than the six other hexagonal faces. Common notation
for the rhombohedral Brillouin zone defines the center of the top and bottom faces T points,
the centers of the other hexagonal faces L points, and, as usual, the center of the Brillouin
zone the Γ point. In addition, we will define the Γ−T direction (formerly the z-axis) as the
trigonal axis, the Γ−L direction as the binary axis, and perpendicular to both of those is
the bisectrix axis. Due to higher symmetry existing in the binary-bisectrix plane than along
the trigonal axis, often just the Brillouin zone projection onto the binary-bisectrix plane is
important, which becomes a hexagon (Fig. 3.1(b)). Bi thin films preferentially grow with
the trigonal axis perpendicular to the growth substrate, so the Brillouin zone projection is
particularly useful since the trigonal direction becomes obsolete for small film thicknesses.
In addition, the films grow with a granular structure in the binary-bisectrix plane, with each
grain having a random in-plane orientation.

Figure 3.1: The bulk Fermi surface of bismuth in three dimensions (a) and projected onto
the binary-bisectrix plane (b). The black lines depict the Brillouin zone boundaries, the blue
ellipsoids represent holes, and the red ellipsoids represent electrons. For (b), the electron
ellipsoids have been extended beyond the first Brillouin zone.
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The Fermi surfaces inside the Bi Brillouin zone include two hole pockets at the T points
pointing along the trigonal axis, which combine to produce one hole ellipsoid, and six electron
pockets that protrude from the L points and are tilted 6.5 degrees out of the binary-bisectrix
plane. The electron pockets combine to produce three electron ellipsoids that are rotated by
120 degrees. The hole ellipsoid is symmetric about the trigonal axis, and thus its projection
in the binary-bisectrix plane is circular. Since the electron ellipsoids are almost exactly in the
binary-bisectrix plane, their projection does not significantly change their shape. Properties
of the three-dimensional ellipsoids have been rigorously studied [16], and are tabulated in
Table 3.1, where the effective masses m∗ denote the curvature of the ellipsoid and the Fermi
wavevectors kF denote the radius of the ellipsoid in a given direction. The values for kF are
normalized to kF,min, which gives the aspect ratio of the ellipsoids relative to the narrowest
axis. Note that the electron ellipsoid has a very large aspect ratio in the binary-bisectrix
plane and a very small effective mass along the bisectrix axis.

At the surface of a solid, the external potential effecting the carriers changes from the bulk
potential. The carriers occupy completely different states at the surface, and the surface
Fermi surface can be dramatically different from the projected bulk Fermi surface on the
same plane. For Bi, this is particularly the case for the (001) surface, which is the trigonal
surface exposed in thin films. Figure 3.2 depicts this (001) surface Fermi surface of Bi. Upon
comparison with the bulk Fermi surface projected onto the binary-bisectrix plane (Fig. 3.1b),
the carriers have flipped their positions. The electrons are now located around the Γ point
and the holes radiate outward.

The surface electrons are very interesting particles because they have a very large Rashba-
type spin-orbit coupling. From ARPES measurements [56–59], the spin-orbit coupling pa-
rameter was found to be approximately αR ≈ 0.7 eVÅ, an order of magnitude larger than
two-dimensional electron gases from semiconductor heterostructures like InAs and InSb.
From the same APRES studies, the surface electron’s effective mass can be estimated to be
m∗ ≈ 0.5m0.

Table 3.1: Characteristics of the electron and hole ellipsoids of the Bi Fermi surface.

Electrons Holes

Component m∗/m0 kF/kF,min m∗/m0 kF/kF,min

Binary 0.12 15 0.06 1
Bisectrix 0.008 1 0.06 1
Trigonal 0.06 1.3 0.2 3.3
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Figure 3.2: The surface Fermi surface of Bi (001) consists of a central electron pocket and
six hole ellipses along the binary axes.

3.2 Thin Films

3.2.1 Film Growth

Although high quality Bi single crystals are easily grown, the same cannot be said for high
quality Bi films. By high quality, we mean thin films with large grains, low density, and
high mobility. The very property than makes growing single crystals so easily, namely the
strong cohesion of Bi atoms that produce a high surface tension, makes growing high quality
thin films problematic. Thus, many studies of Bi thin films have focused on the other end of
the spectrum, where the films are very disordered. These films are often grown by quench-
condensing the Bi onto a substrate at liquid nitrogen temperatures to produce nanocrystalline
grains [32]. For obvious reasons, these disordered films do not retain many of the desirable
properties of bulk Bi. High quality Bi thick films (> 1 µm) have been fabricated, and have
shown phenomenal transport properties, which include a 100,000% magnetoresistance from
classical Lorentz orbits [27–30]. However, the electronic properties of these films are three
dimensional, which makes integration with current two dimensional technologies unlikely.
In addition, patterning thick films into nanoscale geometries is a difficult task. We show
an optimized method for growing high quality Bi thin films (< 100 nm), as evidenced by a
study of their morphological, structural, and electrical properties.

Due to the strong cohesion between Bi atoms, film growth begins with island formation,
even for Bi grown on lattice matched substrates by molecular beam epitaxy (MBE) [24, 34].
In addition, high quality Bi films must be grown at temperatures near the melting point
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of Bi (271 ◦C) to increase the grain size and reduce defects. However, high temperature
further hinder the adhesion of Bi to the substrate. It has moreover been shown that MBE
deposition of Bi at −123 ◦C improves initial film growth but leads to disordered films at
larger thickness [32]. To overcome these obstacles, we explore the initial room temperature
growth properties of Bi, with as objective to identify if initial growth at room temperature
provides a suitable wetting layer on which a high quality film can subsequently be deposited.

A custom built thermal evaporation system was used to grow the Bi films. Prior to growth,
the chamber and substrates were baked at T > 250 ◦C for 18 hours under vacuum. The base
pressure for the chamber reached 6 × 10−9 Torr, and the pressure during the evaporation
stayed in the 10−8 Torr range. The Bi source was 99.999 or 99.9999% pure. All Bi films
presented in this work were grown onto amorphous SiO2 substrates (oxidized Si(001) wafer).
Films were also grown onto GaAs, Al2O3, fuzed quartz, and BaF2 with similar or worse
results compared to SiO2. For electrical characterization, all films were fabricated into Hall
bar structures using standard photolithographic techniques and wet chemical etching with a
H2O2 : H2SO4 : H2O solution. The Hall bars have a width of 50 µm and a length of 100 µm.

To study the initial growth properties of Bi on SiO2, a series of films with thicknesses 10, 15,
20, 25, and 30 nm were grown at 24 ◦C at a rate of 0.05 nm/s. The thickness is obtained in
situ from a quartz crystal balance. In the left colum of Figure 3.3, optical images of the films,
including one of the clean SiO2 substrate, are displayed. The field of view is 75 × 75 µm.
The color changes from light violet (bare SiO2) to yellow, which indicates the Bi film. The
yellow color saturates for thicknesses greater than 20 nm, giving a first approximation of
how much Bi must be deposited before a continuous layer is achieved. The middle and right
panels are atomic force micrographs (AFM) with fields of view of 4 × 4 and 0.5 × 0.5 µm,
respectively. The individual grains are visible, and an increase in the grain size as the film
thickness increases is evident, in agreement with the expected island growth mechanism.

From the AFM analysis, the precise film thickness and the surface roughness are obtained,
which are presented in Fig. 3.4. Here, the x-axis corresponds to the film thickness estimated
from the film mass during growth by the quartz balance. For film masses equating to 20
nm or less, the actual film thickness evidenced by AFM is constant at approximately 22 nm,
confirming that the film growth begins with island formation. The Bi film growth begins
with the formation of islands with height 22 nm. As more Bi is deposited, these islands grow
only laterally. When 20 nm of mass has been deposited, the 22 nm high islands have merged
and the film has become continuous. At this point, the deposition of more Bi grows the film
vertically, indicated by the approximately linear increase in film thickness above 20 nm of
mass. The dotted line represents where the film thickness and mass are equivalent. Note that
the thickness is always larger than the mass. This is an artifact of atomic force microscopy
of rough surfaces. The AFM is biased towards maxima and is less sensitive to minima in the
surface topography due to increased lateral forces when the AFM tip is in a valley. Since
the film roughness increases for masses above 20 nm, the AFM bias error in measuring the
thickness also increases for masses above 20 nm, consistent with the observations in Fig. 3.4.
The conclusion drawn from this study is that approximately 20 nm of Bi must be deposited
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Figure 3.3: Optical and AFM images of Bi films of various thicknesses grown at a substrate
temperature of 25 ◦C and at a rate of 0.05 nm/s.
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Figure 3.4: Morphological properties of Bi thin films. (a) Comparison of the actual film
thickness as measured by AFM and the film thickness estimated from the film mass by the
quartz balance. The dashed represents equality of the estimated and actual film thickness.
(b) The root mean square of the film surface roughness versus estimated film thickness.

onto SiO2 before a continuous film forms, and this will be our starting point for building
high quality Bi films.

Next we studied the dependence of a 30 nm Bi film on the growth temperature, keeping in
mind that higher quality films are grown at higher temperatures. The deposition rate was
fixed at 0.05 nm/s. Figure 3.5 displays the optical and AFM images for substrate temper-
atures between room temperature (25 ◦C) and 250 ◦C. The color of the room temperature
film is yellow, indicating a continous Bi layer. For higher temperature depositions, partic-
ularly evident for T > 150 ◦C, the films gain a violet tint due to the film no longer being
continuous. Higher substrate temperatures cause the initial islands to be larger, and thus a
thicker film is required to form a continuous layer. One comes to similar conclusions from
the corresponding AFM images, where a large increase in both the surface height range
and the grain size accompanies an increase in the substrate temperature. This is shown
quantitatively in Fig. 3.6(a) and (b), respectively. The surface height range is constant for
T ≤ 100 ◦C, and the surface roughness has only changed by ∼10% between 25 and 100 ◦C.
We conclude that the highest temperature for a relatively smooth and continuous Bi thin
film is 100 ◦C.

To grow the highest quality films with our deposition system, we must first deposit a 20 nm
Bi layer at a substrate temperature of 100 ◦C. This forms the thinnest possible Bi layer that
is continuous, and we will refer to this layer as the wetting layer. On top of this wetting
layer, high temperature Bi growth without cohesion problems is possible, and a second layer
of Bi grown at T ' 260 ◦C of arbitrary thickness can be deposited. We refer to the second
layer as the active layer of the film. A schematic of this 2 step growth structure is displayed
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Figure 3.5: Optical and AFM images of 30 nm thick Bi films grown at various substrate
temperatures at a rate of 0.05 nm/s.
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Figure 3.6: The surface roughness (a) and the surface height range (b) of 30 nm thick Bi
films grown at various temperatures.

in the inset of Fig. 3.7(a). The darker shade of gray in the wetting layer emphasizes that this
layer is disordered compared to the high temperature growth active layer. Unless otherwise
noted, all subsequent Bi films are grown using this two step method.

An x-ray diffraction analysis was performed on a 75 nm Bi film to characterize the structural
properties of the film. Figure 3.7(b) displays the full θ-2θ sweep, which clearly show the
presence of the Bi(001) family of peaks as well as the Si(004) peak coming from the substrate.
This indicates that the film is oriented with the Bi(001) direction normal to the plane of the
film, and the strong spin-orbit coupled Bi(001) surface state exists on the exposed surface
of the film. This orientation will allow access to these surface states, which will be studied
in further detail in Section 3.3. A high resolution scan of the Bi(003) peak is shown in
Fig. 3.7(c), where the x-axis has been changed to θ. From a Gaussian fit to the peak, we
find that the peak occurs at θ003 = 11.165 ± 0.049 degrees, where the variation is from the
width of the peak. From Braggs’ law

dhkl =
λ

2 sin θhkl
, (3.1)

we obtain a value of the Bi(003) spacing of d003 = 3.977 ± 0.017 Å (λ = 1.54 Å for the Cu
Kα x-rays). For a hexagonal basis, the plane spacing dhkl relates to the lattice constants a
and c by

1

d2
hkl

=
4

3a2
(h2 + hk + k2) +

1

c2
l2 (3.2)

This translates to a lattice constant of c = 3d003 = 11.93± 0.05 Å, which is approximately a
1% tensile strain from the known lattice constant of c = 11.797 Å. The Bi(017) peak was also
studied (not shown), where the Bragg condition is satisfied for θ017 = 29.627±0.929 degrees,
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Figure 3.7: (a) Schematic of the Bi film morphology for the 2-step growth procedure. X-ray
diffraction scans of the full θ-2θ spectrum (b) and the spectrum around the Bi(003) peak
(c). (d) shows (c) on a logarithmic scale.

resulting in d017 = 1.557 ± 0.044 Å. Using equation (3.2), we obtain a lattice constant of
a = 4.43± 0.09 Å, which is consistent with the known lattice constant of a = 4.533 Å. Note
that the variation in a is about 2%, which is larger than 0.4% the variation in c. This is due
to the in-plane disorder of the wetting layer.

In Fig. 3.7(d) displays the Bi(003) peak on a logarithmic scale. In this form, oscillations on
both sides of the peak are visible, with their centers approximately marked by the dotted
lines. These oscillations are Kiessig interference fringes, which arise from reflections of the
x-rays between the boundaries of the film [80]. The width of the fringes ∆θ determine the
thickness of the film via [32, 81]

dfilm =
λ

2∆θ sin θhkl
, (3.3)

The oscillations occur for films with well-defined smooth boundaries that offer specular
reflection for the x-rays. In addition, the thickness of the film must be consistent over the
x-ray spot size, and thus the occurrence of these oscillations tells us that the roughness of
the film boundaries is relatively small. We estimate the average distance between the mode
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Figure 3.8: The dependence of the grain size (a) and room temperature resistivity (b) on
the total film thickness for films grown by the two step method.

peaks to be ∆θ = 0.080± 0.007 degrees, which from equation (3.1) yields dfilm = 56± 5nm.
This value coincides with the thickness of the active layer of the film (total thickness of 75
nm less 20 nm of wetting layer), suggesting the morphological boundary between the active
and wetting layers is well defined and that the active layer is of high crystalline quality.

3.2.2 Room Temperature Electrical Properties

To study the influence of the wetting layer on the electrical properties of the Bi films, a
series of films ranging from 47 to 225 nm thick were grown. These thicknesses are the actual
thickness as measured by AFM and is defined by t. The grain sizes are obtained by AFM
and displayed in Fig. 3.8(a), showing a monotonic increase in grain size with increasing t
and indicating an increase in film quality with t. The resistivities ρ of the films, which
have been patterned into 100× 50 µm2 Hall bars, are measured, with the room temperature
results displayed as the open squares in Fig. 3.8(b). The increasing quality of the films with
increasing t is again evident by the decrease in ρ due to less defect scattering.

As suggested by the schematic of inset in Fig. 3.7(a), the Bi films can be approximated as a
disordered wetting layer of thickness tw and a high quality bulk-like active layer of thickness
t− tw, where the entire film has a thickness of t. We can fit the ρ versus t data by assuming
that electrical conduction through the film is achieved by two parallel channels, namely the
wetting layer and the bulk-like active layer. Assigning a resistivity ρw to the wetting layer
and ρb to the bulk-like active layer and simply adding two resistors in parallel, one obtains

ρ(t) =
ρb

1− tw/t(1− ρb/ρw)
. (3.4)

The red solid line in Fig. 3.8(b) is achieved by setting ρb = 1.5×10−6 Ωm, ρw = 1.5×10−4 Ωm,
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and tw = 40 nm. Single crystal bulk Bi has a comparable yet slightly lower resistivity
(1.1 × 10−6 Ωm) than our active layer, indicating the high quality but still polycrystalline
nature of our films active layer. From an independent measurement, the resistivity of a 20
nm film is 2.2×10−4 Ωm, comparable with the extracted ρw. Note that the actual deposited
thickness of the wetting layer is 20 nm, indicating that another 20 nm of Bi is required
to relax the wetting layer to a bulk-like film. The blue dashed line takes into account the
presence of an insulating surface oxide, where we set t → t − to, with to being the oxide
thickness. Inserting this into equation (3.4) and fitting the data, we obtain tw = 31 nm and
to = 12 nm, with ρb and ρw unchanged. These values are consistent with a 10 nm surface
oxide layer present on Bi as evidenced by transmission electron microscopy [46].

The properties of the conducting carriers can be determined through the galvanomagnetic
signatures of the Bi films. The magnetoresistance and Hall resistances, normalized to re-
sistivities as ρxx and ρxy, respectively, of the films are measured at room temperature and

Figure 3.9: The room temperature longitudinal magnetoresistivity (a) and transverse (Hall)
magnetoresistivity (b) for Bi films with various thicknesses. The open squares indicate the
data, with every 15 data points omitted for clarity. The solid lines are fits to a two band
magnetoresistance model, from which the carrier densities (c) and carrier mobilities (d) are
extracted.
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displayed in Figs. 3.9(a) and (b). The open squares are the data, which has been symmetrized
for ρxx and antisymmetrized for ρxy, and only every fifteenth datum is displayed for clarity.
In Fig. 3.9(a), we actually plot the change in resistivity ρxx(B) − ρxx(0) to compare the
films, since their zero field resistivities differ by over an order of magnitude (Fig. 3.8(b)). A
quadratic dependence of ρxx on B is observed, which is due to either a geometrical magne-
toresistance or a system with multiple carriers. Since a small aspect ratio Hall bar pattern is
used for this measurement, the geometrical magnetoresistance is negligible, and we attribute
the quadratic feature to multiple carriers, consistent with the fact that Bi is a semimetal
and contains both electrons and holes. In addition, the non-linearity of the Hall resistance in
Fig. 3.9(b) can only be due to a multiple carrier system. By simultaneously fitting the mag-
netoresistance data and Hall resistance data to equations (1.2) and (1.3), the the electron
and hole carrier densities and mobilities are extracted. There are four free parameters in this
fitting, which we reduce to two by implementing the constraints ρxx(B = 0) = 1/(neµ+peν)
and ρxy/B|B=0 = (nµ2 + pν2)/[e(nµ + pν)2]. Here ρxx(B = 0) is given in Fig. 3.8(b) and
ρxy/B|B=0 is the zero-field slope of the Hall resistivity in Fig. 3.9(b).

The extracted carrier densities and mobilities are displayed in Figs. 3.9(c) and (d). The
electron density n is approximately constant over the thickness range, while the hole density
p decreases significantly for t < 75 nm. This may be due to dangling bonds from vacancies
that may occur in the wetting layer and due to effects from the Bi(001) surface states. For
t < 75 nm, where the wetting layer and Bi(001) surface states significantly contribute to the
properties of the film, both the electron donor vacancies and the additional electrons pro-
vided by the surface [33] may be the reason why the observed n does not decrease along with
p, which would be required in a compensated system. Without these extra electron contri-
butions, a decrease in both n and p is expected due to quantum size effects in Bi thin films,
which can induce a semimetal-semiconductor transition [82, 83]. In Bi films, this transition is
predicted to occur when the thickness is less than ∼ 30 nm [25]. Because the observation of
quantum size effects requires high quality materials, the semimetal-semiconductor transition
would most like only occur in the active Bi layer, and not the wetting layer. We observe a
change in p at t ∼ 60 nm, for which the active layer is 20-40 nm thick, depending on the
influence of the film relaxation profile. This is consistent with the theoretical expected value
of ∼ 30 nm. Another feature observed is that the electrons and holes are not compensated,
which is expected for defect-free single crystalline Bi [16], and at large t, we observe n ≈ 2p.
The extra electrons may be provided by the defects in the grain boundaries or the slight
(1%) strain that the film in under.

Both the electron (µ) and hole (ν) mobilities of the films increase monotonically with t. We
observe that µ ' ν/3 for all thicknesses, which is unexpected since the electrons have a
smaller effective mass, and may have similar origins to the elevated n discussed previously.
From comparison of our films’ carrier properties with those of MBE grown Bi films (p ' n =
3.7× 1024 m−3, ν = 0.3 m2/Vs, and µ ' 0.7 m2/Vs for a 100 nm film at room temperature)
[24], we notice that the hole characteristics are almost identical, while our n is 4 times
larger and our µ is about four times smaller. As mentioned earlier, the discrepancy for the
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electron properties arises from the polycrystalline nature of our films. As a whole, the room
temperature thickness dependence of the resistivity, carrier densities, and carrier mobilities
indicate that, on a SiO2 substrate, a 76 nm film is the thinnest Bi film for which the necessary
wetting layer does not have a large influence on the classical electrical properties.

Figure 3.10: Transport characteristics and properties of Bi films of various thicknesses at
30 K. (a) The resistivity as a function of temperature. (b) The percent magnetoresistance
at 1 T. The longitudinal (c) and transverse (d) magnetoresistances. The solid lines are fits,
from which the carrier densities (e) and mobilities (f) are extracted.
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3.2.3 Low Temperature Electrical and Quantum Coherence Prop-
erties

The Bi films were cooled to 2 K, with Fig. 3.10(a) displaying the resistivity over the en-
tire T range. All films show semiconducting behavior: ρ decreases with temperature. In
Fig. 3.10(b), we display the percent magnetoresistance at B = 1 T, defined as [ρxx(1 T)−ρ]/ρ,
for both room temperature and 30 K. The magnetoresistance is actually smaller at 30 K
than at room temperature for t < 76 nm. However for t > 100 nm, the magnetoresistance
is larger at low temperature, becoming almost 100% for t = 225 nm. The longitudinal and
transverse (Hall) resistivities are shown in Figs. 3.10(c) and (d), respectively, where the open
squares are the data and the solid lines are fits to the classical two-band magnetoresistance
model, with the extracted carrier densities and mobilities given in Figs. 3.10(e) and (f),
respectively. The two-band model works well for t ≤ 76 nm but cannot follow the data for
t > 76 nm, suggesting that more than two bands are present. The visibility of additional
carriers for thicker films arise from the fact that in the thicker films the active layer has
large mobilities compared to the disordered wetting layer, and thus one needs to account
for at least four carriers to accurately describe the system (electrons and holes for both the
active and the wetting layers and possibly the surface carriers). For the thinner films, the
difference in wetting layer and active layer properties are not as pronounced, and thus, while
the same number of carriers are present in the films, the ability to distinguish between them
in magnetotransport measurements is not possible. Supporting evidence for this is the large
increase in the percent magnetroresistance for t > 76 nm, which suggests that the mobilities
have also greatly increased. Due to these facts, the carrier densities and mobilities that are
extracted from the fits to Figs. 3.10(c) and (d) do not present a complete picture of the
systems for t > 76 nm. It is evident that for the thinner films, the carrier densities have
decreased for T = 30 K, which points back to the semiconducting temperature dependence
of ρ.

At low T , the classical transport propetries do not significantly change, which is observed
by the leveling off of ρ for T > 20 K in Fig. 3.10(a). For the three thinnest films, where ρ
is particularly constant for T > 20 K, the carrier densities and mobilities can be assumed
to be independent of T in this range. However, in Fig. 3.11, deviations from the classical
contributions to ρ, due to quantum mechanical correction for weak antilocalization (WAL),
are evident from both the T and B dependence. WAL describes the increased probability
for a charge carrier to follow a closed path rather than a propagating path due to quantum
interference of the carrier wavefunctions. WAL is fully characterized by the classical trans-
port properties, the phase coherence length lφ, and the spin coherence length lso. A more
detailed discussion of the WAL mechanism is given in Chapter 1. In the following analysis
of the WAL signatures in Bi films, we focus on the determination of the coherence lengths
lφ and lso, and their implications for phase coherent transport in Bi films.

