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Spin States in Bismuth and Its Surfaces: Hyperfine Interaction

Zijian Jiang

(ABSTRACT)

The hyperfine interaction between carrier spins and nuclear spins is an important compo-
nent in exploring spin-dependent properties in materials with strong spin orbit interaction.
However hyperfine interaction has been less studied in bismuth (Bi), a heavy element ex-
hibiting a strong Rashba-like spin-orbit interaction in its two-dimensional surface states due
to the broken spatial inversion symmetry. In this dissertation we experimentally explore the
carrier spin polarization due to transport under strong spin-orbit interaction and the nuclear
polarization resulting from the relatively unexplored hyperfine interaction on Bi(111) films.
The carrier and nuclear spin polarizations are expected to dynamically interact, a topic with
ramifications to other materials where surface states with noteworthy properties play a role.
To achieve this goal, an optimized van der Waals epitaxy growth technique for Bi(111) on
mica substrates was developed and used, resulting in flat Bi surfaces with large grain sizes
and a layered step height of 0.39 ± 0.015 nm, corresponding to one Bi(111) bilayer height. A
comparison between Bi(111) films grown on three different substrates (mica, InSb(111)B, and
Si(111)) is discussed, for which scanning electron microscopy and atomic force microscopy
are applied to obtain the structural and morphological characteristics on the film surface.
Magnetotransport measurements are carried out to extract the transport properties of the
Bi(111) films. Using the high quality Bi(111) film deposited on mica, we develop quantum
magnetotransport techniques as delicate tools to study hyperfine interaction. The approach
is based on measuring quantum corrections to the conductivity due to weak antilocalization,
which depend on the coherence of the spin state of the carriers. The carrier spin polarization
is generated by a strong DC current in the Bi(111) surface states (here called the Edelstein
effect), which then induces dynamic nuclear polarization by hyperfine interaction. Quantum
transport antilocalization measurements in the Bi(111) thin-films grown on mica indicate a
suppression of antilocalization by the in-plane Overhauser field from the nuclear polariza-
tion, and allow for the quantification of the Overhauser field, which is shown to depend on
both polarization duration and the DC current magnitude. Various delay times between the
polarization and the measurement result in an exponential decay of the Overhauser field,
driven by relaxation time T1. We observe that in the Bi surface states, the appreciable
electron density and strong spin-orbit interaction allow for dynamic nuclear polarization in
the absence of an external magnetic field.



Spin States in Bismuth and Its Surfaces: Hyperfine Interaction

Zijian Jiang

(GENERAL AUDIENCE ABSTRACT)

This dissertation focuses on the heavy element bismuth (Bi), a semimetal with strong spin-
orbit interaction at its two-dimensional surface. Given the challenge to grow high quality
Bi(111) films, we present an optimized van der Waals epitaxy technique to grow Bi(111)
films on mica substrates, which show a flat surface with large grain sizes and a layered step
height of 0.391 ± 0.015 nm, corresponding to one Bi(111) bilayer height. To demonstrate
the high quality of the Bi(111) surface, a comparison of surface morphology was conducted
among Bi(111) films deposited on three different substrates (mica, Si(111), and InSb(111)B),
along with a comparison between their electronic transport properties. By applying a DC
current on the high quality Bi(111) film on mica, a carrier spin polarization is established
via mainly what we here call the Edelstein effect, which then induces dynamic nuclear po-
larization by hyperfine interaction and generates a non-equilibrium nuclear spin polarization
without externally applied magnetic field. We quantified the Overhauser field from the
nuclear polarization all-electrically by conducting quantum transport antilocalization ex-
periments, which showed a suppression of antilocalization by the in-plane Overhauser field.
Comparative measurements indicated that the magnitude of the Overhauser field depends on
the spin-polarizing DC current magnitude and the polarization duration. The experiments
also show that antilocalization forms a sensitive probe for hyperfine interaction and nuclear
polarization.
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Chapter 1

Introduction

Quantum spin physics and spin-dependent transport has led to the exploration of spin-
dependent properties in metals, semimetals and bulk or heterostructured semiconductors [15,
16, 17, 18] and spin orbit interaction(SOI) in the solid-state has led to new quantum states of
matter [19, 20, 21, 22, 23, 24, 25, 26]. Spin interactions between carriers and local moments
form one of the key parameters in spin physics, and among these interactions is hyperfine
interaction, referring to the coupling of carrier spins to the nuclear spins. Hyperfine inter-
action is relatively less studied, particularly in Bi, a heavy element that often appears as
constituent of quantum materials of current interest.

1.1 Bismuth and Its Surface States

Bi has strong spin-orbit interaction in its 2-dimensional (2D) surface and interface states (as
observed in e.g. Bi/Ag(111)) [27, 28, 29, 30, 31]. The distinctive magnetotransport proper-
ties [32, 33] and signatures of electron-electron interactions [34] make Bi valuable to study the
science and applications of spin physics in the solid-state. Moreover, thin to ultrathin Bi films
have been observed to support 1D edge states with possible topological and spin-dependent
properties [35, 36, 37, 38, 39], and 2D bismuthene is of growing interest [40, 41, 42]. Studies
of spin-dependent and quantum-coherent electronic transport properties in Bi can help un-
ravel the questions Bi and its surfaces have raised in recent years. A mesoscopic approach
emphasizing spin and quantum coherence, combined with quantum transport, and the use of
low temperatures (T ) and high magnetic fields (B), can help shed light on low-dimensional
physics under strong SOI in the presence of other spin interactions, such as hyperfine inter-
action. For this, thin films are necessary because they allow lithographic patterning, and
continued improvement of film quality forms an important part. We note that the surface
called Bi(001) in the simplified-hexagonal notation used previously by our group [5, 43], is
Bi(111) in the rhombohedral notation [44] which we will use here. Figure 1.1 illustrates the
hexagonal structure and the rhombohedral structure of Bi, with C1 the bisectrix axis, C2

the binary axis, and C3 the trigonal axis.

Bi is a semimetal, and the small electron and hole pockets of the bulk Bi Fermi surface
produce low and equal electron and hole densities in bulk crystalline Bi, namely both ∼ 3
×1023 m−3 for T ≲ 30 K [45]. Somewhat higher but still equal and quite low electron and

1
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Figure 1.1: Lattice structure of Bi. Dashed green lines denote the rhombohedral unit cell
and dashed pink line lines denote the hexagonal unit cell. The solid green and pink lines are
the vectors spanning the rhombohedral and hexagonal lattice, respectively. C3 is the trigonal
axis, which is (001) axis in hexagonal notation, and (111) in rhombohedral notation. Sourced
from [1] with permission.
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Figure 1.2: (a) Schematic drawing of the bulk band structure of Bi near the Fermi level.
There is an approximately Eo = 40 meV overlap between the valence and conduction bands.
This small overlap makes Bi a semimetal. (b) Simplified Fermi surface of Bi. Semimetallic
behavior of Bi is created by SOI, by producing a hole pocket at the Γ̄(T) point, and three
electron pockets at the M̄(L) point. Sourced from [2] with permission.

hole densities are observed at higher T , namely both up to ∼ 24.5 ×1023 m−3 at T = 300
K [45]. The low carrier density produces a small Fermi wavevector kF ≈ 2.1× 108 m−1 (3D
value for T ≲ 30 K). A long Fermi wavelength λF ≈ 30 nm (3D value for T ≲ 30 K) also
results, making quantization effects in applied B or at reduced dimensions accessible [46, 47].
Carriers in Bi have Dirac properties [34, 48], long mean-free-path (∼ 1 mm at 4.2 K) [49, 50],
and large SOI. Bi nanowires [51, 52, 53, 54] have yielded insights, but quantum transport in
purpose-made mesoscopic Bi geometries has not been extensively studied [5, 55, 56], which
is where one of our innovative contributions lies. SOI creates the semimetallic behavior in
bulk Bi by producing a hole pocket at the T point, elongated along the trigonal axis, and
three electron pockets with their long axes almost in the (111) plane of the film, as shown
in Figure 1.2(b), which leads to an approximately 40 meV overlap between the valence (T
point) and conduction (L point) bands, illustrated in Figure 1.2(a) as E0. The semimetallic
behavior of Bi comes from this small overlap. The effective masses of the electrons and holes
in bulk Bi are extremely small (∼ 0.001 me, where me is the free-electron mass), which leads
to very large mobilities at low temperatures (∼ 103m2/Vs).
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Figure 1.3: The Bi(111) 2D Fermi surface contains a central electron pocket at the central
T point and six hole ellipses at the L points. Compared to Figure 1.2(b), the carriers have
flipped their positions from bulk Bi. Sourced from [3] with permission.

Spatial inversion symmetry exists in the bulk but is broken normal to a surface yielding two
Rashba-like surface spin subbands. The Bi(111) surface hosts a surface band [1] centered
around the surface-Γ̄ point [57] occupied by electrons (as shown in Figure 1.3), and spin-
split by Rashba-like SOI [1, 28, 29, 44, 58]. Transport experiments have noted the role of
surface states [5, 53, 54, 59, 60]. The surface 2D carrier density NS is estimated at 0.2-2 ×
1012 cm−2 [53, 60], and the effective mass m∗ at 0.4-0.8 me (where me is the free-electron
mass) with the very high but anisotropic Rashba parameter α averaging to α ≈ 1× 10−10

eVm [27, 28, 29]. Evidence exists to classify Bi(111) surfaces as 2D topological insulators
with concomitant edge states [35, 36, 37, 38]. Complications are that 6 small spin-split
hole surface pockets exist also [1] (as shown in Figure 1.3) and that the transport data may
contain Bi surface and semimetallic bulk contributions [5, 52, 53, 59].

1.2 Spin-Orbit Interaction and Quantum Transport

SOI in solids originates from a spatial asymmetry (from an effective electric field E) interact-
ing with the carrier spin and momentum. For instance in semiconductor heterostructures,
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Rashba-type SOI [27, 61, 62, 63, 64] occurs due to the symmetry breaking normal to the plane
of the carrier layer, and the same effective electric field creates carrier confinement. At sur-
faces and interfaces, where asymmetry in the carrier potential exists due to crystal termina-
tion, a Rashba-like term can exist, as is the case for Bi [1, 27, 28, 29, 31, 44, 58, 65, 66, 67, 68].
In III-V semiconductors, also a Dresselhaus SOI term [69] occurs due to crystalline inversion
asymmetry.

Yet, a Rashba-like term linear in momentum dominates on the Bi(111) surface with its
surface band [1]. The Rashba energy dispersion can [62] be written as:

E(k) =
h̄2k2

2m∗ ± αk. (1.1)

Here k denotes the wavevector in the plane of the 2D carrier system (i.e. in the plane
of the surface states). The ± distinguishes the two spin subbands, and α is the Rashba
parameter. The spin-splitting at the Fermi wavevector kF (associated with Fermi energy
EF ) is then 2αkF . The surface α for Bi(111) surface states is anisotropic, but can reach
up to α ≈ 3.5× 10−10 eVm (in Bi/Ag(111) surface alloys) [27, 28, 29, 31, 65], much larger
than for the InSb-, InAs- and InGaAs-based heterostructures that have formed the subject
of prior transport-based studies of Rashba SOI, including by our group before (3× 10−12 eV
m [70, 71, 72, 73] for InSb; α up to 8×10−12 eVm for InAs [73, 74, 75]; α ≈ 1.5...15×10−12

eVm for InGaAs). Because Bi has inversion symmetry in the bulk, Dresselhaus SOI is absent.

Under Rashba-type SOI, the magnetic moment µ due to a carrier spin will tend to lie normal
to E and k. This spin-momentum locking by SOI is expressed in an effective B, BSOI ,
dependent on k, for Rashba SOI given by BSOI =

2αkF
gµB

, where µB is the Bohr magneton and
g the g-factor. BSOI locks the spin precession axis normal to E and k, and will tend to align
spin ∥ BSOI . For Rashba-type SOI, BSOI lies in the plane of the carriers (i.e. in the Bi(111)
plane) and normal to k. As order of magnitude for Bi(111), BSOI ≈ 300 T, a very high field
commensurate with the strong SOI.

The strength of the SOI (here Rashba parameter α) can be determined by quantifying its
effect on spin decoherence using quantum transport techniques. In particular, our group
has used the weak-localization (WL, Figure 1.4(a)) and weak-antilocalization (WAL, Fig-
ure 1.4(b)) quantum corrections to the conductivity to determine quantum phase (i.e. or-
bital) and spin coherence properties of materials and mesoscopic structures [5, 70, 75, 76,
77, 78, 79, 80, 81, 82].

The corrections result from quantum interference of electron waves on exact time-reversed
trajectories at low T (< ∼ 10 K) [63, 76, 77, 78, 79, 80]. In a disordered system, for a
localized but randomly scattered electron, pairs of time reversed propagating trajectories
should always exist, and they interfere quantum-mechanically with each other. In the ab-
sence of SOI, time-reversed paths have the same phase accumulation and same probability
amplitudes, which leads to a constructive interference and the electron is more likely to be
localized, resulting in an increase in the resistance at low B. A perpendicularly applied
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Figure 1.4: (a) Weak localization occurs due to constructive interference along time-reversed
paths in the absence of SOI. (b) Weak anti-localization occurs due to destructive interfer-
ence along time-reversal paths in the presence of strong SOI. (c) MR (offset) due to WAL,
characteristic of SOI, in a wide Bi region (top) and a Bi wire of width 340 nm (bottom),
parametrized in temperature T . The quantum correction characteristically fades with in-
creasing T . Color lines are experimental data, black lines a fit to [4] (sourced from [5] with
permission).
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B creates an Aharonov-Bohm phase and yields the distinctive negative magnetoresistance
(MR, resistance R vs B) [63, 83] of WL, decreasing the resistance, as shown in Figure 1.4(a).
In systems with strong SOI, the locking between electron spin and momentum results in
opposite electron spin directions between a pair of time-reversed paths. In this case the
interference between time-reversed paths is destructive at low B, causing low resistance.
When an external B is applied, the time-reversal symmetry breaking will weaken the quan-
tum interference effect, increasing the resistance. So this strong SOI promotes destructive
spin interference [63, 83] and induces WAL, characterized by positive MR at low B (Fig-
ure 1.4(b)). The MR from WAL depends on quantum and spin coherence and can be used
to quantify the orbital quantum phase coherence length Lϕ, the SOI-limited spin coher-
ence length LSO [4, 14, 63, 76, 77, 78, 84, 85], and the magnetic spin-flip length LS due to
interaction with magnetic species [78, 79, 82, 84, 85]. The literature contains theoretical
models [4, 14] of WAL to which the data can be fitted (Figure 1.4(c)) to obtain values for
these lengths, and values are grouped within ∼ 30% model-to-model. For unpatterned Bi
thin films grown on SiO2, our group typically measures Lϕ ≈ 0.8 nm and LSO ≈ 80 nm at T
< 1 K [5, 43]. Electron-electron interactions have a strong effect on Lϕ [86, 87, 88, 89, 90],
while their effect on LSO is less studied.

To asses the phase coherence length Lϕ and the SOI spin coherence length LSO, it is neces-
sary to first calculate other transport properties of Bi films or mesoscopic structures. The
carrier densities and mobilities are obtained through van der Pauw and Hall measurements,
whose setups are indicated in Figure 1.5. Since Bi is at minimum a two-carrier system con-
taining both electrons and holes, we use a two-carrier model to describe the relations among
resistivity, carrier mobility, and carrier density:

ρxx =
1

e

(nµ+ pν) + (nµν2 + pνµ2)B2

(nµ+ pν)2 + µ2ν2B2(p− n)2
, (1.2)

ρxy =
1

e

(pν2 − nµ2) + µ2ν2B2(p− n)

(nµ+ pν)2 + µ2ν2B2(p− n)2
B, (1.3)

where n and p are electron and hole densities, µ and ν are electron and hole mobilities. By
fitting the magnetoresistance Rxx(B) using equation (1.2) and fitting Rxy(B) using equa-
tion (1.3), we can obtain carrier densities and mobilities, and other transport properties can
be determined accordingly, as shown in Table 1.1.

We organize our dissertation as follows. Chapter 2 describes the improved growth of Bi(111)
films on different substrates (e.g., InSb, Si(111), mica), where the growth methods on each
substrate will be discussed in detail. In chapter 3, we characterize the Bi(111) films on
those substrates by the surface morphology, the transport properties, and quantum phase
coherence properties of the films. Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) are used to obtain Bi(111) film surface images, and quantum transport
and quantum coherence properties of Bi(111) films with variable thicknesses are illustrated.
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Figure 1.5: (a) Van der Pauw measurement setup on a sample film with four contacts. In
a lock-in amplifier measurement, by applying an AC current along one side of the sample,
an AC voltage difference will be measured on the other side. Both Ra and Rb are quantified
by V

I
. (b) Hall measurement setup. A magnetic field B will be applied perpendicular to the

sample surface.

Table 1.1: Transport properties

transport
property definition

τ0
The elastic scattering time, describing a process in which the carrier’s
momentum eigenstate is conserved, τ0 = µm∗

e

R2 Sheet resistance (Ω/2), R2 = ne2τ0
m∗

ρ Resistivity, ρ = R2d, with d the thickness of a sample

kF Fermi wavevector, in 2D: n =
k2
F

2π

vF Fermi velocity, vF = h̄kF
m∗ = h̄

√
2πn

m∗

l0
Electron mean free path, the distance travelled by an electron between
successive collisions, l0 = vF τ0

D Diffusion coefficient, D = 1
2
vF l0 = 1

2
v2F τ0

λF Fermi wavelength, in 2D: λF =
√

2π
n

lϕ

Quantum phase coherence length, the average length for the carrier’s
eigenstate to be conserved, lϕ =

√
Dτϕ, where τϕ is the phase coherence

time

lSO

Spin-orbit coherence length, the average length in which the propagating
spin of the carrier remain unchanged, lSO =

√
DτSO, where τSO is the

spin-orbit coherence time
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In chapter 4, a study [91] of hyperfine interaction (HI) and dynamic nuclear polarization
(DNP) is discussed. There the Edelstein effect and HI are used to establish a net local
nuclear spin polarization (NP) by DNP. We studied the effect of the NP on the carriers
using quantum transport approaches sensitive to carrier spin coherence and the effective
Zeeman fields induced by HI [91]. Chapter 5 lists some other published papers and our
contributions in those work.



