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Abstract

This thesis is based on two low temperature experiments in spintronics —
physics and engineering of electronic spins. The measurements were per-
formed on a GaAs/AlGaAs two-dimensional electron gas with geometries
defined by tunable surface gates.

The first experiment is about detection of electrons in a quantum dot.
A quantum point contact (QPC) and a quantum wire (QW) is coupled to
a single-lead few-electron quantum dot. By measuring the conductance of
the QPC and the QW, one can gain information on the average number of
electrons in the dot as well as energy-level structure of the dot.

The second experiment investigates anisotropy of spin-orbit interaction
in GaAs/AlGaAs heterostructure by measuring spin polarization in a narrow
channel. Polarized electrons are injected into the channel through a spin-
selective injector QPC and diffuse towards the end of the channel. This
diffusion generates a pure spin current and the spin polarization 25um away
is measured by a detector QPC. A periodic spin-orbit field induced by mo-
tion of the electrons in the channel causes the spins to resonate with external
magnetic field. Spin-orbit anisotropy is demonstrated by the different reso-

nance strength observed in channels aligned along two different crystal axes.
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Chapter 1

Introduction

This thesis explores two important phenomena found in semiconductor-
based spintronic devices: charge sensing with a quantum point contact
(QPC) and spin relaxation due to spin-orbit interaction. Spintronics — the
study of physical mechanisms related to spins, is essential to achieving better
control on them. With deeper understanding on how to manipulate spins,
we can build more sophisticated electronic devices. Examples of discoveries
that have led to practical spintronic devices are the giant magnetoresistance
(GMR) [1-3] and tunnel magnetoresistance (TMR) [4, 5]. These devices
made huge impact on computer technology by enabling denser storage of in-
formation in hard drives and faster reading of data in random access mem-
ories. Continuous research into application possibilities of any spintronic
effects is therefore beneficial to realizing more advanced electronics.

All the experiments described in this thesis are performed at a low tem-
perature of a few hundreds to a few tens of Kelvin. At these temperatures,
thermal broadening of the Fermi surface is small enough so that it is pos-
sible to distinguish between the two electronic spin states. In addition, a
charge sensing QPC is only sensitive in the tunneling regime which can only
be reached if the thermal energy is smaller than that of the tunnel barrier.
Details about QPC are given in chapter 2.

After this introduction, the rest of the thesis is divided into five chapters.
Chapter 2 gives an introduction to the semiconductor heterostructure which
our spintronic devices are based on, and discusses how devices are imple-
mented. The end of the chapter presents a basic picture on two fundamental
spintronics building blocks: QPC and quantum dot. Chapter 3 describes the
experiment setup for low temperature measurements. Results of the exper-

iment on detection of electrons in a few-electron quantum dot are shown



Chapter 1. Introduction

in chapter 4. Lastly, chapter 5 summarizes the measurements to determine
spin-orbit anisotropy. Appendix A lists the fabrication procedures for the

devices used in the experiments.



Chapter 2

Two-dimensional electron

gas devices

2.1 Semiconductor heterostructure

The spintronic devices described in this thesis are built on a two-dimensional
electron gas (2DEG) formed at the interface of a GaAs/Aly3Gag 7As semi-
conductor heterostructure. Compared to other 2D electronic system, this
2DEG offers a larger Fermi wavelength that is comparable to the small-
est device size achievable and a much higher mobility. These advantages
facilitate the studies of quantum transports in nanostructures. The het-
erostructure used in the experiments is named D041008B and was grown
by Werner Wegscheider in University of Regensburg using molecular beam
epitaxy (MBE).

The different semiconductor layers of the GaAs/AlGaAs heterostrucu-
ture are shown in Fig. 2.1. A 75nm layer of AlGaAs is grown epitaxially
on a GaAs substrate followed by a 15nm layer of Si n-doped AlGaAs and
another 14nm of undoped AlGaAs. A 5nm GaAs cap is then placed on top
to prevent oxidation of the surface. Due to the electric field from the posi-
tively charged donors in AlGaAs and the bandgap difference of about 0.3eV
between GaAs and AlGaAs, a triangular potential well is formed at the
interface. The potential confinement in the direction perpendicular to the
interface creates two-dimensional electronic subbands. At low temperature,
only the lowest subband falls below the Fermi energy and becomes popu-
lated. As a result, electrons are only allowed to move in a two-dimensional

plane, leading to a 2DEG lying 110nm below the surface.