In Fig. 3.11(a), ∆ρ(T )−∆ρ(20 K) is plotted against T for low T , where ∆ρ(T ) = ρ(0 T)−
ρ(1 T) is the low-field change in the resistivity at temperature T . The data is represented
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Figure 3.11: (a) Deviation from the classical magnetoresistance at low T due to weak an-
tilocalization for Bi films of 47, 55, and 76 nm thicknesses. The evolution of the weak
antilocalization in magnetic field for the 47 nm (b), 55 nm (c) and 76 nm (d) thick Bi films.

by the open squares. At T = 20 K, ∆ρ is due purely to the classical magnetoresistance, so
subtracting this value from ∆ρ(T ), only the WAL contribution remains. Thus, Fig. 3.11(a)
effectively displays the zero-field WAL strength as a function of T . The WAL correction to
the T dependence of ρ for a diffusive, two-dimensional system follows the relation [69]

∆ρ(B = 0, T ) =
e2pρ2

4π2~t
ln (T/T0) , (3.5)

where p is the exponent in the quantum dephasing power law lφ ∝ T−p/2, and T0 is charac-
teristic temperature for the onset of the decoherence. The term “two-dimensional system”
for this model (and that from Equation (3.6)) describes the effective dimensionality ac-
cording to the phase of the carriers. While the kinematic properties of the Bi films follow
three-dimensional behavior (since l0, kF < t), if lφ > t, the phase properties follow two-
dimensional behavior. We will show later that lφ is indeed larger than the film thickness
and that this condition is self-consistently met. Equation (3.5) is written in terms of ρ to
make the connection to the experimental measurements more obvious. However, the natu-
ral quantum transport coefficient is the conductivity σ and, in the case of two-dimensional
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phenomena, σ2D; this formulation simplifies Equation (3.5) to ∆σ2D = e2p
4π2~ ln(T/T0), where

it becomes clearer that the strength of the WAL depends only on p and T0.

Fitting Equation (3.5) to Fig 3.11(a) yields the black lines. The slope of these lines is pro-
portional to the prefactor in Equation (3.5) from which the power law dephasing exponents
p are extracted. We find that p = 1.3, 2.1, and 1.9 for the 47, 55, and 76 nm thick Bi films,
respectively. For the determination of p from Equation (3.5), the uncertainty in both ρ and
t contribute to the uncertainty in p, which we attribute to the discrepancy in p of the 47
nm and the 55 and 76 nm thick films. The 55 and 76 nm films have p ' 2, which describes
phonon induced dephasing and is expected to occur at these temperatures. In this analysis,
the 47 nm film has a slightly lower value for p, which is likely due to a small yet significant
bias error in the measured resistivity compared to the actual resistivity: decreasing ρ(47 nm)
by only a factor of 1.2 would increase p to 1.9.

The quantum interference that dictates the WAL, while dephasing in temperature due to
inelastic thermal (phonon) scattering, also dephases with an applied external magnetic field
due to the inclusion of an Aharanov-Bohm phase. Figures 3.11(b)-(d) display the magne-
toresitance of the three thinnest Bi films which exhibit a cusp-like minimum about B = 0.
The minima become more prominent as the temperature deceases, which represents the
same behavior depicted in Fig. 3.11(a). However, the B-field dependence contains addi-
tional information in the width of the minimum, which allows for the determination of the
phase and spin coherence lengths lφ and lso, respectively. Following the Hikami, Larkin,
Nagaoka (HLN) theory, which descibes the full WAL parameter dependence for diffusive
two-dimensional systems, we expect the magnetoresistance to follow [73]

∆ρ(B, T ) =
e2pρ2

2π2~t

[
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. (3.6)

Here, F (x) = Ψ(1/2 +x)− ln(x) where Ψ(x) is the digamma function. H0,φ,so = ~/(4el2o,φ,so)
describe the characteristic magnetic fields for the momentum-, phase-, and spin-orbit scat-
tering mechanisms, respectively, with l0 representing the mean free path. The explicit T -
dependence of Hφ arises from the quantum dephasing inherent in lφ, which is the only
T -dependent term in Equation (3.6). Momentum scattering is assumed to be constant since
the classical properties do not change in the temperature range studied (as noted above) and
the spin-orbit scattering is influenced by the combination of momentum scattering and the
crystal structure-dependent spin-orbit coupling strength, both of which do not change in T
at low temperatures. Although Equation (3.6) is quite complicated, there are only two free
paramters when fitting it to the magnetoresistance curves of Figs. 3.11(b)-(d): lφ and lso,
since the classical l0 and ρ have already been determined. The fits to Figs. 3.11(b)-(d) also
have the classical magnetoresistance included to take into acount the parabolic background
shape.

The phase coherence lengths for the Bi films are presented in Fig. 3.12(a) at the temperatures
that WAL is present. The corresponding lso are determined by the 4.1 K data fit for each
film, and then held constant for the higher temperatures in accordance to the expectation
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Figure 3.12: (a) The phase coherence lengths lφ for the carriers in Bi films at various tem-
peratures as extracted from Equation (3.6). The solid lines are power law fits to the data.
(b) The Bi film thickness dependence of lφ and the spin coherence length lso at 4.1 K. The
gray x’s show the inconsistency from the expected monotonic dependence when assuming
lφ � lso (see text).

that lso is T independent (values for lso are displayed in Fig. 3.12(b)). The solid lines are
fits to the general dephasing power law lφ ∝ T−p/2, with p = 2.1, 2.1, and 2.3 for the 47, 55,
and 76 nm thick films, respectively. These values are again consistent with phonon-induced
dephasing. For the 47 nm film, note that while p = 1.3 using Equation (3.5), p = 2.1 using
Equation (3.6). The latter is obtained directly from the shape of the fitting curve, while the
former requires further calculation using ρ and t which have their own uncertainty. Thus, the
latter method is more accurate, and the p it produces is more consistent with the phonon-
induced dephasing expected at the measurement temperatures. The thicker films have larger
lφ at a given temperature, which is put forth more clearly in the 4.1 K thickness dependence
displayed in Fig. 3.12(b) (red circles), along with the corresponding lso (green circles). The
t dependence of lφ is observed with the solid line as a guide to the eye. Films thicker than
76 nm do not exhibit WAL since the visibility ∆ρ/ρ ∝ ρ/t, and hence lφ is inaccessible by
WAL for films with t > 76 nm. The 76 nm film provides the optimal quantum coherence
properties that can still be probed by 2D interference measurements.

We observe a dependence of lso on t. lso depends on the strength of the SOC, on l0 (in our
experiments dominated by impurity scattering at low T ), and on random SOC fluctuations
[84]. The former is a structural property while the latter two are independent of T at low T ,
and hence no strong T dependence is expected for lso in our data. Within the accuracy of lso,
a conclusive dependence on t cannot be drawn. However, the data can, at best, suggest only
a weak t dependence, which is in contrast to the monotonic t dependence of the mobility and
l0; thus l0 may not be the appropriate length scale affecting lso in our films. lso can in some
cases be independent of l0 due to fluctuations in the SOC on a length scale smaller than l0
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[84]. The strong SOC in our Bi films may carry fluctuations on a scale smaller than l0 and
may thereby limit lso to be comparable to or shorter than l0, as observed in our experiments.

At this point, we need to discuss the uncertainty in the obtained values for lφ and lso using
WAL. The shape of the magnetoresistance alone determines the relation between lφ and
lso, but their absolute magnitude cannot be taken to be better than 50% accurate. This
is understood by the following three reasons. 1) The data is not a smooth curve. One
notices, particularly for Fig. 3.11(b), oscillations that are superimposed on the data. These
are universal conductance fluctuations, which will be discussed in more detail in Section 3.3.
Due to these oscillations, the exact shape of the WAL is an interpolation, and so there is
some play between values of lφ and lso that provide sufficiently “good” fits. 2) There are
no terms in Equation (3.6) that mix lφ and lso multiplicity. This means that to first order,
Equation (3.6) is linear in lφ and lso, which allows one to change them in opposing fashion
and only minimally affect the fitting curve. 3) The universal amplitude of the WAL in the
theory is ∆σ2D ' e2/πh. Experimentally, this amplitude may not be exact, and so one must
include an overall multiplicative factor A to Equation (3.6) as a third fitting parameter to
ensure the amplitude of the observed signal matches that of the theory. A large influence of
the overall magnitude of the WAL signal depends on the size and configuration of the leads
[85], and A is used to absorb these dependencies. Nominally, A = 1 and the data fit the
theory, but oftentimes A ranges between 0.2 and 5. The effect of changing A is to change
the overall magnitude of both lφ and lso, while keeping their relative relationship similar.
Taking these limitations of extracting lφ and lso from WAL into account, the important
information that is obtained with certainty is how lφ and lso change with other variables,
such as temperature, structure geometry, etc. In addition, the absolute magnitude of lφ and
lso are obtained to within a factor 2.

For the WAL fitting performed in Fig. 3.11, A was held at 1, which provides the most accurate
magnitude for the coherence lengths. As mentioned above, the fitting of two independent
parameters also induces uncertainty in the coherence length values. Oftentimes, when strong
SOC materials are studied via WAL, one uses a reduced form of Equation (3.6), which is
taken in the limit that lφ � lso and l0, where

∆ρ(B, T ) =
e2pρ2

4π2~t
F

(
Hφ

B

)
, (3.7)

where F (x) = Ψ(1/2 + x)− ln(x) as before. Now, we are left with only one free parameter
lφ at the expense that lso cannot be determined but is assumed to follow the constraint
lφ � lso. In Fig. 3.13, fitting using both the full WAL theory (solid black line) and the
constrained WAL theory (dashed brown line) are compared to the data of the 47 nm Bi
film. Although Bi is a strong SOC material, it is clear that the constrained theory does not
capture the curvature of the data as well as the full theory. Moreover, the x’s in Fig. 3.12(b)
show the thickness dependence of lφ at 4.1 K for the constrained theory. The behavior is
non-monotonic, which is not physical in this scenario. Thus, we show that the full WAL
theory, although it has three fitting parameters, is necessary to describe the WAL in Bi films.
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Figure 3.13: Discrepancy between using the full WAL theory in Equation (3.6) and the
simplified version of the WAL theory in Equation (3.7) in comparison to the data of the 47
nm film.

In conclusion, in this section we have presented the deposition and properties of high quality
Bi films suitable for patterning into quantum devices. The mobilities are thickness de-
pendent and are consistent with values encountered in MBE grown Bi films. Analysis of
WAL indicates a linear thickness dependence of lφ and phonon dominated inelastic scatter-
ing above 2K. The spin coherence length does not appear to depend on the thickness for
t ≤ 76 nm. In the following sections, where Bi films are patterned into special structures to
elucidate quantum properties of Bi, a 75 nm film will be the starting point of the fabrication
as we have shown here that this thickness optimizes both the bulk-like properties and the
two-dimensional quantum coherence properties.

3.3 Wires

In the previous section, we laid the foundations for growing Bi thin films that best exhibit
the properties of bulk Bi, namely high mobilities and long Fermi wavelengths, and two-
dimensional coherent properties, important for fabricating quantum devices. We concluded
that these desired characteristics are optimized in a 75 nm thick Bi film. In the following
section, we begin with this 75 nm Bi film, and lithographically fabricate nano-scale wires
on them to further constrain the geometrical dimensions of carriers. The low temperature
transport properties are studied, and, as in the previous section, quantum interference phe-
nomena are observed. The phase and spin coherence lengths are determined for wires of
varying widths, and a detailed discussion about their width dependence is provided. Two
devices with nano-scale wires are studied, and their results provide similar conclusions. The
devices will be referred to as W1 and W2.
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3.3.1 Wire Fabrication and Weak Antilocalization Signatures

The magnetoresistances (MR) in a magnetic field perpendicular to the substrates of the
wires in Devices W1 and W2 are measured at low temperatures to observe the WAL effect,
from which both the phase and spin coherence lengths − lφ and lso, respectively − can be
determined. Wires from both devices provide similar results from WAL analysis via the two-
dimensional HLN theory [73], while an additional universal conductance fluctuation (UCF)
analysis is performed on Device W1 and a one-dimensional WAL analysis is performed on
Device W2. The the fabrication and quantum transport results for Device W1 will be
presented first, followed with those of Device W2.

Lithographically defining nano-scale structures of Bi has only been attempted a handful of
times [23, 47–54]. The most success has been achieved by either using a lift-off process [50, 53]
or performing inductively coupled plasma reactive ion etching (ICP RIE) [48, 49]. We have
fabricated nano-scale Bi rings using a lift-off technique, described in detail in Section 3.4.
However, the drawback of using a lift-off process is that the patterned resist is placed into
the deposition system and exposed to the evaporation temperatures. The electron resist
PMMA loses its rigidity at around 100 ◦C, so high quality growth temperatures cannot
be used for lift-off structures. The RIE etching process is the most common method of
fabricating nano-structures in semiconductor systems, due to the sharp and vertical edges it
can produce. Since etching processes are performed after the material growth, the Bi film
can be grown under any conditions, allowing for higher quality nano-scale structures. In
Ref. [48], a BCl3/Ar plasma was used, while in Ref. [49], a Cl2/He plasma was used. The
ICP RIE system that is available to us does not have an Ar gas input, so we experimented
with etching our Bi films with lone BCl3 plasma as well as Cl2/He plasma. We used both
AZ photoresist and PMMA electron-resists as the pattern masks, but the ICP RIE etching
destroys the masks before the Bi films are completely etched for both plasma compositions.
Due to these limitations, we created a different procedure for defining nano-scale structures
on Bi films, which is based on wet chemical etching.

As mentioned in Section 2.2, Bi films wet chemically etched by the prescribed acid solution
do not etch uniformly; in fact, the Bi films etch more quickly laterally than vertically. For
larger structures, this does not pose a problem, since the film thickness is much smaller than
the lateral dimensions of the pattern. However, for nano-scale structures, where the pattern
dimensions are within a factor 10 of the film thickness, defining such patterns requires care,
which will be detailed in the following pages.

The starting point for Device W1 is a 75 nm Bi film grown using the two-step deposition
process described in Section 3.2, except that the growth rates for both steps are 1.0 Å/s
instead of 0.5 Å/s. Using both photolithography and electron-beam lithography steps, two
Bi wires are defined, as depicted in Figs. 3.14(a)-(c). The black region in the schematic
of Fig. 3.14(a) shows the area exposed by photolithography, which is subsequently etched
away by a 1 : 1 : 98 ratio of H2SO4 : H2O2 : H2O in 39 s. Next, the red region is exposed
by electron-beam lithography at a dose of 195 nC/cm2. The lithographic dimensions of
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Figure 3.14: (a) Schematic of Device W1, showing the regions exposed by photolithography
(black) and electron-beam lithography (red). (b) SEM image of the two wires after overetch-
ing the lithographic boundaries. The light region is the Bi film and the dark regions are the
SiO2 substrate. (c) SEM image of the Hall bar region.

the two Bi wires are 15 × 22 µm2 and 7 × 23 µm2. The red region is etched in the same
concentration as the above for 10 s, which purposely laterally overetches the Bi by 3-4 µm.
The result is that the physical wire sizes are 6.1 × 22 µm2 and 0.34 × 22 µm2, as shown
in the SEM images of Fig. 3.14(b). An SEM image of the Hall bar region is displayed in
Fig. 3.14(c). The overetching is evident by the trenches defining the wires being curved
rather than rectangular, as the original lithographic pattern was rectangular. Because the
Bi naturally overetches, to obtain a narrow wire, a larger region has to be lithographically
defined and then the etching can narrow the pattern to the desired size. However, because
the etching rate is relatively fast and is not consistent enough to prescribe a recipe, the
success rate of obtaining small structures by the method outlined in this paragraph is rather



Martin Rudolph Chapter 3. Bismuth Devices 44

low. More often than not, the pattern will be completely etched away, or not etched enough.
A more systematic and reliable procedure is used for fabricating Device W2 and is detailed
later.

The film’s carrier mobilities and densities of Device W1 at 0.4 K were determined from
magnetoresistance and Hall data, displayed in Fig. 3.15. The data is taken between ±9 T
and shows more inflections than the data from the ±1.4 T range in Section 3.2. A two-band
fit (blue dashed lines), with only two free parameters, cannot simultaneously account for
the curvatures of the longitudinal and transverse resistances. Thus, we fit the data to an
isotropic three-band model (black solid lines), as outlined in Chapter 1, which takes into
account the two expected bulk bands as well as an impurity band from the initial 20 nm of
Bi growth. For the bulk bands, the model returns nb = 2.5 × 1023 m3, µb = 0.28 m2/Vs,
pb = 1.4 × 1023 m3, and νb = 0.39 m2/Vs, where n (p) and µ (ν) are the density and
mobility of the electrons (holes). The impurity band is n type, with nimp = 6× 1026 m3 and
µimp = 7 × 104 m2/Vs. The densities and mobilities of the bulk bands are similar to those
observed in single crystalline Bi films [24]. (The extracted band parameters for the 2-band
fit are n = 8.8× 1024 m3 and µ = 0.056 m2/Vs, and p = 2.5× 1023 m3 and ν = 0.36 m2/Vs.
Comparing with the 3-band results shows that although the fitting for the 2-band is visually
off, the parameters extracted characterize the bands similar to the 3-band parameters, in
which the n-type bulk and impurity bands have been combined and the p-type bulk band has
been minimally altered.) Independent confirmation of the carrier densities can be obtained
from Shubnikov-de Haas oscillations. However, these are not present for magnetic fields
up to 9 T, due to the Fermi-surface averaging over many randomly oriented grains. The
resistivity of the film at 0.4 K is 1.1× 105 Ωm.

Figure 3.15: Magnetoresistance (a) and Hall resistance (b) of the macroscopic Hall bar on
Device W1. The data (red circles) are compared to a 3-band model (black solid lines) and
2-band model (blue dashed lines).
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Figure 3.16: Magnetoresistance of Device W1. The low-field magnetoresistance of a 0.34 µm
wide wire (a) and 6.1 µm wide wire revealing the WAL and UCF signals and their evolution
with temperature. The insets are large-field data indicating the classical magnetoresistance
background.
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Fig. 3.16 displays the MR data with perpendicular magnetic field for (a) the 0.34 and (b) the
6.1 µm wide wires of Device W1. The insets provide a large-field view in which the classical
parabolic MR is evident. The data in the main figures are not offset and indicate a decrease
in resistance for increasing temperature, which is a trend that persists to room temperature.
The resistivities are calculated by the ρ = RWt

L
, (W is wire width and L is wire length) with

R being the resistance between the voltage contacts. R includes a resistance contribution
from the wide Bi leads between the wires’ ends and the voltage leads, which is 2% for the
0.34 µm wide wire and ∼33% for the 6.1 µm wide wire. By removing this contact resistance,
the actual resistivity of the wires are found to be 1.0× 10−5 Ωm for both, which is in good
agreement to the 1.1 × 10−5 Ωm value of the macroscopic Hall bar. We can assume that
the carrier densities and mobilities in the wires do not significantly change from those of the
parent film.

The downward notch about B = 0 is the WAL signal. Note that the width of the WAL
cusp is larger for the thinner wire, suggesting the coherence lengths have a dependence on
the width of the wires. The WAL signal becomes smaller as T increases due to increased
carrier dephasing due to inelastic scattering. In addition, reproducible humps that are
symmetric about B = 0 are present in both wires’ MR, particularly visible at B ≈ 0.2 T and
T < 2 K in the 0.34 µm wide wire. These are UCFs, which, like WAL, arise from interference
between carriers, and are thus also sensitive to lφ. The relative WAL signal, as expressed in
Equation (3.6), is affected proportionally to the contact resistance. However, the parameters
lφ and lso extracted from WAL are only weakly dependent on its relative amplitude. While
the relative UCF amplitude also is proportionally dependent on contact resistance, lφ, as
obtained from the UCF critical field Bc, again remains unaffected. The effects of contact
resistances on the analyses are therefore negligible, and for simplicity ignored.

Figure 3.17 displays the low field MR with the best fits from Equation (3.6). A small
quadratic term was also included in the fit to account for contributions from the classical
multiband magnetoresistance. For both wires, this classical correction is ρ(B) = ρ[1 +
0.18(T2)B2], which is a few orders of magnitude lower than that of single crystal bulk Bi
due to a reduction in mobility for thin films [24] and the polycrystalline nature of our films.

From the WAL fits, the parameters lφ and lso are extracted, and are displayed as a function
of T in Fig. 3.18(a) and (b), respectively. The T dependence of lφ weakens with decreasing
T , indicative of saturation and of an intrinsic T -independent phase-decoherence mecha-
nism. Saturation of lφ has been widely observed [78, 86] in two-dimensional samples and
nanostructures in both semiconductors and metals, but as yet not in Bi. To describe the
saturation phenomena, we add a saturation term to the standard power law T dependence
of lφ, yielding

1

l2φ
=

1

l2φ,0
+ AT p, (3.8)

with lφ,0 the saturation phase coherence length. The addition of the saturation term follows
Matthiessen’s Rule where 1/τφ = 1/τφ,0 + 1/τφ(T ) and lφ =

√
Dτφ. The dashed line in
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Fig. 3.18(a) corresponds to phonon-induced dephasing with p = 2, which the data from both
wires approach for T > 3 K. This is consistent with the phonon-induced dephasing in the
Bi films in Section 3.2 for T > 4 K. Fits to Equation (3.8) (solid lines) are performed by
setting p = 2 and using lφ,0 and A as free parameters. We extract lφ,0 = 385 nm for the
0.34 µm wide wire and 838 nm for the 6.1 µm wide wire. The coefficient A = 2.9× 109 K2/s
is found the same for both wires, indicating dephasing by low-energy phonons is unaffected
by the width W . Nyquist dephasing, characterized by length lN ∝ T−1/2 in two dimensions,
is not observed, since fitting to 1/l2φ = 1/l2N +AT 2 instead of Equation 3.8 does not provide
convincing fits [87]. The saturation term masks Nyquist dephasing in the region T < 1 K,
where the Nyquist mechanism would otherwise dominate. The data suggest a dependence on
W for lφ via lφ,0 where lφ,0 scales with W , but because there are only two wire widths studied
on this device, it is difficult to ascertain the nature of this dependence. Similarly, lso shows a
dependence on W , except that they scale inversely. Analysis of Device W2, which contains
seven wire widths, will provide more insight into the detailed nature of the W dependences
of lso and lφ.

At low T , lso is expected to be independent of T , since both the mean free path and
the crystalline induced SOC are independent of T at low T . In the Bi wires, as depicted
in Fig. 3.18(b), the extracted lso exhibit a slight but noticeable dependence on T above
T ≈ 1.8 K. The fits performed to obtain lso here are best fits, with no constraints on lso. We
note that at 3.6 K, the thermal diffusion length lT =

√
~D/kBT equals the film thickness,

and hence an effective change in the dimensionality of the system may underlie the apparent
dependence on T not captured in Equation (3.6). The apparent T dependence of lso may also
be an artifact of the fitting, as the higher temperature WAL signal has less curvature than

Figure 3.17: The MR data with the zero field resistivity subtracted ∆ρ (colored circles),
which emphasizes the WAL, is displayed along with fits (black lines) to Equation (3.6) for
the (a) 0.34 µm wide wire (b) and 6.1 µm wide wire of Device W1. The data are offset for
clarity.
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Figure 3.18: (a) The T dependence of lφ for the Bi wires of Device W1 and fits to Equa-
tion (3.8). (b) T dependence of lso.

the lower temperature signal and therefore the extracted lso has more error. In later analysis,
we constrain lso to be independence on T , as theory predicts, and also obtain adequate fits
to the data.

The two wires in Device W1 provide a general idea of the dependence of coherent phenomena
in Bi wires on lateral geometrical constraining via lithographic techniques. Device W2 was
fabricated to further explore the mechanisms behind lφ and lφ,0 scaling with W and lso
scaling inversely with W by placing seven wires into the device, with the smallest wire being
0.21 nm wide. To fabricate a device with multiple nano-scale sized wires, the procedure used
for Device W1 is inadequate due to the inconsistency of the lateral overetching. Thus, a
different fabrication method is used for Device W2.