Chapter 2

Bi Film Growth and
Low-Temperature Techniques

Bi single crystals of high crystalline quality and high purity are relatively straightforwardly
obtained by careful melting and crystallization. However when it comes to growth of
high quality Bi(111) films, the story is different. A variety of methods have been applied
to grow Bi(111) thin films on different substrates, including thermal evaporation deposi-
tion [5, 8, 36, 43, 92, 93, 94], pulsed laser deposition (PLD) [95], and molecular beam epitaxy
(MBE) [47, 96, 97, 98], among which thermal evaporation and MBE are the two most pop-
ular ones. We note that most often thin film growth will present a Bi(111) surface (trigonal
axis perpendicular to the film plane and substrate). The work presented in this dissertation
chose to use thermal evaporation deposition method. The details about the growth system
are illustrated in Appendix A.

Bi was previously deposited on SiO2 substrates [5, 43] by our group. AFM and XRD show
that the films have ∼ 1 µm sized crystals oriented with the trigonal axis perpendicular to the
substrate and random in-plane [55] such that the surface orientation is Bi(111) [44]. The Bi
growth on SiO2 showed that Bi growth starts with island formation [43], where continuous
films do not arise until a 20 nm thick film is deposited. High quality Bi layers can grow on
SiO2 on top of a 20 nm Bi wetting layer, leading to a two-stage deposition process [5, 43]. It
was determined that for films thicker than 80 nm, the transport properties of the disordered
wetting layer (as a shunt) can reasonably be ignored. A 3-carrier transport analysis (active
electrons and holes, and 20 nm wetting layer) yields 3D carrier densities n or p and mobilities
µ or ν, with electrons at n = 2.5×1023 m−3 and µ = 0.3 m2/Vs and holes at p = 1.4×1023

m−3 and ν = 0.4 m2/Vs (nearly compensated, as in the bulk). And it was confirmed that Bi
forms a ∼ 2 nm thick high-quality native oxide, not affecting the surface states’ transport
properties [44].

This chapter introduces continued improvement of film quality by growing Bi(111) films on
different substrates under variable conditions. We explored and developed the use of high
quality Bi(111) films grown on InSb(111)B, Si(111), and mica as substrates. We first explain
and describe the Bi(111) film growth method on the three substrates (Section 2.1,2.2,2.3),
especially for Bi(111) growth on mica. We will show how we succeeded in obtaining Bi(111)
film flakes in µm size. In addition to the fabrication technique, we will also present our
low-temperature (4 K and 0.4 K) measurement techniques in this chapter.

10
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2.1 Bi(111) Growth on InSb(111)B

For Stranski-Krastanov epitaxial growth, the choices of substrate to grow Bi(111) are always
limited by the surface dangling bonds, lattice mismatch, surface states and the ability to
clean the surface. Especially a smaller lattice mismatch between Bi and the substrate plays
an important role to prevent pseudomorphic growth because of the existence of absorption-
active centers (i.e., dangling bonds) on the surfaces [99]. The in-plane lattice mismatch
between Bi and InSb(111)B is only 0.8% (in-plane hexagonal lattice constant 4.48 Å for
Bi(111) as shown in Figure 2.1(b), 4.58 Å for InSb(111), as shown in Figure 2.1(a)), making
InSb(111)B a desirable substrate to grow Bi(111) films.

The atomic planar structure of Bi(111) [100] emulates the InSb(111) zinc-blende structure
such that the growth direction of Bi on InSb(111)B is parallel to the trigonal axis of Bi,
yielding Bi(111) as desired. The parallel conduction through the substrate is of greater con-
cern than for growths on SiO2, but has proven manageable (conductance of Bi layer ∼ 10×
larger than InSb substrate at low T ). We note that similar growth of Sb on GaSb(111) [101]
and Sn on InSb(111) [102, 103] is presently pursued in other groups. InSb(111)B is a fairly
polar surface, which may narrow the parameter space in growth temperature and growth
rate in which smooth growth of Bi(111) can occur (as our preliminary results show).

The InSb(111)B wafer is first cleaved to square or rectangular pieces by using a carbide
pen. When scoring the substrate wafer, a piece of clean lens paper should be put between
the wafer and a piece of glass. When using a finger to press the top side of the wafer,
again the lens paper should be used to avoid any contact between the substrate surface and
skin. We clean the substrate to remove any organic contaminants from the surface by using
trichloroethylene (TCE), acetone (ACE), and isopropanol (IPA) in sequence, rinsing for 3
minutes in each. The substrate is then blown dry with N2 and put into a clean container.
We prepare the InSb(111)B face with (2×2) reconstruction by heating it under ultra high
vacuum for 5 hours at 300 ◦C [103]. The surface reconstruction is indicated by Figure 2.1.
The source Bi (99.9999%, so 6N pure) is thermally evaporated under 1 × 10−8 Torr onto
InSb(111)B surface. A 20 nm thick Bi film is deposited at rate of 0.45 Å/s and substrate
temperature of 100 ◦C as the wetting layer and another 55 nm thick (active) layer is grown on
top of the wetting layer at 250 ◦C [5] at the same growth rate. To increase the grain size and
decrease surface roughness, post-growth annealing is carried out, with sample temperature
250 ◦C for 2 hours (cfr Chapter 3).

To perform transport measurements on the film, we need to connect the Bi device to a 14
dual-inline package (DIP) header. We first make electrical contacts in each corner on the
sample by melting Wood’s metal, which is an eutectic alloy of 50% bismuth, 26.7% lead,
13.3% tin, and 10% cadmium by mass, with melting point 70 ◦C. When melting Wood’s
metal, we set the temperature of soldering iron at about 130 ◦C, which is much lower than
the melting point of Bi (271 ◦C). Then Au wire is soldered to each contact on the film, we
glue the Bi device to a DIP header and solder the free ends of the Au wires to the DIP
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Figure 2.1: (a) Top view and side view of InSb(111)B 2×2 reconstruction, indicated by
dashed lines. Sourced from [6] with permission. (b) Top view and side view of Bi(111), with
lattice constant aBi(111) = 4.48 Å, bilayer height 1 BLBi(111) = 3.9 Å.
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Figure 2.2: Circuit for contact testing.

header pins with In, whose melting point is 156.6 ◦C (the soldering iron is set to about 250
◦C here). After trimming the extended Au wires, the DIP header with the Bi device is tested
to make sure the contacts are connected well. The device packaging procedure is the same
for all the Bi(111) films grown on different substrates.

Before taking quantum transport measurements on the sample, the stability of the contacts
needs to be tested, using a simple serial circuit. The circuit is shown in Figure 2.2, where
the resistor R1 can be adjusted to from 100 KΩ to 1 GΩ (10 MΩ is used most often). The
value of R2 is 10 KΩ, the 1 V rms AC voltage source is given by a lock-in amplifier and the
voltage measurement uses the same lock-in amplifier. Each time we test two contacts which
are connected to the circuit, and the resistance between the two contacts is expected to be
about several hundred Ohms. If the tested contacts on the sample are usable and Ohmic,
then the measured voltage across R2 should be very close to 1 mV when the switch is open,
while a smaller voltage (< 0.95 mV) means the contacts are non-Ohmic. This contact testing
method applies to all the Bi(111) samples.

2.2 Bi(111) Growth on Si(111)

We also pursued the use of Si(111) as substrate. Growth of Bi(111) or other Bi allotropes
on Si(111) has been explored in the literature [8, 36, 58, 98, 104, 105, 106] especially for
the growth of ultrathin Bi(111) films. Though the lattice mismatch between Bi(111) and
Si(111) is large (aBi(111) = 4.48 Å, aSi(111) = 3.84 Å), there is a magic lattice mismatch
between them:

6× aBi(111) = 7× aSi(111), (2.1)

as shown in Figure 2.3, leading to the surprisingly perfect alignment of Bi(111) phase on the
Si(111) 7×7 reconstructed surface [8].



14 Chapter 2. Bi Film Growth and Low-Temperature Techniques

The four stages of the deposition of Bi(111) on Si(111) 7×7 surface have been described
in [8]. As shown in Figure 2.4 (a) - (d), stage I occurs when the thickness is less than 2 ML
of Bi{012}, with 1 ML of Bi{012} = 0.318 nm. In this stage, small islands of Bi{012} start
to be formed, with the islands height 6.6 to 13.0 Å. Stage II (2-4 ML) shows the connection
between the small islands to form larger islands of Bi{012} phase. The relationship between
the surface stability and the number of Bi{012} layers has been discussed in [8], revealing
that even-number layer Bi{012} film is very stable and forms a very flat surface. Bi(111)
surface appears in the third stage (4-6 ML), and due to the stability of Bi{012} phase,
the transformed Bi(111) phase is observed in STM with a very smooth surface [8]. The
Bi{012} phase totally disappears in stage 4 (> 6 ML), resulting in a very smooth Bi(111)
film morphology.

In contrast to most work using Si(111), we are less interested in the Bi{012} phase (which
survives up to thicknesses of ∼ 2 nm), but rather in the hexagonal Bi(111) phase appearing
at higher thicknesses, because the Bi(111) phase represents bulk Bi properties and because
quantum transport in the ultrathin Bi films characteristic of the Bi{012} phase presents
difficulties that will obscure the present specific objectives. To flash off the SiO2 layer and
to prepare the Si(111) 7×7 reconstruction as starting point for Bi deposition, we recently
built a new Bi growth stage capable of stable temperature control up to 1250 ◦C in UHV
conditions, as shown in Appendix A.

Before the deposition of Bi on Si(111), Si(111) wafers were cut to 0.4 cm × 0.4 cm squares
which were cleaned outside the vacuum chamber with TCE, ACE and IPA. The Si(111)
7×7 reconstruction was prepared by a pure annealing treatment inside the chamber under
1 × 10−8 Torr : (i) The Si(111) sample was outgassed at 600 ◦C for 5 hr to remove the
oxide layer. (ii) Substrate temperature was raised rapidly to 1200 ◦C (in less than 3 min),
flashing the sample for 2 min. (iii) The sample surface was cooled down slowly to avoid√
3×

√
3 reconstruction [8, 93, 94]. Bi was deposited onto the Si(111) 7×7 surface at room

temperature, at a rate of 0.35 BL111 /min (∼ 0.14 nm/min) [8, 94]. The deposition rate and
film thickness were measured by a quartz microbalance monitor to within an accuracy of < 5
%. To increase the grain size and decrease the surface roughness of Bi(111) surface, the film
samples were annealed at 95 ± 5 ◦C for 1 hr (cfr Chapter 3) and then left in the chamber
to cool before venting with dry nitrogen. We tried different annealing temperature ranging
from 80 ◦C to 120 ◦C, and we will discuss how annealing affects the surface morphology in
Chapter 3.

2.3 Bi(111) Growth on Mica

The van der Waals epitaxy (vdWE), a method developed by Koma et al. [107, 108, 109, 110,
111, 112], opens up a new route to heteroepitaxy without considering the lattice mismatch
due to the lack of covalent bonding across the van der Waals gap of Bi and the substrate.
In conventional Stranski-Krastanov epitaxial growth, the bonding or interaction between
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Figure 2.3: (a) Top view and side view of Si(111) 7×7 reconstructed surface. 5 different
kinds of atoms are defined by their unique positions. only adatoms 1 and rest atoms 2 have
dangling bonds. Sourced from [7] with permission.

Figure 2.4: STM images of four stages of Bi deposition on Si(111) 7×7 taken by [8] at RT:
(a) stage I (< 2 ML), (b) stage II (2 - 4 ML), (c) stage III (4 - 6 ML), and (d) stage IV (>
6 ML). Sourced from [8] with permission.
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Figure 2.5: (a) Dangling bonds between film surface and the substrate when both of them
have dangling bonds. (b) Van der Waals gap when one of the materials doesn’t have dangling
bonds. Sourced from [9] with permission.

the substrate and epilayer is often covalent or ionic; however, in vdWE the interaction is
non-bonding and hence weak, where the substrate and/or the epilayer possess a van der
Waals surface without dangling bonds, realized in 2D materials with naturally completely
terminated surfaces, such as graphene and mica [113]. The interfaces connected by dangling
bonds and van der Waals gap (vdW gap) are shown in Figure 2.5 (a) and (b). The weak
vdW gap usually results in a clean and flat surface on the films. Epilayers of Sb, Ge and
Ge/Sb on mica show high crystalline quality [99, 114], leading to mica as the substrate for
the present Bi thin film growth.

Muscovite mica can be easily cleaved along the {001} planes by using a tape due to its
weak vdW gap interfaces, resulting in a very flat surface. The {001} surface structure is
shown in Figure 2.6, which is associated with the chemical formula KAl2(Si3Al)O10(OH)2,
and the top layer (2.6 (b)) shows a quasi hexagonal arrangement, with the lattice constant
amica = 519 pm, bmica = 904 pm [111]. Even though epitaxial Bi layer has considerable
lattice-mismatch with mica substrate, due to the weak interaction between the deposited
Bi layer grows unstrained at the outset, with a lattice constant of aBi = 448 pm, the bulk
lattice constant of Bi in a plane normal to the trigonal axis.

Before deposition, the mica substrate is freshly cleaved by a tape, and to remove absorbed
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Figure 2.6: Side view (a) and top view (b) of muscovite mica {001} surface. The {001}
surface top layer in (b) shows a hexagonal arrangement, with a = 0.519 nm, b = 0.904 nm.
Sourced from [10] with permission.

surface water, the mica substrate was preheated at 250 ◦C for at least 24 hr under ultra-
high vacuum. Then Bi was thermally evaporated at a base pressure of 10−8 Torr at room
temperature through an Al shadowmask with apertures of diameters ∼ 500 µm which was
placed on the mica surface (see Figure 2.7 (a)). Varying thicknesses of Bi were deposited
at a rate of 0.35 BL111 /min (∼ 0.14 nm/min). To increase the grain size and decrease the
surface roughness of Bi(111) surface, the film samples were annealed at 95 ± 5 ◦C for 1 hr
(cfr Chapter 3) and then left in the chamber to cool before venting with dry nitrogen. On
the resulting shadowmasked Bi film samples of diameter ∼ 350 µm, photolithographically
patterned Au was applied as contacts with a representative distance of 25 µm between two
contacts (see Figure 2.7 (b)). The whole procedure of making such Bi(111) film flakes is
described in Figure 2.8.

The reason why we use small Bi(111) film flakes is that quantum transport on the whole film
seems to be dependent on how the whole film stays together. Though the cleaved surface
of mica is very flat, some cracks still appear on the surface due to its fragility, leading to
unrepresentative transport results on the grown Bi film. Before we carried out the shadow
mask growth, we had also tried PMMA transfer and PDMA stamp methods to obtain a
Bi(111) film flake. Researchers working with graphene and 2D materials (MoS2 etc.) often
use small flakes or grains. They put many flakes or grains on a substrate (e.g. SiO2 or other),
use SEM to find a good flake or grain, and at the same time use electron beam lithography
to make contacts to the chosen flake or grain. We had decided to fabricate Bi(111) film
flakes accordingly, by using two popular methods: PMMA and PDMS transfer. For PMMA
transfer (Figure 2.9), first we spin-coat PMMA on Bi(111) grown on mica, and then use
ultrasonic agitation for 2 min in water, then peel off Bi(111) from mica with water assist
and then use acetone to remove the PMMA and transfer the Bi(111) film flake on our target
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Figure 2.7: (a) Schematic description of growth of Bi(111) film on mica through an Al
shadowmask. (b) Optical micrograph of Bi film samples grown on mica by van der Waals
epitaxy, with lithographic Au contacts. The diameter of the sample is ∼ 350 µm; distance
between contacts ∼ 25 µm.

Figure 2.8: Diagram for growing Bi(111) film flakes on mica substrate. The dashed backward
arrow means redo it due to some failure.
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Figure 2.9: PMMA transfer method to transfer Bi(111) film flake from mica to the targeted
substrate SiO2. (a) Spin-coating PMMA on Bi(111) grown on mica. (b) Ultrasonic agitation
for 2 minutes in water. (c) Peeling off Bi(111) film flake from mica with water assistance.
Sourced from [11] with permission.

substrate: SiO2. A big problem is that with the use of water and acetone, the Bi(111) film
surface wrinkles a lot. PDMS transfer is a dry transfer without water (Figure 2.11). We
put PDMS on the surface of Bi(111) on mica, and then peel off PDMS, with some flakes of
Bi(111) adhering to it, and then press on the target substrate, and we peel the PDMS off.
Figure 2.10(a) shows the SEM images of a PMMA-transferred Bi film flake on SiO2, with
irregular flake shapes and many cracks on the surface. We also checked the surface quality
by enlarging the magnification (Figure 2.10(b)), which shows a fairly flat surface with large
triangular terraces. However, neither the PMMA transfer nor PDMS stamp methods can
control the size of the film flake, and neither method can peel off pure Bi(111). There are
always some layers of mica peeled off together with Bi(111), making the flake very thick. It is
hard to adhere such Bi flakes to a SiO2 substrate, leading to a difficulty in making contacts
(the Bi film flake can be easily blown off from SiO2 when lift-off for the Au contact is
performed). The shadowmask growth method was developed to solve the problems. Firstly,
we don’t need to transfer the film flakes to other substrates; secondly the Bi flake can adhere
to mica very well and won’t be blown off.

To summarize, the growth of high quality Bi(111) films has been carried out on three dif-
ferent substrates by us. When growing Bi(111) films on InSb(111)B 2×2 and Si(111) 7×7
reconstructed surfaces, the very small lattice mismatch between Bi(111) and InSb(111)B
and the magic lattice mismatch between Bi(111) and Si(111) 7×7 surface make high qual-
ity growth possible under Stranski-Krastanov (S-K) growth mode, in which the interface
between the Bi(111) film and the substrate shows dangling bonds. The growth of Bi(111)
film on mica is van der Waals epitaxial growth (vdWE). Mica has a completely terminated
surface without dangling bonds, and the vdW gap between Bi(111) and mica is so weak that
Bi can grow unstrained. This chapter mainly discussed the growth method of Bi(111) on
the three different substrates, and we summarize all the growth parameters in Table 2.1. We
will compare the surface quality and transport results of Bi(111) films or film flakes on the
three substrates in chapter 3.
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Figure 2.10: (a) SEM image of a 40 nm thick Bi(111) film flake, grown on mica, fabricated
by the PMMA transfer. (b) Magnified SEM image of the same flake showing a fairly flat
surface with apparent large triangular terraces.