2.1. Semiconductor heterostructure

For D041008B, the measured mobility u is about 4.44 x 105e¢m?/V s [6]
which is two orders of magnitude higher than that of 2DEG in Si inversion
layer [7]. With an electron density of ny = 1.11 x 10 em ™2 at 1.5K, the
mean free path can be as long as 20pm [8]. This high mobility stems from
the almost identical lattice structure between GaAs and AlGaAs and the
large distance between the dopant layer and the interface which helps to

reduce scattering from the interface defects and the charged donors.
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Figure 2.1: Schematic cross-sectional view of GaAs/AlGaAs heterostruc-
ture and its band diagram. The heterostructure is constructed by growing
doped AlGaAs on a GaAs substrate and then capped with a thin layer of
GaAs. The AlGaAs is doped with n-type Si donors at a distance of 75nm
from the GaAs/AlGaAs interface where a triangular potential well is formed
(shown on the right side). At low temperature, electrons occupy the low-
est energy level of the well and the 2DEG is formed. Annealed Ni/Au/Ge
ohmic contacts provide electrical connections to the 2DEG and Cr/Au gates
control its density capacitively.



2.2.  Ohmic contacts and electrostatic gates

2.2 Ohmic contacts and electrostatic gates

To make direct electrical connection to the 2DEG, ohmic contacts made
of metal composite of Ni, Ge and Au are deposited on the surface of the
heterostructure lithographically. The contacts are then thermally annealed
so that the metals diffuse down to the 2DEG and make contact with it. By
applying a voltage bias on the ohmics, Fermi energy of the 2DEG can be
changed and electrons can be directed from one place to another. Typical
resistance of ohmic contacts is in the order of k(2.

To control density of electrons in the 2DEG, metallic gates of Au and Cr
are lithographically patterned on top of the heterostructure. By applying
more negative voltage on the gates compared to the 2DEG, regions of the
2DEG directly underneath the gates can be depleted. Electron potential
with various shapes and sizes can thus be defined by biasing multiple gates
that were deposited in a carefully designed pattern. Details on fabrication

of ohmic and gate contacts can be found in Appendix A.

2.3 Quantum point contact

A quantum point contact is the simplest device that manifests quantum
mechanical properties of nanostructures. A QPC is a short and narrow con-
striction formed on a 2DEG with a width comparable to the Fermi wave-
length (about 75nm for D041008B). Experimentally, it is implemented by a
split gate placed between two ohmic contacts that serve as the source and
drain (Fig. 2.2a). When the constriction is narrowed by applying a negative
voltage on the gate (Vyaze), the number of 1D transport modes through the
QPC decreases in whole integers. Since each mode contributes 2e%/h to
the conductance of the QPC, the measured conductance (G) drops in steps
of 2e2/h ~ (12.9kQ)~! with a more negative gate voltage (Fig. 2.2b). In
high magnetic field, each mode is no longer spin degenerate and the conduc-
tance becomes quantized in units of e?/h [9]. More in-depth discussions on

transport through narrow conductors can be found in [7] and [10].
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Figure 2.2: a) Scanning electron micrograph (SEM) of a QPC and circuit
setup for conductance measurement. The dark area shows the heterostruc-
ture surface and bright area is the QPC split gate structure fabricated with
electron beam patterning and surface deposition of Cr/Au. b) Conductance
G across a QPC drops in steps of 2e2/h as a negative voltage is applied
to the QPC gate. The conductance has been corrected due to background
resistance of the 2DEG. Edge of the steps is rounded due to thermal aver-

aging.

2.4 Quantum dot and Coulomb blockade

Another important building block of spintronic devices is quantum dot. A
quantum dot is a small confined area of electrons in which the energy levels
are quantized. In our experiments, a quantum dot is defined by multiple
surface gates that electrostatically deplete the 2DEG regions surrounding
the dot. Typically, a quantum dot is coupled to a source and drain reservoir
via QPCs and its size is controlled by another gate electrode V,, also called
plunger gate (Fig. 2.3a). If both QPC junctions are tuned to a conductance
smaller than 2¢2/h, electrons move into and out of the dot via tunneling and
the number of electrons N inside the dot in equilibrium remains an integer.
To add or remove an electron charge (e) from the dot, a charging energy of
Ec = €%/C is required, where C' is the capacitance of the dot.