Before the Bi film is grown for Device W2, Cr/Au contacting arms are deposited onto the
SiO2 substrate. The Cr/Au contacting arms are defined by photolithography and a lift-off
step (visible in Figs. 3.19(a) and (f)). The 75 nm film is grown (two-step deposition at
1.0 Å/s) onto the SiO2 substrate and Cr/Au arms. As indicated in Fig. 3.19(a), most of the
Bi film is removed by photolithography (exposing black region) and wet chemical etching
(1 : 1 : 131 ratio for 75 s), leaving a 210 × 60 µm2 rectangle of Bi centered over the Cr/Au
arms. The Cr/Au contacting arms provide a more stable electrical connection with the
Woods metal solder (Woods metal directly on the Bi film can diffuse into the film). Next,
a trench pattern and the wire pattern are written by electron-beam lithography (exposing
the red region). The trench pattern, written with a 1 µm linewidth at 210 nC/cm2, removes
the shorts between the Cr/Au arms and the Bi film and also defines a 45 × 20 µm2 Hall
bar region. The wire pattern, written with a 0.5 µm linewidth at 220 nC/cm2, defines nine
different wires with adjacent shorts. The wires are labeled L1 through L9 in the close-up
schematic in Fig. 3.19(b). Lithographically, the wires are 50, 100, 200 300, 400, 500, 600, 700,
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Figure 3.19: (a) Schematic of Device W2 with the underlaying Cr/Au contacting arms,
showing the regions exposed by photolithography (black) and two electron-beam lithography
steps (red and blue). (b) Zoomed in schematic shows the pattern with nine wires. SEM
images of L3 (c) and L4 ((d) and )e)). (f) Optical image of the final device.
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and 800 nm wide, respectively, and 16 µm long. To the right of each wire, there is a parallel
shorting path. If, during etching, a wire is completely etched away from lateral overetching,
the current will be able to still pass along the shorting path, allowing the other wires in
the device to still be measured (unlike in Device W1 where a through-etched wire creates
an open circuit). The red regions are etched by a 1 : 1 : 700 ratio for 125 s, which causes
about 50-100 nm of overetching. L1, L2, and L3 are completely etched away. Figure 3.19(c)
shows L3, where some of the wire remains but with a large discontinuity in the top half.
Wires L4 through L9 are intact, with Figs. 3.19(d) and (e) displaying L4 in its entirety
and under high magnification. From SEM the physical widths of wires L4 through L9 are
determined to be 210, 320, 410, 500, 700, and 700 nm, respectively, with variation in each
width being ∼ 50 nm. Another electron-beam lithography step is performed to remove the
wires’ adjacent shorting paths, where the blue region is exposed and etched in a 1 : 1 : 700
ratio for 25 s. The final device is shown in Fig. 3.19(f), where the speckled yellow region is
the Bi, the violet region is the SiO2, and the smooth gold region is the Cr/Au contacting
arms. A total of seven wires are on Device W2: wires L4 through L9 as well as the shorting
paths of L1-L3, which have widths of 1530, 1450, and 1350 nm, respectively. All wires are
L = 16.1 µm long. The Hall bar section in Device W2 has dimensions of 22.4× 45.0 µm2.

The method of patterning structures in parallel with shorting paths increases the success
rate of device fabrication to over 50%. It requires an SEM imaging step after etching the
small pattern to determine which structures are intact or not, and then requires another
electron-beam lithography step to remove the unnecessary shorting paths. In Section 3.4,
this procedure is implemented to fabricate more delicate ring structures with good success.

Devices W1 and W2 differ in that W1 is fabricated from a Bi film deposited onto the SiO2

as the first step while W2 is fabricated from a Bi film deposited onto the SiO2 after a Au
contacting pattern has been deposited. Upon comparing SEM images of the two devices,
Fig. 3.14(b) and Fig. 3.19(c), one observes film defects in the form of bright grains (the
light color is due to their height, which is ∼ 2 times higher than the film thickness) on both
devices. Device W2, however, has a much higher density of these defects that Device W1,
which is due to the extra processing step performed before the Bi deposition. The defects
only minimally effect the electrical characteristics of the films, but they do provide large
local thickness variations which can hinder nanostructure fabrication. The defects are also
visible by optical microscopy as dark spots, as observed in Fig. 3.19(f). The loss in film
quality in the fabrication technique for Device W2 is offset by the gain in ease of pattern
alignment for multiple electron-beam lithography steps, since the Au arms are not disturbed
by the multiple etching steps required for the bismuth.

The carrier properties of the Bi film in Device W2 are obtained from the classical longitudinal
and transverse magnetoresistances. Figure 3.20(a) and (b) display ρxx and ρxy at 0.4 K of
the macroscopic Hall bar section of Device W2, along with fits to a 3-band model (black solid
lines) and 2-band model (blue dashed lines). The 2-band model does show small deviations
from the ρxx data, so a 3-band model is also shown for comparison. Because the ρxy data
is linear, both 2- and 3-band models replicate the data well and overlap in the figure. The
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parameters for the fits are provided in the table of Fig. 3.20(c). The 2-band parameters
indicate compensated electron and hole densities, which is expected in Bi. The 3-band
parameters indicate very small carrier densities for the high mobility bulk-like active layer.
These densities are an order of magnitude smaller than that of single crystalline bulk Bi,
and therefore not physical. Thus, even though the 3-band model fits better (due to more
fitting parameters), its results do not accurately describe the carrier properties of the films.
We will take the true carrier properties to come from the 2-band fit. The impurity band
discussed for Device W1 does not seem to present itself in Device W2 (most evident by the
lack of curvature for ρxy). In addition, the hole mobility is lower, and its density larger, than
that of Device W1. These values are indicative of a more disordered film, and may be a
result of Device W2 being grown after the processing step of patterning the Cr/Au contact
arms, which produce a more visually defect prone film. Also, note that the data here for
Device W2 is from ±2 T, while that for Device W1 is from ±9 T. Some additional points
of inflection may exist in the data for Device W2 at higher fields, which might influence the
carrier parameters necessary for an adequate fit.

Figure 3.20: The longitudinal (a) and transverse (b) magnetoresistances of the Hall bar
section of Device W2, with corresponding 2-band (dashed blue lines) and 3-band (solid
black lines) fits. (c) Table of the fitting parameters for both the 2- and 3-band models. (d)
The resistivities of the wires in Device W2, along with the Hall bar. The error bars arise
from the variation in wire width. All data is taken at 0.4 K.
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Figure 3.21: (a) The magnetoresistivities of the wires of Device W2 at 0.4 K. The resistivity
has been modified to present the differential conductance, which is explicitly insensitive to
the wire dimensions. (b) Same as (a) but at a smaller field range, emphasizing the WAL.

For Device W1, the wires had a similar resistivity to the parent film, indicating that the
carrier parameters did not change in the patterned wires. Figure 3.20(d) displays the re-
sistivities of the nine wires and the Hall bar in Device W2. The error bars arise from the
∼ 50 nm variation in the wire widths due to the etching process. Within the error, all
structures wider than 0.3 µm have approximately the same resistivity, which is consistent
with what was observed in Device W1. For the thinnest wire, 0.21 µm, ρ is about twice that
of the rest of the wires. The average mean free path for the carriers, as determined from the
2-band model parameters, is l0 ≈ 50 nm, so increased lateral boundary scattering for the
narrowest wires most likely contributes to a decrease in the carrier mobilities and thus the
wire resistivities.

The quantum transport characteristics of seven wires of Device W2 are studied in detail.
Figure 3.21(a) displays the magnetoresistance of the Bi wires at 0.4 K for a wide magnetic
field range, showing the classical magnetoresistance background for the wires. The classical
correstion, to first order, is ρ(B) = ρ[1 + (µB)2], so in using the relative magnetoresistance
∆ρ/ρ as the y-axis unit, the carrier mobility µ solely defines the curvature of the parabola.
All but the thinnest wire (0.21 µm wide) have about the same background shape, suggesting
that the wires with W > 0.3 µm have the same carrier mobilities, and, since ρ of the wires are
comparable, also the same carrier densities. The thinnest wire has a notably smaller classical
magnetoresistance curvature, indicating a lower mobility likely caused by a decreased mean
free path from lateral boundary scattering. This is consistent with the conclusions drawn
from the wire resistivities as well as the observation in Device W1 that the film carrier
parameters do not change for patterns with dimensions larger than 0.3 µm. Below that size,
however, the mobility begins to degrade.
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Figure 3.22: WAL data for the 0.21 µm wide Bi wire (a) and 1.35 µm wide Bi wire (b)
of Device W2 shown at various T . The black lines represent best fits to the HLN two-
dimensional WAL theory in Equation (3.6).

The WAL is evident as the prominent minimum about B = 0, and the UCFs present in
the wires are also visible as the bumps symmetric about B = 0. Figure 3.21(b) focuses on
the narrow magnetic field range where the WAL exists. Here, the y-axis is proportional to
the change in wire conductance (∆σ = −∆ρ/ρ2), which removes all dimensionality from
the signal, leaving the shape and size only dependent on lφ and lso. It is clear that both
the amplitude and width of the WAL minimum decrease as W increases, suggesting a W
dependence of lφ and lso.

The WAL signal was measured for each of the seven wires at T between 0.4 and 4.0 K.
The data for the most narrow and most wide wires are displayed in Fig. 3.22(a) and (b),
respectively, with only every fifth data point shown for clarity. Here ∆ρ indicates the data
with the classical background subtracted, leaving only the quantum WAL correction to the
resistivity. The black lines indicate the best fits to the two-dimensional WAL theory as
described by Equation (3.6). For the fitting, we have used the expected T independence
of lso as a constraint (which was not done for Device W1, where lso was a free parameter).
The best fit, using both lφ and lso as free parameters, is performed at 0.4 K. For T above
0.4 K, lso is fixed to the 0.4 K value, and lφ is the only free parameter (aside from the overall
scaling factor discussed in Section 3.2). First, the extracted values of lφ will be presented
and their T and W dependences detailed. Later, the implications of the W dependence of
lso are discussed.

The extracted lφ for each wire at each of the temperatures measured are presented in Fig. 3.23
(the corresponding value of lso for each wire is shown in Fig. 3.24(b)). All wires indicate a
saturation of lφ, similar to that observed in Device W1. The dashed line shows the lφ ∝ T−1
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Figure 3.23: The phase coherence lengths lφ of the carriers in nano-scale Bi wires of Device
W2 as a function of T . The open symbols are the data, and the solid lines are fits to
Equation (3.8). The dashed line corresponds to the lφ ∝ T−1 phonon-induced dephasing
mechanism.

phonon-induced dephasing for comparison, which characterizes the dephasing behavior well
for T & 2 K. The data is fit to Equation (3.8) with p = 2 for all wires. Adequate fits are
not obtainable when constraining A to be equal for all wires, so A is left a free parameter
along with lφ,0. The solid lines represent the fits to the phonon-induced dephasing law with
the saturation term included. Wires with W ≥ 0.5 µm wide have very similar lφ, and all
have A = 5.5 ± 0.59 K2/s and lφ,0 = 650 ± 50 nm. For W < 0.41 µm wide, the low T lφ
is decreased, and for W < 0.4 µm wide both the low T and high T (depends on 1/A) has
decreased. For the 0.21 µm wide wire, A = 14.5×1010 K2/s, a factor three larger than that of
the wider wires (A = 9.5×109 K2/s for the 0.33 µm wide wire). A, which effectively describes
the characteristic temperature where the phonon bath is large enough to cause significant
inelastic scattering and thus dephasing, is expected to be relatively constant with differing
W . Low energy phonons that begin to develop as T increases from 1-4 K are longitudinal to
the wire, and are decoupled from the wire width. Transverse phonons have a much higher
energy due to a simple square well confinement picture, where E = ~2/(2mW 2), and do not
exist at such low T . The fact that we see a W dependence on A for the thinnest wires,
where A increases with decreasing W , may be a result of the boundary roughness of the
wire mixing the longitudinal and transverse phonon modes. This would give rise to a more
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Figure 3.24: (a) The width dependence of lφ for nano-scale Bi wires in Device W2. The
gray x’s are the values of lφ,0. (b) The saturation phase coherence time τφ,0 as a function
of W , with the solid line being a linear fit to the region where there is appreciable width
dependence.

isotropic phonon-bath in k-space, giving a higher probability for multi-phonon interactions
which cause inelastic scattering.

The overall behavior of lφ for the wires in Device W2 are similar to that of those in Device
W1, namely the W dependence of the low T coherence. Figure 3.24(a) displays the W
dependence of the 0.4 and 4.0 K data for lφ explicitly. The gray x’s also show the values
of lφ,0, which nearly overlap the 0.4 K data since the saturation is almost fully developed
at that temperature. The dashed line is a guide to the eye, emphasizing the decrease in
lφ as W decreases and the asymptotic region expected for lφ as W becomes macroscopic.
For W . 0.5 µm, there is a significant decrease in lφ, while above that value, lφ remains
relatively constant. The 4 K data almost lie at the same value of lφ, with the exception of
the two narrowest wires, which is a consequence of the increase in A for those two wires.

3.3.2 Phase Coherence in Wires

The data for both Device W1 and W2 reveal a dependence on W for lφ via lφ,0 (Figs. 3.18(a)
and 3.23, respectively). Many experiments have shown a dependence of the saturation phase
coherence time τφ,0 on the disorder in the system, characterized by the diffusion constant D
[88–90]. A dependence of D on W is detectable by a change in resistivity with W . For the
wires in Device W1, the resistivity values are comparable, and from n and µ we find that
D = 0.0027 m2/s for both wires, indicating a D unaffected by processing the thin film into
wires. For Device W2, we found that all wires except for the thinnest wire have comparable
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Figure 3.25: Energy level spacing ∆E is depicted as a function of the structure area S. The
shade of black represents the density of states. When the levels begin to separate but still
overlap due to thermal broadening, the dwell time τd limits the phase coherence time τφ.

carrier parameters and thus a comparable D = 0.015 m2/s, with only the 0.21 µm wide
wire differing with D = 0.009 m2/s. Thus, the change in lφ,0 with W we observe cannot be
attributed to a change in D in our devices. Figure 3.24(b) displays τφ,0, which takes into
account the differing D for the wires (τφ,0 = l2φ,0/D), against W . Further, a size dependence
of the saturation term τφ,0 has previously been reported in Au wires [91], where thinner wires
saturate at a lower T and show longer τφ,0 than wider wires. Our Bi wires are in a very
different size and disorder regime from the Au wires, and we observe an opposite effect.

We attribute the dependence of lφ on W on the mesoscopic dwell time τd, which becomes
important in confined structures, particularly in quantum dots [92]. As the dimensions
of a structure are decreased, the energy gap between quantum levels increases. For two-
dimensional wavefunctions, ∆E ≈ ~2/(2m∗S), where S denotes the area of the structure.
The lifetime of a carrier to scatter inelastically between the split energy levels is ∆τ =
~/2∆E ≈ Sm∗/~. In real structures, the coupling to the charge carrier baths of the source
and drain influence the lifetime, yielding the expression

τd =
Sm∗

~N
, (3.9)

where N is the number of channels entering/exiting the structure. The mesoscopic dwell
time is an effective measure of the phase coherence time τφ if the quantum levels are spaced
closely enough that the thermal broadening kBT of the levels causes significant overlap
between them. The overlap between the energy levels vanishes when ∆E ∼ kBT , occurring
for structures of size S ∼ ~2/(2m∗kBT ), as depicted in Fig. 3.25. For S > ~2/(2m∗kBT ), the
energy level overlap allows inelastic scattering between the levels and facilitates wavefunction
dephasing, for which τd ≈ τφ,0. In this regime, as S is decreased, τd decreases resulting
in a decrease in τφ,0. When S is decreased enough, or T is decreased enough, such that
∆E < kBT , corresponding to S < ~2/(2m∗kBT ), and the energy levels no longer overlap,
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the scattering between the energy levels in no longer statistically probable. At this point,
τd does not coincide with the inelastic scattering time, and τφ is expected to increase with
further dimensional confinement. When S � ~2/(2m∗kBT ), the energy levels are separated
by only a negligible ∆E. The probability of inelastic scattering events is also decreased
because there are many energy levels that exist at approximately the same energy for the
carriers to scatter into. In this regime, τd is much larger than the τφ that arises from
other dephasing mechanisms (universal saturation phenomena, Nyquist dephasing, phonon-
induced dephasing, etc.) and thus, by Matthiessen’s Rule, τd becomes negligible.

A main assumption for τd is that the energy levels space as in a quantum well, implying that
large perturbations in the crystal structure between the well boundaries cannot be present.
In the case of our Bi wires, which are polycrystalline, the grain boundaries present large
momentum scattering centers, and so an unperturbed quantum well can only exist within a
single grain. From Fig. 3.8(a), we know that the average grain size of a 75 nm film grown
directly onto a SiO2 substrate (fabrication method of Device W1) is 650 nm. Device W2 is
slightly more disordered because the Bi film was grown after a Cr/Au deposition, and from
the SEM images in Fig. 3.19(c)-(e) we can estimate the average grain size for Device W2 to be
∼ 500 nm. Since each grain independently limits τφ via τd, the wires can be approximated as
many coupled quantum dots (grains) that collectively limit τφ via τd. For W > 500 nm, the
wires all have the same average grain size S, and therefore τd is unchanged, which we observe
in a constant low T τφ,0 for W > 500 nm in Fig. 3.24(b). However, when W < 500 nm, the
wire’s width encompasses only a single grain, and the average grain width decreases with the
wire width; the average grain length remains constant. Here, we expect τd = WLm∗/~N ,
where S = WL and L is the grain length. Indeed, Fig. 3.24(b) shows a dependence of τφ,0,
which is limited by τd, that is linear in W for W < 500 nm, as represented by the solid
line. The expected increase in τφ for very thin wires is not visible because the condition for
∆E & kBT requires S . 10−13 µm2, which, for a grain length of 500 nm, corresponds to
W . 4 nm, two orders of magnitude thinner than the thinnest Bi wire measured. For Bi
devices fabricated by standard lithographic processes, this regime can not be realized. The
implications of the W dependence of lφ induced by τd is that smaller structures are less phase
coherent, so the typical gain achieved by scaling devices down does not improve the quantum
properties of Bi devices. An elaboration of this limitation will be provided in Section 3.4.

3.3.3 Spin Coherence in Wires

The values of the spin coherence length lso for the Bi wires in Device W2 are presented in
Fig. 3.26(a). As W decreases, lso increases, which is consistent with what is observed in
Device W1. The dashed line is a guide to the eye. A W dependence of lso is not expected
in the three-dimensional bulk carriers for heavy metallic elements like our Bi wires. In fact,
three-dimensional SOC, like heavy element SOC and Dresselhaus SOC, does not give rise
to a W dependent lso because the three-dimensional SOC cannot be fully mapped to an
effective magnetic field.
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Figure 3.26: (a) The dependence of lso on W . The dashed line is a guide to the eye. (b) The
normalized lso, which takes into account the differing D, is proportional to 1/W behavior.

In two-dimensional SOC, like Rashba SOC, a well defined effective magnetic field can describe
the SOC energy splitting, and this effective magnetic field is influenced by the constraining
dimension W . Thus, in semiconductor two-dimensional electron systems (2DES), where the
SOC is dominated by inversion asymmetry via the structural Rashba and Dresselhaus terms,
experiments and theory have verified [75, 86, 93–97] that lso ∝ W−1. The theory explicitly
predicts [75]

lso =
√

12
l2Ω
W
, (3.10)

where lΩ is the spin precession length. lΩ is the fundamental quantity that describes the dy-
namics of the carrier spin in the presence of SOC and is purely a function of the crystalline
induced SOC strength (independent of dimensions). In a large two-dimensional system, the
spin will fully precess over an area l2Ω. In this case, lso ∝ lΩ. However, as W is constrained,
this spatially isotropic spin dephasing becomes oblong, having to adhere to the system dimen-
sions. Since the overall spin precession area depends on the total magnetic flux encountered
by the spin (diffusion process), the area remains l2Ω. However, the spin dephasing area is
no longer proportional to l2so and becomes lsoW instead, yielding the relation lsoW ∝ l2Ω as
described in Equation (3.10).

In Fig. 3.26(a), we plot a normalized lso against 1/W . The normalized lso has is equal
to lso

√
D0/D, where D0 is a reference value for the diffusion constant, here taken to be

0.015 m2/s, the value of D for wires with W > 0.3 µm. Normalizing lso to a common D is
important because the formulation of Equation (3.10) assumes that D is not dependent on
W . The normalized lso is linear in 1/W , which is indicated by the best linear fit (solid line
in Fig. 3.26(b)), which is reminiscent of the well known behavior in semiconductor 2DES
with SOC. This suggests a large contribution to the transport in the Bi wires comes from a
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2DES. It is known that self-assembled Bi nanowires can show transport contributions from
surface states [41]. Specifically, the Bi(001) surface exhibits strong Rashba-like SOC from
the asymmetric surface-confinement potential [58]. The Rashba splitting for the Bi(001)
surface state is αR ≈ 0.6 eVÅ, about an order of magnitude larger than that of semicon-
ductor quantum wells. The Bi(001) surface also represents the dominant surface area in our
wires fabricated from (001)-oriented films. Our observations can hence find an explanation
assuming a transport contribution from surface states with strong Rashba-like SOC.

This is the first quantum transport evidence of the strong SOC Bi surface states and plausi-
bility for isolating unique physics at the Bi surface. Recently, observation of the saturation
of Bi film conductance as the thickness approaches zero also suggests that a two-dimensional
surface state contributes significantly to the electron transport [33]. However, this is a clas-
sical transport signature, which cannot distinguish or probe the specific quantum properties
of the Bi surface state like our WAL measurements can. Specifically, it has been proposed
that Majorana fermions can be realized in Bi/superconductor heterostructures due to the
interface between the strongly SOC Bi surface states and the spin-coupled Cooper pairs [98].

3.3.4 One-Dimensional Weak Antilocalization Model

The main assumption for the validity of the previous sections is the use of the HLN theory
(Equation 3.6) to fit the WAL data. HLN theory is strictly a diffusive two-dimensional
theory, in which no in-plane geometrical constraints are placed. The two-dimensionality
concerns both the kinematic and phase properties of the carriers. The device must satisfy
Lx, Ly > l0, λF (Lx, Ly are the in-plane dimensions), which ensures 2-dimensional diffusive
transport and lack of quantum confinement, respectively. In addition, the phase coherence
must satisfy Lx, Ly > lφ. The kinematic constraints are satisfied for all wires studied, as
neither l0 nor λF exceed 50 nm. The phase coherence constraint, however, is only partially
satisfied.

In both Device W1 and Device W2, the wires with W ≤ 0.4 µm have lφ ≈ W when lφ is
extracted from the two-dimensional WAL theory. It is generally accepted that the absolute
values of lφ and lso extracted from WAL are only accurate to a factor of 2, so it is unclear
if the lφ is greater or less than W for these wires. The question arises whether the W
dependence of both lφ and lso are real properties or an artifact of the fitting, which may
become invalid for small W . In the following, we will use a one-dimensional WAL theory to
extract lφ and lso for wires from Device W2 in order to determine the effective dimensionality
of the wires. For one-dimensional wires, the correction for WAL is [75, 99–101]

∆ρ =
e2ρ2

2π~tW
(−L0,0 + L1,−1 + L1,0 + L1,1) , (3.11)

where Ls,m are relative length scales for the singlet (L0,0) and triplet (L1,m) interference
states. We will use the formulation for the Ls,m as described by [75] for one-dimensional
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Figure 3.27: WAL data for the 0.21 (a) and 0.71 µm (b) wide wires of Device W2 and their
corresponding similarities to the one-dimensional and two-dimensional WAL models.

diffusive wires with strong SOC. In this case,

L0,0 =
[
l−2
B + l−2

φ

]−1/2
,

L1,±1 =

[
l−2
B + l−2

φ +
1

2
l−2
so

]−1/2

,

L1,0 =
[
l−2
B + l−2

φ + l−2
so

]−1/2
,

where lB = lm
√

1 + 3(lm/W )2 is the one-dimensional correction to the magnetic length

lm =
√

~/eB. Although we call this a one-dimensional model, it does contain an explicit
W dependence and implicitly through lB (a true one-dimensional model has no width). The
impact of the SOC on the WAL correction is clear from Equation (3.11). For devices with
no SOC, lso � lφ, so all the Ls,m are equivalent and ∆ρ = e2ρ2/(2π~tW )× (2L0,0). However,
when there is significant SOC, lso � lφ (as is the case in Bi), so the triplet terms become
negligible compared to the singlet term and ∆ρ = e2ρ2/(2π~tW ) × (−L0,0). Because the
triplet states have a net spin, the spin-orbit coupling, which attempts to rotate that spin
during transport, hinders the contribution from them, and the signal inverts. Like the two-
dimensional model, the only free parameters are lφ, lso, and an overall scaling factor of order
unity.

Figure 3.27(a) and (b) display the WAL data for the 0.21 and 0.71 µm wide wires, respec-
tively. The data are offset for clarity. The solid lines are fits to the two-dimensional model in
Equation (3.6) as already discussed. The dashed lines are fits to the one-dimensional model
in Equation (3.11). For the narrower wire, both models seem to fit the data equally well.
However, for the wider wire, the one-dimensional model noticeably deviates from the data,
which the two-dimensional model accurately describes.
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Figure 3.28: lφ as extracted from the one-dimensional WAL model (colored symbols) are
compared to lφ as extracted from the two-dimensional theory (gray symbols) from Fig 3.23.
The solid lines represent fits to Equation (3.8).