Figure 2.11: Procedures of PDMS stamping method to transfer a film to another substrate.
Sourced from [12] with permission. The right figure shows the transfer of a Bi(111) film
flake from mica to SiO2.
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Table 2.1: Parameters used for Bi growth (cfr Chapter 3)

substrate InSb(111)B Si(111) Mica

Substrate
preparation Anneal at 300 ◦C for 5 hours

Anneal at 600 ◦C for 3 hours
Flash heat at 1200 ◦C for 2 min
Cool down at the rate < 2 ◦C/s

Freshly cleaved by a tape
Anneal at 250 ◦C for 24 hours

Pressure ∼ 10−8 Torr ∼ 10−8 Torr ∼ 10−8 Torr

Growth rate 0.5 Å/s 0.35 BL111/min ∼ 1.4 Å/min 0.35 BL111/min ∼ 1.4 Å/min

Growth
temperature

20 nm at 100 ◦C
55 nm at 250 ◦C

Room temperature Room temperature

Post-growth
annealing 250 ◦C for 2 hours 80 - 100 ◦C for 1 hour 90 - 100 ◦C for 1 hour

Film thickness 75 nm 10 - 40 nm 10 - 40 nm

2.4 Photolithography

In order to make contacts on the Bi(111) film flakes on mica, the photolithography technique
is used to pattern Au film contacts since the flake is too small to directly make four Wood’s
metal contacts on it. The mask used here has a six-leg pattern as shown in Figure 2.7
(b), which is the portion unshadowed with FeO so that the photoresist (ma P 1210) can be
exposed and removed by a UV light source from the surface, enabling the deposition of Au
film on it. The photolithography mask aligner used here (see Figure 2.12) contains a UV
light source capable of emitting 365 nm ultra-violet light, a movable stage, and a microscope
(Karl Suss, model MJB3). The procedure of Au film patterning is described as follow.

First, the mica substrate with Bi film flakes is glued to a glass cover slip. Then the photoresist
is spin-coated on the sample by a spin-coater, Specialty Coating Systems model P-6000.
When mounting the sample on the spin-coater, we center the glass slide exactly so that the
chuck’s grooves are completely covered, otherwise the photoresist may flow onto the stage.
Minimal amount of photoresist is dripped onto the sample (only covering the sample), since
again too much resist may enter the vacuum line or flow down the stem. We start the coater,
with parameters set to 3000 rpm for 30 s. Then we softbake the sample in a 90 ◦C oven for
exactly 30 minutes in order to cure the photoresist.

Subsequently the sample is placed on the movable stage of the photolithography machine,
covered by the six-leg shadow mask. A UV exposure time of 3 s is used. Prior to exposure
the lamp should be warmed up for minimum of 30 minutes, and two blank exposures (no
sample and no mask) of 15 s each should be performed for autocalibration of the system.
The exposed device then is developed by a developer solution of Microchem 303A 1 : 8 (1
part 303A, 8 parts H2O), developed for 30 s, and immediately rinsed in DI water for at
least 40 s. After blow drying the sample, we check the surface photoresist pattern under an
optical microscope to make sure the pattern is sharp and clear.
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Figure 2.12: Photolithographic mask aligner used to pattern the Au film contacts.
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Figure 2.13: The thermal evaporator used to deposit Au film Ohmic contacts.

Au film Ohmic contacts are deposited by evaporation on the sample in a thermal evaporator
(Edwards Auto 306, with turbomolecular pump), which is depicted in Figure 2.13. The
evaporation procedure requires several steps. To pump the chamber to a low pressure level
(7-8 × 10−7 Torr) efficiently, liquid N2 is poured into a cold trap while pumping. 10 nm
thick Cr and 70 nm thick Au are deposited onto the sample surface in sequence, where the
film thickness is monitored by a quartz crystal balance. To remove the photoresist and the
unnecessary part of the Au film, the sample is soaked into acetone for about 30 minutes,
using a syringe to wash the Au film out if necessary. Then we soak the sample in fresh
acetone for about 30 minutes to make sure all the photoresist has been removed from the
sample surface. Then we clean the sample with isopropanol and blow dry the sample with
dry N2. Now the sample looks exactly like in Figure 2.7 (b), and is ready for wiring. Instead
of applying contacts on the corners of the film, we put Wood’s metal solder on the thicker
end of each Au leg.
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2.5 Low-temperature Techniques

Transport measurements are performed from room temperature to about 4.0 K or 0.4 K,
which can be achieved in two types of cryostats.

When samples only need to be cooled down to 4.0 K, a 4He cryogen-free system is used. As
depicted in Figure 2.14 (a), the sample chamber (in purple) is filled 4He at low pressure as
thermal exchange gas, and a pulse-tube cryofridge (Cryomech PT405) cools the sample down.
It takes about 3-4 hours to cool the sample down to ∼ 4.0 K. The magnet, water-cooled, is
driven by a large DC current, capable of magnetic fields to 1.375 T. The temperature can be
controlled and varied from 4.0 K to ∼ 30 K by using a resistive heater on the device probe,
controlled by a temperature controller (Lake Shore).

When 0.4 K is needed, the 3He System is used, as shown in Figure 2.15. We first cool down
the system with liquid nitrogen since it is much cheaper than liquid helium. Liquid helium
is filled in the dewar after all the liquid nitrogen is removed (otherwise the liquid nitrogen
will solidify). The sample can be cooled down to about 1.1 K with 4He. To cool the system
down to 0.4 K, 3He is liquefied into the sample chamber and then evaporated to its original
reservoir. The whole process takes long and requires experience. The superconducting
magnet is capable of magnetic fields up to 9 T and its control has higher magnetic field
resolution than the setup for the cryogen-free system, achieving more accurate measurements.

Usually we apply the magnetic field perpendicularly to the film plane. However sometimes
an in-plane magnetic field is required during measurements. This can be achieved by simply
rotating the sample holder probe by 90 ◦ at room temperature before the cooling procedure
is initiated. But in vacuum (usual for cryogenic measurements), we are unable to rotate
the sample probe by this method. In that case, a rotating sample probe is used, where the
sample holder can be controlled by a linear manipulator activated by a rotary motion (see
Figure 2.16(a)). Typically the manipulator is capable of rotating the sample holder by 360
◦. Figure 2.16(b) shows part of the probe, with the header holding the sample rotated by
the manipulator to achieve in-plane magnetic field. Using the rotating sample probe both
an in-plane and perpendicular magnetic field can be achieved.

When performing measurements, the electrical connections between the sample and the in-
struments are achieved by using a switch box, as shown in Figure 2.17. There are more than
14 switches/pins on the box panel, corresponding to the pins on the DIP header. The tem-
perature of the sample is monitored and controlled by temperature controller (either model
LS311 or LS370AC). The DC current used for the generation of carrier spin polarization by
the Edelstein effect on the sample surface (see Chapter 4) is supplied by a Yokogawa GS200
DC voltage/current source. The AC current to measure the magnetotransport properties is
supplied by a voltage-controlled current source (SRS model C5580), where the AC voltage
originates from a lock-in amplifier, which is also used for measuring the resulting AC sam-
ple voltages. The lock-in amplifiers we use include SRS model SR830, EG&G model 116,
and SRS models SR124 and SR2124. The magnet power supplies are a Power Ten current
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Figure 2.14: (a) Schematics of the cryogen-free pulse tube cryofridge system, which can lower
the temperature to ∼ 4 K. (b) The corresponding cryostat equipment.

Figure 2.15: (a) Schematics of the 3He cryogenic system, which can lower the temperature
to ∼ 0.35 K. (b) The corresponding cryostat equipment.
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Figure 2.16: (a) The linear manipulator that controls the rotation of the sample holder to
achieve various magnetic field orientations relative to the film plane.(b) The Janis tilting
probe sample holder, by tilting which both parallel and perpendicular magnetic field can be
achieved.
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Figure 2.17: Schematic of the measurement setups.

source (model P63C-60166) with a GMW current reversal switch (model 5970-160), a Kepco
current source (model BOP 20-20D), and a Cryomagnetics CS-4 superconducting magnet
supply. Some instruments mentioned above are connected via a general purpose interface
bus (GPIB), through an optical isolator which isolates the noise from the computer. The
data are acquired by LabViEW programs in the computer.



Chapter 3

Bi(111) Film Characterization

The growth of high quality Bi(111) films is challenging. As discussed in the last chapter,
we explored and developed methods for growth of high quality Bi(111) films on various
substrates. In our experiments, Bi has been deposited onto InSb(111)B, Si(111), and mica
substrates, and growth methods were discussed in detail in Chapter 2. To evaluate the
qualities of the Bi(111) films, we first use scanning electron microscopy (SEM) and atomic
force microscopy (AFM) to obtain the structural and morphological characteristics on the
film surface. We prefer a film surface with apparent layered structure, large grain sizes, and
fewer defects. Many factors can contribute to good surface quality: type of substrate, proper
substrate preparation, growth temperature, growth rate, post-growth annealing process, film
thickness, etc. We have given the optimal range of those parameters in Chapter 2. In this
chapter, we will present the SEM and AFM micrographs of the films with varying substrates,
varying annealing processes, and varying film thicknesses, to illustrate why those parameters
were considered optimal.

Apart from the morphological analyses, in this chapter we will also show quantum transport
and magnetotransport properties of the Bi(111) films. We will show why InSb(111)B is
not suitable for growing Bi(111) films though the lattice mismatch between InSb(111)B
and Bi(111) is the lowest among the substrates used in this dissertation. We grew 10,
20, 40, 60 and 1000 nm thick Bi(111) films on Si(111) and/or mica, and the electronic
transport properties will be be discussed and compared. We will show the dependence of
the carrier densities and mobilities (extracted from the magnetoresistance curves and Hall
measurements) on the temperature, film thickness and the substrate. Weak antilocalization
of thin Bi(111) films (≤ 40 nm) on mica and Si(111) is analyzed from the low temperature
magnetoresistance. ILP (theory of Iordanskii, Lyanda-Geller, and Pikus) [14] fitting is used
to obtain the quantum phase decoherence time τϕ and the SOI spin decoherence time τSO,
and their dependence on the film thickness and the substrate will also be illustrated.

3.1 Bi(111) Film Surface Morphology

The SEM (LEO/Zeiss EVO 40) and AFM (Bruker) used here are depicted in Figure 3.1. For
the SEM the electron current should be set to about 35-40 pA, and a fine focus is required
while zooming in. Both experience and patience are needed. The AFM is easier to use,

28
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Figure 3.1: (a) The scanning electron microscope and electron-beam lithography system.
(b) The atomic force microscope in Virginia Tech’s Micro and Nano Fabrication Laboratory
(cleanroom).

keeping in mind that the sample should be very clean and mounted on a clean glass slide,
since the vacuum process needs a large sample area. The surface morphological analyses
is performed by using ancillary software provided in the computer. AFM measurements
usually use two parameters to evaluate the roughness of a surface: Ra and Rq, where Ra
is the roughness average, and Rq the root mean square of roughness. The definitions of Ra
and Rq are shown below:

Ra =
1

lr

∫ lr

0

|z(x)|dx,Rq =

√
1

lr

∫ lr

0

z2(x)dx. (3.1)

The smaller either Ra and/or Rq are, the less rough the surface is.

Bi(111) films were deposited on three different substrates, InSb(111)B, Si(111), and mica,
and the surface morphology of the film surface was analyzed by using SEM and AFM. In our
research, SEM is used to obtain micrographs for all the substrates, while AFM is only used
for the latter two. There is also only one thickness of Bi(111) film grown on InSb(111)B,
namely 75 nm, while 10 nm, 20 nm, 40 nm, and 60 nm Bi(111) films were grown on the
other two substrates. Figures 3.2(a,b,c) shows the SEM micrographs of Bi(111) films on
the three substrates (75 nm Bi for InSb(111)B, 40 nm Bi for Si(111), 40 nm Bi for mica).
It is apparent that for Bi grown on InSb(111)B and Si(111), there are more defects on the
surface compared to Bi grown on mica, appearing as a larger number of white bright grains
higher than the surrounding territory. The fewer defects on the Bi(111) on mica are also
much smaller, showing large-scale uniformity. Figure 2.10(b) depicts another example of 40
nm Bi(111) on mica, with both representative areas showing a large grain size up to ∼ 1
µm. The grains exhibit characteristic triangular or hexagonal growth patterns (highlighted
in red contours in Figure 3.2(c)), corroborating the rhombohedral crystal structure of Bi thin
films with the trigonal axis (C3 axis in Figure 1.1) perpendicular to the plane. However, in
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Figures 3.2(a,b) such patterns cannot be found in the SEM micrographs of the Bi(111) films
grown on InSb(111)B or Si(111).

While the SEM micrograph of the 40 nm Bi(111) film on Si(111) does not show any triangular
or hexagonal terraces, we can find them on the AFM micrograph of 10 nm Bi(111) on
Si(111). Figures 3.3(a-b) present the SEM and AFM micrographs of such a film. Compared
to Figure 3.2(b) of 40 nm Bi(111) on Si(111), we observe that the thinner 10 nm Bi(111)
on Si(111) has fewer and smaller defects and has higher uniformity. Moreover, the AFM
micrograph (Figure 3.3 (b)) of the 10 nm Bi(111) on Si(111) shows the triangular growth
patterns, which clearly indicate a layered step surface. We performed a step analysis on
these triangular terraces, which gives an average step height 0.39 ± 0.02 nm, corresponding
to 1.0 BL111, the Bi(111) bilayer height, as shown in Figure 2.1(b). Over the 1 µm × 1
µm area, AFM measurements reveal Ra = 0.911 nm and Rq = 1.60 nm. Compared to the
film thickness of 10 nm, the roughness measurements imply that 10 nm Bi(111) on Si(111)
features a flat high-quality surface. In comparison, returning to 40 nm Bi(111) on Si(111)
(Figure 3.2(b)), the AFM micrograph of 40 nm Bi(111) on Si(111) shown in Figure 3.3(d))
does not reveal a layered surface. The roughness analysis of 40 nm Bi(111) on Si(111), shows
over the 1 µm × 1 µm area values Ra = 7.43 nm and Rq = 9.34 nm, substantially larger
than Ra and Rq for 10 nm Bi(111) on Si(111).

Different from Si(111), the Bi(111) films on mica show the triangular terraces for all growth
thicknesses attempted. Figure 3.4(a) depicts the AFM micrograph of the 40 nm Bi film on
mica, which clearly indicates a layered step surface with triangular terraces. The layered
surface also appears on 10 nm Bi films on mica (Figure 3.4(c)). In Figure 3.4 (b), step
analysis in the red rectangular area of Figure 3.4(a) reveals that the step height between
adjacent terraces 0.391 ± 0.015 nm, corresponding to 1.0 BL111. Over the 1 µm × 1 µm
representative area, AFM measurements on the 40 nm Bi on mica reveal that Ra = 1.25
nm and Rq = 1.53 nm. Compared to the larger Ra and Rq for 40 nm Bi on Si(111), the
roughness measurement implies that the Bi film features a flatter and higher-quality surface
on mica than on Si(111). The AFM micrograph of the 10 nm Bi on mica (Figure 3.4(c)) was
obtained on a 2 µm × 2 µm region. In Figure 3.4(d), step analysis in the red rectangular
area of Figure 3.4(c) reveals an average step height 0.382 ± 0.031 nm, very close to 1.0 BL111.
Over the 2 µm × 2 µm representative area, AFM measurements on the 10 nm Bi on mica
reveal that Ra = 1.84 nm and Rq = 2.35 nm. The roughness Ra = 0.911 nm and Rq = 1.60
nm of the 10 nm Bi on Si(111) is apparently smaller. But for 10 nm Bi on Si(111) Ra and
Rq were extracted over a 1 µm × 1 µm area, compared to 2 µm × 2 µm for 10 nm Bi on
mica, we therefore conclude that there is no apparent difference between the roughness of
the 10 nm Bi on Si(111) and on 10 nm Bi on mica. However, by comparing Figure 3.4 (c)
with Figure 3.3 (b), one can find that the triangular terrace (grain size) on the 10 nm Bi on
mica is much larger than on Si(111).

We conclude that morphologically high-quality Bi film growth can hence be realized on mica
over the full range of thicknesses attempted, but can only be achieved on Si(111) if the
thickness does not exceed ∼ 10 nm.
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Figure 3.2: The SEM micrographs of Bi(111) films on the three substrates.
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Figure 3.3: (a) SEM micrograph of a 10 nm Bi(111) film on Si(111). (b) AFM micrograph
of the same Bi(111) film. (c) Height profile (Z) vs horizontal distance (X) obtained from
the AFM micrograph in (b) along the length direction of the white rectangular box in (b).
(d) AFM micrograph of a 40 nm Bi(111) film on Si(111); no layered surface is found.
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Figure 3.4: (a) AFM micrograph of a 1 µm × 1 µm area of a 40 nm Bi(111) film on
mica, illustrating layered growth and triangular growth patterns. (b) Height profile (Z) vs
horizontal distance (X) obtained from the AFM micrograph in (a) along the length direction
of the red rectangular box in (a). (c) AFM micrograph of a 2 µm × 2 µm area of a 10 nm
Bi(111) film on mica. (d) Height profile (Z) vs horizontal distance (X) obtained from the
AFM micrograph in (b) along the length direction of the red rectangular box in (b).
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3.2 Effect of Annealing on Bi(111) Film Surface Mor-
phology

To reduce the roughness of the Bi(111) film surfaces and increase their grain size, annealing
processes have been carried out as described in several papers. Nagao [8] et al. not only
provided the growth details of Bi(111) film on Si(111) 7×7 reconstructed surface, but also
investigated the thermodynamic stability of the films by annealing them to temperatures
up to 150 ◦C. The mentioned annealing processes kept below 150 ◦C smoothed the film and
enlarged the grain size to µm scales. Yaginuma [94] et al. also pointed out that annealing at
about 410 K (137 ◦C) of Bi(111) films grown on Si(111) increases the average terrace width
from 18.5 nm to 60 nm, which otherwise under 350 K remained at 18.5 nm. Pang Fei [96]
et al. moderately annealed their Bi films grown on Si(111) at around 400 K to achieve flat
single crystal surface. Yao [115] et al. grew Bi(111) bilayers at the temperature of 420 K in a
two-step growth method on Si(111). F. Y. Yang [116] electrodeposited Bi films of thicknesses
of 1-10 µm on thin Au underlayers on Si(100) and annealed the initially polycrystalline films
at 268 ◦C for 6 hours in Ar to achieve single-crystal films.

In short, post-growth annealing processes can improve the Bi(111) surface quality by reducing
film roughness as well as enlarging the grain size. Based on the findings, we also carried out
annealing processes after the growth of Bi(111) films on the three different substrates, by
using two annealing methods. The first method consists of annealing the film under UHV in
the growth chamber after the growth procedure, and this method was used predominantly
(e.g. for all Bi on mica films). The second method consists of using a laboratory annealing
system (as shown in Figure 3.5, as used for Ohmic contact annealing) featuring a glass
chamber flushed with forming gas, H2 / N2, after taking the sample out of the growth
chamber. The first method is preferred, but precludes observing the surface changes under
optical microscopy between the unannealed and annealed surfaces, which can be achieved
by the second method. The second method also allows annealing the Ohmic contacts to
decrease contact resistance and improve Ohmic characteristics. We detail the first method
in Appendix A, while annealing by the second method is described below.