When the thermal energy kpT' is much smaller than the charging energy
and the level spacing A of the dot, transport through the dot can only take
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place when a charge tunnel onto and off the dot via a single energy level
(Fig. 2.4a). If none of the dot levels lies between the Fermi energies of the
source and drain, tunneling through the dot is not energetically allowed
and no current passes through (Fig. 2.4b). This blocking of current passage
is called Coulomb blockade. Through the capacitive coupling of the gate
Vy (Fig. 2.3b), chemical potential of the dot can be shifted in a continuous
manner. Consequently, as the gate voltage is scanned at a fixed source-drain
voltage, conductance peaks spaced at a regular interval can be observed
(Fig. 2.4c). These periodic peaks are the Coulomb oscillations and they
correspond to the opening of a conductive path through the dot whenever
an energy level is lined up to the source and drain chemical potential.

For a 100nm by 100nm dot, the charging energy is about 4meV and
the level spacing is around 30peV or 350mK which is easily achieved in
a dilution refrigerator (discussed in Chapter 3). An excellent review on

quantum dots can be found in [11].



2.4. Quantum dot and Coulomb blockade

a)
C C
b) ; T'_
dot
R 1 R
S — Cg d
— Vg
i Vg

Figure 2.3: a) SEM of a quantum dot defined by surface gates (white color)
on a GaAs substrate (dark color). The dot (orange circle) is connected to
a source and drain contact (orange square pads) that provide and remove
electrons from the dot. Movement of electrons through the source and drain
QPC (Vo-V1 and Vp-Va respectively) are shown in orange arrows. Chemical
potential of the dot is controlled by the gate V. b) Schematic circuit diagram
of the quantum dot. The source and drain are capacitively and resistively
connected to the dot, while the gate is only capacitively coupled.
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Figure 2.4: a), b) Energy diagram of a quantum dot in the Coulomb block-
ade regime. Energy difference between levels of the dot is A, except the last
filled and the next unoccupied level is separated by an additional charging
energy of e?/C. The chemical potential of the dot can be shifted by chang-
ing the gate voltage V,. The source and drain reservoir are continuously
filled up to the chemical potential of us and pg, respectively. a) When the
next unoccupied level is aligned to between ug and g, an electron is free to
tunnel into and out of the dot, leading to a jump in conductance of the dot
(g9). b) Current through the dot is blocked as the unoccupied state is shifted
up by the gate voltage Vj. c) Coulomb oscillations. Periodic conductance
peaks are observed as Vj is swept and new unoccupied state is lined up to
the source-drain chemical potentials.



Chapter 3

Low temperature

measurement techniques

3.1 Measurement setup

Both experiments in this thesis were carried out at low temperature using a
dilution refrigerator. Principle of operation of a dilution refrigerator similar
to the one used for this thesis and a guide to the cooling procedures can be
found in [12]. The temperature used in the measurements spans from 30mK
to 1K. To avoid heating of the sample at such low temperature, bias applied
on ohmics and gates are generally kept under 50uV and 1V, respectively.
Due to the weak signal from the sample, measurements are done using lock-
in technique with low frequency AC bias.

A large portion of the experiments in this thesis involve measuring the
conductance through QPCs. For this, a two-wire voltage bias circuit is used
(Fig. 3.1). The lock-in sourced AC bias and a small DC voltage in the uV’
range (for non-equilibrium transport measurements) is applied to the QPC
source ohmic. This is done through an AC+DC box which divides each
component to the suitable magnitude and combines them together. The
resulting current through the QPC is amplified by a current preamplifier
at the drain and then measured by the lock-in at the AC frequency. A
computer running an Igor Pro software controls the QPC gate voltage via a
digital-to-analog converter and calculates the conductance based on signals
from the lock-in.

There are two other things worth mentioning about the setup. First,

the total in-line resistance of each sample wiring in the cryostat is increased

10



3.1. Measurement setup

to 1k by adding a 600€2 resistor. This is to prevent static discharges
from reaching the sample which may cause it to blow up. Second, the
ground connections have been broken at several places in the circuit and
all instruments have been grounded to a common point. This prevents
formation of possible ground loops which can induce extra noise into the

signal.