From the one-dimensional WAL fits, lφ and lso are obtained. The T evolution of lφ (colored
symbols) is displayed in Fig. 3.28 for the four wires subjected to the one-dimensional model.
The gray symbols represent lφ obtained from the two-dimensional model as a comparison,
with the same symbol shape corresponding to the same wire. The solid lines are fits to
phonon-induced dephasing with a saturation term, as described in Equation (3.8). The
same general behavior is found using the one-dimensional model as with the two-dimensional
model, namely, that the narrower wires have a smaller lφ for low T and that all wires
converge to the lφ ∝ T−1 for higher T . However, the absolute magnitude of lφ is smaller
for all wires when using the one-dimensional model. The driving premise for attempting a
one-dimensional fit to the data was because lφ ≈ W for the narrowest wires using the two-
dimensional model, which suggested the model may be inaccurate. The one-dimensional
model, however, exhibits lφ . W for all wires, indicating that the two-dimensional model
is more accurate. We can conclude that the wires are really in a crossover regime between
one- and two-dimensions. This crossover is difficult to assess because the two theories arise
from different assumptions, and are not limits of one another as W changes. This means
that there is a different systematic error in the values of lφ from each theory, so those values
cannot be compared between the theories. However, the functional dependences of lφ and
lso on W are preserved between the theories, presented in Fig. 3.29.
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Figure 3.29: The W dependence of τφ,0 (a) and the lso normalized to a constant D (b). The
solid lines are linear best fits.

A linear relationship between τφ,0 and W is observed for the values of lφ,0 extracted from
the one-dimensional WAL theory. This is entirely consistent with the data from the two-
dimensional theory depicted in Fig. 3.24(b), and points to a limitation of lφ from the dwell
time τd. Figure 3.29(b) shows lso, which has been normalized to a common diffusion con-
stant D, increases with increasing 1/W . The solid line is a linear fit, but from the only four
data points, it is difficult to assess the true functional behavior. Nonetheless, the qualitative
dependence of lso on W is not expected for the kinematically three-dimensional Bi carriers,
which is consistent with the observation from the two-dimensional WAL analysis that the de-
crease in lso with increasing W arises from the transport contribution of the two-dimensional
Bi(001) surface states.

While neither the one-dimensional nor two-dimensional WAL theories can encompass the
entire W range studied in Device W2, both theories come to the same conclusions. Thus,
even though a crossover cannot be formulated between the two dimensionalities, the cross-
over regime is expected to exhibit the same functional dependencies. From direct comparison
of lφ and W for both theories, the two-dimensional model seems more appropriate and is the
model we use for the detailed analysis presented previously.

3.3.5 Universal Conductance Fluctuations

Universal conductance fluctuations are present in all the wires studied. They are most evident
in the thinnest wires of both Devices W1 and W2 (see Figs. 3.16 and 3.21). UCFs occur
from carriers circumventing defects, which act as a depletion region about which the AB
effect induces carrier interference. As a phase dependent phenomenon, UCFs are sensitive



Martin Rudolph Chapter 3. Bismuth Devices 63

Figure 3.30: The UCF contribution to ρ shown as ∆ρ which has the quadradic background
removed for the Bi wires in Device W1. The red and black lines show the same trace except,
except the red line changes B → −B to emphasize the symmetry of the UCFs. The data is
taken at 0.4 K.

to the phase coherence. Here it is used as an independent measure of the phase coherence
lengths in comparison to those determined by WAL.

To isolate the UCFs from the magnetoresistivity data, the classical background is removed.
This is accomplished by coarse-graining the magnetoresistivity data through a smoothing
function that smooths over a B range larger than a few fluctuations. The magnetoresistivity
with the background removed, ∆ρ, is presented in Fig. 3.30 for the Bi wires of Device W1.
The WAL minimum is not removed by this procedure because the smoothing function does
not follow the sharp WAL cusp. A clear difference in the fluctuation size is evident in both
the amplitude and the width of the fluctuations, with both dimensions larger for the thinner
wire. This is indicative of a smaller lφ for the thinner wire, since the interference paths for
small lφ are less sensitive to changes in B. The black traces show the ∆ρ(B) and the red
traces show ∆ρ(−B). The red and black overlap each other well for the 0.34 µm wide wire.
In the 6.1 µm wide wire ∆ρ has more noise, but the larger features are well reproduced
between the black and red traces. The symmetry about B = 0 is indicative of UCFs over
random noise in the measurement. Figure 3.31 displays ∆ρ for all of the wires in Device
W2. The change in amplitude and B width of the UCFs follow the same trend as the wires
in Device W1.

As outlined in Chapter 1, the decay of the autocorrelation function F(∆B) defined in Equa-
tion (1.5) corresponds to the average width in B of the UCFs. F(∆B) is calculated for all of
the wires in both Devices W1 and W2 for the region of −2.0 < B < −0.2 T, which excludes
the influence of the WAL signal. In Fig, 3.32(a), F(∆B) is shown for the narrowest (0.21 µm)
and widest (1.35 µm) wires of Device W2. The quasi-periodic behavior of ∆ρ is reflected in
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Figure 3.31: The resistivity with the quadratic background removed emphasizing the UCFs
for Bi wires in Device W2. The data is taken at 0.4 K.
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Figure 3.32: Autocorrelation function F of the UCFs for the 0.21 µm and 1.35 µm wide
Bi wires of Device W2. The inset focuses on the small ∆B decay of the autocorrelation
function. The critical field Bc deduced from the UCF autocorrelation function versus wire
width for all Bi wires of Devices W1 and W2.

the oscillations of F , where the periodicity is larger for the 0.21 µm wide wire. The inset
focuses on the small ∆B range that encompasses the decay of F . The critical field that
characterizes the nature of the decay of F is defined as F(∆Bc) = 1/2. The larger Bc of the
narrower film is directly related to the larger quasi-periodicity of the UCFs in the narrower
film, which correspond to a smaller lφ. Figure 3.32(b) compiles the Bc determined from F
for all wires in both Devices W1 and W2. For W > 0.5 µm, Bc is approximately constant
at around 0.018 T, but when W < 0.5 µm Bc increases significantly as W decreases. Notice
that the Bc for wires from both devices are in quantitative agreement, even though each
device was fabricated differently, resulting in Device W2 having more defects than Device
W1.

With Equation (1.6), Bc is related to lφ. The low T two dimensional limit (lφ < W , C = 0.95)
yields the values of lφ given by the green circles in Fig. 3.33. lφ as determined by the two
dimensional WAL analysis discussed previously is displayed for comparison (red trianlges).
Quantitatively, the two methods agree within a factor two, and both methods qualitatively
indicate a decrease in lφ for W . 500 nm. The degree of the W dependence of lφ for small
W , however, differs between the UCF and WAL values by about a factor two. This indicates
that Bc may be proportional to 1/lφ instead of 1/l2φ. Applying the one dimensional UCF
analysis to Bc does not offer appropriate results because the 1/W factor quickly reduces lφ
for larger widths. However, if we use the empirical relationship

Bc = C
h

e

1

wlφ
, (3.12)

where w is a fixed value, we find a good agreement with the WAL data for w = 500 nm
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Figure 3.33: Compilation of lφ from all wires from Devices W1 and W2 as extracted from
two dimensional WAL (red triangles) and UCF (green circles) analysis. The gray crosses
represent lφ calculated from Equation (3.12).

(gray crosses). A physical interpretation of Equation (3.12) is not clear, but the dimension
w is comparable to the grain size in the devices, so a dependence on the dwell time τd may
be at play. Nonetheless, the general feature that lφ is limited by the wire width W for the
narrowest wires in confirmed with the UCF analysis. Because time reversal symmetry is not
a constraint for the UCF phenomenon, UCFs cannot be used to extract lso.

To summarize, nano-scale Bi wires were etched into 75 nm thick Bi films via electron-beam
lithography and acid etching. The phase and spin coherence properties of the wires were
determined by analysis of the weak antilocatlizatoin phenomena in the magnetoreisistivity.
Inelastic scattering with phonons provide the dominant dephasing for T & 3 K, which
is consistent with what is observed for the unpatterned films studied in Section 3.2. For
T < 3 K, the phase coherence lengths lφ saturate, with narrower wires saturating at a lower
lφ. The wire width dependence on lφ at low T indicates that the carrier dwell time in each Bi
grain is limiting lφ for wires of width W < 500 nm. The spin coherence length lso is assumed
to be independent of T , but exhibits a unique W dependence. The W dependence of lso is
specific to a 2DES with strong SOC, which is inconsistent with the bulk carriers in the Bi
wires. However, the Bi(001) surface, which is the dominant surface of the wires, supports a
strong SOC metallic surface state. We attribute the W dependence of lso to the transport
contribution of the Bi(001) surface states. This is the first ever quantum transport signature
of the Bi(001) surface state, and opens up the possibilities of integrating the unique two
dimensional carriers and SOC at the surface to explore new physics. Additional analysis
with one dimensional WAL models and UCFs provide similar results for the phase coherence
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length lφ, supporting the conclusion the surface state contributes a significant quantum
transport signature.

3.4 Rings

In the previous sections, the quantum coherence of Bi devices under constraint of the film
thickness t and the lateral dimension W was studied. In this section, the Bi system is
further constrained by fabricating nano-scale rings and ring arrays. These geometries enclose
well defined areas so that observation of the Aharonov-Bohm and Al’tschuler-Aronov-Spivak
effects may be prominent features in the quantum transport. Due to the strong Rashba-type
SOC surface states on the Bi(001) surface, a well defined SOC induced effective magnetic
field is present at the surface of the Bi structure. This effective B can induce an extra phase
shift along the ring arm trajectory (in addition to the AB phase). Since the carriers can have
both up and down spins, the phase shift results in a splitting of the AB oscillation frequency,
and is evident by a beating pattern in the AB oscillations [102–106].

Bi ring structures are fabricated by lithographic techniques from Bi thin films with the goal
of observing AB and AAS oscillations. The ring devices presented here are fabricated using
two different methods. Devices R1, R2, and R3 are fabricated by electron-beam lithography
and a lift-off process. The Bi is evaporated into narrow channel windows in the PMMA, so
the quality of the Bi in not as well known as in the case of the Bi films grown previously. The
lift-method requires the PMMA to be present as the device is in the Bi deposition chamber.
Therefore, the substrate temperature cannot be increased beyond 100 ◦C without the PMMA
becoming viscous and destroying the defined pattern. Thus, for Devices R1, R2, and R3, the
Bi is deposited in a single step at room temperature. To obtain the largest grains possible
under low T growth, the Bi is deposited at a rate of 0.1-0.2 Å/s. Bi is a soft material with
low melting point, and developed PMMA, by the proximity effect, creates a larger pattern
at the substrate than at the PMMA surface. The Bi is deposited into the PMMA channels
and flows to fill a pattern on the order of hundred nanometers larger than intended. Thus,
for a linewidth of 100 nm defined by electron-beam lithography, the linewidth of Bi after
deposition will be about 300 nm. If a faster deposition rate is used, the Bi linewidth may
be reduced, but at the cost of a more disordered film. Using the lift-off method to define
Bi rings has a low success rate because it requires the removal of a sub-micron circle of Bi
during the lift-off. Often times the electrostatic attraction and surface tension between the
layers do not allow the circles to be removed. Devices R1, R2, and R3 are the successful Bi
rings fabricated from over 30 devices using the lift-off method.

Devices R1 and R2 are fabricated from the same 45 nm thick Bi deposition at 0.2 Å/s. Before
the Bi pattern is placed, an Au contacting pattern is fabricated on the SiO2 substrate. An
optical image of Device R1 is displayed in Fig. 3.34(a), indicating the Au and Bi patterns.
The rings are contacted in a four probe configuration. Device R1 is a Bi ring of 700 nm in
diameter with a linewidth of 250 nm, as shown in the AFM micrograph in Fig. 3.34(b). The
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Figure 3.34: (a) Optical micrograph of Device R1. (b) AFM micrograph of the 700 nm
diameter Bi ring with 150 nm linewidth in Device R1. (c) AFM microgaph of the 500 nm
diameter Bi ring with 350 nm linewidth of Device R2.

grains are visible, encompassing the entire linewidth. Depicted in Fig. 3.34(c) is the AFM
micrograph of Device R2, a 500 nm diameter ring with 450 nm linewidth. The Bi lines are
about two grains wide with the larger linewidth. The larger linewidth, coupled with the
smaller nominal diameter, renders Device R2 almost a dot, but there is a small region with
no Bi in the center of the dot. The dimensions are obtained by AFM.

Figure 3.35: (a) AFM micrograph of the Bi pattern in Device R3. AFM micrographs of
the 700 nm diameter Bi ring with 300 nm linewidth (b) and the Bi ring array of the same
dimensions (c).
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The Bi structure of Device R3 is slightly different than those of Devices R1 and R2. The Bi
pattern is displayed in the AFM micrograph in Fig. 3.35(a). The eight armed Au contacting
pattern is not visible here, but is present in the final device for electrical connections. The
Bi deposition here was done at a rate of 0.1 Å/s, resulting in a 32 nm thick film. Device R3
consists of a single ring on the right and a 3 × 5 ring array on the left of the pattern. As
determined by AFM, the single ring has a 700 nm diameter and a 400 nm linewidth, and is
shown in Fig. 3.35(b). In the ring array, there are three chains of five rings in parallel, with
each ring having a diameter of 700 nm and linewidth of 400 nm. The two prominent circles
that appear on the two outer ring chains are remnants of an incomplete lift-off of the inside of
the rings. The ring array is not an electrically viable structure due to a disconnect between
the Bi and Au contacting layer, so magnetotransport measurements are not possible for the
structure. It is presented here to show the ability to fabricated exotic lithographically defined
Bi patterns. An important aside to consider is that the structure dimensions determined
by AFM are subject to the physical size of the AFM tip, which we estimate artificially
adds 100 nm to the linewidth; the nominal diameter is accurately determined by AFM. The
physical diameter and linewidth for each of the rings are estimated as 700± 150 nm (Device
R1), 500 ± 350 nm (Device R2), and 700 ± 300 nm (Device R3). The magnetotransport of
the single rings in Devices R1, R2, and R3 are measured, and presented in the following.
The second method of fabricating Bi nano-scale ring structures uses a similar method as the
Bi wire fabrication of Device W2 in Section 3.3, which will be introduced later.

The low T magnetoresistances of the Bi rings in Devices R1, R2, and R3 are displayed in
Fig. 3.36(a), (c), and (e), respectively. Large oscillations symmetric about B = 0 are present
in all of the rings, which can be attributed to UCFs. For Device R1, there is also a fine
structure to the magnetoresistance that overlay the large oscillations. These fluctuations are
noise in the sample, as their period is dependent on the sweep rate of the measurement. In
Fig. 3.36(b), the magnetoresistance without the background ∆R is displayed, along with the
fast Fourier transform (FFT) of ∆R. The red arrows in the FFT indicated the oscillation
frequency expected for the h/e AB oscillation period for the ring. The range corresponds to
the physical ring size through the relationship

1

∆B
=
e

h

πD2
i/o

4
, (3.13)

where Di,o are the inner and outer diameters. In the h/e region, there is no well defined
oscillations, further indicating that the small fluctuations in the measurement are not coher-
ent AB oscillations. The inset to the FFT focuses on the small frequency behavior. Here, a
frequency spike at ∼ 6 1/T is evident, which corresponds to the oscillations with period of
about 0.17 T in the ∆R plot. This frequency is too low to be attributed to AB oscillations
about the ring, and correspond to an enclosed area with a diameter of only 177 nm. The
linewidth of Device R1 is ∼ 150 nm, which suggests that the oscillation arises from UCFs
constrained by the ring linewidth. Figure 3.36(d) shows the ∆R it FFT for Device R2. Here,
both the large-scale fluctutaions (∼ 0.5 T) and the small-scale fluctuations (∼ 0.1 T) are
real features of ∆R as the noise level is much smaller than the scale of the plot. The FFT
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Figure 3.36: (a), (c), and (e) display the magnetoresistance of Devices R1, R2, and R3,
respectively. (b), (d), and (e) display ∆R, where the background R is removed, and its
Fourier transform for Devices R1, R2, and R3, respectively. The insets focus on the low
frequency portion of the FFT spectra.
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again shows that there are no prominent frequencies in the magnetoresistance. However,
because Device R2 is a ring with a small hole in the center due to the large linewidth, the
inner diameter is 150 nm, corresponding to an h/e frequency of 4 1/T. There is a significant
amount of FFT amplitude around 4 1/T, which may indicated AB oscillations about the
inner diameter of the ring. The fact that it is not a sharp frequency peak would arise from
there being many other diameters that also contribute to the AB oscillations due to the large
linewidth of the ring, thereby rendering the magnetoresistance features to appear like UCFs.
The same data for Device R3 is presented in Fig. 3.36(f). Note that the measurements for
Devices R1 and R2 are performed at 1.2 K, while that of Device R3 is performed at 4.1 K.
The FFT indicates that there are no AB oscillations that correspond to the ring dimensions.
There is a prominent UCF frequency at 2.5 1/T, which would originate from an enclosed
path with diameter 120 nm. This does not correspond to any of the device dimensions. There
may be a single dominant defect about which the carriers travel as they traverse through
the device. This is supported by the fact that the oscillations are so prominent at 4.1 K.

Nonetheless, coherent AB oscillations pertaining to the ring dimensions are not visible in
Device R1, R2, or R3. As a diffusive system, the visibility of AB oscillations may be reduced
because of the many paths available to the carriers due to the linewidth of the rings. However,
AAS oscillations would still be prominent if lφ was long enough to allow coherent interference
for time reversed paths through the rings. The condition for AAS oscillations is lφ & πDi,
which for Device R2 with the smallest Di is 900 nm. We can estimate lφ for the ring
structures by the cutoff frequency where the FFT amplitude becomes negligible. Each UCF
trajectory contributes a unique frequency to the FFT as long as the trajectory remains
phase coherent. One obtains lφ ≈

√
h/e(1/∆Bco), with 1/∆Bco the cutoff frequency of the

FFT. For Devices R1 and R3 1/∆Bco ≈ 10 1/T and for Device R2 1/∆Bco ≈ 15 1/T,
corresponding to lφ ≈ 200 nm and lφ ≈ 250 nm, respectively. From independent UCF
analysis of the fluctuations using Equations (1.5) and (1.6), we calculate Bc = 0.077, 0.044,
and 0.047 T (lφ = 220, 300, and 290 nm) for Devices R1, R2, and R3, respectively. Both
estimations of lφ yield values that scale with the linewidth of the ring (smaller linewidth →
smaller lφ), which is consistent with the observation of a linewidth dependence of lφ for Bi
wires in Section 3.3.

Devices R1, R2, and R3 were fabricated by lift-off and therefor could not withstand an
elevated substrate temperature during the Bi deposition. Another set of rings, denoted
Device R4, was fabricated by etching a 42 nm Bi film grown at 100 ◦C at a rate of 0.5 Å/s. To
define the ring structure, a similar procedure to the fabrication of Device W2 of Section 3.3
is used. After defining a Au contacting pattern, a 42 nm Bi film is deposited with the
above specifications and patterned into a rectangle (see Fig. 3.37(a)) by photolithography.
By electron-beam lithography, a trench pattern outlining a Hall bar (L1), multiple sets of
ring arrays (L2-L4), and antidot arrays (L5) are defined. For each of L2-L4, initially there
are 5 ring arrays in parallel, with each ring array being 5 rings in series. L2 consists of
ring arrays with diameter of 600 nm, and each parallel array has a different lithographic
linewidth ranging from 50 nm to 250 nm. L3 and L4 are similar to L2, except that the
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Figure 3.37: (a) Optical micrograph of the Device R4, with trenches defining a Bi Hall bar
(L1), three different Bi ring arrays (L2-L4), and a Bi antidot array (L5). SEM micrographs
of L2 (b), L3, (c), L4 (d), and L5 (e).

nominal diameters are 800 and 1000 nm respectively. L5 consists of 3 parallel hexagonal
antidot arrays with antidot spacing of 800 nm. Each array has a different lithographic
antidot diameter ranging from 100 to 300 nm. After etching the Bi film in H2SO4:H2O2:H2O
at a 1:1:700 ratio for 70 s, the Bi is laterally overetched by about 100 nm. Using an SEM,
the structures are imaged and the best one from each set of patterns (L2-L5) are chosen.
A second electron-beam lithography step and etching step is used to remove any remaining
parallel structures so that the only conducting path is through the desired ring array or
antidot array. In Fig. 3.37(a), the blocked portions of the device are visible. Figures 3.37(b)-
(e) display the SEM micrographs of the final L2-L5 structures, respectively. The rings in L2
have a physical diameter of 600 nm and linewidth of ∼120 nm; L3 has diameter of 800 nm
with linewidth ∼100 nm; L4 has diameter of 1000 nm and linewidth ∼200 nm; L5 has antidot
spacing of 800 nm and linewidth of ∼150 nm. The Hall bar structure (L1) has dimensions
of 19.1× 44.5 µm.

The same fabrication procedure used for Device R4 is used for Device R5, where Bi ring
array structures are patterned onto a high quality 75 nm Bi film grown using the two stage
method described in Section 3.2. Figure 3.38 displays SEM and optical micrographs that
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Figure 3.38: Optical and SEM micrographs of Device R5 showing the fabrication procedure
of placing mulitple structures in parallel and then removing all but the best structures. The
white bars indicate a length of 5 µm.
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Figure 3.39: (a) WAL of the 42 nm thick Bi film on Device R4. (b) T dependence of lφ as
determined by WAL. The gray symbols denote where measurements of the device T were
inaccurate (see Appendix B). The inset shows values for lso.

explicitly show the ring structures fabricated in parallel. Once the best ring array in each
parallel set is chosen, the rest of the ring arrays are removed. The white bar indicates a
length scale of 5 µm. Using this procedure increases the success rate of ring fabrication to
almost 100%, while the lift-off method described earlier is around 10%.

The magnetoresistivity of the Hall bar section of Device R4 was measured to determine
the carrier parameters and the phase and spin coherence of the unpatterned film. From
the longitudinal and transverse magnetoresistivities (not shown), fitting to Equations (1.2)
and (1.3) yields n = 1.1 × 1025 m−3, µ = 0.034 m2/Vs, p = 3.8 × 1024 m−3, and ν =
0.062 m2/Vs, where n (p) and µ (ν) are the electron (hole) density and mobility. The
low T magnetoresistivity exhibits WAL as is typical for Bi films. Figure 3.39(a) displays
the WAL for 0.41 < T < 8.0 K; the data is not offset. The data has been symmetrized
to remove a small parasitic Hall signal. Note that the 1.00 K data has oscillations for
B > 0.5 T. This is due to the 3He probe heater having difficulty stabilizing the temperature
of the device between approximately 1 and 2 K when the 3He is violently boiling at the
bottom of the probe, and the sample thermometer misreads the T . The WAL data is fit
to the two dimensional model described by Equation (3.6) (not shown), and lφ and lso are
determined, which are compiled in Fig. 3.39(b). The gray symbols indicate the T at which
the thermometer reading is error prone, particularly in the 0.8-1.3 K range. The error in the
T measurement at these T is analyzed and discussed in detail in Appendix B. As previously
observed in Bi films and wires from Sections 3.2 and 3.3, here lφ ∝ T−1 for T & 2 K due
to inelastic scattering with phonons. At low T , lφ begins to saturate, and at T = 0.4 K,
lφ ≈ 700 nm for the macroscopic Hall bar of Device R4. The WAL fitting performed here
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Figure 3.40: Low B magnetroresistance measurements displaying WAL for the structures L2
(a), L3 (b), L4 (c), and L5 (d) in Device R4.

left both lφ and lso as free parameters over the whole T range. The inset to Fig. 3.39(b)
shows the values of lso, which remain relatively constant at lso = 16± 5 nm for T < 8 K.