1. We gently lift the glass chamber, load the Bi(111) sample in the center of the white heater
stage, reposition the glass chamber, and secure the bolts providing the gasket seal.

2. We displace and flush the air out of the chamber by opening the gas valve to the forming
gas, using a pressure of about 4 psi. We flush for about 5 minutes.

3. We activate the heater, setting the temperature to a target value. Once the target
temperature is reached, we keep at target temperature for 5 minutes.

4. The heater is then turned off. We wait for the temperature to reach below 80 ◦C prior to
removing the sample, to prevent excessive oxidation.

We optimized the annealing processes as shown in Table 2.1, resulting in processes whereby
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Figure 3.5: Laboratory Ohmic contact annealing system, featuring a glass annealing chamber
allowing observation.

we anneal the Bi films on InSb(111)B at 250 ◦C for 2 hours, we anneal the Bi films on Si(111)
at 80 - 100 ◦C for 1 hour, and we anneal the Bi film on mica at 90 - 100 ◦C for 1 hour.
Some Bi films on InSb(111)B and some Bi films on Si(111) were annealed in the laboratory
annealing system (second method), while all Bi on mica films were annealed in the UHV
growth chamber (first method). All results in Figure 3.6 were obtained by annealing in the
UHV growth chamber (first method).

Figure 3.6 shows how over-annealing and under-annealing affect the surface morphology.
Figure 3.6(a) presents the SEM micrograph of a 75 nm Bi(111) film on InSb(111)B, which
was over-annealed at 260 ◦C for 2 hours. The high temperature led to over-annealing and
broke the surface into irregular clusters. Figure 3.6(b) shows the SEM micrograph of a 10
nm Bi(111) film on Si(111), over-annealed at 135 ◦C for about 1 hour. Here the Bi(111) film
was broken and congregated as circular islands with diameter about 0.5 - 1.0 µm, which were
hexagonally arranged. Figure 3.6(c) depicts the AFM micrograph of a 10 nm Bi(111) film
on mica, which was over-annealed at 110 ◦C for 1 hour, whose surface still shows triangular
terraces but without apparent layered structure. The surface morphology separated into
many discontinuous islands. Figure 3.6(d) presents the AFM micrograph of a 10 nm Bi(111)
film on Si(111), under-annealed at 80 ◦C for only 30 minutes. Figure 3.6 can be compared
to Figure 3.3(b) representing annealing at about 100 ◦C for 1 hour. The under-annealed
sample represented in Figure 3.6(d) has larger roughness and does not exhibit a regular
stepped surface with triangular terraces.
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Figure 3.6: (a) SEM micrograph of a 75 nm Bi(111) film on InSb(111)B, annealed at 260
◦C for 2 hours, under UHV in the growth chamber after growth (first method). (b) SEM
micrograph of a 10 nm Bi(111) film on Si(111), annealed at 135 ◦C for 1 hour, under UHV
in the growth chamber after growth (first method). (c) AFM micrograph of a 2 µm × 2
µm area of a 10 nm Bi(111) film on mica, annealed at 110 ◦C for 1 hour, under UHV in the
growth chamber after growth (first method). (d) AFM micrograph of a 2 µm × 2 µm area
of a 10 nm Bi(111) film on Si(111), annealed at 80 ◦C for 30 minutes, under UHV in the
growth chamber after growth (first method).
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3.3 Bi(111) films Transport Characterization

In addition to exploring optimal methods to obtain high quality Bi(111) films, researchers
also carried out quantum transport and magnetotransport measurements to extract the
electrical properties, and quantum phase coherence and spin coherence properties of Bi(111)
films. A few examples from an incomplete list are mentioned here. M. Rudolph and J. J.
Heremans [43] presented a two-step growth of Bi(111) film on SiO2 and calculated the car-
rier densities and mobilities on the film at room temperature and 4.2 K through transport
measurements by applying a varying magnetic field perpendicular to the sample surface, and
further extracted the phase coherence length and spin orbit coherence length by fitting the
weak antilocalization (WAL) curves. Similar research was also executed on lithographically
defined Bi wires [5]. Pang Fei [96] et al. measured the sheet resistance of Bi(111) films
from 5 nm to 30 nm thickness grown on Si(111) over the temperature range 300 K to 2 K,
experimentally clarifying the origin of the predicted semimetal-to-semiconductor transition
vs temperature in Bi(111) films (also observed by us and about which more below). They
also analyzed the magnetotransport properties of the Bi(111) films by applying either a
perpendicular magnetic field or an in-plane one [117], however without much quantification
analysis. Xiao [97] et al. also studied and quantified the semimetal-to-semiconductor transi-
tion of Bi(111) films where the film thickness is comparable to the bulk Bi Fermi wavelength.
They measured the temperature dependence of Bi(111) film conductivity on Bi(111) films
ranging from 4 nm to 540 nm thickness MBE-grown on BaF2 substrate. Zhu [98] et al.
obtained quantum transport measurements on Bi(111) films grown on Si(111) under vary-
ing temperatures and film thicknesses, and emphasized the difference in the conductivity of
Bi(111) films grown on different substrates (Si(111) or BaF2). F. Y. Yang [116] studied the
magnetoresistance in electrodeposited Bi films of thicknesses of 1-10 µm.

Growth of Bi(111) on mica is novel, and high-quality Bi(111) films on mica show superior
surface morphology to Bi(111) on Si(111), at least when the thickness of the latter exceeds
10 nm. Hence, here we compare the electronic properties and coherence properties between
Bi films with varying thicknesses (10, 20, 40, and 60 nm) on mica and Si(111) at room tem-
perature (about 296 K) and 4.1 K. Beforehand, we will first discuss the transport properties
of Bi(111) films on InSb(111)B, to explain why InSb(111)B was not preferred.

3.3.1 Electronic Properties of Bi(111) on InSb(111)B

The growth method of Bi(111) films on InSb(111)B has been discussed in Chapter 2. A 75
nm Bi(111) film was grown on InSb(111)B 2 × 2 reconstructed surface and annealed at 250
◦C for 2 hours. Four Ohmic contacts were applied to the Bi film surface and we obtained
magnetotransport properties in a van der Pauw configuration (cfr Figure 1.5 (a)) over room
temperature to 4.1 K. As comparison, the same measurement was carried out on a pure
reconstructed InSb(111)B substrate surface without Bi. We depict the results in Figure 3.7,
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where Figure 3.7(a) presents the sheet resistance R2 vs temperature for the InSb(111)B
surface, while (b) presents the Bi(111) film on InSb(111)B. R2 is calculated from the van
der Paur results Ra and Rb. We first extract R2 from Ra and Rb either at T = 4.1 K or
T = 296 K, since we can only measure only one of Ra or Rb when cooling down. We then
calculate R2 = π(Ra+Rb)

ln2
(with a prefactor ∼ 1 if Ra ≈ Rb). Supposing the trace over variable

T was obtained as Ra(T ), we then calculate the ratio R2
Ra

at either T = 4.1 K or T = 296
K, a ratio which we assume stays substantially constant when T ̸= 4.1 K or T ̸= 296 K. We
then multiply Ra(T ) by the ratio to obtain R2(T ) in Ω/2.

Bulk Bi in pure crystalline form is a semimetal, with low and equal electron and hole densities,
namely both ∼ 3 ×1023 m−3 for T ≲ 30 K while higher but still equal electron and hole
densities are observed at higher T , namely both up to ∼ 24.5 ×1023 m−3 at T = 300
K [45]. Yet we mentioned that over variable T the transport in Bi(111) thin films can be
expected to exhibit a semimetal-to-semiconductor transition at a transition temperature TC .
Semiconducting behavior is then observed for T > TC (R2(T ) increasing as T decreases)
while semimetal (i.e. metallic) behavior is observed for T < TC (R2(T ) decreasing as T
decreases).

However, Figure 3.7(b) depicting R2(T ) vs T for 75 nm Bi(111) on InSb(111)B shows a more
complex behavior: semiconducting behavior reappears again for T < 50 K. We attribute
this behavior to dominant contributions to transport from the InSb(111)B substrate, as a
comparison to transport in a InSb(111)B substrate will justify. As shown in Figure 3.7 (a),
there is no significant difference between the traces of R2 vs T for InSb(111)B and Bi(111)
on InSb(111)B. We conclude that for Bi(111) on InSb(111)B substrate, the InSb(111)B
substrate contributes dominantly to the transport results down to low T , presumably due to
the considerable substrate thickness (≫ 75 nm). Extracting transport properties of solely
Bi(111) by treating the InSb(111)B and Bi(111) as parallel conducting channels could not
be achieved due to the high similarity between the two traces. Henceforth we therefore focus
on Bi(111) on Si(111) and mica.

3.3.2 The Semimetal-to-Semiconductor Transition in Bi Films

As described in the preceding section, bulk Bi in pure crystalline form is a semimetal, with
low and equal electron and hole densities. We add that the electron and hole densities
both ∼ 3 ×1023 m−3 at T ≲ 30 K [45] will yield a Fermi wavevector kF ≈ 2.1 × 108

m−1 and a Fermi wavelength λF ≈ 30 nm. The unusually long λF due to the low carrier
density gives rise to quantum confinement effects in thin films of thickness comparable to λF .
Given the semimetallic character of bulk Bi, the electronic transport properties should show
a metallic behavior, with R2(T ) decreasing as T decreases, and such behavior is indeed
observed in pure bulk Bi [45, 118, 119]. Yet transport in Bi(111) thin films exhibits a
semimetal-to-semiconductor transition at a transition temperature TC , with semiconducting
behavior for T > TC (R2(T ) increasing as T decreases) and metallic behavior for T < TC
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Figure 3.7: The sheet resistance R2 vs temperature T for InSb(111)B substrate (a), and for
a 75 nm Bi(111) film on InSb(111)B (b), from 4.1 K to 296 K.

(R2(T ) decreasing as T decreases). The semiconducting behavior was predicted and ascribed
to the quantum confinement effects originating from the long λF in thin films of thickness
comparable to λF (Refs. [1, 46, 47, 97, 98, 117] are among several references describing
the transition and its history). Quantum confinement is predicted to open an energy gap
∆E ≈ 15 meV to 50 meV, depending on d, T and λF , in the interior of a Bi film. In
the interior of the film carrier density is then governed by thermal activation across ∆E,
yielding the semiconducting behavior of R2(T ) and resistivity ρ(T ) observed for T > TC .
We note here that ρ(T ) = dR2(T ). By using the quantum confinement model, Chu [120] et
al. theoretically calculated the upper limit of the Bi thickness at which the density of the
conduction electrons reduces to zero for T → 0 K. This calculated thickness they find to be
32 nm, and hence according to their calculation the semimetal-to-semiconductor transition
can occur for films with d < 32 nm. Others predicted and observed that the upper limit of
thickness for the transition would lie around d ≈ 23 nm [47, 121]. Hoffman et al. [47] pointed
out that the transition takes place in quite thin bismuth films (d < 28 nm), and explained
that in such thin Bi films the minority electrons are not observable at low temperature until
T ≳ 200 K, and the electron density would remain low even at higher temperatures. Xiao [97]
et al. on the other hand find experimentally that the semimetal-to-semiconductor transition
can occur for films with d < 90 nm. Thus, while it is clear that a semimetal-to-semiconductor
transition is expected in thin Bi films, the exact critical thickness may depend on precise
film properties. Xiao [97] et al. express ∆E as ∆E = 2b

d2
, where b is a constant and the

∝ 1/d2 behavior expresses the quantum confinement effect. The experimental search for
the semimetal-to-semiconductor transition has been complicated by the existence of metallic
surface states of high conductivity at the surfaces and interfaces of Bi(111) (cfr Chapter 4
and Refs. [1, 97, 98, 117]), the existence of which was not realized early on. Electronic
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conduction through Bi(111) thin films hence occurs both through a contribution from the
interior of the film and through surface (or interface) states. The competing dependences
of the conductivity on d and T orginating from the two contributions leads to a typically
complicated behavior of measured conductivity as function of d and T . Xiao [97] et al.
expresses the measured longitudinal 3D conductivity σxx = 1

dR2 as a sum of surface (first)
and interior (second) terms:

σxx =
σ2D

d
+ αe−

∆E
2kT =

1

d(ρ0 + sT )
+ αe−b/d2kT (3.2)

where σ2D denotes the metallic surface state 2D conductivity (inverse sheet resistance of the
surface states), and α a parameter. Here it is assumed that 1

σ2D
= ρ0 + sT , expressing that

the sheet resistance of the surface states originates in a T -independent surface residual sheet
resistance ρ0 and an electron-phonon scattering induced sheet resistance sT , as appropriate
for a 2D metal. The surface (first) term in equation 3.2 increases with decreasing d and T ,
while the interior (second) term decreases with decreasing d and T , leading to complicated
behavior of measured σxx as function of d and T . For lower d (larger ∆E), equation 3.2 can
lead to R2(T ) showing the semimetal-to-semiconductor transition with R2(T ) increasing as
T decreases if T > TC and R2(T ) decreasing as T decreases if T < TC , hence showing a
maximum in R2(T ) vs T . Yet for higher d (smaller ∆E), equation 3.2 can lead to R2(T )
showing an inverse transition with R2(T ) decreasing as T decreases if T > TC and R2(T )
increasing as T decreases if T < TC , hence showing a minimum in R2(T ) vs T . In the
lemma appended to this paragraph (below) we show analytically that equation 3.2 can lead
to a minimum in R2(T ) vs T , or equivalently a maximum in σxx(T ), because Xiao [97] et al.
do not discuss the possibility even though they present data to that effect. As shown in later
paragraphs, we have experimentally observed both maxima and minima in R2(T ) vs T in
Bi(111) on Si(111) and/or Bi(111) on mica depending on d, in accordance with equation 3.2.
In addition to the evidence provided in Chapter 4, the transport properties presented in this
chapter hence corroborate the importance of the Bi(111) surface states.

Lemma, showing analytically that σxx(T ) vs T can show a maximum at sufficiently large d:
The first derivative dσxx(T )/dT = σ

′
xx(T ) =

αbe−b/d2kT

d2kT 2 − s
d(ρ0+sT )2

. Setting the first derivative
to 0, we have e−b/d2kT = sdkT 2

αb(ρ0+sT )2
. Inserting this into the second derivative σ

′′
xx, if we obtain

σ
′′
xx < 0 then we find a maximum vs T instead of a minimum. After simplification, we obtain

as condition b
d2kT 2 + 2

ρ0
s
+T

− 2
T
< 0. If kT ∼ ∆E = 2b

d2
, then the film will show substantial

conductivity [97], while of course at very low T we still obtain kT ≪ ∆E. Xiao [97] et al.
express b = h̄2π2

2m∗ , where m∗ denotes an effective mass, and for d ≈ 10 nm, they deduce ∆E ≈
24 meV, comparable to kT at 300 K. However, for large d, ∆E = 2b

d2
will be small. Typically

TC ∼ 150 K, and at T = 150 K and for sufficiently large d we readily have kT > ∆E = 2b
d2

.
Since for d ≈ 10 nm we have ∆E ≈ 24 meV, then for d = 1 µm we readily have kT ≫ ∆E,
which leads to b

d2
< kT

2
. Returning to b

d2kT 2 +
2

ρ0
s
+T

− 2
T
< 0, the first term b

d2kT 2 < 1
2T

, and
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after inserting we obtain the condition − 2
4T/3

+ 2
ρ0
s
+T

< 0. Xiao [97] et al. reasonably claim
that ρ0 > sT , and hence ρ0

s
> T . Then ρ0

s
+ T > 2T > 4T/3, leading to a validation of the

condition − 2
4T/3

+ 2
ρ0
s
+T

< 0. In conclusion, when d is sufficiently large and T ≈ TC (in fact
in a wide range), we simultaneously can have σ

′
xx = 0 and σ

′′
xx < 0, denoting a maximum in

σxx(T ) vs T .

3.3.3 Electronic Properties of Bi(111) on Si(111)

Temperature Dependence

Bi(111) films with thickness ranging from 10 nm to 60 nm were grown on Si(111). The depen-
dence on T of electronic transport properties is measured in the van der Pauw configuration
(Figure 1.5 (a)). The measured film sheet resistance R2(T ) and resistivity ρ(T ) = dR2(T )
reflect both contributions from the film interior as well as surface states. R2 is calculated as
indicated in Section 3.3.1. As shown in Figure 3.8, a transition temperature TC exists in the
10 nm and 20 nm films, above which the resistivity increases as T decreases and below which
the relation is reversed, showing metallic and semiconducting behaviors below and above TC .
The behavior illustrates the expected semimetal-to-semiconductor transition. In our Bi(111)
on Si(111), for the 40 nm and 60 nm Bi films the transition is not observed, as shown in
Figure 3.8(c-d). A critical thickness 20 nm < d < 40 nm below which the transition can
be observed is compatible with the range of critical thicknesses occurring in the literature,
which were previously mentioned [1, 46, 47, 97, 98, 117, 120, 121]. We also observe that lower
d yields higher TC . The 20 nm Bi film shows TC ≈ 25 K, whereas the 10 nm Bi film shows
TC ≈ 150 K. The rise in TC with decreasing d is also observed in the literature [97, 117]. The
trend is due to the fact that at lower d the interior of the film contributes less to conduction
and the metallic character of the surface states asserts itself more.

Electronic Properties at Room Temperature

We determine the carrier densities and mobilities of Bi(111) films on Si(111) through van
der Pauw measurements and Hall measurements. Through van der Pauw measurements,
the longitudinal magnetoresistance component Rxx(B) and the Hall resistance component
Rxy(B) of the 2x2 magnetoresistance matrix are obtained vs perpendicular magnetic field
B. The magnetoresistance Rxx(B) is via R2(B) normalized to ρ(B) − ρ(0), where ρ(0)
represents ρ(B = 0). The relative magnetoresistivities ρ(B) − ρ(0) obtained at T = 296
K are shown in Figure 3.9(a-b). The use of ρ(B) − ρ(0) allows comparisons at different
d, since ρ(B = 0) differs substantially. Figure 3.9(a) shows that ρ(B) vs B has a quasi-
quadratic dependence on B, which can be explained by multiple carriers conduction, or
can be attributed to a geometrical magnetoresistance especially in high-mobility carrier
systems [116, 122]. Given the square sample shape, the geometrical influence can here be
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Figure 3.8: The dependence on T of the resistivity of Bi(111) films on Si(111), with Bi
thickness 10 nm (a), 20 nm (b), 40 nm (c), and 60 nm (d).