11
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Figure 3.1: a) Circuit setup for QPC conductance measurement. A lock-in
sourced AC voltage and a computer controlled DC bias are divided down
and combined by an AC+DC box, then applied to the source ohmic. An
Ithaco current preamplifier is connected to the drain and outputs the cur-
rent signal to the lock-in which measures at 37Hz. Gate voltages of the
QPC are computer controlled via a digital-to-analog converter. To prevent
ground loops, the grounds at the two inputs of the adder box are broken
and all equipment grounds are connected together. b) Circuit diagram of
the AC+DC box. The box divides an AC and DC bias by a factor of 10°
and 103, respectively, and adds them together.
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Chapter 4

Detecting charges in a
few-electron quantum dot
with QPC via capacitive and

resistive coupling

4.1 Introduction

The ability of a QPC to detect change in the number of charges in a nearby
quantum dot (QD) was first demonstrated by Field, et al [13]. By tuning the
QPC to a conductance below one transport channel (G' < 2¢2/h), it becomes
very sensitive to the local electrostatic landscape. If a charge moved into
or out of the QD, the potential of the dot changes and the conductance
of the QPC shifts abruptly. This technique becomes extremely useful at
characterizing a dot where direct transport through it can not be measured,
like in a single-lead dot. Since the first measurement, QPC charge sensing
has been thoroughly developed and used extensively to probe charge and
spin states in single dots [14, 15] and double dots [16-18]. There are two
ways to couple the QPC electrometer to a QD: capacitively and resistively.
In the latter case, the charge sensor usually takes the form of a quantum
wire (QW) [19-21] and the charge sensing signal is accompanied by Fano
interference effect between the discrete states of the QD and the continuous
spectrum of the QW.

In this chapter, we describe measurements to determine the charge num-

ber in a few-electron dot, using both capacitively coupled QPC and resis-

13



4.2. Device and measurements

tively coupled QW charge detectors. Charge detection using the QPC re-
veals a dot that can confine from a few to zero electrons. The charge sensing
signal and the Fano resonance observed in the QW will be presented and

discussed.

4.2 Device and measurements

The device (Fig. 4.1) consists of a 120nm by 120nm few-electron dot, a QPC
and a QW fabricated on the 2DEG mentioned in Chapter 2. Measurements
are performed at 25mK using lock-in techniques. The QD is defined by
a triangular gate V, and a split-gate V;. V, tunes the dot potential and
V; controls the tunnel coupling strength I'; of the dot to the QW which is
defined by V; and V,,. A charge sensing QPC (V. and V}) is placed right
outside the dot, and becomes capacitively coupled to the dot when Vj is
fully depleted. To prevent pinching off the detector QPC while operating
the QD with V,, a compensating gate voltage is placed on V. to keep the
QPC conductance at the same level.

Instead of looking for jumps in QPC conductance to detect charges in
the dot, we used a setup that measures the derivative of the conductance
% directly. The AC source bias of the wire oscillates the Fermi level of the
quantum dot and adds an effective AC component with the same frequency
to the QD gate: V; = Vypc + Vyac. When a DC bias Vpc is applied
across the QPC, an AC current oscillating at the gate frequency can be
detected at the QPC drain. If V4¢ is small compared to Vypc, the current
is proportional to %. We define the ratio of the current and the wire AC

bias as the charge sensing signal G.

4.3 Results and discussions

The effect of changing the number of electrons N in the dot by tuning V,
on Gy is shown in Fig. 4.2. A peak in G, indicates an abrupt change in
the QPC conductance and therefore highlights a jump in the dot potential.
The regularity in peak spacing reflects the energy quantization of the QD

14



4.3. Results and discussions

Figure 4.1: SEM of the device used for charge detection experiment. A
120nm by 120nm few-electron dot, defined by V; and V;, is coupled to a
quantum wire (V,, and V;) via a tunnel barrier controlled by V;. To detect the
number of charges in the dot, a QPC charge sensor V, has been capacitively
coupled to the dot.

and suggests that the jumps in G, are result of charge transport through
a dot energy level. The absence of regularly spaced peaks at V, < —7TmV
indicates that the dot has been emptied at that gate region. Consequently,
the region between the first and second peak has one electron in the dot,
two electrons between the second and third peak, and so on. The ability
of the simple triangular gate structure to tune N down to 0 shows that it
works well as a plunger gate.