The value of lφ for the macroscopic region of Device R4 is large enough to expect coherent
AB oscillations in L2, L3, and L5. The inner ring diameters for these structures are 540,
750, and 725 nm, respectively. In addition, the linewidths for these rings are much smaller
than those of Devices R1, R2, and R3, so the frequency range for AB oscillations is narrower
and should result in them being more visible. For L2, the AB period ∆B should be in the
range of 3.0 < ∆B < 4.5 mT. For L3, 1.8 < ∆B < 2.3 mT. Because there are many
interconnected rings in the antidot lattice of L5, the AB oscillations should average to zero
since each ring will contribute a different phase to the total transport. Magnetoresistance
measurements of L2, L3, L4, and L5 were performed at 0.4 K. No AB oscillations are observed
within the expected frequency range (UCFs are prominent, similar to Devices R1, R2, and
R3), indicating that lφ is smaller in the ring structures than the macroscopic parent Bi film.
This is consistent with the findings from the Bi wires in Section 3.3. Qualitative values of
lφ in the ring structures are obtained from WAL analysis of the low B magnetoresistance,
which is displayed in Fig. 3.40. Using Equation (3.6), lφ is determined to be 130, 130, 280,
and 190 nm for L2, L3, L4, and L5, respectively. These values scale consistently with the
linewidths of each structure, which are on average 120, 100, 200, and 150 nm, respectively.
In addition, the dependence of lso on the linewidth of the ring structures is consistent with
the previous observation in Bi wires, where lso increases as the wire width decreases. Here
lso = 50, 49, 47, and 47 nm, respectively. The results for Device R5 are not shown here,
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but they are qualitatively consistent with all the other ring devices; no AB oscillations are
observed.

Although Bi unpatterned films have relatively large lφ (up to 800 nm), all Bi rings, ring
arrays, and antidot structures that are measured do not show any AB or AAS signatures.
From the UCF and WAL that is present in the magnetotransport of the ring structures, we
calculate that lφ is reduced from the dimensional constraining, as it is smaller than lφ in the
macroscopic portions of the devices. The linewidth of the structures limit lφ, which makes
observing AB oscillations in Bi rings improbable. If one decreases the ring size to be within
lφ, lφ is further descreased to reflect the smaller linewidth, and a closed geometry with well
define enclose area cannot satisfy the lφ > Di/2 condition.

3.5 Conclusions

In this chapter, we have detailed experiments and observations conducted of Bi structures
constrained in one, two, and three dimensions. Studies of the initial growth characteristics
of Bi on SiO2 substrates show that Bi starts with island formation. Continuous films do not
arise until a ∼ 20 nm thick film is deposited. High quality Bi layers are grown on top of a
20 nm thick wetting layer. The morphological properties, as determined by x-ray diffraction,
show the high quality layer of Bi grows with the Bi(001) crystalline orientation perpendic-
ular to the substrate, exposing the Bi(001) surface. Electrical properties, as determined by
magnetoresistivity measurements, indicate the films are comparable to Bi films grown by
molecular beam epitaxy. Low temperature magnetotransport measurement on Bi films with
different thicknesses t, lithographically fabricated Bi nano-scale wires of different widths W ,
and lithographically fabricated Bi nano-scale rings are performed. All Bi structures show
weak antilocalization phenomena, a quantum magnetotransport signature sensitive to the
phase coherence length lφ and spin coherence length lso. At low temperatures, we find that
lφ scales as the constraining dimension for a dimensions less than 500 nm. For Bi films
where t < 500 nm, lφ ∝ t; for Bi wires where W < 500 nm, lφ ∝ W ; and for Bi rings,
where the linewidth is less than 500 nm, lφ is proportional to the linewidth. The device size
dependence of lφ cannot be accounted for by increased scattering due to boundary scatter-
ing, and is likely due to a dwell time limitation, where the increased energy level spacing
due to quantum confinement induces increased inelastic scattering. At higher temperatures,
all Bi structures dephase with lφ ∝ T−1, indicative of inelastic scattering with phonons. A
device size dependence of lso is only observed when constraining the lateral dimension (W
or ring linewidth) and not the vertical dimension (t). This dependence strongly hints at a
significant transport contribution from the strongly SOC surface states that reside on the
Bi(001) surface. To our knowledge, this is the first ever quantum transport evident of these
surface states.



Chapter 4

Bi/CoFe Devices

In the last Chapter, a detailed study of Bi structures in various geometries indicated that
there are strong SOC metallic surface states on the Bi(001) surface, and these surface states
contribute significantly to the transport. In this chapter, we explore the interaction between
the strong SOC electrons in Bi and the ferromagnetic layer CoFe where the electrons are
spin polarized. The presence of a ferromagnetic material in a device will give rise to addi-
tional magnetotransport signatures to those already discussed due to the influence of the
magnetization on the conducting electrons. The resistivity tensor of a conducting magnetic
material is defined from the following relation [107]

E = ρ⊥j + (ρ‖ − ρ⊥)(j · m̂)m̂ + (RHµ0H +RSM)× j, (4.1)

where ρ⊥ (ρ‖) is the resistivity when the current density j flows perpendicular (parallel) to
the magnetization vector M with direction m̂, RH is the Hall coefficient, RS is the anomalous
Hall coefficient, and µ0H is the externally applied magnetic field. If the current density is
fixed to be j = jx̂, and we assume M ‖ H, the resistivity tensor components are

ρxx = ρ⊥ + (ρ‖ − ρ⊥) cos2 ϕ cos2 ϑ, (4.2)

ρxy = (ρ‖ − ρ⊥) cos2 ϕ cosϑ sinϑ+ (RHµ0H sinφ+RSM sinϕ), (4.3)

ρxz = (ρ‖ − ρ⊥) cosϕ sinϕ cosϑ− (RHµ0H cosφ sin θ +RSM cosϕ sinϑ), (4.4)

where the relative orientation between H (M) and j is defined by the angle φ (ϕ), the polar
angle with respect to the equator, and θ (ϑ), the azimuthal angle from the x-axis. We
assume that the in-plane components of M and H are the same while allowing the out-of-
plane component to be independent due to the magnetization anisotropy in ferromagnetic
thin films.

The anisotropic magnetoresistance measurement is sensitive to the magnetization direction
and strength of magnetic layers present in a device. It is therefor a useful tool for observing
effects in which the magnetization state of a ferromagnetic layer changes during transport.

77
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One such effect is the spin-transfer-torque that is experienced by a ferromagnetic layer in
parallel with a spin-orbit coupled material (e.g. a heavy metal). There are two schools of
thought about the mechanism behind the spin-transfer-torque in this parallel configuration.
One, the spin Hall effect induces a spin polarization at the interface of the ferromagnet and
the heavy metal [108, 109], and two, the Rashba spin splitting at the interface interacts with
the ferromagnetic spins [110, 111]. Theoretically, both mechanisms can produce a flip in
the magnetization of the ferromagnetic layer simply by passing a charge current through the
parallel structure.

In this Chapter, we explore the transport properties across the interface of Bi and a fer-
romagnetic material, CoFe, to study the effects of the strong SOC surface states and bulk
states in the Bi on the spin polarized states in the ferromagnet. First, we present anisotropic
magnetoresistance measurements on a Co0.6Fe0.4 thin film as a control. Then transport data
from four different Bi/CoFe devices, which exhibit multiple switching events in the CoFe
layer, are discussed.

4.1 CoFe films

A 52 nm thick Co0.6Fe0.4 thin film was thermally evaporated onto an oxidized Si substrate
at a pressure below 3× 10−6 Torr. The substrate is the same as used for the Bi films. Eight
Wood’s metal contacts were equidistantly soldered around the film perimeter, as shown in
Fig. 4.1. The film was measured in a magnetic field with fixed direction where H ‖ x̂,
so the eight contacts are used to vary the angle of j, and thus vary θ. For example, the
contact configuration where current passes from 2 to 6 and voltage is measured from 1 to
7 is a measurement of the θ = 0 magnetoresistance. When voltage is measured from 8 to
4, it is a θ = 0 Hall measurement. As these are Van Der Pauw configurations, the current
density is not uniformly traveling along x in this example, but the average current density
is, so qualitatively the results reflect the case where all the current density travels along
x. Quantitatively, the results will have slightly smaller magnitudes. To obtain θ = 23◦,
we use current contacts 3 and 6 and voltage contacts 2 and 7 (Rxx) or 1 and 4 (Rxy). All
measurements were performed with a 300 µA current.

Figure 4.1: Schematic of the contact configuration for the CoFe anisotropic magnetoresis-
tance measurements. The axes indicate the angular definintions.
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Figure 4.2: Anisotropic magnetoresistance signal of Rxx (a) and Rxy (b) as a function of
in-plane field orientation with respect to the current direction. (c) Evolution of the AMR
peak amplitude for in-plane field rotation.

Figure 4.2(a) and (b) show the in-plane (φ = 0) longitudinal (Rxx) and transverse (Rxy)
magnetoresistances for the 52 nm thick Co0.6Fe0.4 film. The black and red traces represent
the positive and negative magnetic field sweeps. Small Hall slopes (< 0.03 mΩ/mT) have
been subtracted from the data, which have also been offset for clarity. For |µ0H| > 0.03 T,
the magnetization of the film is saturated such that M ‖ H. The film is characterized by
ρ‖; both Rxx and Rxy are constant. As µ0H approaches zero, the change in resistance is due
to the demagnetization of some of the domains, so that H ∦ M and a portion of the film
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is characterized by ρ⊥ rather than ρ‖. At about µ0H = 0.025 T, the resistance abruptly
relaxes as M completely flips, and the film resistance is described by ρ‖ again. This is the
switching field of the CoFe film, denoted by µ0Hs.

For an in-plane external magnetic field, Equations (4.2) and (4.3) become ρxx = ρ0 +
∆ρAMR cos 2θ and ρxy = ∆ρAMR sin 2θ, where ∆ρAMR = ρ‖ − ρ⊥. The assumption here
is that M is constrained to be in the plane of the film parallel to H due to shape anisotropy
along ẑ and lack of in-plane shape anisotropy, and thus ϕ = 0 and ϑ = θ. Figure 4.2(c)
follows the maxima at Hs for both ∆Rxx and ∆Rxy as the in-plane field rotates with respect
to the current. Fits to cos 2θ and sin 2θ are plotted for comparison as the solid lines. The
∆ρAMR used to fit the amplitude are −3.5 × 10−10 Ωm and −2.5 × 10−10 Ωm with a ρ0 of
1.7×10−7 Ωm (the Hall data is inverted due to a contacting configuration that is opposite of
convention). The Rxx amplitude is smaller than the Rxy amplitude due to the non-uniform
current distribution throughout the Van Der Pauw geometry. The findings indicate that
ρ‖ < ρ⊥, which is not typical for metallic ferromagnets [107, 112], but has been observed
in (Ga,Mn)As [113] and half-metallic ferromagnets [114]. The anisotropic magnetoresis-
tance amplitude, defined by ∆ρAMR/ρ0, is 0.2%, comparable to that of Co and Fe [114] (to

Figure 4.3: (a) Anisotropic magnetoresistance signal of Rxx as the magnetic field rotates
out of the plane. (b) The magnetic switching field µ0Hs where the magnetization switches
follows 1/ cosφ. (c) The Hall slope follows a sinφ behavior.
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our knowledge, anisotropic magnetoresistance measurements have not been performed on
Co0.6Fe0.4).

The response of the MR of CoFe in a perpendicular magnetic field (φ > 0) is studied
next. For the particular case of j parallel to the in-plane component of H (θ = 0), data is
shown in Fig. 4.3(a). From Equation (4.3), the longitudinal resistivity simplifies to ρxx =
ρ0 + ∆ρ cos2 ϕ. The amplitude of the anisotropic magnetoresistance is dependent on the
out-of-plane magnetization angle ϕ. From the data, the amplitude does not depend on
the out-of-plane angle, and remains the same value as with the in-plane field. Thus, M
remains in-plane (ϕ = 0), which is expected due to the large shape anisotropy about the
x-y plane. In addition, the switching field µ0Hs of the magnetization is only dependent on
the in-plane magnetic field. Figure 4.3(b) shows good agreement with µ0Hs and a 1/ cosφ
dependence, indicating that the magnetization flips with 0.01 T of in-plane magnetic field.
For the same magnetic field orientations (θ = 0, φ > 0), the transverse resistivity becomes
ρxy = RHµ0H sinφ. Indeed, the measured Hall signal ∆Rxy remains featureless (not shown),
except for the normal Hall signal; since the magnetization stays in the plane of the film the
anomalous Hall effect term is negligible and does influence the measurements. The Hall
slope is indicated in Fig. 4.3(c), which, as expected, is proportional to H sinφ. From the
φ = 90 Hall slope and ρ0, we obtain a carrier density of n = 1.3× 1028 m−3 and a mobility
of µ = 0.003 m2/Vs.

Figure 4.4 displays the results of cooling the CoFe film to 1.3 K. Figure 4.4(a) shows the
anisotropic magnetoresistance measurements for the θ = 0 and φ = 0 magnetic field orien-
tation. The signal width (Hc) increases with decreasing temperature and is consistent for
both positive and negative magnetic field sweeps. The average of µ0Hc from both sweeps
is presented in Fig. 4.4(b) as a function of T . The switching field increases by a factor 2.4
between room temperature and 1.3 K. The signal amplitude is similar between the positive
and negative sweeps only for T > 100 K. Below that, the negative sweep has a noticeably
different amplitude from the positive sweep, which is fully reproduced when taking identical
measurements in succession. This discrepancy is unexpected as it suggests a ferromagnetic
hysteresis curve that is not antisymmetric about M . The T dependence of the average
signal amplitude between the two sweeps is displayed in Fig. 4.4(c), and shows a decrease
in amplitude with increasing T . The change in amplitude can be caused by two factors.
The first is that the CoFe film changes between a hard and soft magnet as T decreases,
such that the low-field domain rotation occurs in more domains before the magnetization
flips. This is unlikely, as magnets tend to become harder with decreasing temperature as
kBT becomes less significant compared to the energy required to rotate a domain. The
second is the increase in ∆ρAMR as T decreases, which is typically observed [115]. All in
all, the anisotropic magnetoresistance features of the CoFe film are as expected and well
characterized by Equation (4.1).
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Figure 4.4: (a) Temperature dependence of the anisotropic magnetoresistance for θ = 0
and φ = 0. (b) The increase in Hs as T deceases. (c) The anisotropic magnetoresistance
amplitude as T changes.
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4.2 Bi/CoFe Devices

With the magnetic properties and transport characteristics of CoFe films well understood
from the previous section, we extend the study to the Bi/CoFe interface. As previously
observed (Section 3.3), the Bi(001) surface supports strong SOC two dimensional electron
states. The goal of studying the Bi/CoFe interface is to observe the effect of terminating a
strong ferromagnet with a strong SOC layer. The ferromagnet surface provides spin polarized
electrons, while the Bi surface provides helical electrons. Interesting physics arises at the
interface of ferromagnetic and SOC layers, such as tunneling anisotropic magnetoresistance.
If the direction of the magnetization aligns with or is perpendicular to an axis of the strong
effective SOC field, the probability for the electrons to tunnel from the ferromagnet to the
normal material changes. This effect is only observed in semiconductor/ferromagnet devices
[116, 117], as a significant interface resistance must be present for tunneling to occur. Since
the strength of the SOC in Bi is orders of magnitude larger than in semiconductors exhibiting
tunneling anisotropic magnetoresistance, the resulting transport properties may yield new
insight to the physics at a ferromagnet/SOC interface. Four Bi/CoFe devices, Devices F1-F4,
are presented in this section.

An optical micrograph of Device F1 is displayed in Fig. 4.5. A 75 nm Bi film was grown via
the two step process (Section 3.2) and etched into a square, such that eight Au contacting
pads lie along the perimeter of the Bi square. A 53 nm thick disc of CoFe was patterned
into the center of the Bi square by a lift-off process. Next, to top contact the device, a layer
of insulating SiO was patterned with a gap in the center on the CoFe disc. Lastly, a layer
of Au was deposited and patterned to fill the gap in the SiO and act as a top contact to
the CoFe disc. Magnetoresistance measurements of the Bi/CoFe interface, where the voltage
between the top contact Au and the Bi film is measured as current passes perpendicular to
the interface, show no unique magnetic field dependent features. The interface resistance
is noise prone (≈ 10% of the signal) due to the 10 nm insulating layer that is present at
the surface of the Bi, and so any features that are present are masked. Thus, the Bi/CoFe

Figure 4.5: Optical micrograph of Device F1 and a schematic of the layer structure.
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Figure 4.6: Anisotropic magnetoresistance signal of Rxx (a) and Rxy (b) for the Device F1
as a function of in-plane field orientation with respect to the current direction.

interface resistance measurements really measure the CoFe/oxide/Bi heterostructure. The
resistance of this heterostructure is 225 Ω.

Similar anisotropic magnetroresistance measurements were performed for Device F1 as for the
CoFe film, where the eight Van Der Pauw contacts are used to rotate j with respect to a fixed
in-plane magnetic field. Figure 4.6 displays the measurements for ∆Rxx and ∆Rxy under
magnetic field rotation in-plane (φ = 0). The similarity in the anisotropic magnetoresistance
signal to that from the CoFe film is evident. The Rxx data for Device F1 includes significant
background noise which will be discussed later, but peaks corresponding to the anisotropic
magnetoresistance are present at θ = 0 and 90◦. The Rxy data is much cleaner, clearly
showing the evolution of the anisotropic magnetoresistance as θ changes with discrepancies
at φ = 0 and 90◦. While the data for the CoFe film (in accordance to Equation (4.3)) is
constant in µ0H at these angles, the data for Device F1 shows a structure with two peaks.
Figure 4.7 shows the angular dependence of the anisotropic magnetoresistance maxima. Both
positive and negative peaks at θ = 0 and 90◦ data for Rxy are shown. Note that the error
bars for Rxx encompass the amplitude of the dual peaks, and thus they are likely present in
the Rxx data at θ = 45 and 135◦, just masked by the noise. The solid lines are the cos 2θ
and sin 2θ fits, yielding an amplitude ∆RAMR = 1.2 mΩ for both configurations.
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Figure 4.7: Anisotropic magnetoresistance amplitudel of Rxx and Rxy for Device F1.

Equation (4.1) is only valid for ferromagnetic conductors. In the case of Device F1, where
both Bi and CoFe are present, the current is applied through contacts to the Bi. A portion
of the total current spreads into the CoFe layer, thereby producing an anisotropic mag-
netoresistance signal observed in Fig. 4.6. The CoFe film measurements were performed
with a 300 µA current, while Device F1 had a 1 mA current. The amplitude of the CoFe
anisotropic magnetoresistance peak, which is proportional to the current through the ferro-
magnetic material, is 6.5 mΩ, and that of the heterostructure is 1.2 mΩ. Assuming none
of the anisotropic magnetoresistance signal is shorted out by the Bi layer in Device F1, we
find that ∼ 50 µA flows through the CoFe layer. This leaves ∼ 950 µA remaining in the Bi
layer. The resistivity of the Bi film is 1.5 × 10−6 Ωm, ten times that of the CoFe, so the
current distribution between the layers must be influenced by a large interface resistance.
Bi builds a 10 nm oxide layer when exposed, the cause of this interface resistance. Since,
about 20 times the current flows through the Bi layer than the through the CoFe layer, the
interface resistance must be about 20 times larger than that of the Bi, which is 20 Ω, leading
to an interface resistance of about 400 Ω. From a measurement of the interface resistance,
we obtain a value of 225 Ω, which includes a CoFe/Au interface along with the Bi/CoFe
interface. However, the CoFe/Au interface is fully metallic since CoFe does not form an
oxide layer, so most of the 225 Ω comes from the Bi/CoFe interface. The current is applied
in-plane and must pass the interface at least twice, since the source and drain are on the
Bi layer. Thus, in-plane resistance of the current passing through the CoFe must be around
450 Ω, which is comparable to the estimation from the anisotropic magnetoresistance signal
amplitudes. The origin and amplitude of the anisotropic magnetoresistance signal in Device
F1 are well described. However, the mechanism causing the two peak signal at θ = 0 and
90◦ for Rxy is not yet clear. More devices are studied to elucidate this phenomena.

In the Van Der Pauw configuration of Device F1, the current distribution is not uniform, and
thus the anisotropic magnetoresistance signal is an average signal over the average current.
Device F2 is designed to have a uniform current distribution, thereby testing if the extra
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Figure 4.8: Schematic of Device F2. A Bi Hall bar 45 µm wide is patterned, and then a
rectangular CoFe pattern is deposited. The Hall bar configuration ensures a uniform current
distribution through the Bi.

peak in the Bi/CoFe anisotropic magnetoresistance is due to the geometry of Device F1, and
not the Bi/CoFe junction. Device F2 begins as a Bi Hall bar structure, identical to the large
Hall bar structure of Device W1. The parent Bi film is a 75 nm thick film grown via the two
step procedure. Over the Bi Hall bar region, a rectangular CoFe (52 nm thick at 1.0 Å/s)
film is deposited. A schematic of Device F2 is shown in Fig. 4.8. The Hall bar geometry of
the Bi ensures a uniform current distribution.

The anisotropic magnetoresistance signal of Device F2 is shown in Fig. 4.9 for rotations of the
magnetic field in the plane of the device. The amplitude of the anisotropic magnetoresistance
maximum follows the angular dependence characterized in Equation (4.1) due to current
leakage into the CoFe layer. Note that the angular orientation of the device is shifted by
≈ 5◦ compared to the external magnetic field. One interesting aspect of Device F2 is that
the CoFe switching field appears at ∼ 6 mT, about half the field in the pure CoFe film and
in Device F1. Nonetheless, important feature in the anisotropic magnetoresistance of Device
F2 is the double peak visible in ∆Rxy for angles near θ = 0. We conclude that the double
peak observed for Device F1 is thus not due to the non-uniform current distribution allowed
from its geometry. In Device F2, the signal to noise level for the ∆Rxx measurement is again
not sensitive enough to observe, if present, the double peak feature conclusively.

In both Device F1 and F2, there is a significant noise level that prevents the ability to
observe the deviations from the standard anisotropic magnetoresistance signal for the ∆Rxx

measurement due to the significant background longitudinal resistance. Even in the data for
∆Rxy, the noise level is too large to confidently assume that the dual peak feature only exists
for small angles around θ = 0 or if it is present for all angles. To increase the signal level
with respect to the noise in the measurements, another device with a geometry of minimal
background resistance is fabricated. Figure 4.10 shows the schematic of Device F3, in which
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Figure 4.9: The anisotropic magnetoresistance exhibited in ∆Rxx (a) and ∆Rxy (b) of Device
F2.

a 75 nm thick Bi film is patterned into a 400 µm diameter circle with 4 leads. Next, a 30 nm
CoFe film patterned into the same geometry is centered on the Bi structure and rotated by
45◦.

The anisotropic magnetoresistance of Device F3 evidenced in ∆Rxy is shown in Fig. 4.11(a)
and (b), for which the noise level is clearly less than that of Devices F1 and F2. Here the
current is applied between contacts 1 and 6, and the voltage is measured from contact 2 to
8. Contact 5 was very resistive and therefore not used. The misalignment of the current
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Figure 4.10: Schematic of Device F3. A Bi circle with 4 leads is deposited, and then an
identical CoFe pattern is deposited rotated by 45◦.

contacts does not change the measured Hall voltage, and only influences the reference angle
between the current and magnetization. The fact that the Hall voltage is sensed across the
CoFe rather than the Bi (where most of the current is passing) should not strongly influence
the measurement because the total Hall signal is measured, which is comprised of parallel
contribution from the Hall signals of each layer. Multiple peaks are visible at all angles,
rather than just those near θ = 0 or 90◦, due to the lowered noise level. In Fig. 4.11(b),
∆Rxy near the anisotropic magnetoresistance minimum at 90◦ clearly shows three peaks.
The green lines indicate the location of the three peaks, which to not change with the angle
of the external field. The field values for the peaks are denoted, in order of increasing
magnetic field, by µ0Hs, µ0Hs1, and µ0Hs2. The standard anisotropic magnetoresistance
peak from the switching of the bulk CoFe film occurs at Hs. The angular evolution of the
peak’s amplitude at Hs is plotted in Fig. 4.11(c), showing the expected sin 2θ dependence,
which is shifted by 8◦. The shift is due to the non-ideal contact configuration. The two
peaks at Hs1 and Hs2 show a fundamentally different behavior, in that they do not have a
dependence on the external field direction. Hs1 is always a resistance minimum and Hs2 is
always and resistance maximum. Moreover, it appears that the amplitude of both of these
peaks seem to have a constant value over the entire angular range (although from angles
near 45 and 135◦ the Hs peak overpowers and masks the Hs1 and Hs2 peaks).