3.3. Bi(111) films Transport Characterization 43

Figure 3.9: The relative magnetoresistivities ρ(B)− ρ(0) (a) and the Hall resistances (b) at
T = 296 K of Bi(111) on Si(111) for d = 10 nm, 20 nm, 40 nm and 60 nm. The transparent
gray lines denote fits to the multicarrier transport model. (c) The extracted carrier densities.
(d) The extracted carrier mobilities.

neglected. Hence the quadratic dependence is here consistent with multicarrier conduction
due to semimetallic Bi harboring both electrons and holes [47, 52]. Figure 3.9(b) shows
that Rxy(B) vs B is not linear in B, again an indication of multicarrier conduction. The
electron and hole densities and mobilities are determined by fitting the magnetoresistance
traces to equation 1.2 and the Hall resistance traces to equation 1.3, with the fits displayed
by transparent gray lines in Figure 3.9(a-b). The fits have 4 free parameters, where n is the
electron density, p is the hole density, µ is the electron mobility, and ν is the hole mobility.
The densities will be expressed as 3D volume densities, but we note they are initially obtained
as 2D areal densities which consist of the sum of the areal densities in the surface states and
the areal density in the film interior. Hence e.g. n = n2D

d
=

n2Dfilm

d
+ NS

d
, where n2D denotes

the measured total areal density of electrons, n2Dfilm denotes the areal density of electrons
in the film interior and n3Dfilm =

n2Dfilm

d
would denote the 3D bulk density of electrons in

the film interior, and NS denotes the areal density of electrons in the surface states.

Figure 3.9(c-d) presents the extracted carrier densities and mobilities. As d increases, both
n and p decrease and both µ and ν increase. We observe that at the measured d, p > n,
and at d > 10 nm, we have p ≈ 10n. We also observe ν > µ, with a relation ν ≈ 2µ for
all measured d. We conclude that at room temperature, our Bi(111) on Si(111) exhibits an
overall p-type semiconductor character.
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Figure 3.10: The relative magnetoresistivities ρ(B)−ρ(0) (a) and the Hall resistances (b) at
T = 4.1 K of Bi(111) on Si(111) for d = 10 nm, 20 nm, 40 nm and 60 nm. The transparent
gray lines denote fits to the multicarrier transport model. (c) The extracted carrier densities.
(d) The extracted carrier mobilities.

Electronic Properties at 4.1 K

Figure 3.10(a-b) displays the relative magnetoresistivities ρ(B)−ρ(0) and the Hall resistances
at T = 4.1 K of Bi(111) on Si(111) for d = 10 nm, 20 nm, 40 nm and 60 nm. The transparent
gray lines represent fits to the multicarrier transport model using equation 1.2 and 1.3. The
extracted carrier densities and mobilities are shown in Figure 3.10(c-d). The two-carrier
model is suitable for the Bi(111) with d ≲ 60 nm. M. Rudolph and J. J. Heremans [43]
showed that the Bi(111) films with d ≳ 76 nm apparently harbor more than two carrier
types at low T and our fitting results agree with this. As at T = 296 K, we observe that
both n and p decrease with the increasing d, and µ and ν increase with increasing d. However,
at T = 4.1 K we observe that consistently n ≈ 5...10p at given d, and that µ > ν at given
d, indicating an overall n-type character. The observation is consistent with the expectation
that at T = 4.1 K the electron-populated surface states dominate in transport, given their
expected higher µ and given that carriers in the film interior will have reduced densities due
to the existence of ∆E.
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3.3.4 Electrical Properties of Bi(111) Films on Mica

Temperature Dependence

Bi(111) films with thicknesses from 10 nm to 60 nm were also grown on mica, and as for
Bi(111) on Si(111), the dependence on T of electronic transport properties is measured in the
van der Pauw configuration (Figure 1.5 (a)). Again, the measured film sheet resistance R2(T )
and resistivity ρ(T ) contain contributions from the film interior as well as surface states. R2
is calculated as indicated in Section 3.3.1. Figure 3.11 shows that a transition temperature
TC exists in the 10 nm, 20 nm, and 40 nm films, above which the ρ(T ) increases as T decreases
(semiconducting behavior) and below which the trend is reversed (metallic behavior). As for
Bi on Si(111), the behavior illustrates the expected semimetal-to-semiconductor transition.
While for Bi(111) on Si(111) the transition is not observed for the 40 nm and 60 nm films,
for the Bi(111) on mica, only the thicker 60 nm does not show the transition, as shown in
Figure 3.11(d). The critical thickness below which the transition can be observed [1, 46, 47,
97, 98, 117, 120, 121], can hence for Bi(111) on mica be estimated as 40 nm < d < 60 nm,
somewhat higher than for Bi(111) on Si(111). We again observe that lower d yields higher
TC , as found for Bi(111) on Si(111) and in the literature [97, 117]. The 40 nm Bi film shows
TC ≈ 20 K, whereas the 10 nm Bi film shows TC ≈ 150 K. The trend is again ascribed to the
fact that at lower d the interior of the film contributes less to conduction and the metallic
character of the surface states asserts itself more.

Electronic Properties at Room Temperature

We determine the carrier densities and mobilities of Bi(111) films on mica by the same
method as on Si(111) (Section 3.3.3). The magnetoresistance Rxx(B) is again normalized
to ρ(B) − ρ(0). The relative magnetoresistivities ρ(B) − ρ(0) obtained at T = 296 K are
shown in Figure 3.12(a-b). Figure 3.12(a) shows that ρ(B) vs B has a quasi-quadratic
dependence on B, which as for Bi(111) on Si(111) is attributed to multicarrier conduction.
Figure 3.12(b) shows that Rxy(B) vs B is not linear in B, again an indication of multicarrier
conduction. The electron and hole densities and mobilities are determined by fitting the
magnetoresistance traces to equation 1.2 and the Hall resistance traces to equation 1.3, with
the fits displayed by transparent gray lines in Figure 3.9(a-b). The fits again have 4 free
parameters (n as the electron density, p as the hole density, µ as the electron mobility, and
ν as the hole mobility). The densities are again expressed as 3D volume densities (while
initially obtained as 2D areal densities).

Figure 3.12(c-d) presents the extracted carrier densities and mobilities. As d increases, both
n and p decrease and both µ and ν increase. We observe that at the measured d, n > p, and
n ≈ 20p for all measured d. We also observe µ > ν, with a relation µ ≈ 5ν for all measured
d. We conclude that at room temperature, the Bi(111) on mica exhibits an overall n-type
semiconductor character.
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Figure 3.11: The dependence on T of the resistivity of Bi(111) films on mica, with Bi
thickness 10 nm (a), 20 nm (b), 40 nm (c), and 60 nm (d).
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Figure 3.12: The relative magnetoresistivities ρ(B) − ρ(0) (a) and the Hall resistances (b)
at T = 296 K of Bi(111) on mica for d = 10 nm, 20 nm, 40 nm and 60 nm. The transparent
gray lines denote fits to the multicarrier transport model. (c) The extracted carrier densities.
(d) The extracted carrier mobilities.
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Figure 3.13: The relative magnetoresistivities ρ(B)−ρ(0) (a) and the Hall resistances (b) at
T = 4.1 K of Bi(111) on mica for d = 10 nm, 20 nm, 40 nm and 60 nm. The transparent gray
lines denote fits to the multicarrier transport model. (c) The extracted carrier densities. (d)
The extracted carrier mobilities.

Electronic Properties at 4.1 K

Figure 3.13(a-b) shows the relative magnetoresistivities ρ(B)− ρ(0) and the Hall resistances
at T = 4.1 K of Bi(111) on mica for d = 10 nm, 20 nm, 40 nm and 60 nm. The transparent
gray lines represent fits to the multicarrier transport model using equation 1.2 and 1.3. The
extracted carrier densities and mobilities are presented in Figure 3.13(c-d). The two-carrier
model is again suitable for the Bi(111) with d ≲ 60 nm. As at T = 296 K, we observed that
both n and p decrease with the increasing d, and µ and ν increased with increasing d. Yet
at T = 4.1 K we observe that n ≈ 10...15p (higher than for Bi(111) on Si(111)) at given d,
and that µ > ν at given d, indicating an overall n-type character, more pronounced than
for Bi(111) on Si(111). The observation is again consistent with the expectation that at T
= 4.1 K the electron-populated surface states dominate in transport, given their expected
higher µ and given that carriers in the film interior will have reduced densities due to the
existence of ∆E.
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Figure 3.14: The dependence on T of R2(T ) of the 1 µm thick Bi(111) film on mica.

3.4 Electronic Properties of Thick Bi(111) on Mica

For comparison with the electronic properties of thinner Bi(111) films, we deposited Bi(111)
with d = 1.0 µm on mica, following the standard deposition protocol but using a higher
growth rate. The dependence on T of electronic transport properties is measured in the van
der Pauw configuration (Figure 1.5 (a)). The measured R2(T ) vs T is shown in Figure 3.14.
Contrary to the usual semimetal-to-semiconductor transition with R2(T ) increasing as T
decreases if T > TC and R2(T ) decreasing as T decreases if T < TC (showing a maximum
in R2(T ) vs T ), in Figure 3.14 the behavior is inverted and R2(T ) vs T shows a minimum
in T . As discussed in Section 3.3.2, equation 3.2 can predict a minimum in R2(T ) vs T , or
equivalently a maximum in σxx(T ), for large d. As mentioned in Section 3.3.2, since for d ≈
10 nm we have ∆E ≈ 24 meV, then for d = 1 µm we readily have kT ≫ ∆E for 150 K
< T < 300 K, and the conditions for observation of a minimum in R2(T ) vs T are fulfilled.
Figure 3.14 illustrates the complex dependence on T that can result from equation 3.2.

For Bi(111) with d = 1.0 µm on mica, using a two-carrier analysis, the electron and hole den-
sities and mobilities are determined by fitting the magnetoresistance traces to equation 1.2
and the Hall resistance traces to equation 1.3. The fits use 4 free parameters, with n the
electron density, p the hole density, µ the electron mobility, and ν the hole mobility. The
densities are expressed as 3D volume densities. We find at T = 4.1 K that n = 2.82× 1023

m−3, p = 4.79× 1023 m−3, µ = 22.1 m2/Vs, ν = 10.7 m2/Vs. We find at T = 296 K that
n = 3.75× 1024 m−3, p = 4.38× 1024 m−3, µ = 0.89 m2/Vs, ν = 0.60 m2/Vs.

These values for the 1.0 µm Bi(111) on mica can be compared to literature values obtained
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on high-quality Bi bulk single crystals. The values for n and p we find for 1.0 µm Bi(111)
on mica at T = 4.1 K are close to compensated (n ≈ p), and approach the single-crystal
literature value n = p ≈ 3 × 1023 m−3 found at T ≲ 30 K [45, 118, 119]. The values for
µ and ν we find for 1.0 µm Bi(111) on mica at T = 4.1 K are however about two orders
of magnitude lower than bulk single-crystal values (µ ≈ 800 ... 2800 m2/Vs, ν ≈ 300 ...
900 m2/Vs [45, 118, 119]; to account for the very elongated ellipsoidal Fermi surfaces, the
literature mobilities we quote are geometrical averages of mobilities along the ellipsoid axes).

The values for n and p we find for 1.0 µm Bi(111) on mica at T = 296 K are again close
to compensated (n ≈ p), and approach the room-temperature single-crystal literature value,
which averages n = p ≈ 3.1 × 1024 m−3 [45, 123]. The values for µ and ν we find for 1.0
µm Bi(111) on mica at T = 296 K are very similar to bulk single-crystal values (µ ≈ 0.75
m2/Vs, ν ≈ 0.6 m2/Vs [45, 123]; geometrical averages of mobilities along the ellipsoid axes).

3.5 Quantum Coherence Properties of Bi(111) Films

The quantum coherence properties of Bi(111) films can be extracted from the quantum
correction to the sheet (2D) conductivity (σ2D) due to weak antilocalization (WAL). As
we discussed in Section 1.2, WAL originates from the destructive carrier spin quantum
interference due to strong SOI, resulting in a positive MR at low B. In our experiments, the
positive MR characteristic of WAL is observed in transport measurements of the 10 nm, 20
nm, and 40 nm thick Bi(111) films at 4.1 K, both on Si(111) and mica. The WAL signal
is not resolved in Figure 3.10(a) and Figure 3.13(a) because of the large ranges of B and
ρ(B). Therefore, we present the WAL MR traces in Figure 3.15, which shows the negative
of ∆σ2D(B) (proportional to MR) at low B in the range of -0.05 T to 0.05 T. We calculated
∆σ2D(B) by using a derived equation −∆σ2D(B) ≈ ∆R2(B)

R2(0)2 , which is discussed in Section 4.4
in detail. Here R2(0) denotes R2(B = 0). The comparison between d = 10 nm, 20 nm, and
40 nm for Bi(111) films on mica is presented in Figure 3.15(a). The traces for −∆σ2D(B)
shows a widening vs B as ds increases. Figure 3.15(b) compares −∆σ2D(B) between d =
10 nm for Bi(111) on mica and on Si(111), indicating that the WAL trace is narrower for
Bi(111) on Si(111) than Bi(111) on mica at the same d.

The quantitative analysis of the WAL data was performed by using the theory of Iordanskii,
Lyanda-Geller, and Pikus (ILP) [14]. The ILP approach and its suitability for our mea-
surements are thoroughly discussed in Section 4.5. In ILP fits, the quantum correction to
the 2D conductivity is described by Equation (4.2). From this equation we see that WAL
is sensitive to τϕ and τSO, where τϕ denotes the quantum phase decoherence time, and τSO
is the spin-orbit decoherence time. These form the only two free fitting parameters since
we can obtain the elastic scattering time τ0 through calculations from the values of carrier
densities and mobilities (procedure to calculate τ0 is shown in Section 4.4). In Figure 3.15,
the transparent grey traces indicate ILP fits to WAL theory. Figure 3.16 depicts the depen-



3.5. Quantum Coherence Properties of Bi(111) Films 51

Figure 3.15: 2D conductivity corrections vs B due to WAL. (a) Comparison between Bi(111)
films with varying thicknesses on mica. (b) Comparison between 10 nm Bi(111) film on mica
and on Si(111). The transparent grey traces indicate fits to WAL ILP theory.

dences of τSO and τϕ on thickness at T = 4.1 K, where black points stand for Bi(111) on mica
and red points for Bi(111) on Si(111). With increasing d, τSO increases, indicating that for
thicker Bi(111) films, the overall observed SOI is less strong. This observation is consistent
with the fact that at higher d the contribution to the overall conductivity by the interior of
the film increases relative to the contribution from the surface states, yet it is the surface
states that possess SOI, while SOI is absent in bulk Bi due to inversion symmetry (discussed
in Section 1.2). For thinner films the bulk contributes less, so the effectively observed SOI
appears stronger. At d = 10 nm, the SOI in Bi(111) on mica is stronger (lower τSO) than
the SOI in Bi(111) on Si(111), possibly correlated to the higher surface quality of Bi(111) on
mica. We also notice that τϕ decreases with increasing d, possibly indicative of the interplay
of the effective Zeeman energy and SOI [124, 125].
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Figure 3.16: (a) Spin-orbit decoherence times τSO and (b) quantum phase decoherence times
τϕ extracted from WAL (T = 4.1 K), plotted vs Bi(111) thickness. Black points stand for
films on mica, red points for films on Si(111).



Chapter 4

Dynamic Nuclear Spin Polarization at
Bi(111) Surfaces

The scientific work in this chapter was published as Zijian Jiang, V. Soghomonian, and J. J.
Heremans, “Dynamic Nuclear Spin Polarization Induced by the Edelstein Effect at Bi(111)
Surfaces”, Physical Review Letters 125, 106802 (2020) (Editors’ Suggestion) [91]. Parts of
this publication were reused in more or less literal form in this chapter.

In previous work the spin coherence length limited by SOI was studied using WAL experi-
ments in Bi thin films and wires [5, 43]. Prominent among other mechanisms limiting spin
coherence lengths is hyperfine interaction (HI) [126, 127, 128, 129, 130], namely the coupling
of carrier spins to the nuclear spins. In general and particularly in Bi, HI is less studied,
a lack we aim to address by understanding the role of HI in spin decoherence in Bi thin
films and mesoscopic structures, and by developing quantum transport-based methods for
its study. The approach will consist of establishing a net local carrier spin polarization (CP)
mainly through Edelstein effect, creating a net local nuclear spin polarization (NP) by dy-
namic nuclear polarization (DNP), and studying the effect of the NP on the carriers using
quantum transport approaches sensitive to carrier spin coherence and the effective Zeeman
fields induced by HI.

The effect that we will here call for short the Edelstein effect (although several researchers
contributed to it discovery) generates a non-equilibrium carrier spin polarization (CP) in
materials with SOI in response to an applied electric field or a current density j, with the
spin polarization direction normal to j and the surface normal [131, 132, 133, 134, 135].
Since several researchers contributed to its discovery, the effect can be variously named in
the literature (e.g. Aronov-Lyanda-Geller-Edelstein effect, ALGE effect), while we adopt
a frequently used simplified identifier for it. The Edelstein effect has its origin in spin-
momentum locking due to SOI. The effect can be pronounced at surfaces and interfaces
with strong SOI, such as the Ag/Bi(111) [65] and Cu/Bi(111) [31] interfaces. Given the
strong SOI at the Bi(111) surface, an in-plane j in a Bi thin film is expected to generate a
non-equilibrium in-plane CP. In the present work the Edelstein effect appears as the most
plausible dominant origin of the CP under application of j, rather than e.g. lateral or top-
and-bottom spin Hall effects, as explained in Section 4.3. Hyperfine interaction (HI) can by
dynamic nuclear polarization (DNP) transfer the CP to a non-equilibrium in-plane nuclear
spin polarization (NP). The work in this chapter shows such Edelstein-induced DNP, an
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example of the interplay between strong SOI, HI, and the Edelstein effect. This chapter also
demonstrates that the effect of NP on quantum-coherent transport allows for a quantification
of the polarization. The work is reminiscent of recent experiments where CP from the
Edelstein effect generates a spin-transfer torque on magnetic moments [136], compared to
this work where HI effectively mediates a spin-transfer torque on the nuclear spins. We note
that the concept was foreshadowed by theoretical work [137]. DNP from CP resulting from
spin injection was previously predicted [138] and the interplay between NP and CP from
spin injection, mediated by HI, was studied in Fe/GaAs [139]. Another study used Faraday
rotation to study DNP from current-induced NP in InGaAs [140]. The present experiments
however differ from the latter [140] by using quantum magnetotransport measurements to
quantify the DNP in an all-electrical setup, and by showing that the relatively higher carrier
density in the Bi(111) surface states compared to semiconductors [139, 140, 141, 142] allows
DNP without application of an external magnetic field, relying only on the effective electronic
field created by CP.