Fig. 4.3 shows the charge sensing signal G, and QW conductance G,
as the QD to QW coupling strength V; and dot potential V, are varied.
The effect of V; on the wire conductance, which is measured simultaneously
as G4, was canceled by biasing V,, at the same time. With stronger I’

(more positive V;), peaks in Gy become broader which is readily explained

15



4.3. Results and discussions
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Figure 4.2: G, is proportional to the derivative of the QPC conductance
with respect to V. A peak in G represents an abrupt change in the QD
potential which is a result of charges moving into and out of the QD. In the
region between two adjacent peaks, the average number of electrons inside
the dot () is fixed.

by the broadening of the dot levels due to increased tunneling rate through
the lead. At the strong coupling region, —20mV > V; > —60mV, peaks
are also broadened as the size of the dot is shrunk with more negative V.
This is because when the coupling barrier is short, the dot is pushed closer
towards the QW as it becomes smaller and this induces more broadening.
Spacing between peaks gets larger at lower V, and V; (to a lesser extend)
as a consequence of larger charging energy F. with smaller dot size. With
a charging energy of ~3meV and a peak spacing of 8mV, the conversion
factor o that relates Vj to the chemical potential (1) of the QD is estimated
to be a = AA—"}; ~ 380peV/mV.

The wire conductance far from resonance has been adjusted to the first
conductance plateau. As seen in Fig. 4.3b), G, shows dips that share very
similar features with the peaks in Gy. Both resonances appear at the same

locations, and their width and spacing react to V; and V; in the same way.

16



4.3. Results and discussions

This shows that the resonance in G,, is originated from the QD. The QW
has, therefore, the same ability as the QPC to detect Coulomb oscillations in
the dot. The dip structures observed are result of Fano antiresonance which
comes from the destructive interference between two conductance paths: a
resonant path which goes through the dot and a nonresonant path that only
goes through the wire. The asymmetry and lineshape of these resonances

can be characterized by the Fano formula [22]:

(€+9)°

A
G e24+1

+ Gbg (41)
where Gy, is the non-vanishing conductance at the resonance minimum [23]
and ¢ is the asymmetry parameter. Amplitude of the Fano resonance is

represented by A, and the normalized energy

e—e Vg —Vo)
r/2  T/2

€= (4.2)
depends on the position ¢y = aVy and the width I' of the resonance.

The Fano dips at the four different V; indicated in Fig. 4.3b are shown
in Fig. 4.4a. The most prominent difference between the Fano structures is
the dramatic change in resonance asymmetry with coupling strength; a dip
with sharp left edge evolves into a symmetric one and then becomes a dip
with sharp right edge. Both amplitude and linewidth, on the other hand,
become smaller with decreasing I';. The good fit of the resonances to the
Fano formula (Fig. 4.4a) suggests that they are indeed effect of destructive
interference. The fitting parameters are plotted against coupling strength in
Fig. 4.4b, c and d. The change in asymmetry of the resonances is reflected in
the change of sign in the asymmetry parameter q. A negative (positive) value
represents a sharp left (right) edge dip, while a symmetric dip has g ~ 0.
This change of sign is likely caused by a slight change in the wire potential
induced by V;, and it can be explained by the finite spatial width of the
coupling contact [21]. The decrease in amplitude with weaker coupling is the
result of reduced transmission amplitude for the resonant conductance path.

In the limit of I';y — 0, Fano resonance will eventually disappear as the QD

17



4.3. Results and discussions

is no longer coupled to the QW, which starts to happen at V; ~ —150mV.
To summarize, we have examined the resonance caused by charge trans-
port through a few-electron dot that appears on the conductance of a charge
sensing QPC and a laterally coupled QW. Although caused by different ef-
fects, both resonances react in the same way to the number of electrons in
the dot and the lead coupling of the dot. This observation suggests that
the mechanisms behind both resonances can be used to count electrons and

probe charge states in quantum dots.