All three devices shown are fabricated so that the Bi layer is deposited before the CoFe
layer. Since each material is deposited in a different system, the exposure to atmosphere
during the intermediate fabrication steps allows for an oxide layer to form on the Bi. To test
the importance of the oxide layer, a device identical to Device F3, except where the CoFe
and Bi layers were flipped, was fabricated. The CoFe layer does not produce an oxide layer,
so the interface here consists of only CoFe and Bi. In this device, the anisotropic magne-
toresistance did not show any signatures other than that of the bare CoFe film, although
parallel conduction through both materials does occur. This suggests that the picture of the
spin-transfer-torque creating extra magnetization rotations observed in the Hs1 and Hs2 of
Devices F1-F3 is not consistent. The spin-transfer-torque is exhibited when a SOC system is
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Figure 4.11: (a) Full angular dependence of the anisotropic magnetoresistance of Device
F3. (b) Angular depence focusing on the regime near the anisotropic magnetoresistance
minimum. The green lines indicate, in order of increasing magnetic field, Hs, Hs1, and Hs2.
(c) The amplitude of the anisotropic magnetoresistance at Hs.

in parallel with a ferromagnetic layer, so it should be even more visible on a clean interface.
Moreover, the magnetoresistance peaks at Hs1 and Hs2 in Device F3 do not show an angular
dependence, which is expected for the spin-transfer-torque mechanism. Since the observed
phenomena is only present when the Bi oxide layer exists between the Bi and CoFe, there
is a possibility that the oxide layer reacts with the CoFe. When depositing the CoFe layer
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Figure 4.12: (a) The magnetoresistance as current passes through the Bi/CoFe interface in
Device F3. (c) and (d) Detailed angular data of the interface magnetoresistance. (b) The
amplitude of the resistances at Hs, Hs1, and Hs2.

on the Bi films, the evaporation rate must be kept below 1 Å/s or else the CoFe will melt
and re-evaporate the Bi film. It is conceivable, then, that at slower rates for which the Bi
layer does not re-evaporate, the CoFe is still energetic enough to react with the Bi surface.
In particular, a layer of CoO may form at the interface, which is antiferromagnetic. In this
scenario, we have an antiferromagnetic/ferromagnet junction, which can have multitude of
magnetization configurations due to an exchange bias [118, 119], evidenced by the extra
peaks in the anisotropic magnetoresistance measurements.

In Device F3, we were able to measure the interface resistance between the CoFe and the
Bi layers, which was not possible in the previous devices due to signal noise. For this mea-
surement a two terminal configuration was used, where both current and voltage leads were
connected from contact 1 to contacts 2 and 8. This ensures that the current passes sym-
metrically through the device and spurious Hall effects are minimized. Figure 4.12 displays
the interface magnetoresistance of the Bi/CoFe interface as a function of in-plane external
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magnetic field. A low field resistance maximum, similar to weak localization, emerges for
angles perpendicular to the symmetry axis of the measurement. In Figs. 4.12(c) and (d),
we focus on the low field regime, where a slight hysteresis is present in the main maximum,
which is a switching field corresponding to the main anisotropic magnetoresistance maxi-
mum at Hs. In this configuration, however, the signal does not follow the same angular
dependence as required by Equation (4.1). Although the peak at Hs does follow a cos 2θ
dependence (Fig. 4.12(b)), the peak does not invert in amplitude as expected; it is always
positive, vanishing at small angles. The symmetry of this signal suggests that the current is
not being passed along the z direction between the Bi and CoFe layers, which has no symme-
try breaking in the plane of the film. Moreover, as with Device F1, we do not expect a noise
free signal when current must pass through the oxide layer from the Bi. Instead, the signal
indicates that current is actually passing laterally from the CoFe layer into the Bi layer. In
the schematic of the device, it is shown that the CoFe layer is continuous on the side walls
of the Bi structure, allowing an electrical connection between the two layers along a vertical
plane in the device. Since the Bi(001) surface is the most readily oxidized surface, the side
walls, which are a mixture of Bi(010) and Bi(100) surfaces, will have less of a barrier for the
current [120]. It is clear that this peak at Hs originates from the magnetization switching
of the CoFe layer, but it does not originate from the anisotropic magnetoresistance as ex-
pressed in Equation (4.4) and also has a different angular dependence. The micromagnetic
configuration along the sidewall may be very complicated, which can contribute to the un-
expected angular dependence of the peak. Note that the two additional peaks observe in the
anisotropic magnetoresistance configuration at Hs1 and Hs2 are also present here. The am-
plitudes of these peaks appear to be angle dependent, but once the slope of the background
is taken into consideration, the amplitudes are relatively constant.

To summarize this chapter, the junction between Bi and CoFe was studied, and the results
compared to a control film of pure CoFe. We use the anisotropic magnetoresistance phenom-
ena to track the magnetization state of the CoFe film and observe multiple magnetization
orientations for a single direction of external magnetic field. These extra switching events
can come about through an interaction between the spin-orbit coupling of the Bi electron and
the spin polarization of the CoFe electrons. Another possibility is the inadvertent formation
of CoO at the interface from the Bi oxide layer that is naturally present. This would cre-
ate a ferromagnet/antiferromagnet junction, which is known to have multiple magnetization
configurations.



Chapter 5

InSb/CoFe Devices

This chapter takes a departure from studying the SOC properties of Bi nanostructures and
interfaces. In the following we will be discussing the strong SOC semiconductor InSb. InSb
is the heaviest of the III-V semiconductors, which leads to many desirable properties. Out of
the III-V’s, it has the smallest band gap (0.17 eV at room temperature), the lightest effective
mass (0.014m0), the largest intrinsic electron mobility (7.7 m2/Vs at room temperature), the
largest g-factor (-51), and the largest SOC. As a semiconductor, the high purity with which
InSb can be grown makes it ideal to study SOC physics. Here we study InSb/CoFe multilay-
ers to observe the effects of strong SOC on spin injection phenomena. As in Chapter 4, we
use H to symbolized the magnetic field in the following, as it is a more appropriate definition
in the presence of magnetic materials.

Since the discoveries of giant magnetoresistance (MR) [121, 122] and tunneling MR [123],
applications involving ferromagnetic/nonmagnetic (F/N) multilayers have widely entered
technology. While these phenomena utilize multiple F and N layers, a single F/N interface
can harbor interesting physics. For example, if the N layer exhibits strong spin-orbit coupling
(SOC), tunneling anisotropic MR is observed, where the orientation of the spins affects the
tunneling probability [116, 117]. Semiconductors as the N layer offer a promising avenue
for influencing the interface characteristics due to tunabillity and SOC [124], furthering the
aim of integrating spintronics into conventional electronic devices. Recently, spin injection
into semiconductors from a F electrode has been achieved in GaAs [125–130], Si [131–133],
and InAs [134–137]. In Si and GaAs, the relatively low SOC allows the spin transport in
the semiconductor to be dominated by the spin dynamics imposed by an external magnetic
field, evidenced by a well defined Hanle effect. In InAs quantum wells, where Rashba SOC
is typically large, the spin signals are less evident than in Si and GaAs. However, the spin
dynamics are more sensitive to an electric field in InAs than in GaAs and Si [136, 137],
promoting tunability.

We explore spin injection into n-type InSb, a narrow-bandgap semiconductor with large elec-
tron g-factor and with strong bulk Dresselhaus SOC (γ ' 760 eVÅ3) and strong structural

92



Martin Rudolph Chapter 5. InSb/CoFe Devices 93

Figure 5.1: (a) Schematic of the InSb/CoFe device and the three-contact measurement. (b)
Scanning electron micrograph of a device with scale bar of 5 µm.

Rashba SOC (α ' 523 eÅ2) [138]. The spin-injecting electrodes are micron-sized ferromag-
netic CoFe structures. We present measurements of the resistance R of four InSb/CoFe
junction devices, which differ in InSb electron density and in CoFe dimensions. The junc-
tions display a hereto unobserved abrupt resistance maximum (up to 25%) at small magnetic
fields and at temperatures T < 3.5 K. The resistance feature has a strong T -dependence
and a symmetric bias dependence, which cannot be explained by current F/N multilayer
theories, and may indicate a phase transition in the InSb from an interaction between the
injected spins and the SOC.

High-mobility Te-doped InSb films [139, 140] were grown by metal-organic chemical-vapor
deposition onto insulating GaAs (100) substrates. The active layer of the InSb is 1.3 µm
thick, with a 50 nm highly doped capping layer on top (carrier density of 1.2× 1023 m−3) to
facilitate electrical contacting (a characterization of the material can be found in [139]). To
fabricate the devices, metal and insulating layers are thermally evaporated at pressures below
3× 10−6 Torr. Firstly, 120 nm of SiO is deposited and photolithographically patterned into
a window. Secondly, Au contact pads are deposited and contacted with In. Lastly, micron-
sized rectangles and dots are defined by electron-beam lithography, and 55 nm of Co0.6Fe0.4

is deposited to form the CoFe structures. The InSb/CoFe interface resistance is probed by a
three-contact measurement using standard low frequency lock-in and DC biasing techniques,
depicted in Fig. 5.1(a). A scanning electron micrograph of a device is shown in Fig. 5.1(b),
where the x axis points to the right. Four different devices are measured, with the active
layer electron density n and mobility µ (at 1.3 K), CoFe geometry, and interface resistance
RI summarized in Table 5.1. CoFe geometries include bar-like patterns (devices A, B, C, and
E) with magnetic shape anisotropy and a dot-like pattern (Device D) where shape anisotropy
is absent. Device D is fabricated by patterning a micron-sized circular window in the SiO
layer and then filling the window with the CoFe film.
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Table 5.1: Electrical characteristics of the InSb active layer, CoFe geometries, and interface
resistances of the junction devices.

Device n (m−3) µ (m2/Vs) Dimensions (µm) RI(1.3 K)

A 6.5× 1021 4.2 0.2× 18 175 Ω
B 6.5× 1021 4.2 1.0× 18 210 Ω
C 8.9× 1022 4.4 0.2× 18 75 Ω
D 6.5× 1021 4.2 3.0 diameter 1200 Ω
E 8.9× 1022 4.4 1.0× 18

5.1 Magnetization properties of patterned CoFe

Before discussing the measurements on the InSb/CoFe junctions devices, we characterize the
magnetic properties of CoFe bar-like patterns (henceforth referred to as bars) as deposited
on InSb. Two CoFe bars (0.2× 15 and 0.5× 30 µm2) were patterned onto a 5× 5 µm2 InSb
Hall cross to sense the fringing fields of the CoFe bars [141]. The Hall cross is fabricated
from the same InSb wafer as Device C. The CoFe bars are aligned with the ends centered in

Figure 5.2: (a) Schematic of the Hall device used to sense the fringing fields of CoFe bars.
(b) CoFe magnetization switching indicated by the difference in the Hall signals with and
without CoFe bars.
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the Hall cross, so the fringing fields penetrate the active Hall cross region (Fig. 5.2(a)). On
the same device, another Hall cross without CoFe bars is measured as a control.

At 5 K, the Hall resistance Rxy = Vy/Ix is measured for both Hall crosses as a variable
magnetic field is applied along the length of the CoFe bars. The difference between the
Hall resistance with and without the CoFe bars ∆Rxy = Rxy,with−Rxy,without is presented in
Fig. 5.2(b), where the hysteresis in the CoFe magnetization is evident. Four identical mea-
surements were performed in succession to emphasize the reproduceability in the saturation
magnetization and the variation with geometry of the switching field µ0Hs. The three step
signal respresents the two parallel and one antiparallel configurations of the magnetization
of the CoFe, which determines the directions and strength of the z-component of the fringing
field [141]. The 0.5 µm wide bar produces more fringing field than the 0.2 µm wide bar, and
thus exhibits a larger ∆Rxy,s (44 versus 14 mΩ, respectively). The wider bar is therefore
assigned the µ0Hs of 65 mT and the narrower bar the µ0Hs of 90 mT, consistent with the
fact that the narrower bar has the larger shape anisotropy. Anisotropic MR measurements
reveal µ0Hs = 24 mT for CoFe films with no shape anisotropy at T = 1.3 K (Fig 4.4).
Assuming Hs decays exponentially with increasing width, we estimate µ0Hs ∼ 45 mT for
the 1 µm wide bar in device B.

From the ∆Rxy,s from each bar, we can compute their saturation magnetization Ms. The
Hall relation

∆Rxy,s =
∆B̄z

netInSb
(5.1)

dictates the average z-component of the fringing field of the CoFe B̄z, which is approximately
related to Ms via

B̄z =
1

V

∫
dV

2

∫
dy′

µ0Ms

4πtCoFe

z

(x2 + (y − y′)2 + z2)3/2
, (5.2)

Figure 5.3: The spatial distribution of Bz for the 200 and 500 nm wide CoFe bars. The edge
of each CoFe bar is located at (0,0).
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Figure 5.4: (a) The differential Hall signal as a function of the direction of the external
magnetic field, where θ = 0 is along the CoFe bars. (b) The CoFe switching field µ0Hs

depends mostly on the magnetic field component along the CoFe bars, with small deviations
for H applied perpendicularly to the CoFe bars.

where V represents the active volume of the Hall cross and y′ follows the edge of the CoFe
bar. Figure 5.3 shows the spatial distribution of Bz obtained from B̄z = 1/A

∫
Bz da. The

fringing fields decay rapidly within a micrometer from the edge of the CoFe bars located
at (0,0). The entire magnetic flux of the fringing field is captured by the Hall cross. From
Equations (5.1) and (5.2) we obtain Ms = 850 and 1300 emu/cm3 for the 0.2 and 0.5 µm wide
CoFe bars, respectively. For bulk CoFe, Ms = 1700 emu/cm3 [142], in relative agreement
with our approximate calculation.

Due to the shape anisotropy of the CoFe bars, only the magnetic field component along
the length of the CoFe bar should contribute to the CoFe magnetization switching, which
is confirmed in Fig. 5.4(a), where H is rotated by θ in the plane of the Hall cross and
θ = 0 is along the long axis of the bars. As θ increases, Hs also increases due to the shape
anisotropy of the CoFe bars. However, ∆Rxy remains unchanged while changing θ, which
indicates that the magnetization of the CoFe is constant for all directions of applied magnetic
field. In Fig. 5.4(b), which displays the component of Hs along the CoFe bar versus θ, the
data points are an average over positive and negative switching events, and the error bars
reflect the uncertainty in Hs. The deviations for |θ|≈ 90◦ indicate that the CoFe bars are
not single domain magnets, and the micro-domain rotation lowers Hs. However, since the
saturation magnetization is robust over the range of θ, the rotating domains are few and
do not significantly affect M . Thus, the magnetization properties of the CoFe bars used
in devices A, B, C, and E as well as the shape-isotropic dot used in device D, are well
understood.
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5.2 Interface magnetoresistance of InSb/CoFe junctions

Figures. 5.5(a)-(d) display the resistance R of devices A, B, C, and D, respectively, with
the external magnetic field H applied at θ = 0 (Fig. 5.1(a)), namely in the plane of the
InSb film and parallel to the long axis of the CoFe bars. The black (red) trace indicates
H sweeping up (down). All devices show a pronounced maximum in resistance at small
µ0H, with R dropping abruptly at a critical magnetic field µ0Hc. At 1.3 K, the feature
is as large as 25%, and it decays with increasing T , disappearing at a critical temperature
Tc < 4 K. Small reproduceable hysteresis features are present near Hc for all devices (e.g.
inset of Fig. 5.5(a)), indicating a magnetic origin of the resistance maximum. The shape
of the signal for T near Tc is displayed in the inset of Fig. 5.5(c) for device C, showing an
inversion of the signal (present in all devices).

In Fig. 5.6 we display the results of rotating H in the plane of the InSb film by angle θ for
devices A and D. The magnetic shape anisotropy of the CoFe bar in device A ensures that the

Figure 5.5: Interface MR of devices A (a), B (b), C (c), and D (d) for H ‖ x̂ (θ = 0) at
various T . The black (red) lines represent the magnetic field sweeping up (down). The insets
to (a) and (c) emphasize the small hysteresis features and behavior near Tc.
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Figure 5.6: The effect of changing the external in-plane H of the interface magnetoresistance
for Device A (a) and Device D (b), which differ in the shape anisotropy of the CoFe geometry.

magnetization M of the CoFe always lies along x̂, so rotating H does not modify the direction
of M , while in device D, a CoFe dot, M will rotate with H. However, only a minimal angular
dependence is observed in R(H = 0) and in Hc for both devices. Device A data suggest that
the relative angle between M and H does not impact the signal. Device D shows a slight
M dependence in R(Hc). Further, we apply H perpendicularly to the InSb film for some
devices (not shown) and observe minimal angular dependence. The transition to a lower
resistance state occurs at an unchanged Hc regardless of the direction of H or M . Note that
Hs > Hc at T = 1.3 K, and the uncertainty in Hc is minimal compared to that in Hs; the
CoFe magnetization switching is therefore not responsible for the interface magnetoresistance
peak. Moreover, no features at Hs are observed in the interface magnetoresistance, and we
infer that the direction of M in the CoFe does not affect the spin injection efficiency.

These unique features of R of the InSb/CoFe junctions do not align with, to our knowledge,
any known phenomena in ferromagnets, semiconductors, or their multilayers. The abrupt
change in R at Hc suggests a magnetic origin, but effects like anisotropic MR, tunneling
MR, and giant MR would show hysteresis, while the change in R of our junctions occurs
at values of Hc symmetrically positioned around H=0 and independent of sweep direction.
Tunneling anisotropic MR can have a rich H-dependence, with no exclusion on symmetry;
however, the lack of angular dependence of Hc suggests an isotropic phenomenon (similar
to Zeeman splitting) is in effect. In addition, for T � TCurie, magnetic phenomena tend to
be insensitive to T . Here we are far below TCurie, yet our signal has a strong T -dependence.
The values of Tc and Hc are consistent with dephasing phenomena like weak localization and
inelastic mechanisms like electron-electron interactions. However, these phenomena evolve
smoothly (logarithmically) in both T and H [86, 139, 143]. We note that a similar isotropic
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Figure 5.7: (a) Non-local spin valve measurement of an InSb channel with CoFe injecting
and detecting electrodes separated by d, where H ‖ x. (b) Measurement of the Hanle
configuration, where H ‖ z.

H-dependent R in a three contact Ga(Mn)As/GaAs device has been observed [128] without
conclusive evidence for its origin, while a similar T dependent MR has been encountered
in Ga(Mn)As [144], interpreted as due to weak localization. Weak antilocalization in InSb
thin films [139], however, as mentioned show the typical logarithmic dependence on H, quite
different from the present abrupt MR in InSb/CoFe junctions.

To study the role of injected spins, we performed a measurement in a non-local spin valve
geometry (Fig. 5.7). A device similar to C was fabricated, where two 0.2 µm wide detecting
electrodes were placed 1.2 and 2.3 µm away from a 0.5 µm wide injecting electrode. The
non-local measurement is sensitive to the spin accumulation beneath the detectors. While a
spin-valve signal is not present, we observe a non-local transresistance V/I, with detecting
voltage V and injecting current I, similar to the resistance signature in Fig. 5.5(a)-(d) (the
inversion of the non-local signal is due to the inverse role of the detector). The transresis-
tance decays with the injector-detector separation d, strongly reminiscent of a spin density’s
characteristic decay with distance from the spin injector. The observation indicates that the
resistance feature indeed does depend on an injected spin density. Comparing the non-local
signal amplitude with ∆V = V0e

−d/ls , we find an InSb spin diffusion length ls ≈ 0.4 µm. The
value for ls is approximate, since the injector efficiency and detector spin sensitivity are both
sensitive to their specific interface properties. However from antilocalization measurements
we find the single-spin coherence lengths lso(C) = 1.2 µm and lso(A, B, and D) = 1.5 µm
[139], representing an upper bound on ls, and the value of 0.4 µm is thus reasonable. Appli-
cation of Hz in the non-local configuration (Fig. 5.7(b)) allows measurement of a Hanle effect
due to spin precession, if present. We observe a Hanle-like peak at H = 0 with amplitude
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∆V/I ' 25 mΩ. Yet a Hanle effect must be observed concomitantly with the spin valve
effect, here absent, and hence Fig. 5.7(b) cannot be attributed to a Hanle effect. Moreover,
the observed Hanle-type peak shows a width of ≈ 6 mT, implying a spin diffusion length of
4.2 µm, much longer than as determined by antilocalization and the non-local measurements.
The non-local spin valve and Hanle effects are indeed greatly diminished in strong SOC sys-
tems [136], especially under the non-isotropic Dresselhaus SOC present in InSb, explaining
the lack of such signals here (e.g. in device C, the average strength of the Dresselhaus spin-
orbit field is 〈|BSO|〉 = γk3

F/π ' 0.4 T, hence overwhelming the applied H in precessing the
spins). Rather than a Hanle effect, the signal in Fig. 5.7(b) inset may be due to dynamic
nuclear polarization [145]. A three-contact measurement configuration may also produce a
Hanle effect, for example device A at θ = 90◦ in Fig. 5.6(a). However, the electron mean free
path l0 = 0.19 µm, so transport is not in the diffusive regime underneath the CoFe electrode
(with width of 0.2 µm ≈ l0). Thus, spin accumulation under the contact is not expected to
diminish with H, precluding observation of a three-contact Hanle effect.

We can calculate the spin polarization due to the injected spin density at the InSb/CoFe
interface by [146, 147]

PJ =

(
J↑ − J↓
J↑ + J↓

)
I

=
γRIAI

4ρls +RIAI
, (5.3)

where ρ represents the average resistivity over the spin diffusion length ls in the InSb, RI

and AI are the resistance and area of the interface, and γ = (RI↓−RI↑)/RI is the fractional
spin dependent resistance of the interface. We use the value ls = lso and estimate γ =
[R(0 T) − R(0.2 T)]/RI , yielding PJ(1.3 K) = 0.06, 0.05, 0.20, and 0.24 for devices A, B,
C, and D, respectively. This is a significant spin polarization and self-consistently shows
that the junction magnetoresistance feature occurs in the presence of spin injection. We
will call the resistance feature spin injection resistance (SIR). We note that while the four
devices presented here show SIR, more devices have been studied, and only those where the
CoFe/InSb interface is Ohmic exhibit SIR behavior (a small depletion layer is present, but
the junctions’ current-voltage traces are linear). Devices with Schottky-type interfaces do
not display an MR signal.

Spin injection and diffusion are in our range of T independent of T [148, 149], while the SIR
observed is dependent on T , indicating that phenomena beyond spin transport are at play.
Both the SIR amplitude ∆R/R0 = [R(0 T)−R(Hc)]/R(Hc) and the critical field Hc decrease
with increasing T , as presented in Figs. 5.8(a) and (b). ∆R/R0 of devices A, B and D decay
linearly, with Tc ≈ 3.5 K. Device C has a slightly larger Tc of 3.6 K (the signal amplitude for
device C showed temporal junction instability, which may explain its deviation from a linear
T -dependence). As T decreases below Tc, the SIR is negative before turning positive for all
devices (Fig. 5.8(a) inset), with a pronounced discontinuity in the slope at this transition
stage. The SIR width 2Hc correlates with the InSb carrier density n. Device C has a larger
n than devices A, B and D and exhibits a wider signal (larger Hc), while devices A, B, and
D have the same n and exhibit similar Hc even though their junction geometries vary. The
decay in Hc approximately follows a (Tc − T )1/2 power law.
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Figure 5.8: (a) The decay of ∆R/R0 = (R(H = 0)−R(Hc))/R(Hc) with T of the CoFe/InSb
interface for the four junctions studied; the dashed lines represent linear fits. The inset shows
a discontinuity in the derivative at Tc. (b) The narrowing of the magnetoresistance width
(∼ Hc) with increasing T and corresponding

√
T fits (dashed lines).