This chapter first explains the HI in bismuth, and then describes how HI leads to DNP,
and then introduces Edelstein-assisted DNP. The Bi(111) film used in this work is a 40 nm
thick Bi film grown on mica, and the growth method has been discussed in Chapter 2. The
quantum phase decoherence time and the SOI spin decoherence time are extracted through
the fitting of the weak-antilocalization (WAL) data. We show our experimental results in
Section 4.6, where the dependences of the Overhauser field on the polarization durations,
polarization currents and delay times are discussed. We also demonstrate in this section why
an external magnetic field is not needed to overcome the dipole-dipole interaction for the
generation of NP in our Bi films.

4.1 Hyperfine Interaction in Bismuth

Hyperfine interaction can be expressed as an energy term AI · J where A is the hyperfine
coupling constant or energy scale [130, 143, 144, 145, 146, 147, 148], I is the nuclear spin
and J = S+L is the carrier angular momentum (I, J in units of h̄; Refs. [149, 150] contain a
more detailed Hamiltonian). Dominantly two mechanisms contribute to HI [143, 149, 150].
As shown in Figure 4.1(a), the Fermi contact interaction requires overlap of the carrier wave-
function with the nuclear site and hence exists for s-band carriers but will be negligible for
purely p-band carriers with a wavefunction node at the nucleus. Fermi derived the contact
interaction by using Dirac’s quantum mechanics of the spinning electron [151], and the en-
ergy term is given by U = −8

3
π⟨µn ·µe⟩|Ψ(0)|2, where µn is the nuclear magnetic moment, µe

is the electron magnetic dipole moment (of value the the spin multiplied by the Bohr magne-
ton), and Ψ(0) is the value of the spatial wavefunction of the s-orbital electron at the nucleus.
Indeed only the s character band portion to an electron’s wavefunction will contribute a non-
zero probability density |Ψ(0)|2 at the nucleus. The dipolar interaction [143, 149, 150, 152]
results from dipolar magnetic coupling between the nuclear and carrier magnetic moments
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Figure 4.1: A simplified depiction of two mechanisms contributing to hyperfine interaction:
(a) Fermi contact interaction, and (b) dipolar interaction.

away from the nuclear site, and dominates for bands with p character, as depicted in Fig-
ure 4.1(b). As felt by the carrier, the contact interaction can be cast as an effective B acting
on the carrier magnetic moment, whereas the dipolar term results from the actual B of the
nucleus [143]. HI can show anisotropy due to crystalline effects. HI can be more pronounced
for heavy atoms featuring atomic parameters with higher energy scales [130, 144, 150], and
for nuclei with large I. In Bi, with a large I = 9/2, both effects play a role, leading to strong
HI.

The NMR frequency shift due to HI is referred to as the Knight shift, and quantifies the
strength of the HI. A study of the Knight shift in Bi [153] observes a strong coupling between
nuclei and carriers, while other NMR studies ascribe a reduced spin-lattice relaxation time
(T1) partially to HI [154]. NMR on Bi2Se3 [130, 149] again shows a large Knight shift,
attributed to a strong HI with specifically 209Bi, of magnitude comparable to that in InSb,
PbTe or HgTe [129]. The observed strong HI between carriers and 209Bi nuclei [153] is
ascribed to (1) a substantial s-orbital component (rather than pure p character) of ∼ 10%, of
the electronic wavefunctions at EF increasing the contact term, and (2) enhancement effects
from strong SOI. Both effects are expected to exist in elemental crystalline semimetallic Bi
as well. Indeed, the electronic structure in Bi and its surface states [48] shows substantial
admixture of s-bands to the p-bands at EF . Preliminary DFT calculations on 6 bilayer Bi thin
films show a 7% s-orbital component of electronic states at the surface, dropping to about 5%
in the bulk, and increasing with increasing k-vector away from the band minimum (K. Park,
Virginia Tech, private communication; the 7% s admixture is in qualitative agreement with
the 10% gauged from NMR). Tight-binding models of (111) surfaces of the heavier elements
likewise indicate a generally s-p mixed character [155]. The strong SOI in Bi may also play
a role to increase HI [149, 156, 157]. Values for A in semimetallic Bi appear to be lacking.
Yet, due to the expected strong HI, several experiments have studied the interaction between
Bi donors in Si and the Si s-like conduction band carriers, recently towards using the large
HI splitting to construct long-lived qubits [145, 146, 147, 150, 158]. These studies conclude



56 Chapter 4. Dynamic Nuclear Spin Polarization at Bi(111) Surfaces

A = 6.1 µeV (hA = 1.4754 GHz), leading to a hyperfine splitting A(I + 1/2) = 30.5 µeV
in the hydrogenic system consisting of the Bi donor and its s-electron. The Knight shift in
Bi2Se3 indicates A = 27 µeV [130].

Both quoted values of A are substantial (6.1 µeV, 27 µeV), and it is thus reasonable to con-
clude that consequential HI is expected in semimetallic Bi as well as in Bi compounds, and
further also that quantitative information on the strength of the HI is lacking. Also lacking
are experiments studying the impact of the HI on spin coherence in electronic transport ex-
periments. Particularly in Bi the role of dimensionality of the surface states and the mutual
influences of SOI and HI [149, 152, 156, 157, 159, 160, 161] have not been elucidated. Both ef-
fects are important not only in Bi but in Bi-based topological insulators as well. For instance
in mesoscopic and nanoscale systems such as quantum wells and surface states [143, 144],
quantum wires [152, 161], edge states[129, 162], and quantum dots [127, 128, 148, 159], the
reduced dimensionality changes the proximity between electronic and nuclear systems, and
hence HI is modified and often enhanced. Other work finds that in high-mobility quantum
wells, non-uniformity in NP can impose a limit on carrier mobility [144].

4.2 Hyperfine Interaction and Dynamic Nuclear Polar-
ization

HI can lead to DNP, whereby band carriers undergo a “spin-flip” and nuclei undergo
a reverse “spin flop” and a spin polarization is thereby transferred from the carriers to
the nuclei [128, 129, 143, 152, 159, 163, 164, 165, 166, 167], as depicted by Figure 4.2. A
nonequilibrium spin population in the carrier system then generates a nonequilibrium spin
population in the nuclear system (and vice versa). DNP has been used for many years to
increase NMR sensitivity by increasing NP above the equilibrium NP achievable at a given T
from the Zeeman interaction of the nuclei with an external B [168]. Once NP is established,
the band carriers experience the HI as an effective B having the same effect as an external
Zeeman field [129, 143, 152], the Overhauser field BOH.

In electronic transport, DNP has been observed in InSb under application of a DC cur-
rent [167] and under transport conditions in narrow constrictions and quantum point con-
tacts where carrier spin-flips were closely matched in energy to nuclear spin-flops [163, 164,
165, 166]. Other techniques using carrier spin polarization (CP), such as optical pumping
and ESR, can also induce DNP.

Due to its ready applicability to mesoscopic structures, we induce DNP in Bi thin films
and mesoscopic structures by application of DC currents. Two mechanisms are likely active
in this avenue to DNP (although not clearly differentiated in the literature). Under high
current density without explicitly strong SOI, a setup can be created (e.g. under high B)
where carrier spin-flips match the low energy associated with nuclear spin-flops, leading
to local DNP at the constriction or point contact [163, 164, 165, 166]. Or, under high
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Figure 4.2: A simplified depiction of dynamic nuclear polarization. Once the carrier spin
polarization is established, the nonequilibrium spin population in the carrier system generates
a nonequilibrium spin population in the nuclear system.

current density but with explicitly strong SOI, DNP also results under a wider range of
conditions [167]. Given the substantial SOI in Bi, in this work the second avenue to create
DNP is used although the first avenue remains open and useful given the unexplored nature
of the properties investigated.

4.3 Edelstein-Assisted Dynamic Nuclear Polarization

The creation of DNP under DC current in materials with substantial SOI (like InSb [167]),
can be the result of what we now recognize as the Edelstein effect [131, 169] (also named
Rashba-Edelstein effect, spin-galvanic effect or ALGE effect [13]). Due to strong Rashba SOI,
the energy parabola of a two-dimensional free electron system is split into two branches, as
shown in Figure 4.3(a), and electrons located in the two energy branches have different spin
contour directions, as depicted in Figure 4.3(b). The Edelstein effect describes the generation
of a nonequilibrium CP in response to an applied E or current density j, with the spin
polarization direction normal to E or j [13, 65, 132, 133, 134, 136, 170, 171, 172, 173, 174, 175].
The Onsager-reciprocal, the inverse Edelstein effect, refers to the generation of an electric
j in response to an injected spin current (phenomenologically similar to the inverse spin
Hall effect [22, 176], but not necessarily of the same sign) [31, 65, 132, 133, 170, 171, 177].
The Edelstein effect has its origin in spin-momentum locking, characteristic of SOI and
topological insulator physics. In essence, j is associated with excess nonequilibrium k along
its direction, and hence, due to spin-momentum locking, with a net nonequilibrium CP
normal to j [13, 133]. The effect of the external electric field E or current density j can be
explained by using the semiclassical Boltzmann transport theory [178]. After the application
of E, the two Fermi contours shift to the opposite direction of E, causing the creation of CP,
as shown in Figure 4.3(c).

In topological insulators, the Edelstein effect can be pronounced [13, 171, 179, 180, 181], and
it is strong at surfaces and interfaces with strong SOI, such as the Ag/Bi(111) [65, 177, 182,
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Figure 4.3: A simple explanation of the Edelstein effect. (a) Energy parabola of 2D carrier
system split into two branches due to strong Rashba SOI. (b) Without an external electric
field E, the total carrier spin polarization vanishes. (c) The Fermi contours shift after the
application of E, resulting in the non-vanishing CP due to the spin-momentum locking.
Sourced from [13] with permission.

183, 184] and the Cu/Bi(111) interface [31]. Given the strong SOI at the Bi(111) surface,
an in-plane j in a Bi thin film generates a nonequilibrium CP and hence by DNP a NP
(as happens in InSb [167]). We can call this process Edelstein-assisted DNP (EA-DNP).
We can expect a substantial increase over the equilibrium NP available from the Zeeman
interaction [168], which at B = 9 T and T = 0.4 K is 1.4% (using the Brillouin function for
I = 9/2).

In the present work the Edelstein effect appears as the most plausible dominant origin of
the CP under application of j, rather than e.g. lateral or top-and-bottom spin Hall effects.
Because ferromagnetic materials are absent in the experiments, and because Bi interfaces are
known to show strong Rashba-like spin-orbit interaction [1, 58] and the Edelstein effect [30,
31, 177], the latter effect stands out as the origin of the carrier spin polarization. Yet the spin
Hall effect in the bulk of the Bi film can also contribute to the carrier spin polarization [30,
177]. The following points reinforce that view.

SOI is absent in bulk Bi due to the existence of inversion symmetry in the bulk. Yet in bulk
Bi the spin Hall effect can lead to a bulk carrier spin polarization similar in its effects to
the interfacial carrier spin polarization induced by the Edelstein effect [30, 177], and both
the spin Hall effect and the Edelstein effect likely contribute to generating the carrier spin
polarization. We note however that in this work the Bi is not interfaced with a magnetic
material, of which the exchange interaction competes with the interfacial SOI, suppressing or
disturbing the interfacial Rashba-like SOI and leading to a reduced Edelstein effect [30]. In
the absence of such suppression, and given the known strong Rashba-like SOI at Bi surfaces
and interfaces, it is likely that the Edelstein effect is a main contributor to the carrier spin
polarization, supplemented however by contributions from the Bi spin Hall effect.

A lateral spin Hall polarization at the edges of the device due to spin-orbit interaction at the
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Bi top and bottom interfaces is in principle possible. But, the geometry does not have well-
defined edges as it is not a lithographically prepared Bi mesa but a Bi flake with contacts on
top. And, the antilocalization measurements sample not only the carrier population at the
device edges but average the signal over the entire plane within which the current spreads.
Hence in case of lateral spin Hall polarization the antilocalization signal would only return
a diluted signal.

The Edelstein effect hence emerges as the main contributor to the dynamic nuclear polar-
ization signature. Both top and bottom Bi interfaces are expected to show an Edelstein
effect. While our experiments cannot differentiate between dynamic nuclear polarization
signatures from top and bottom interfaces, the top interface of the Bi film is expected to
be less disordered, and hence contribute more to transport signatures such as the present
dynamic nuclear polarization signature.

4.4 Experimental Approach

We used a 40 nm thick Bi(111) film on mica substrate realized through an optimized van
der Waals epitaxy (vdWE) growth. As discussed in Section 2.3, the 40 nm thick Bi(111) was
deposited through a shadowmask, yielding samples of diameter about 350 µm, as indicated
in Figure 4.4. Au contacts were photolithographically patterned after film deposition. We
have shown the morphology of the Bi(111) surface in Section 3.1, where AFM measurements
indicated a layered step surface with triangular terraces (Figure 3.4(a)) and indicated a step
height between adjacent terraces of 0.391 ± 0.015 nm, corresponding to one Bi(111) bilayer
height (BL111 = 0.39 nm).

The WAL and transport coefficient characterization were carried out by magnetotransport
in the 3He immersion cryostat down to T = 0.39 K, using standard 4-contact AC lock-
in techniques with current of 2 µA rms under applied magnetic field perpendicular to the
film plane, B⊥. To develop DNP a high DC polarization current, Ip = 0.5 mA to 1.5 mA,
j ∼ 6.25 × 107 A/m2 to 1.9 × 108 A/m2, was applied at T = 0.39 K between a pair of
contacts for variable polarization durations tp from 10 to 120 min. Ip was removed after
the DNP step, letting the NP and BOH decay slowly with a spin-lattice relaxation time
T1 characteristic of the nuclear decoherence [164, 166]. The slow decay allowed time for
the subsequent observation of DNP from WAL measurements. For WAL measurements the
voltage was measured over the same contacts to which Ip was applied and hence over the
path of which BOH develops, as depicted in Fig. 4.5. For the WAL data it is sufficient to
sweep B⊥ over ∼ 0.2 T, achievable in as little as ∼ 15 min, of the order of the expected T1
[185, 186]. Experiments were also performed with different delay times tdelay, from 15 to 40
min, inserted between removing Ip and performing the WAL measurement, to characterize
the decay in BOH and estimate T1.

NS and µ were determined from magnetotransport at 0.39 K, indicating predominantly n-
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Figure 4.4: Optical micrograph of the 40 nm thick Bi film sample grown on mica by van
der Waals epitaxy, with lithographic Au contacts. The diameter of the sample is ∼ 350 µm;
distance between contacts ∼ 25 µm.

Figure 4.5: Schematic of the Edelstein-induced DNP and WAL setup for Bi(111) surface
states. (a) A high DC current density j in the Bi film sample induces a surface-state non-
equilibrium carrier spin polarization by the Edelstein effect. The surface-state carrier spins
are oriented perpendicular to j, and induce an in-plane surface nuclear spin polarization via
DNP, resulting in in-plane Overhauser field BOH . (b) After j is removed and while BOH

slowly decays, WAL measurements are carried out.
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Figure 4.6: Hall resistance vs B at 0.4 K and two carrier (electron n and hole p) fitting for
a 40 nm thick Bi(111) film on Mica.

type surface carrier contribution. The two-carrier Hall effect fitting is shown in Figure 4.6,
from which we determine NS = 1.95 × 1015 m−2, µ = 1.00 m2/Vs, τ0 = 0.0856 ps and
mean free path l0 = vfτ0 = 20.4 nm, where vf is the Fermi velocity derived from Ns. As
appropriate for surface states we use the 2D diffusion constant D calculated as D = 1

2
v2fτ0,

at T = 0.39 K yielding D = 0.00243 m2/s. WAL results in a characteristic positive quantum
correction in R(B⊥) at B⊥ ≲ 0.4 T, expressed as a small correction to the 2D conductivity
σ2(B). We define ∆σ2(B⊥) = σ2(B⊥) − σ2(B⊥ = 0) and ∆R(B⊥) = R(B⊥) − R0 where
R0 = R(B⊥ = 0). Since ∆R(B⊥) ≪ R0, we have

∆σ2(B⊥)

σ2(B⊥ = 0)
≈ −∆R(B⊥)

R0

(4.1)

allowing fits to ∆σ2(B⊥) from the experimental MR.

To calculate ∆σ2(B⊥), we first extract R2 from Ra and Rb at B⊥ = 0 T from the van der
Pauw data at 0.39 K, calculated as R2 = π(Ra+Rb)

ln2
. Supposing the MR traces were taken

as Ra, we then calculate the ratio factor R2
Ra

at B⊥ = 0 T, which we assume stays the same
even when B ̸= 0. Then we multiply Ra(B⊥) by this factor to obtain R2(B⊥) in Ω/2. We
know that σ2 = 1

R2 , and ∆σ2 = σ2(B⊥) − σ2(B⊥ = 0). We call R2(B⊥ = 0) = R2(0)
and ∆R2(B⊥) = R2(B⊥) − R2(B⊥ = 0) = R2(B⊥) − R2(0). From these we derived
∆σ2(B⊥) = −∆R2(B⊥)

R2(0)2 , which is exactly equation (4.1).



62 Chapter 4. Dynamic Nuclear Spin Polarization at Bi(111) Surfaces

4.5 ILP Fitting of WAL

We performed quantitative analysis of the WAL data using the theory of Iordanskii, Lyanda-
Geller, and Pikus (ILP) [14], Eq. (13) in the reference. This theory was used because it
takes into account Rashba-like spin-orbit interaction (SOI) due to spatial symmetry breaking
normal to the surface containing the two-dimensional surface states [70] (SOI is absent in
bulk Bi due to inversion symmetry). A theory by Hikami, Larkin and Nagaoka (HLN [4]) is
often used to quantify SOI in materials but HLN only accounts for SOI terms cubic in the
wavevector, which are either applicable for SOI in hole systems with spin 3/2 (cubic Rashba)
or for SOI in material 3D bulk (cubic Dresselhaus). In contrast, ILP accounts for terms both
linear in the wavevector (linear Rashba and linear Dresselhaus, the latter an approximation
of cubic Dresselhaus) as well as cubic in the wavevector. At Bi(111) surfaces, we expect the
linear Rashba term to dominate, and hence the choice of ILP theory, where we set the cubic
terms to zero. In Ref [14], Eq. (13), we set Ω3 = 0 (no cubic Rashba and Dresselhaus terms),
and obtain the quantum correction to the 2D conductivity:

σ2(B⊥) =− e2

4π2h̄
{ 1

a0
+

2a0 + 1 + HSO

B⊥

a1(a0 +
HSO

B⊥
)− 2HSO

B⊥

− Σ∞
n=0(

3

n
−

3a2n +
2anHSO

B⊥
− 1− 2(2n+1)HSO

B⊥

(an +
HSO

B⊥
)an−1an+1 − 2HSO

B⊥
[(2n+ 1)an − 1]

)

+ 2ln
H0

B⊥
+Ψ(

1

2
+

Hϕ

B⊥
) + 3C},

(4.2)

where

an = n+
1

2
+

Hϕ

B⊥
+

HSO

B⊥
, (4.3)

and

Hα =
h̄

4eDτα
, (4.4)

with α = 0, ϕ, SO.

Here τ0 denotes the elastic scattering time, τϕ the quantum phase decoherence time, τSO
the SOI spin decoherence time, and the α denote characteristic magnetic fields, while Ψ is
the digamma function. The 2D diffusion constant D = 0.00243 m2/s and τ0 = 0.0856 ps
are obtained from conventional longitudinal and Hall resistance measurements. Therefore τϕ
and τSO are the only two remaining free fitting parameters.
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To approximate the sum Σ∞
n=0(

3
n
−

3a2n+
2anHSO

B⊥
−1− 2(2n+1)HSO

B⊥
(an+

HSO
B⊥

)an−1an+1−
2HSO
B⊥

[(2n+1)an−1]
), we set the upper limit

of n to 30000, which is sufficient as tests showed.

The ILP approach is suitable for the regime where Ωτ0 < 1, with Ω representing the spin
precession frequency due to spin-orbit interaction. The SOI energy splitting at the Fermi
wavevector is expressed as ∆SO = h̄Ω (note that in Ref. [14], Ω1 = 1

2
Ω). An approach by

Golub et al. [187] is in theory more appropriate than the ILP approach if Ωτ0 > 1. The
Golub approach was developed as a refinement of ILP for cases where spin-orbit interaction
is strong (high Ω) or mobility is high (long τ0, e.g. for ballistic transport or as appropriate
for III-V semiconductors). We obtain values for Ω from the expression 1

τSO
= 1

2
Ω2τ0 [70]

using τSO from the results shown later in Figure 4.9. With τ0 = 0.0856 ps, taking a worst
case τSO ≈ 1 ps (Figure 4.9(a)), we find Ωτ0 = ( 2τ0

τSO
)1/2 ≈ 0.4 < 1. Hence the use of the

ILP approach is justified. While SOI in the present Bi surface states is strong (high Ω), the
carrier mobility is fairly low compared to e.g. III-V semiconductors (shorter τ0), rendering
ILP a satisfactory formalism.

The ILP analysis should be restricted to magnetic fields B⊥ below the characteristic field
H0 = h̄

4eDτ0
= h̄

2el20
, where l0 = vfτ0 denotes the mean free path. With 0 = 20.4 nm, we

find H0 = 0.79 T, well above the range -0.04 T < B⊥ < 0.04 T we use for the analysis.
The magnetoresistance data was obtained in each case with B⊥ ranging over ± 0.2 T, while
the ILP fitting was performed only over the subrange ± 0.04 T. The wider experimental
range ± 0.2 T was used out of caution, to ascertain that the sample’s behavior had not
changed in unaccountable ways that would indicate a lack of continuity in the data series,
even though this did slow down the measurements. The fitting range was restricted to ±
0.04 T to make sure no other magnetoresistance phenomena, such as the almost inevitable
geometrical magnetoresistance, would contaminate the analysis. Yet for the ILP fitting it
is important to capture the characteristic sharp dip in R(B⊥) at B⊥ ≈ 0, as well as the
gradual lessening of dR/dB⊥ at higher B⊥. The range ± 0.04 T proved optimal to avoid
other magnetoresistance phenomena as well as to capture WAL features necessary for the
ILP fit, and amply satisfies the criterion B⊥ < H0.

4.6 Experimental Results

The ILP fits are performed for WAL obtained after different tp and tdelay under different Ip.
From the fits, we find the dependences on tp, tdelay and Ip of τSO and τϕ. From the latter
the dependences of BOH are determined.

Figure 4.7 depicts representative MR of the Bi film sample at T = 0.39 K before and after
DNP using variable Ip ranging from 0.5 mA to 1.5 mA and tp ranging from 0 (before DNP)
to 120 min (at tdelay = 0). The positive MR characteristic of WAL is observed both before
and after DNP. The traces for R(B⊥) (Fig. 4.7) shows a widening vs B⊥ for B⊥ ̸= 0 after
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Figure 4.7: AL magnetoresistance at T = 0.39 K before (indicated as No DNP) and after
DNP with variable Ip and variable tp (tdelay = 0; traces not offset). After DNP a widening
of R(B⊥) vs B⊥ for B⊥ ̸= 0 is evident.

DNP, characteristic of an increase in τSO (decreasing effect of SOI) and a decrease in τϕ as
confirmed below. The widening shows a dependence on Ip and tp, with long tp = 120 min
at Ip = 1 mA resulting in the largest effect. The dependence on tp and Ip suggests DNP
and hence BOH play a role in changing τSO and τϕ. Before we present quantitative data
on τSO and τϕ, we note that the WAL results after DNP are qualitatively consistent with
the existence of in-plane BOH . Phenomenologically, after removing Ip, BOH persists and
generates an effective Zeeman energy g∗∥µBBOH , where g∗∥ denotes the in-plane g-factor (for
Bi(111) surface states, g∗∥ ≈ 33 [188]) and µB denotes the Bohr magneton. BOH partially
aligns the carrier spins and suppresses the spin phase shift due to SOI and thereby weakens
WAL [125, 189, 190]. The effect leads to a widening of the characteristic sharp minimum
in ∆R(B⊥) vs B⊥ and is quantified by a lengthening of τSO. Further, BOH results in a
spin-induced TRS breaking [124, 125, 190], leading to a decrease in τϕ. While it is not in the
scope of this experimental study to modify the ILP theory to include HI, future theoretical
studies specific to the influence of HI and NP on WAL may help refine quantitative aspects of
the experiments, as was performed for ferromagnetic order [189] and for Zeeman interaction
[124].
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Figure 4.8: 2D conductivity corrections due to WAL at T = 0.39 K and at low B⊥ (tdelay = 0):
(a) under variable tp with Ip = 1 mA. The red traces indicate fits to the WAL theory [14].
Data are offset for clarity; (b) before DNP (black trace) and after DNP (blue trace) with tp
= 60 min and Ip = 1 mA (traces not offset). The widening of the trace after DNP indicates
a partial suppression of WAL by BOH .

4.6.1 Dependence on tp

We first investigated the 2D conductivity corrections due to WAL under variable tp with a
fixed Ip, which is shown in Figure 4.8 with the ILP fits. The negative of ∆σ2(B⊥) (repro-
ducing ∆R(B⊥)) at low B⊥ is displayed in Fig. 4.8(a) for variable tp when Ip = 1 mA (at
tdelay = 0). Best fits to the ILP theory [14] overlay the data in Fig. 4.8(a) in red and indicate
that the theory excellently captures the WAL in the Bi(111) surface states and will allow
reliable extraction of values for τSO and τϕ. The widening of the minimum in −∆σ2(B⊥) is
illustrated in Fig. 4.8(b) where the black trace represents −∆σ2(B⊥) before DNP and the
blue trace after DNP with tp = 60 min and Ip = 1 mA (at tdelay = 0).

The dependences of τSO and τϕ on tp at fixed Ip = 1 mA with tdelay = 0 are presented in
Fig. 4.9(a)-(b). The value of τSO increases with increasing tp (Fig. 4.9(a)), indicative of
the influence of the in-plane BOH . A phenomenological understanding was presented above.
Theoretical studies of the combined influence of SOI and B∥ on an inhomogeneous interfacial
spin distribution [191] show that even a weak B∥ results in a decrease of the spin density
proportional to 1/(2πDτSO), relating an increase in τSO to the influence of B∥ = BOH .
Figure 4.9(b) shows a decrease of τϕ with increasing tp, and similar to Fig. 4.9(a) manifests a
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Figure 4.9: (a) Spin-orbit decoherence times τSO and (b) quantum phase decoherence times
τϕ at T = 0.39 K and Ip = 1 mA, vs DNP duration tp (tdelay = 0). Data without DNP stand
in for tp = 0.

saturation at higher tp. The decrease of τϕ with increasing tp is indicative of the interplay of
the effective Zeeman energy and SOI [124, 125], predicted to result in a quadratic dependence
of τϕ on B∥ [125]:

τϕ(B∥)

τϕ(B∥ = 0)
=

1

1 + cB2
∥
, (4.5)

where c = τϕ(B∥ = 0)τSO(B∥ = 0)(g∗∥µB/h̄)
2. The estimated average value of BOH = B∥ can

be calculated from the data using Eq. (4.5). Figure 4.10 shows the average BOH calculated
from τϕ in Figure 4.9(b). Since the WAL measurement (sweeping over B⊥ ∼ 0.2 T after
removing Ip and waiting tdelay) spans ∼ 15 min, by estimated average BOH is meant the
value after averaging over these ∼ 15 min. Current spreading between the current contacts
over the sample geometry during DNP will likely lead to non-uniform DNP, and BOH hence
encompasses spatial averaging as well. To minimize handling of the data, the averaging
effects are not accounted for in Figure 4.10 but should be kept in mind. In Figure 4.10 the
average BOH increases with increasing tp, and saturates at about 13 mT. An exponential fit
showed that the increase towards saturation occurs with a characteristic time T1e = 6 ... 11
min, with T1e characterizing the expected nuclear spin alignment by DNP [142].
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Figure 4.10: Overhauser field BOH at T = 0.39 K and Ip = 1 mA, vs DNP duration tp
(tdelay = 0). Data without DNP stand in for tp = 0. The black dotted line is a guide to the
eye.

4.6.2 Effective Hyperfine Fields

The nonequilibrium nuclear spin polarization (NP) in this work, and hence the effective
nuclear Overhauser magnetic field BOH experienced by the electrons, result from the genera-
tion of a nonequilibrium electron spin polarization. Yet for dynamic nuclear spin polarization
(DNP) to occur, the dipole-dipole interaction field BL between neighboring nuclei needs to
be overcome (BL is typically a fraction of mT). Unless overcome by a nuclear Zeeman en-
ergy, this interaction will lead to a rapid relaxation of the nonequilibrium nuclear spin, with
a relaxation time T2 ∼ 0.1 ms [139, 141, 142]. The characteristic time for development
of the NP by hyperfine interaction with electrons is denoted T1e. Since T1e ≫ T2, the
NP can be ignored unless BL responsible for the T2 relaxation is overcome by an actual or
effective magnetic field Beff experienced by the nuclei, requiring Beff ≫ BL [139, 141, 142].
Further, given Beff , the nuclear spin system is effectively isolated from the lattice because
the nuclear spin-lattice relaxation is characterized by a time T1 ≫ T2 (the isolation of the
nuclear spin system from the lattice allows the definition of a nuclear spin temperature, as
distinct from lattice temperature or electron temperature) [142]. The average nuclear spin
after polarization is given by Iav:
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Iav = IBI(x),

x = Iln[(
1 + 2Sav

1− 2Sav

)(
1 + 2Sth

1− 2Sth

)],

Sth =
1

2
tanh(

µBg∥B

2kBT
),

(4.6)

where I = 9/2 is the Bi nuclear spin, and BI(x) is the Brillouin function for I [142]. Sav is
the average electron spin after electron spin polarization, Sth is the equilibrium value of the
average electron spin at B = BOH and temperature T , µB is the Bohr magneton and g∥ the
in-plane g-factor (g∥ ≈ 33 for Bi(111) surface states [188]). Sav is limited by Sth < Sav <

1
2
.

At the value BOH = 13 mT obtained from the experiments and at T = 0.39 K, we find Sth

= 0.177. Iav is colinear with Sav. We note that for the limits Sav → Sth we have Iav → 0,
and for Sav → 1

2
we have Iav → I = 9/2.

An estimate of BL can be obtained [142] from the dipole expression BL = µ0µI

4πa3
, where µI

denotes the nuclear magnetic moment with µI = IµN (with µN the nuclear magneton and I
= 9/2), a denotes the interatomic distance in Bi and µ0 the permeability of vacuum. Using
a ≈ aBi = 454 pm, the bulk lattice constant of Bi in a plane normal to the trigonal axis, we
find BL ≈ 0.024 mT.

The hyperfine interaction is experienced by the electrons as an in-plane BOH yielding an
effective Zeeman energy, described by g∥µBBOH = AIav , where A denotes the hyperfine
coupling constant [130, 143]. The field BOH is colinear with Iav. In case of Fermi contact
interaction, A can be expressed as [142]:

A =
4

3
µNµBµ0ηN, (4.7)

where η denotes the squared Bloch wave function amplitude at the site of the nucleus and N
the volume density of nuclei in the material. In Bi, experiments have concluded A ≈ 6.1 µeV
... 27 µeV [130, 145, 146, 150]. We note that η can be large (η ≈ 103 ... 2× 104) because the
electron density has a sharp maximum at the nucleus. In Bi, N = 2.82 × 1027 nuclei/m3.
For A ≈ 6.1 µeV ... 27 µeV we find η ≈ 4.41 × 103 ... 1.95 × 104, within the range of
expectations. We rewrite:

BOH =
AIav
g∥µB

=
4µNµ0ηNIav

3g∥
. (4.8)

Similarly, spin-polarized electrons result, via hyperfine interaction, in an in-plane magnetic
field Be experienced by the nuclei expressed as [142]:

Be = −4

3
µBµ0ηneSav, (4.9)
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where ne denotes the electron density (here estimated for the Bi(111) surface states). We
hence have:

Be =
ASavne

µNN
, (4.10)

which can be compared to Eq. (4.8). The field Be is colinear with Sav. Hence, Sav, Iav, BOH
and Be are all colinear. It was found experimentally that if the field Be generated by spin-
polarized electrons is sufficiently large, then Be functions as a Beff surmounting dephasing
by BL, and allows for DNP [142]. In experiments on semiconductors, where the carrier
density is low, typically we have ne/N ≪ 1, and the effect of Be is negligible (Be < BL). In
semiconductors, application of a small external magnetic field is hence necessary to obtain
NP [139, 140, 141, 142]. However, in semimetals such as Bi, carrier densities are substantially
higher and ne/N is larger. As we will see, this results in Be ≫ BL, allowing DNP to
occur. The areal electron surface state density NS = 1.95× 1015 m−2, as determined from
magnetotransport at temperature T = 0.39 K. Assuming the surface states are localized in
the top Bi bilayer (an approximation) of thickness 0.39 nm, we obtain ne ≈ 5.00×1024 m−3.
This yields ne/N ≈ 1.8× 10−3.

Values for Iav, BOH and Be depend on values for A and/or Sav. A is only known within
a range from the literature, while Sav is in the experiment not independently determined.
The interaction between the spin-polarized electron current and the nuclei is also subject to
nonuniformity due to current spreading. Yet, we show below that the ranges 6.1 µeV < A <
27 µeV and Sth < Sav < 1

2
yield BOH values compatible with BOH ≈ 13 mT obtained in the

experiments, and that Be ≫ BL ≈ 0.024 mT in all cases. Figure 4.11(a) shows BOH plotted
vs Sav (Sth = 0.177 < Sav < 0.40) for A = 6.1 µeV and A = 27 µeV, with Sth = 0.177, where
the level BOH = 13 mT is indicated. Figure 4.11(b) shows Be plotted vs Sav (Sth = 0.177 <
Sav < 0.4 ) for A = 6.1 µeV and A = 27 µeV.

Figures 4.11(a) and (b) show that at A = 6.1 µeV, we have BOH = 13 mT for Sav = 0.37,
yielding Be = 0.129 T. At A = 27 µeV, we have BOH = 13 mT for Sav = 0.20, yielding Be

= 0.305 T. Both values for Sav are realistic, and in both cases Be ≫ BL ≈ 0.024 mT. In
Figure 4.12(a) we have plotted Be vs A assuming Sth = 0.177 and BOH = 13 mT, showing
that all values of A result in Be ≫ BL.

The calculations hence show that in the experiments the field Be generated by spin-polarized
electrons is amply sufficiently large to surmount dephasing by BL, and to allow for DNP.
The observed BOH = 13 mT is also consistent with the present knowledge of A in Bi.

As a test, we performed DNP measurements with an external in-plane magnetic field B∥
applied during the nuclear polarization, with B∥ = 0.1 T and 1.0 T (B∥ ≈ Be while B∥ ≫ BL).
B∥ was applied in-plane and normal to the average current density direction of Ip, hence
colinear with the expected Sav, Iav, BOH and Be. The in-plane field measurements were
performed at T = 1.30 K, the lowest T in the system allowing in-plane fields, and are depicted
in Figure 4.12(b). The figure contains the antilocalization (AL) magnetoresistance (MR,
negative of conductivity correction ∆σ2) plotted as –∆σ2(B⊥) vs B⊥, where B⊥ denotes the
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Figure 4.11: (a) Calculated BOH vs Sav for A = 6.1 µeV (blue) and A = 27 µeV (red), with
BOH = 13 mT indicated as a black line. At A = 6.1 µeV, BOH = 13 mT is reached at Sav

= 0.37. At A = 27 µeV, BOH = 13 mT is reached at Sav = 0.20, as indicated by the black
arrows. (b) Calculated Be vs Sav for A = 6.1 µeV (blue) and A = 27 µeV (red). At A = 6.1
µeV, Sav = 0.37 yields Be = 0.129 T. At A = 27 µeV, Sav = 0.20 yields Be = 0.305 T. In
both cases, Be ≫ BL.

Figure 4.12: (a) Calculated Be vs A for A = 6.1 µeV to 27 µeV assuming BOH = 13 mT. All
values of A in this range result in Be ≫ BL. (b) 2D conductivity corrections due to WAL
at T = 1.30 K and at low B⊥, under B∥ = 0, 0.1 T and 1.0 T. The black trace was obtained
before DNP, the other traces after DNP with tp = 60 min and Ip = 1 mA. Traces are offset
for zero conductivity correction at B⊥ = 0 for ease of comparison. The red traces indicate
fits to WAL theory.
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magnetic applied normally to the surface. Figure 4.12(b) contains a comparison MR trace
where no DNP was performed, three MR traces with DNP under Ip = 1 mA applied for tp =
60 min, and two data fits. The salient point is that no viable difference was detected between
the MR traces with DNP for B∥ =0, B∥ = 0.1 T and B∥ = 1.0 T. The identical data fitting
to these three traces bears this out. The MR traces with DNP however differ from the MR
trace (and data fits) without DNP, in the expected manner. Hence, application of B∥ does
not change the DNP process. The reason lies in the fact that the nuclear spin relaxation
due to BL is already amply suppressed by Be ≫ BL and hence application of B∥ does not
measurably add additional suppression.