As a spin injection phenomenon, the SIR should depend on the spin-injecting current, which
was hence varied by adding a DC bias current IDC to the small-signal AC current used so
far in the lock-in measurement. Details on the biasing technique are found in Appendix D.
Figures 5.9(a) and (b) present the effect on the SIR when IDC is added to the spin injecting
current for devices C and D, respectively (positive bias current indicates electrons flowing
from the InSb into CoFe). The discrepancy in the two 0 µA traces for device C (obtained
12 hours apart) is due to its aforementioned instability. Figures 5.9(c) and (d) show the
symmetry of the dependence of the SIR amplitude with current bias. The SIR amplitude
decreases with increasing bias and becomes negative for |IDC | > 12.5 µA for device C and
|IDC | > 0.8 µA for device D. As the bias further increases, the SIR amplitude decays to zero
asymptotically. In this measurement, ∆R/R0 = [VAC(0 T) − VAC(Hc)]/VAC(Hc) ∝ dV/dI
effectively measures the inverse of the density of states, so Figs. 5.9(c) and (d) indicate the
formation of a symmetric energy gap ∆ at zero bias (hence at the InSb Fermi level) for T <
Tc. The width in energy of the gap can be approximated by the product eRIIDC,min, where
IDC,min denotes IDC at the minimum in ∆R/R0. The approximation yields ∆ ≈ 1.6 meV
for devices C and D. These devices differ in n and junction geometry, suggesting the energy
gap is a general property of spin polarized InSb/F systems. dI/dV is plotted against energy
E relative of the Fermi energy EF in Fig. 5.10 for H = 0 and H > Hc for Device D. Here
dI/dV = IAC/VAC for the solid lines. The symbols represent explicit calculation of the
derivative of a two contact I-V trace of the InSb/CoFe interface on Device D. The two agree
well, save for a difference in magnitude due to the addition contact resistance encountered in
the two contact measurement, indicating the validity of the interpretation of the AC lock-in
measurement.
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Figure 5.9: (a),(b): The response of the SIR upon application of a DC bias for devices C
and D. (c),(d): The bias dependence of the peak amplitude for devices C and D at various
T .
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Figure 5.10: Difference conductance map, which is proportional of the density of states, of
Device D at 1.4 K as a function of E relative to EF . A symmetric gap is present at zero
magnetic field (black line) and closes at a sufficiently high field (red line). The derivative of
a two contact I-V trace of the same InSb/CoFe interface is provided as a comparison.

The energy gap may indicate the formation of a new quasiparticle through a phase transition,
suggested by the abrupt onset of the SIR at Tc (discontinuous derivative of Fig. 5.8(a) inset).
The thermal energy of the electrons at Tc ' 3.5 K is 0.3 meV, within an order of magnitude
of the value for ∆ approximated above. In fact, if ∆ is defined by the FWHM of the zero-
bias resistance maximum, we obtain ∆ ≈ 0.5 meV. The disappearance of the SIR at Hc,
with Hc ∝ (Tc − T )1/2 regardless of the direction of H is reminiscent of the destruction of a
superconducting phase. In this analogy, one may view Fig. 5.8(b) as a phase diagram, where
the new quasiparticle phase occurs below the dotted lines and the normal semiconductor
phase occurs above the dotted lines. Quantitatively, the transition in H and T satisfies,
within a factor of three, the relation kBT + gµBµ0Hc = ∆ (if the combined thermal and
Zeeman energies exceed the gap, the quasiparticles are destroyed).

We recognize that as a three contact measurement, more than just the InSb/CoFe interface
contributes to the magnetoresistances measured. The measurement includes, in order, the
following materials and interfaces: In/Au/CoFe/InSb for the active junction over which the
current-voltage characteristics are measured; and In/InSb for the current counter-contact
and the voltage reference contact. Here In is used as contact solder. In our three-contact
geometry, the voltage drop over In/InSb current counter-contact is eliminated from the mea-
surements, and no current flows through the In/InSb voltage reference contact. Contacting
materials and their interfaces may still have a measurable influence on the resistance sig-
natures however, and we performed experiments to quantify such secondary contact effects.
With the exception of the CoFe/InSb and In/InSb interfaces, the material junctions are
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Figure 5.11: Three-contact measurements performed when the current is injected through
the CoFe/InSb interface (as in the data in the main paper) and when the current is injected
into the InSb through an In solder contact only. The measurements were obtained at 1.3 K.

metal on metal, and cannot account for the observed interface resistance of 100 to 1000 Ω.
However, pure In has a superconducting transition at Tsc = 3.4 K, a temperature similar
to that at which the SIR transition occurs. A negative magnetoresistance may occur by
Andreev reflection [150].

In light of the temperature coincidence, we performed a three-contact measurement identi-
cal to the SIR measurement configuration (Fig. 5.1(a)) except that the current is injected
directly into the InSb from In, excluding all Au and CoFe in the interfaces and emphasiz-
ing the In/InSb junction as depicted in Fig. 5.11(a). Figure 5.11(b) displays the results
at 1.3 K, which show that the measurements isolating the In/InSb junctions (red) have no
semblance of the SIR exhibited by the CoFe/InSb interface (black). The small, cusp-like
negative magnetoresistance of the In/InSb measurement originates in weak localization of
the InSb film, which is also present in the background of the CoFe/InSb measurement. The
superconducting transition of the In is not observed in these measurements.. We also per-
formed measurements isolating the In/Au junction to quantify the magnetoresistance due
to In superconductivity. These interfaces do not show a magnetoresistance similar to the
SIR, instead exhibiting a small positive magnetoresistance of . 1%, most likely due to the
effects of magnetic fields on superconducting In. Lastly, Device A was recontacted using
silver epoxy, which does not turn superconducting, and the SIR remained unchanged from
the measurements when contacted with In. The influences of the interfaces included in the
three-contact measurements have been accounted for, and indicate that the SIR occurs at the
CoFe/InSb interface. The remaining interfaces and materials only contribute a background
magnetoresistance of . 1%.

In summary, in numerous different junctions between InSb and micron-sized CoFe electrodes
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(five are presented here) we observe a large interface magnetoresistance feature in the pres-
ence of spin injection, symmetric in applied magnetic field. The resistance decreases abruptly
by up to 25% at a critical magnetic field Hc. The magnitude of the resistance maximum de-
creases linearly in temperature, disappearing at a consistent critical temperature Tc ' 3.5 K
for all devices, while Hc ∝ (Tc − T )1/2. We show that the signal is independent of the
direction of the external magnetic field and is also independent of the CoFe magnetization
direction. To our knowledge, these unique characteristics do not correspond to known mag-
netoresistive phenomena. Upon application of a DC bias, the magnetoresistance decreases
and inverts symmetrically about zero bias. This zero bias maximum indicates an energy gap
in the density of states, and along with a clear discontinuity in the derivative of R(H = 0)
at Tc, suggests that a zero bias quasiparticle may be formed at the interface, with an energy
gap ∼ 0.5 meV, although more studies must be performed to confirm its identity. We show
that spin injection into strongly spin-orbit coupled InSb leads to markedly different results
than into Si and GaAs.



Chapter 6

Conclusions

By a systematic study of the initial growth properties of Bi thin films deposited by thermal
evaporation, it is determined that the Bi film grows by island growth for 20 nm of thickness.
At that thickness, a continuous Bi film emerges, on which a high quality Bi layer is deposited.
From XRD analysis, the films are oriented with the Bi(001) surface normal to the plane, and
the high quality layer has minimal defects and surface roughness as evidenced by Kiessig
interference fringes. Films grown with a two step process, in which the first stage is the
deposition of the 20 nm thick wetting layer and the second stage is an arbitrary thick high
quality layer, are shown to have similar room temperature electrical properties as molecular
beam epitaxially grown Bi films. The low temperature quantum coherence properties, as
determined by the weak antilocalization phenomenon, of Bi films of various thicknesses of
high quality layer consist of a phase coherence length proportional to the total thickness
of the film. The spin coherence length is found to have minimal dependence on the Bi
film thickness. At temperatures above 2 K, a dephasing is observed that is consistent with
phonon-induced inelastic scattering. Bi films with a total thickness of 75 nm are shown to
exhibit the best transport and quantum coherence properties, with mobilities approaching
0.25 m2/Vs and phase coherence length of 250 nm at 4 K.

The 75 nm Bi films are used as a starting point for fabricating nano-scale Bi wires and
rings using various lithographic fabrication procedures. The Bi wires, ranging in width from
W = 0.21 µm to 6.1 µm, all exhibit the quantum interference phenomena of weak antilocal-
ization and universal conductance fluctuations at low temperatures. The phase coherence
lengths extracted from the interference phenomena indicate that the phase coherence time
is proportional to the wire width for widths of less than 500 nm. This is indicative of de-
phasing due to quantum confinement, where the dwell time is the limiting scattering time
for the phase coherence. The implications are that the individual grains comprising the
Bi structures have little disorder. Also, because smaller structures exhibit more quantum
confinement than larger ones, shrinking the size of Bi structures does not improve the ratio
between the structure size and the phase coherence length, as evidenced by the lack of visible
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Aharonov-Bohm oscillations in Bi ring structures of various sizes. The spin coherence length
obtained from the weak antilocalization phenomena also shows a dependence on the wire
width. The spin coherence length scales as W−1/2, which is only predicted for spin-orbit
coupled two dimensional electron systems. Since the Bi wires are kinematically three dimen-
sional, the width dependence of the spin coherence indicates a strong transport contribution
coming from the strong spin-orbit coupled Bi(001) surface electrons. This is the first ever
quantum transport signature of a Bi surface state and is the first step to utilizing the Bi(001)
surface to realize Majorana fermions when coupled with a superconductor.

To further probe the properties of the Bi(001) surface states, a layer of ferromagnetic CoFe
is deposited on the Bi(001) surface. Magnetoresistance measurements of CoFe films shows a
standard anisotropic magnetoresistance feature. Various Bi/CoFe devices, where the current
passes through both the Bi and CoFe layers in parallel, also show the anisotropic magne-
toresistance of the CoFe layer. However, additional features in the magnetoresistance are
present that do not correspond to either pure CoFe or pure Bi films. These features are
only present in Bi/CoFe junctions that are separated by a Bi oxide layer and are of similar
magnitude as the anisotropic magnetoresistance. The tunneling of electrons between spin
polarized density of states in the CoFe and the spin-orbit coupled density of states in the Bi
may cause the extra features, similar to tunneling anisotropic magnetoresistance phenomena.

In Chapter 5, the transport signatures at the interface of the strong SOC semiconductor
InSb and ferromagnetic CoFe are examined. In standard non-local probe configurations,
where a current is injected and a signal is detected by CoFe electrodes on InSb, the typical
spin dependent signals are not present. However, a sysmmetric non-local transresistance is
observed, which decays as the electrodes separation increases. Self consistent calculations
show that spin polarization occurs across in InSb/CoFe interface, and that the unusual non-
local signal is spin dependent. Further study of a single InSb/CoFe interface shows a large
symmetric negative magnetoresistance that is present for temperatures below 3.5 K. The re-
sistance drops abruptly (as much as 25%) at a well defined critical magnetic field. Analysis
of the magnetization properties shows that the CoFe switching field does not correlate with
the critical magnetic field in the magnetoresistance. A transport measurement of the density
of states shows a quasiparticle gap opening at the Fermi energy coinciding with the magne-
toresistance feature. Both the temperature and magnetic field dependence of the InSb/CoFe
interface resistance have similar properties to that of a superconducting phase. However,
there is no contribution to the magnetoresistance from a superconducting material, so the
quasiparticle gap is from a different phenomena. The quasiparticle gap and its associated
phase transition may be a consequence of injecting spin polarized current into a strong SOC
material.



Appendix A

Bi Deposition System

Before our group ventured out to fabricate Bi devices, we specialized (and we still do) in
semiconducting devices. The semiconductor wafers, films, and quantum wells are grown
for us by collaborators, whose sole focus is usually the growth of materials, often times in
quarter million dollar molecular beam epitaxy machines. Our lab has the functionality to
fabricate devices from these semiconducting materials. To do this, we have the ability to
deposit metallic and insulating layers, which are used for contacting electrodes, gates, and
gate insulators. However, we did not attempt to grow the active material itself, so upon
deciding to study spin-orbit coupling phenomena in bismuth, it was necessary to obtain a
growth chamber that would deposit sufficiently high quality Bi films. Rather than using
a commercial machine, we decided to build a custom machine from parts, which is shown
in Fig. A.1. In this appendix, I will outline the construction and operation of the bismuth
deposition system.

The vacuum chamber is a 12 inch diameter stainless steel sphere from Kurt Lesker. It has
a total of 11 port holes with ConFlat flanges. There are four 8 inch ports, two 6 inch ports,
one 4.5 inch port, and four 2.75 inch ports. At the time of this writing (2012), there are
three unused ports (an 8 inch, a 6 inch, and a 2.75 inch) onto which additions can still be
made. The chamber is mounted on a cart, which also houses all of the pumping and electrical
apparatuses.

The pumping system utilizes an Edwards turbomolecular (turbo) pump (model EXT255DX
CF100) and an Edwards rotary pump (model XDS10) in a standard configuration. The
rotary pump is an oil free pump, so it barks significantly upon start up from atmospheric
pressure, and it also does not keep vacuum when the pump is turned off. However, there
is no issue with pump oils migrating upstream at low chamber pressures, which may coat
and defect any upstream equipment, especially the turbo pump. Thus, an oil trap is not
necessary at the inlet of the rotary pump, and servicing is less frequent. The rotary pump
is capable of evacuating the chamber to ∼ 1 mTorr. The turbo pump, as with most low
pressure pumping systems, should never be exposed to atmospheric pressure, and is situated
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Figure A.1: Custom built Bi evaporator.

between the rotary pump and the chamber. The rotary pump must be turned on manually
(switch on side). The turbo pump is controlled by a turbo control unit (Edwards model
TIC) mounted on the cart. The turbo control unit also controls a venting valve, the turbo
cooling fan, and the pressure gauge.

In practice, the turbo pump should not be engaged until the chamber pressure is below
100 mTorr, and the chamber should not be vented until the turbo has decelerated to 50%
its maximum speed. For ease of use, the turbo control unit is set up to follow these safety
marks automatically. When the turbo is switched on in the turbo control unit, there is a
five minute delay before the turbo begins to spool up. This is so that the rotary pump can
by manually turned on at the same time the turbo pump is turned on. The five minute
delay allows the rotary pump to rough pump the chamber to a pressure of ∼ 40 mTorr when
the chamber is in steady use, which is low enough for the turbo to engage. If the chamber
has been at atmosphere for an extended period, five minutes may not be enough for the
rotary pump to sufficiently lower the pressure for the turbo pump, so one should wait a few
minutes between manually turning on the rotary pump and turning on the turbo pump from
the turbo control unit.

To vent the chamber, the turbo pump is turned off at the turbo control unit. The control
unit automatically locks the venting valve until the turbo pump has spooled down to 50%.
The rotary pump must be kept on until the venting has started, at which point it is manually
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turned off. Needless to mention, before venting, all manual venting valves should be opened.
There are three: one located on the cart and two located on the nitrogen bottle. There are
two regulator valves in the venting line as well. The regulator at the bottle is typically set
to 40 psi, and the one downstream on the cart is set around 10 psi.

The turbo control unit is also used to control and display the only pressure gauge in the
system. An Edwards wide range gauge (model WRG-S-NW35), which can measure pressures
from 10−11 − 102 Torr, is located off of a 2.75 inch flange on the chamber.

To help attain low base pressures, the chamber is equipped with an ribbon heater and a
cooling fan. The heater is comprised of two 30 Ω ribbon heaters in series, which are powered
by a Variac transformer. When baking the chamber, of Variac setting of 135 V is used. The
outside of the chamber becomes scalding to the touch, and the temperature inside of the
chamber may rise up to 70 ◦C. Note that the internal thermometer is thermally isolated
from the chamber walls, so the inside chamber walls are much hotter than 70 ◦C. A fan,
positioned near the Variac, can be turned on to speed up the cooling process for the chamber.
The fan approximately halves the time required to cool the chamber. In addition, the fan
aids in keeping the chamber walls at a constant temperature while the chamber’s internal
heaters are on. The fan has no power switch and must be plugged in and out of the line
socket to turn on and off.

The top flange of the chamber houses the sample stage, depicted in Fig. A.2. The sample
stage is a copper plate, onto which four samples can be mounted by the CuBe clips. A
type K thermocouple junction is in thermal contact with the back of the copper plate. The
thermocouple is electrically connected to a thermocouple feedthrough by a nut and bolt. The
alumel and chromel leads of the thermocouple are distinguished by the leads being different
lengths. The nut and bolt connection is only mechanical, and over time the bolt loosens and
the thermocouple leads disconnect, so periodic maintenance checks are necessary. From the
outside of the feedthrough, a thermocouple connection is made to a digital, battery operated
temperature readout situated in the heater control area.

A tungsten coil heater is situated directly behind the copper sample stage, allowing for
control of the sample temperature during Bi deposition. To electrically isolate the heater
from the stage, the heater is mounted on a MACOR block, which is fastened to the back of
the stage by clips. The MACOR block does not enclose the heater, so a molybdenum disc
is fastened as a back plate to the stage, with the MACOR and the heater enclosed. This is
necessary to minimize radiative heating of the chamber walls. The electrical connections for
the heater are fed through the flange by copper rods. Copper wire couples to the feedthrough
by a copper socket held in place on one end by tension and the other by a set screw. On the
heater side, a stainless steed tube and two set screws finish the electrical connection. This
stainless steel connector is very sensitive, so unless it is absolutely necessary, it should not
be adjusted once in place. The power for the heater is supplied by a Hewlett Packard 6264B
DC Power Supply, capable of delivering 20 A at 20 V. The power supply output can either
be voltage regulated or current regulated, depending on which is limiting. In operation, we
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Figure A.2: Internal and external views of the removable sample stage flange.
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Figure A.3: Internal construction of the source heater.

desire a constant current, so the voltage output can be set to 10 V (more than needed) so
that the instrument responds to changes in the current setting. As an approximate guide,
6 A corresponds to 100 ◦C, 12 A corresponds to 250 oC, and 15 A corresponds to 330 ◦C.
Above 15 A, the heater and/or thermocouple may start to read falsely, which is evident in
a drop in the temperature. This issue has not been resolved since Bi melts at 271 ◦C, so
temperatures above 330 ◦C are not often required. The maximum sample stage temperature
achieved was 440 ◦C, during which the external chamber heater was also on.

To help thermally isolate the sample stage from the flange and chamber walls, MACOR
spacers are situated between the stage and the stainless steel supports. Because of the
brittleness of MACOR, the screws must not be fastened tightly, and thus the entire stage
has some freedom of motion. When transporting the sample stage, care must be taken not
to shake the stage as the motion may crack the MACOR. The MACOR spacers, however,
dramatically decrease the heat losses of the stage. They also allow the chamber to stay cool
while heating the stage to above 300 ◦C, which keeps the pressure down.

Bi is deposited onto substrates by thermal evaporation of high purity Bi. The source Bi
is placed onto a tungsten dimpled boat, which is resistively heated. The back-side flange
houses the electrical connections and mechanical supports for the source heater, and is
depicted in Fig. A.3. There are two independent heaters, so two materials may be evaporated
sequentially. All of the internal electrical lines are stainless steel, which are coupled together
by set screws. The entire setup is held in place by two stainless steel rods and a MACOR
support beam. The rods also support a tray to catch any drippings (the turbo pump inlet is
directly below the source boats), screens to protect the window from being evaporated on,
and screens that separate the boats as to not contaminate the two sources. Also visible in
Fig. A.3 is a shutter, which is connected to a mechanical rotary feedthrough on the front-side
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flange. The shutter can be rotated to cut off the line of sight between the source boats and
the sample stage to protect the substrates from any unwanted deposition. The electrical lines
from the source boats are fastened by set screws to copper feedthrough rods, onto which the
source heater power is supplied.

The source heater requires large currents (up to 50 A) at small voltages, so the line AC has
to be stepped up by a transformer. A single transformer that would achieve this task was not
available, so we constructed a series of three transformers. Figure A.4 shows the schematic
of the source heater circuitry. Two transformers sandwiching a Variac step down the voltage
from the line to the source boat. The first is a 3:1 transformer, putting out 38 V. This is fed
into a Variac, which controls the voltage across the boat. A third transformer, this one 5:1, is
placed between the Variac and the source boat. The dial on the Variac does not correspond
to the actual source boat voltage due to the other transformers. The relationship between
the dial value and the voltage across the boat is VBoat : VVariac = 0.03. The effective load on
the line is dependent on the Variac setting, but is reduced by at least a factor 15, allowing for
the large currents necessary to evaporate the source. When using the wide tungsten source
boat, as highlighted in Fig. A.3, the Variac setting corresponds to approximately twice the
current, i.e. when the Variac reads 40 V, about 20 A is flowing through the source boat.

During evaporation, the deposition of Bi is tracked by a quartz balance. A 6 MHz quartz
crystal from Maxtek is fitted into a grounded mount inside the chamber. The mount is
the same distance from the source boat as the sample stage and is offset laterally about 3
inches from the sample stage. The placement of the quartz balance is such that the shutter
can be positioned to cover the sample stage while the quartz balance is exposed. Thus, the
evaporation rate can be stabilized before deposition on the substrates commences. When
the rotary feedthrough for the shutter reads 20◦, both the quartz balance and the sample
stage are shielded; at 0◦, the quartz balance is exposed, while the sample stage is protected;
and at 330◦, both the quartz balance and the sample stage are exposed. The quartz balance
is connected to the outside of the chamber by a BNC feedthrough. The signal is driven by a
Maxtech oscillator located at the feed-through, and the signal analysis is done on a Maxtek
monitor (model TM-100). In addition, a mass spectrometer (Stanford Research Systems
model RGS200) is mounted on the chamber and can be used to analyze the residual gas

Figure A.4: Schematic of the source heater circuit.
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composition inside the chamber. It is capable of determining the charge per mass ratio up
to one electron charge per 200 atomic mass units.

In the following, the typical operation of the Bi deposition system is outlined.

• Wait until the turbo pump has stopped, then remove the bolts fastening the sample
stage flange.

• Remove the sample stage flange and place a cloth over the opening so dust doesn’t fall
into the chamber.

• Place the sample stage under the hood and secure the samples to the stage with
the CuBe clips. When handling the stage, gloves must worn. Back pressure should
be applied when fastening the clip screws as not to stress the MACOR spacers and
mechanical feedthrough connections. Check to make sure the thermocouple or heater
leads are not shorting each other and have not disconnected. Note: the samples should
always be glued with colloidal graphite (never photoresist, as it cannot withstand the
heat when the chamber is baked).

• Check to see if there is enough Bi to complete the evaporation. If not, use the clean
needle-nosed pliers (under the hood) to gently place (not drop) one Bi nugget at a time
into the source boat.

• Place the sample stage into the chamber and fasten the nuts in a symmetric manner.

• Turn on the quartz balance monitor and confirm that the crystal is functional.

• Manually turn on the rotary pump and wait until the pressure in the chamber has
dipped below 100 Torr. If the pressure is not dropping as expected, there is a leak
somewhere, and do not proceed.

• Turn on the turbo pump. Continue to watch the pressure decrease to make sure that
there is no leak. The turbo pump will engage after the 5 min delay.

• Once the turbo pump is running at full speed, the pressure should be around 10−6 Torr
range. Turn on the external chamber heater to 135 V. Also slowly turn on the sample
stage heater to 15 A (take about an hour) to bake out the substrates.

• Once the temperature of the sample stage is above 300 ◦C, turn off the external chamber
heater, and turn on the source boat heater slowly (the fuse will trip if all three heaters
are on simultaneously). Make sure the shutter is covering the sample stage but not the
quartz balance. Evaporate at least 10 nm of Bi. This will outgas and clean the source
boat. When the source heater is off, turn the external chamber heater back to 135 V.

• Let the system pump overnight with the external chamber heater and sample stage
heater on. The next day, the pressure should be in the 10−8 Torr range.
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• Turn off the external chamber heater and turn on the chamber cooling fan. Also turn
down the sample stage heater (6 A is a good setting if a final temperature of 100 ◦C is
desired).

• Perform the deposition of the Bi film. This may require multiple stages.

• Wait until the temperature of the sample stage is below 50 ◦C before venting. To vent,
open the two bottle valves and one valve on the cart. Turn off the turbo pump. Once
the electronic valve has been opened (turbo is now at 50% its maximum speed), turn
off the rotary pump.