Although the data in Figure 4.12(b) was obtained at T = 1.30 K, for completeness we
mention the results of the WAL data fit under DNP: τϕ = 0.118 ns, τSO = 1.35 ps, BOH

= 12.65 mT. We note that the lower value of BOH at T = 1.30 K is influenced by the
thermal broadening of the WAL MR at higher T , expressed in a lowering of τϕ for rising
T as expected, and hence should not be interpreted as a drop in BOH with rising T . The
characterization of DNP by the WAL method requires low T so that the thermal lowering
of τϕ does not obscure the lowering of τϕ due to BOH .

4.6.3 Dependence on Ip and Conversion Efficiency

The in-plane Overhauser field BOH shows a dependence on the DC polarization current Ip,
as we show in this section. DNP experiments were performed with Ip = 0.5 mA, 1 mA,
and 1.5 mA at fixed polarization duration tp = 60 min, at T = 0.39 K. Ip ≥ 2 mA was not
used, because with Ip = 2 mA a momentary small rise of T by about 10 mK was observed
for about 20 s after applying Ip, and hence it could not be fully ascertained that sample
heating was negligible. Figure 4.13 depicts WAL MR (negative of conductivity correction
∆σ2) plotted as –∆σ2(B⊥) vs B⊥, where B⊥ denotes the magnetic applied normally to the
surface, parametrized in Ip = 0 mA, 0.5 mA, 1 mA, and 1.5 mA (tp = 60 min and T =
0.39 K). The data at Ip = 0 mA denotes a measurement without DNP. Best fits to the ILP
theory [14] are indicated as red lines and allow reliable extraction of values for τSO and τϕ.

The dependences of τSO and τϕ on Ip at T = 0.39 K are presented in Fig. 4.14. The value of
τSO increases sublinearly with increasing Ip, while the value of τϕ decreases with increasing
Ip. Both are due to increased influence of BOH after using higher Ip. The decrease in τϕ is
directly linked to higher BOH with higher Ip.

The estimated average value of BOH was calculated from τϕ using Eq. (4.5), and plotted
vs Ip in Fig. 4.15. BOH increases sublinearly with Ip but does not saturate for Ip ≤ 1.5
mA. The results in Fig. 4.15 are consistent with increasing Ip leading to increasing nuclear
polarization, as expected. Figure 4.15 shows that BOH vs Ip strongly resembles a Brillouin
function shape, which can be understood from the discussion in section 4.6.2.

We denoted Sav the average electron spin polarization due to the Edelstein effect (sec-
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Figure 4.13: 2D conductivity corrections vs B⊥ due to WAL, parameterized in Ip = 0 mA,
0.5 mA, 1 mA, and 1.5 mA (tp = 60 min and T = 0.39 K). The black trace at Ip = 0 mA
denotes a measurement without DNP. The red traces indicate fits to WAL theory.

Figure 4.14: (a) Spin-orbit decoherence times τSO and (b) quantum phase decoherence times
τϕ extracted from WAL (tp = 60 min and T = 0.39 K), plotted vs different polarization
currents Ip. The data without DNP is indicated as Ip = 0.
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Figure 4.15: Overhauser field BOH plotted vs different polarization currents Ip (tp = 60 min
and T = 0.39 K). The data without DNP is indicated as Ip = 0.

tion 4.6.2). Sav is due to charge-current to spin conversion via the Edelstein effect and Sav

is expected to depend linearly on Ip with a proportionality constant describing the charge-
current to spin conversion efficiency, Sav = αIp. Then, since BOH vs Sav follows a Brillouin
function, it is expected that BOH vs Ip also follows a Brillouin function. However, a qualita-
tive predictive model linking BOH and Ip depends on either knowledge of a specific value for
the hyperfine constant A or of the proportionality constant α. The latter will in our samples
not only depend on the intrinsic charge-current to spin conversion efficiency of the Edelstein
effect, but will also depend on sample geometry due to current spreading. As explained,
the calculated BOH reflects a spatial averaging due to current spreading over the sample
geometry between the two current contacts, which likely results in non-uniform DNP. The
hyperfine constant A is from the literature only known within a range, A ≈ 6.1 µeV ... 27
µeV [130, 145, 146, 150]. For every given BOH (given Ip) we can calculate a range of Sav

depending on A. From this range of Sav we can then also only obtain a range of α and not
a specific value. Given the uncertainty in A and the spatially non-uniform DNP, a precise
analysis of charge-current to spin conversion efficiency and of α would be conjectural. Yet,
the resemblance to the expected Brillouin function shows a strong consistency between the
theoretical expectations and our results.
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Figure 4.16: 2D conductivity corrections vs B⊥ due to WAL, parametrized in the delay time
tdelay = 15 min, 20 min, 30 min and 40 min (Ip = 1 mA, tp = 60 min and T = 0.39 K).
The black trace labeled tdelay → ∞ denotes a measurement without DNP. The red traces
indicate fits to WAL theory.

4.6.4 Dependence on tdelay

Experiments were also performed with different delay times tdelay, from 15 to 40 min, inserted
between removing Ip and performing the WAL measurement, to characterize the decay in
BOH and estimate T1. Figure 4.16 contains the antilocalization magnetoresistance as the
negative of the 2D conductivity correction ∆σ2 plotted as –∆σ2(B⊥) vs B⊥, with B⊥ the
magnetic applied normally to the surface, parameterized in the delay time tdelay = 15 min,
20 min, 30 min and 40 min. The data labeled tdelay → ∞ denotes a measurement without
DNP (returning to a state where nuclear polarization has decayed). The data was obtained
at Ip = 1 mA, tp = 60 min and T = 0.39 K. Best fits to the ILP theory [14] are indicated as
red lines and allow for determination of values for τSO and τϕ.

Figure 4.17(a)-(b) depicts the dependences of τSO and τϕ on tdelay at Ip = 1 mA and tp =
60 min. With increasing tdelay, τSO decreases and τϕ increases to their values without DNP,
consistent with a decay in BOH . In Fig. 4.18, the average BOH decays exponentially with
increasing tdelay, with spin-lattice relaxation time T1 = 11.4 min. The value T1 = 11.4 min
is of the order of expected values [185, 186].
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Figure 4.17: (a) Spin-orbit decoherence times τSO and (b) quantum phase decoherence times
τϕ at T = 0.39 K, tp = 60 min and Ip = 1 mA, vs tdelay. Data without DNP stand in for
tdelay → ∞ (green circles).

Figure 4.18: Overhauser field BOH at T = 0.39 K, tp = 60 min and Ip = 1 mA, vs tdelay.
Data without DNP stand in for tdelay → ∞ (green circle). The red line is an exponential fit
yielding T1 = 11.4 min.
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4.7 Conclusion

In conclusion, Bi(111) thin films were deposited by van der Waals epitaxy on mica substrates.
Using antilocalization quantum-coherent transport measurements on the Bi(111) surface
states to detect in-plane magnetic fields, quantitative evidence was obtained for a transfer of
carrier spin polarization to Bi nuclear spin polarization by hyperfine interaction. The carrier
spin polarization was obtained via the Edelstein effect in the Bi(111) surface states.

Through the experiments and theoretical calculations, we concluded that the in-plane mag-
netic field BOH depends on the average nuclear spin Iav after NP, as BOH = AIav/(g

∗
∥µB)

[142, 192], and Iav follows a Brillouin function in the average carrier spin Sav after CP [142].
Using values of A = 6.1 µeV to 27 µeV [130, 145, 146, 150] we find that BOH = 13 mT is
reached for Sav = 0.37 if A = 6.1 µeV and for Sav = 0.20 if A = 27 µeV . Since we do not
expect full NP (Sav = 1

2
) and BOH involves averages described above, the saturation value

of 13 mT is consistent with the knowledge of A in Bi and with plausible values of Sav. For
BOH = 13 mT and in this range of A it is calculated that Be ≫ BL, consistent with the
observation of DNP without external magnetic field. Also, the dependence of BOH on Ip
strongly resembles the expected Brillouin function, strengthening the consistency between
expectations and data. The saturation value BOH = 13 mT and the dependences on tp, tdelay
and Ip firmly suggest that the CP due to the Edelstein effect was transferred by HI to the Bi
nuclei, demonstrating Edelstein-induced DNP and its measurement by quantum transport.

The experiments verify the existence of Edelstein-induced dynamic nuclear polarization, in
an example of interaction between spin-orbit interaction and hyperfine interaction via the
nuclear spin bath, with possible applications in nuclear spintronics and to polarize nuclei
to mitigate spin decoherence via HI in quantum devices. The experiments also show that
antilocalization forms a sensitive probe for hyperfine interaction and nuclear polarization.



Chapter 5

Other Published Work

This chapter lists other published work.

5.1 Current-induced Spin–orbit Field in Permalloy In-
terfaced with Ultrathin Ti and Cu

Abstract [193]: How spin–orbit torques emerge from materials with weak spin–orbit cou-
pling (e.g., light metals) is an open question in spintronics. Here, we report on a field-like
spin–orbit torque (i.e., in-plane spin–orbit field transverse to the current axis) in SiO2-
sandwiched Permalloy (Py), with the top Py-SiO2 interface incorporating ultrathin Ti or
Cu. In both SiO2/Py/Ti/SiO2 and SiO2/Py/Cu/SiO2, this spin–orbit field opposes the
classical Oersted field. While the magnitude of the spin–orbit field is at least a factor of
3 greater than the Oersted field, we do not observe evidence for a significant damping-like
torque in SiO2/Py/Ti/SiO2 or SiO2/Py/Cu/SiO2. Our findings point to contributions from
a Rashba-Edelstein effect or spin–orbit precession at the (Ti, Cu)-inserted interface.

Our contribution: In this paper we performed a two-layer photolithography process to pat-
tern the samples. The first layer photolithography was carried out by us on a Si(001)
wafer, the pattern being depicted in Figure 5.1 in purple. Then after the deposition of
SiO2/Py/Ti/SiO2 or SiO2/Py/Cu/SiO2, a lift-off procedure was performed. We then carried
out the second layer photolithography, with a pattern shown in Figure 5.1 in green. The
purpose of the second layer is to pattern the contact pads. We deposited Cr/Au on the
second layer as contacts, with the Au thickness ∼ 100 nm.

5.2 Conductivitylike Gilbert Damping due to Intra-
band Scattering in Epitaxial Iron

Abstract [194]: Confirming the origin of Gilbert damping by experiment has remained a
challenge for many decades, even for simple ferromagnetic metals. Here, we experimentally
identify Gilbert damping that increases with decreasing electronic scattering in epitaxial thin
films of pure Fe. This observation of conductivitylike damping, which cannot be accounted
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Figure 5.1: Two-layer photolithography pattern. The purple layer is the magnetic thin film
layer, the green layer is the contact pads layer.
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for by classical eddy-current loss, is in excellent quantitative agreement with theoretical
predictions of Gilbert damping due to intraband scattering. Our results resolve the long-
standing question about a fundamental damping mechanism and offer hints for engineering
lowloss magnetic metals for cryogenic spintronics and quantum devices.

Our contribution: In this paper we performed four-point measurements in a van der Pauw
configuration on MAO/Fe and MgO/Fe samples while cooling down from room temperature
to about 4 K, from which the electrical resistivity was measured and calculated.

5.3 Magnetic Damping in Epitaxial Iron Alloyed with
Vanadium and Aluminum

Abstract [195]: To develop low-moment, low-damping metallic ferromagnets for power-
efficient spintronic devices, it is crucial to understand how magnetic relaxation is impacted
by the addition of nonmagnetic elements. Here, we compare magnetic relaxation in epitaxial
Fe films alloyed with light, nonmagnetic elements of V and Al. Fe-V alloys exhibit lower
intrinsic damping compared with that of pure Fe, reduced by nearly a factor of 2, whereas
damping in Fe-Al alloys increases with Al content. Our experimental and computational re-
sults indicate that reducing the density of states at the Fermi level, rather than the average
atomic number, has a more significant impact on lowering damping in Fe alloyed with light
elements. Moreover, Fe-V is confirmed to exhibit an intrinsic Gilbert damping parameter of
about 0.001, which is among the lowest ever reported for ferromagnetic metals.

Our contribution: In this paper we performed four-point measurements in a van der Pauw
configuration on Fe-V and Fe-Al alloys while cooling them down from room temperature to
about 4 K, from which the electrical resistivity was measured and calculated.

5.4 Element-Specific Detection of Sub-Nanosecond Spin-
Transfer Torque in a Nanomagnet Ensemble

Abstract [196]: Spin currents can exert spin-transfer torques on magnetic systems even in
the limit of vanishingly small net magnetization, as recently shown for antiferromagnets.
Here, we experimentally show that a spin-transfer torque is operative in a macroscopic
ensemble of weakly interacting, randomly magnetized Co nanomagnets. We employ element-
and time-resolved X-ray ferromagnetic resonance (XFMR) spectroscopy to directly detect
subnanosecond dynamics of the Co nanomagnets, excited into precession with cone angle
�0.003° by an oscillating spin current. XFMR measurements reveal that as the net moment
of the ensemble decreases, the strength of the spin-transfer torque increases relative to those
of magnetic field torques. Our findings point to spin-transfer torque as an effective way to
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manipulate the state of nanomagnet ensembles at subnanosecond time scales.

Our contribution: In this paper we performed four-point measurements in a van der Pauw
configuration on CoCu and NiFe/Cu/CoCu samples while cooling down from room temper-
ature to about 4 K, from which the electrical resistivity was measured and calculated.
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Appendix A

Improved Bi Deposition System

Before our group started to fabricate Bi films on mica and Si(111), we used to grow it on
SiO2, and the highest sample temperature needed for this process was 250 ◦C. To grow Bi
on Si(111) which needs up to 1200 ◦C sample temperature (to flash off the SiO2 layer and to
prepare the Si(111)-7×7 reconstruction), an upgrade to the functionality of the temperature
control system was needed, as well as a new Bi growth stage capable of stable temperature
control up to 1250 ◦C in UHV conditions, as shown in Figure A.1(a). The UHV button
heater is inside a custom-built stain steel holder, to connect the heater stage with the flange,
an intermediate ring was designed for the heater lead and thermocouple. To isolate the
heater lead without touching the holder, we used ceramic beads fitted around the heater
wire, as shown in Figure A.1(b).

We describe how to operate the Bi deposition system below.

• Make sure the system is vented. Remove the sample stage flange bolts and nuts.
Carefully and vertically lift the sample stage flange and cover the opening with clean
cloth to avoid dust.

• While holding the whole flange upside down, place the sample on the surface of the
button heater and tighten it with the clip (if a shadow mask is needed, fully cover
the sample with the mask, and tighten them with the clip). Try to avoid adjusting the
screws on the button heater holder and the intermediate ring. Flip the flange to make
sure the sample is stable and won’t drop off. Check the thermocouple and the heater
lead, certify that they are connected properly and not shorted.

• Use a flash light to check if the Bi source in the chamber is sufficient for evaporation.
To supply more Bi source, disassemble chamber by pulling out the source boat flange
(charger side with two black cables) and place Bi nuggets into the boat with a pair of
tweezers, in the meanwhile replacing the copper gasket.

• Insert the flange back onto the chamber, mark which lead is the positive heater lead
and tighten the nuts/bolts symmetrically.

• Check to see if the quartz balance monitor is functional, then turn it off.

• Turn on the rotary pump, when the pressure gauge shows below 10 milliTorr, turn
on the turbomolecular pump through the panel (If the pressure does not reach 10
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Figure A.1: (a)Specialized Bi growth stage capable of accepting 1“ � substrates and capable
of stable temperature control up to 1250 ◦C in UHV environment. (b) UHV button heater
with ceramic beads around the heater wire.

milliTorr, do not turn on the turbomolecular pump, check where the leak is). Wait
for about 5 min until the turbomolecular pump starts running. The pressure should
decrease rapidly to around 10−6 Torr range, until the turbomolecular pump speed is
steady and maximal. Check for leaks if the pressure doesn’t behave as expected.

• Bake the chamber by turning on the chamber ribbon heater voltage to 135 V. Slowly
turn on the sample stage heater to a certain current value to anneal the substrates:

– If the substrate is mica, the value is around 2.2 A, and the temperature should
reach 250 ◦C. Bake out the substrate for 24 hours before slowly turning off the
sample stage heater and the chamber heater.

– If the substrate is Si(111), the certain value is around 3.5 A, and the temperature
should reach 600 ◦C. Do not turn on the sample stage heater until after baking
the chamber for at least 19 hours. After annealing Si(111) for 5 hours, slowly
turn the sample stage heater to 8 A. Once the sample temperature reaches 1150
◦C, turn the sample heater back to 7 A to flash-heat Si(111) for 2 min. Turn the
sample heater to about 5 A, wait until the substrate temperature drops to 900
◦C. From 900 ◦C to room temperature, the temperature dropping rate should be
< 2 ◦C, so slowly turn off the sample heater. It is safe to fully turn off the sample
heater when the substrate temperature decreases to around 500 ◦C. Meanwhile
turn off the chamber heater.

While the substrate is at its annealing temperature (e.g., 250 ◦C for mica, 600 ◦C
for Si(111)), rotate the shutter to cover only the sample stage while leave the quartz
balance exposed to Bi evaporant. Turn off the chamber heater (to avoid tripping the
fuse), and slowly turn on the source heater to about 60-70 V. Evaporate around 10-15
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nm thick Bi to outgas the source. Slowly turn off the source heater, and turn on
the chamber heater again to 135 V. By covering only the sample, not only can we
safely clean the source, also we can stabilize the growth rate before deposition on the
substrates. When the shutter is set to 20◦, both the sample and the quartz balance
are shielded; at 0◦, the sample is protected, while the quartz balance is exposed; and
at 330◦, both the sample stage and the quartz balance are exposed.

• Let the system pump with all heaters off to cool down the substrate until room tem-
perature, and the pressure will drop to 10−9 Torr range.

• Move the shutter to expose both the substrate and the quartz balance. Slowly turn on
the source heater to about 63 V to evaporate Bi on the substrate. Wait for the desired
thickness.

• Stop the Bi film evaporation and start annealing process. Heat up the sample to about
90-100 ◦C (about 1.5 A shown on the sample stage heater) and anneal for an hour.

• Once the temperature of the sample stage reaches below 50 ◦C, vent the chamber.
The two cylinder valves and the manual valve on the system need to be opened. Turn
off the turbomolecular pump, wait for about 10 min until the electronically-controlled
valve is opened by the system, then turn off the rotary pump. When the yellow light
on the turbomolecular pump stops flashing, close all three valves.
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