Appendix B

Temperature Control of the 3He
Probe

Knowing the exact temperature of a device during a measurement is crucial to the analysis
of the phenomena under study. The first, and most obvious, step is to use a well calibrated
thermometer to measure the temperature. We use commercial thermometers in our low
temperature sample probes that have well defined calibration curves. The second step is
have a good thermal conducting path between the thermometer and the device, so that
the thermometer readout T reflects the actual sample temperature Ts. In our probes, the
thermometer is as close as possible to the device mount, and there is a copper heat sink
bridging the two. In a typical situation, where both the thermometer and device are in
contact with an exchange liquid or gas, this setup is sufficient to equilibrate the device
and thermometer. However, when there is a mixture of both exchange gas and liquid,
large temperature gradients may develop and lead to discrepancies between the device and
thermometer temperatures. This occurs when a heater is used to heat a device submerged in
an exchange liquid, which causes a vigorous boil in the liquid. In our 3He probe, this has been
known to happen, particularly when the 3He level approaches the device. In the following,
the sample and thermometer temperatures are compared to study their relationship, and
two methods of controlling the device temperature are discussed.

The temperature of the 3He probe is calibrated by comparison of a well calibrated ther-
mometer to the temperature dependence of the Shubnikov de Haas (SdH) effect. The SdH
effect, like all quantum phenomena, is sensitive to thermal broadening of the quantum energy
levels, and thus its signature can be reliably tracked as a function of temperature. The SdH
effect manifests itself as resistance oscillations when an external magnetic field is changed
[8–11]. It is only visible in high mobility materials and large external magnetic fields (more
precisely, when µB > 1). The mechanism behind the SdH effect is the creation of evenly
spaced Landau levels by the magnetic field. The spacing, or gap, between each Landau
level is proportional to the magnetic field. When one of the Landau levels lies at the Fermi

116



Martin Rudolph Appendix B. Temperature Control of the 3He Probe 117

Figure B.1: Shubnikov de Haas oscillations and integer quantum Hall effect in a GaAs
quantum well at T = 0.4 K.

energy, electron conduction is easy (low resistance) since a sizable density of states exists at
the Fermi energy. When a gap lies at the Fermi energy, electron conduction is hard. The
temperature sensitivity comes in by the thermal broadening of the Landau levels so that the
gaps are less defined, and the density of states becomes more and more continuous as the
temperature increases.

To enhance the observation of SdH oscillations, a high mobility GaAs quantum well was fab-
ricated into a Hall bar to measure both the resistance and Hall signal. Figure B.1 shows the
resistance oscillations due to the SdH effect at T = 0.4 K. The Hall signal is simultaneously
displayed by the right axes to emphasis Hall plateaus coinciding with the resistance minima
due to the integer quantum Hall effect. The Hall plateaus occur at h/νe2, where e2/h is the
quantum of conductance and the filling factor ν is the number of Landau levels inside the
Fermi energy. For this sample, the ν = 12 filling factor is achievable at a magnetic field of
1 T. In this regime, the two spin channels per Landau level are nearly degenerate, so odd
filling factors are not visible.

A series of similar SdH measurements at various temperatures from 0.40 − 4.00 K were
performed. Two methods were used to stabilize the probe temperature before measurements
were taken. The first method is to apply more cooling power than necessary (opening the 3He
pumping line all the way) and use a heater in proximity to the sample to counter the cooling.
Stability is achieved by the adjustable internal PID parameters in the temperature controlling
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Figure B.2: From R0 (a) and the Hall slope RH (b), the carrier density n (c) and classical
mobility µ (d) are calculated for various temperatures.

instrument (LakeShore model LS311). This is the conventional method of temperature
control, but, even though it is mostly automated, it has an error proportional to the applied
magnetic field due to the thermometer’s magnetoresistance. The thermometer’s reading
falsely increases as the magnetic field increases, causing the heater output to decrease to
maintain the original temperature that was set at B = 0. Thus, the sample temperature at
larger magnetic field is always lower than the sample temperature at low magnetic field using
this method, even though the thermometer indicates a consistent value. The second method
is to only slightly open the 3He pumping line to apply only enough cooling power to keep
the sample at the desired temperature. The pumping valve is manually throttled to find a
stable pressure (and thus a stable temperature). During the measurement, the valve was not
adjusted, which allowed for some drift in the temperature, which was at most 50 mK over the
course of the sweep (only this large for 0.85 and 1.00 K sweeps). The pressure is not effected
by magnetic fields, so the temperature control using only the pumping method should be
more precise than when using the heater and pumping method. In all subsequent graphs,
data points in black indicate using only pumping or heating to stabilize the temperature,
while red points indicate both pumping and heating being used.

Before discussing the evolution of the SdH effect as the temperature is changed, classical
information about the carriers can be extracted from the resistance and Hall effect data.
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From the zero field resistance R0 and the Hall slope RH , the carrier density n = 1/RHe
and the classical mobility µ = L/(RHR0W ) can be calculated. Values of R0, RH , n, and µ
are displayed in Figs. B.2 (a)-(d), respectively. Between 0.4 and 4 K, n remains relatively
constant. However, µ decreases by almost 5% at 4 K due to increased phonon scattering.
Within the error of these measurements, a systematic difference between using the heater
and using pressure to regulate the temperature cannot be observed. Thus, analysis of the
SdH oscillations, which is much more temperature sensitive, is employed.

Figure B.3 shows the SdH amplitudes of the GaAs quantum well for both the pressure
regulation method (a) and the heater regulation method (b) (The backgrounds have been
removed, and the data was shifted by ∼ 0.0063 T to account for the data acquisition delay
imparted by the lock-in averaging; the backgrounds are obtained by a moving average of the
values of adjacent resistance extrema, which are subtracted from the full sample resistance).
Only the temperatures which are red in the legend text required heater and pumping simul-
taneously. The discrepancy between the pressure and heater method for these temperatures
(0.55− 1.90 K) is noticeable in the zoomed in panels of Fig. B.3, particularly for 1.55 K.

The amplitude of SdH oscillations in Fig. B.3 are well described by the Ando formula [151–
154]

∆R/R0 = −4

(
2π2kBm

∗Ts
~eB

)
sinh

(
2π2kBm

∗Ts
~eB

) exp

(
− π

µqB

)
cos

(
~n

2eB

)
, (B.1)

where R0 is the resistance at B = 0 and µq is the quantum mobility, which differs from
the classical mobility µ in that there is no extra weight given to large angle scattering.
In equation (B.1), the cos (~n/2eB) term gives the prominent oscillatory behavior. The
oscillation periodicity is in 1/B and depends only on the material carrier density. The density
obtained from this periodicity is 2.833×1015 m−2, in agreement with that obtained from the
Hall measurement. The exponential and x/ sinhx terms compete to produce the envelope
function defining the oscillation amplitude. The former is governed by µq and is independent
of Ts and [explicitly] m∗, while the latter is governed by Ts and m∗ and is independent of
µq. Thus, aside from the carrier density, which is determined from the oscillation period, the
only parameters in this formulation are µq and the product m∗Ts. Typically, SdH analysis
is used to find m∗ and µq, and the assumption is that the sample temperature is accurately
known. In our case, we must assume all three are unknown. However, this introduces too
many variables into the problem, and fitting the equation becomes arbitrary. To obtain some
constraints, we first assume that with the pumping regulated method, the thermometer and
sample temperatures are the same (T = Ts). This will give constraints on µq and m∗, which
we can then use to find the actual Ts.

To obtain m∗ and µq, the standard method is to pick a single SdH peak and follow the
temperature dependence of its amplitude (the oscillatory behavior is ignored and only the
envelope ∆Rpeak/R0 is considered). For the following, it is assumed that Ts = T . It is
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Figure B.3: Temperature dependence of SdH oscillations with the background removed. (a)
shows all the measurements utilizing only pumping regulation (T < 1.8 K) or only heater
regulation (T > 1.8 K). (b) shows the measurements using both pumping and heating
regulation (in red). The right panels focus on a single peak for clarity.
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Figure B.4: The decay of three SdH peaks with increasing temperature. The fits are from
equation B.2.

convenient to rewrite equation (B.1) as

ln

[
∆Rpeak/R0

T

]
= − π

µqB
ln

[
−8π2kBm

∗

~eB

]
− ln

[
sinh

(
2π2kBm

∗T

~eB

)]
. (B.2)

When considering a single SdH peak, the first term on the right hand side is a constant.
For sufficiently large T and small B (T/B > 1), ln sinhx ≈ x, and equation (B.2) becomes
ln [∆Rpeak/R0T ] = const. − slope × T , where the slope = 2π2kBm

∗/~eB, from which m∗ is
obtained. Due to the ease of curve fitting, we simply fit the full expression of equation (B.2),
which is shown in Fig. B.4 for several SdH peaks. The added benefit of performing the full
fit is that µq can be extracted from the constant term, allowing us to avoid analysis of the
Dingle plots to obtain µq. Following this procedure, m∗ and µq are obtained for all SdH peaks
with B > 0.2 T. The results are displayed in Figs. B.5(a) and (b), where meff = m∗/m0 is
the ratio of the effective mass to the free electron mass.

For GaAs, the established m∗ = 0.067m0, which is indicated by the dotted line. The data
points plateau at around m∗ = 0.064m0. The effective mass is a material property that
remains relatively unchanged with magnetic fields, temperature, impurity configurations,
etc, so the decrease in m∗ for low and high magnetic fields are not expected and are not
real features. For B < 0.4 T, the SdH periods are too narrow for the measurement to
accurately discern the amplitude due to lock-in averaging and the magnetic field sweeping
speed. For B > 0.8 T, signatures of the integer quantum Hall effect become prominent, and
the resistance minima begin to saturate near R = 0. In both cases, the SdH amplitude is
perceived as being smaller than it should be, and thus the extracted m∗ is also smaller. The
values of µq have a similar decrease for small magnetic fields. In the region where m∗ is
accurate, µq decreases approximately linearly from 3.7 to 3.4 m2/Vs. These results tell us
two things. The first, since m∗ is close to the expected value, the temperature read by the
thermometer with the pumping regulated temperature control method is close to the actual
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Figure B.5: Extracted values of meff and µq for each SdH peak.

temperature of the sample. The second is that 3.4 < µq < 3.7 m2/Vs. This constraint now
makes possible a consistent fit using equation (B.1) to find a more accurate value of Ts.

For all fits, m∗ = 0.064m0, so the only adjustable parameters are µq and the sample tem-
perature Ts. Figure B.6(a) shows a typical fit of the SdH data: this one is for T = 0.85 K.
Adequate fits can still be obtained for a large range of µq and Ts, and using the constraints on
µq, a range of Ts are obtained. This range is indicated by the error bars in Figs. B.6(c) and
(d), where the former shows all the analysis of the pumping regulated temperature controlled
data and the latter shows the analysis of the heater regulated temperature controlled data.
The uncertainty in Ts due to the uncertainty in µq becomes very large at low temperatures,
and does not give useful information about the relation between T and Ts. Nonetheless,
the T = Ts line does fall within the uncertainty for all pumping regulated data, while it is
evident that the heater regulated data deviate from that line for 0.85 < T < 2 K.

To self-consistently determine Ts more precisely within the range found above, an attempt
is made to more accurately determine µq. Two assumptions are implemented to do this. 1)
µq ∝ µ; while this is fundamentally not necessarily the case, it is the first order expansion.
2) T = Ts at the lowest temperature of 0.4 K; this is justified since the 3He probe is in
its most equilibrated state at T = 0.4 K. The pumping lines are fully opened and the
pressure is stable and has saturated. Under these assumptions, µq(0.4 K) is determined to
be 3.586 m2/Vs. Comparison with µ(0.4 K) gives a ratio µ/µq = 20.82. Now µq at all
other temperatures can be found by relating them to µ at those temperatures. The crossed
diamonds in Figure B.6(b) are a repeat of the values of µ from Fig. B.5(d). The filled circles
are the values of µq under assumptions 1 and 2. The axes are scaled such that their ratio is
20.82. Due to the fluctuations in the data for µ, manual smoothing for µq was done to lower
the error.

The solid points in Figs. B.6(c) and (d) are the values of Ts obtained from the values of
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Figure B.6: (a) A fit of equation B.1 to the SdH data for T = 0.85 K. (b) Estimation
of µq (filled circles) by forcing it to be proportional to µ (crossed diamonds). With these
values of µq, Ts is extracted from the SdH data for the pumping (c) and heater (d) regulated
temperature control. The blue lines represent where T = Ts.

µq in Fig. B.6(b). The result is a very good agreement between Ts and T for the pumping
regulated method, which was expected. The heater regulated method has large deviations
for 0.85 < T < 2 K. This temperature regime is where the 3He boils vigorously since the
surface is being pumped on, while under the surface the 3He is being heated. Thus, a large
temperature gradient exists within the 3He. In this measurement, the discrepancies start at
0.85 K, however the onset of an incorrect thermometer reading is dependent on the level of
the 3He surface. Thus, if a extended amount of time is spent at 0.6 K, a difference between
Ts and T will develop over time.

For sensitive temperature dependent measurements, it is advised that the pumping regulated
temperature control method is used. If done correctly, it has less temperature drift over large
magnetic field sweeps, it has better accuracy in determining Ts, and it allows for longer time
spent at elevated temperatures (less boil off) than when using the heater to regulate the
temperature.



Appendix C

Bi Transport Parameters

From electronic transport measurements, we can obtain information about carrier densities
and mobilities. Along with the information in Table 3.1, we are able to get a complete
picture of the kinematic properties of the bulk carriers in the Bi film. For this analysis,
we assume quasi-two-dimensional transport, so that the projected Fermi surfaces (in the
binary-bisectrix plane) contain all the necessary information. This assumption requires that
the properties along the trigonal axis can be decoupled and neglected. For notation, the
subscript || denotes a property in the binary-bisectrix plane, while the subscript ⊥ denotes
a property perpendicular to the plane along the trigonal axis. The end result is to obtain
values for the Fermi wavevector kF , the Fermi velocity vF , the Fermi wavelength λF , the
elastic scattering time τ0, the mean free path l0, and the two-dimensional diffusion constant
D for each carrier.

Bulk Holes

In the binary-bisectix plane, the bulk holes are constrained to a single isotropic Fermi circle,
allowing the definitions m∗bin = m∗bis = m∗|| and kF,bin = kF,bis = kF ||, where bin and bis indi-
cate the binary and bisectrix hole components, respectively. The two-dimensional kinematic
properties are found from the following:

n2D = k2
F ||/(2π), (C.1)

vF || = ~kF ||/m∗||, (C.2)

λF || = 2π/kF ||, (C.3)

µ = eτ0/m
∗
||, (C.4)

l0|| = vF ||τ0, (C.5)

D|| = vF ||l0||/2. (C.6)
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With values of n2D and µ extracted from transport measurements and m∗|| = 0.06m0 from

Table 3.1, all other properties are easily calculated from equations (C.1)-(C.6).

According to Table 3.1, the Fermi wavevector along the trigonal axis is 3.3 times larger than
the in plane Fermi wavevector. Thus, for the holes

l0⊥ = 3.3l0||,

λF⊥ = 0.3λF ||. (C.7)

Bulk Electrons

For the electrons, things become much more complicated since the electrons are constrained
to three anisotropic ellipses. Since the electrons must navigate through randomly oriented
grains, their anisotropy requires one to calculate properties averages over many grains. For
notation, m∗bin andm∗bis denote, respectively, the binary and bisectrix electron effective masses
for an individual ellipse. Likewise, kF,bin and kF,bis are defined as the individual ellipse
dimensions. The density becomes

n2D = 3kF,biskF,bin/(2π)

= 45kF,bis/(2π)

= kF,bin/(10π). (C.8)

using the Fermi wavevector ratios from Table 3.1. The total electron density comes from the
three identical ellipses, and therefore an extra factor 3 is introduced. We define the average
Fermi wavevector as

〈kF ||〉 = (kF,bin + kF,bis)/2 (C.9)

From kF,bin and kF,bis, we can find the Fermi velocities in either direction for an individual
ellipse.

vF,bin = ~kF,bin/m∗bin, vF,bis = ~kF,bis/m∗bis. (C.10)

Now we have to add the contributions to the total Fermi velocity from each of the three
ellipses characterized by equation (C.10). Defining the angle from the bisectrix axis as θ,
the total Fermi velocity vF (θ) becomes

vF ||(θ) =
vF,bin + vF,bis

2
+
vF,bin − vF,bis

6

[
cos θ + cos

(
θ +

2π

3

)
+ cos

(
θ − 2π

3

)]
.

(C.11)

Now we average vF ||(θ) over all θ to obtain the effective Fermi velocity as the electrons travel
through many randomly oriented grains. The result becomes very simple.

〈vF ||〉 = (vF,bin + vF,bis) /2 (C.12)
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To compute l0 and D, we make the assumption that τ0 is isotropic, since we do not expect de-
fects to be preferable along any specific direction. An average isotropic effective mass is thus
required when computing τ0. For this, we start with the additive property of conductivities
of the three electron ellipses.

σ2D =
n2De

3
(µ1 + µ2 + µ3) (C.13)

The conductivity and mobilities are vectors, the mobility subscripts denote the three electron
ellipses, and the factor 1/3 comes from each ellipse supporting equal number of electrons.
As before, we define the components of the single ellipse mobility as

µbin = eτ0/m
∗
bin, µbis = eτ0/m

∗
bis (C.14)

Inserting these mobility components into equation (C.13), we find the conductivity for an
arbitrary angle θ is

σ2D(θ) = n2De

{
µbin + µbis

2
+
µbis − µbin

6

[
cos θ + cos

(
θ +

2π

3

)
+ cos

(
θ − 2π

3

)]}
.

(C.15)

Clearly, the dependence on the angle is not purely sinusoidal, but for the accuracy we require,
it is sufficient to assume so. Similar to the angle averaged Fermi velocity, we average the
directional conductivity over all angles, and find

〈σ2D〉 =
n2De (µbin + µbis)

2

=
n2De

2τ0

2

(
1

m∗bin
+

1

m∗bis

)
=

n2De
2τ0

〈m∗||〉
(C.16)

from which we have defined the isotropic effective mass as

1/〈m∗||〉 = (1/m∗bin + 1/m∗bis)/2. (C.17)

From Table 3.1, we find 〈m∗||〉 = 0.015m0.

Now we may write down the relations for the remaining kinematic properties.

τ0 = µ〈m∗||〉/e (C.18)

λF || = 2π〈kF ||〉 (C.19)

l0|| = 〈vF ||〉τ0 (C.20)

D = 〈vF ||〉2τ0/2 (C.21)



Martin Rudolph Appendix C. Bi Transport Parameters 127

From the values in Table 3.1, we can find the relationship between the electron’s parallel
and perpendicular components:

vF⊥ = 0.173〈vF ||〉,
λF⊥ = 6.15λF ||,

l0⊥ = 0.692l0||. (C.22)

Two dimensionality in the films

The above calculations utilize the two dimensional version of the density n2D. Valid use of
n2D requires that both l0 and λF are smaller than the limiting dimension. In high purity
single Bi crystals, l0 may be as large as a few millimeters. The Fermi surface dictates λF ,
which for bulk Bi is about 40 nm. This λF represents an average over all directions, as clearly
anisotropy in the Fermi surface will produce anisotropy in λF . The important direction in
determining the effective dimensionality of the carriers is the constraining dimension, which
in the case of a Bi thin film is the growth, or trigonal, direction. Therefore, we compare the
perpendicular components of l0 and λF derived in the previous sections to the film thickness.

Surface Carriers

The surface electron pocket can be approximated as a circle, which allows an identical
analysis to the bulk holes to be applied. The effective mass for the surface electrons is
estimated as m∗ ∼ 0.5m0. The six surface hole ellipses require similar methods as the bulk
electrons. However, information about the effective masses of the surface holes has not been
measured. From ARPES spectra, the hole band curvature appears much larger than the
electron band curvature [58], suggesting that the for the surface holes m∗ & m0. In a Bi
nanowire array, Shubnikov-de Haas data indicates a carrier with mass 0.3m0 and density
of 1.3 × 1024 m−3 at low T , which the authors attribute to a surface holes [41]. These
surface holes, though, do no reside on the Bi(001) surface, but rather on the cylindrical
surface perpendicular to Bi(001). A study on Bi thin films indicates that the surface carrier
contribution is n-type, with n ∼ 1025 m−3 [33], more consistent with the ARPES data. This
suggests that one may be able to ignore contributions of holes from the Bi(001) surface states
to the transport and consider only the strong SOC electrons.



Appendix D

Bias Control

To obtain a DC current bias for the measurements in Chapter 5, the standard AC lock-
in techniques are modified. The typical AC lock-in measurement utilized the output AC
voltage of the lock-in amplifier to drive an AC current across the device in question. The
voltage in converted into a current by adding a large limiting resistor (compared to the
device resistance) in series with the device, so that the output AC current from the lock-
in is dictated by the output AC voltage and the limiting resistor. For the case of biasing
the device current, we use the same principle of providing a driving voltage, which is then
converted into a reliable current through the limiting resistor. Thus, we only need a biased
AC voltage source to accomplish this.

The schematic in Fig. D.1 indicates the measurement circuit additions we make to create a
biased AC voltage. The AC lock-in output, which typically drives the device, it fed into a
grounded 1:1 transformer to allow the AC voltage to be floating. The transformer, which

Figure D.1: Schematic of current biasing circuitry
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needs to be lossless in this application, should not be driven by the lock-in by more than
0.8 V. An RC shunt across the floating output of the transformer dampens any resonances
in the circuit for an operating range of 25 Hz-95 kHz. For the measurements in Chapter 5,
a frequency of 46 Hz was used. At this frequency, there is no loss induced by the biasing
circuity. In series with the transformer/RC component is the DC voltage source and the
voltage leads to the device measurement system. The two voltages add in series, resulting
in the desired biases AC voltage, and the limiting resistor in the measurement system will
convert this to the necessary biased AC current. The lock-in, the DC source, the transformer,
all cables, and the box housing the biasing circuitry share a common ground. Because the
transformer isolates the output from the ground, it is a floating measurement. Nonetheless,
since an AC signal will be measured, this does not complicate the voltage detection portion
of the measurement, and typical lock-in techniques can be used.



Appendix E

Device Index

All devices that are presented in this dissertation are tabulated here. The entries are of the
format “X: Y”, where X is the name given the device in this work for clarity, and Y is the
official name of the device as used in the lab notes. Devices beginning with MR, with ADG,
and some with YJ are detailed in lab books “Martin Rudolph vol. 1-3”. Additional infor-
mation for devices beginning with ADG is provided in lab book “Anthony Gai”; additional
information for devices beginning with YJ are provided in lab books “Yong-Jae Kim 1-3”.

Section 3.2

• 10 nm Bi film at 25 ◦C: MRBi033A

• 15 nm Bi film at 25 ◦C: MRBi034A

• 20 nm Bi film at 25 ◦C: MRBi035A

• 25 nm Bi film at 25 ◦C: MRBi040A

• 30 nm Bi film at 25 ◦C: MRBi039A

• 30 nm Bi film at 100 ◦C: MRBi041A

• 30 nm Bi film at 150 ◦C: MRBi042A

• 30 nm Bi film at 200 ◦C: MRBi043A

• 30 nm Bi film at 250 ◦C: MRBi044A

• 75 nm film for XRD (Fig. 3.7(b)): MRBi027C

• 75 nm film for XRD (Figs. 3.7(c) and (d)): MRBi062A
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• 47 nm Bi film: ADG10A

• 55 nm Bi film: ADG05A

• 76 nm Bi film: ADG06A

• 108 nm film: ADG07B

• 225 nm film: ADG08B

Section 3.3

• Device W1: MRBi025A

• Device W2: MRBi051D

Section 3.4

• Device R1: MRBi014

• Device R2: MRBi015

• Device R3: Test9

• Device R4: MRBi048A

• Device R5: MRBi048B

Section 4.1

• 52 nm CoFe film: MRCoFe01

Section 4.2

• Device F1: MRBi058

• Device F2: MRBi029H

• Device F3: MRBi031C

• Device with inverted CoFe/Bi layers: MRBiCoFe02
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Section 5.1

• Hall device with CoFe bars: YJ011611

Section 5.2

• Device A: YJ122010a

• Device B: YJ122010a

• Device C: YJ081610a

• Device D: MRInSb03

• Device E: YJ081610a

• Non-local measurement device: YJ121009

• Device testing InAu junction: MRSiAu01

Appendix B

• GaAs quantum well: M219L5
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