18
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Figure 4.3: Resonance in the charge sensing signal G, (a) and QW conduc-
tance G, (b) as the dot size and lead coupling I'y is varied. More negative
Vy and V; leads to smaller dot size and weaker I'y, respectively. a) Reso-
nance peaks become broader with stronger I';. At the open contact regime
(=20mV > V; > —60mV), a smaller dot size means the QD is closer to
the contact reservoir which leads to broader peaks. b) Fano antiresonance
in the QW conductance. Width (amplitude) of the resonance shows same
(opposite) behavior as that of peaks in G4. Conductance traces along the
black dashed lines are shown in Fig. 4.4a.
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Figure 4.4: a) Fano antiresonance in the QW conductance at the four V;
settings indicated in Fig. 4.3b. Starting from the second trace from the top,
the conductance traces are shifted in steps of 0.5¢2/h for clarity. The most
distinct feature in the resonances is the change in their asymmetry with V.
This difference is reflected in a change of sign in the asymmetry parameter
q of the Fano formula (b). Amplitude A and width I' from best-fitting of
the resonances in a) are shown in c) and d), respectively.
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Chapter 5

Anisotropy in spin-orbit
interaction measured by

ballistic spin resonance

5.1 Introduction

One promising mechanism that could allow coherent manipulation on elec-
tron spin is the spin-orbit (SO) interaction. Recent studies have been shown
that it has the potential to realize spintronic devices like spin transistor [10],
spin interference device [24] and spin filters [25, 26]. In the presence of an
electric field, a moving electron experiences an effective magnetic field which
couples the spin of the electron to its momentum, leading to SO interaction.
In heterostrutures, bulk inversion asymmetry (BIA) of the crystal lattice and
structural inversion asymmetry (SIA) of the confinement potential give rise
to internal electric fields which induce the Dresselhaus [27] and Rashba [28§]
SO field, respectively. To better understand the SO fields, measurements of
their coupling strength have been performed using oscillating electric field
[29, 30], Shubnikov-de Haas oscillations [31-33] and antilocalization in mag-
netoresistance [34, 35].

Here we report anisotropic spin-orbit strength between the crystal axes
[110] and [110] of GaAs/AlGaAs heterostructure using ballistic spin reso-
nance (BSR) [8]. An oscillating spin-orbit field is induced by high-frequency
bouncing of electrons moving freely in micrometre-scale channels. Electri-
cal measurements of pure spin currents [6] through the channels reveal a

suppression in spin relaxation length when the oscillating SO field is in res-
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5.2. Background

onance with spin precession in a static field. The observation of different
resonance strength in channels oriented along different crystal axis leads to

the conclusion of a spin-orbit anisotropy.

5.2 Background

In GaAs 2DEG, the spin-orbit interaction is dominated by first-order cou-
plings to the electron wavevector k. With the coupling constants 5 (Dres-

selhaus) and « (Rashba), the effective spin-orbit field can be expressed as

B(k) = ——[(0 — B)ky — (o + B)ksi] (51)
gKB
where g is the Landé g-factor, pup is the Bohr magneton. & and g define the
2DEG plane and are unit vectors parallel to the [110] and [110] crystal axes,
respectively.

To create ballistic spin resonance, an oscillating B*° is required. In
our experiment, this is achieved by specular scattering of electrons between
boundaries of a conducting channel (Fig. 5.1a). An electron following this
bouncing trajectory has a periodic momentum k and experiences therefore
an oscillating spin-orbit field. Since the scattering motion is mainly in the
transverse direction of the channel, a periodic SO field in the # direction
(B;°) is induced in a channel oriented along [110]. Similarly, a periodic Bj°
is acting on electrons in a [110] channel. Motion in the longitudinal direction
is mostly diffusive, therefore the SO field in the transverse direction is mostly
constant unless a small external field (B&*") perpendicular to the 2DEG is
applied. In this case, electrons are bend into partial cyclotron orbits [§]
by the external field and the oscillating motion along z and g give rise to
periodic SO field in both directions (Fig. 5.1b).

In electron spin resonance experiments [36], electron spins are initially
polarized along an external magnetic field B¢**. If an AC magnetic field is
applied perpendicular to the polarization direction at the Larmor frequency
of the total field, the spins will oscillate between the up and spin eigenstates

of B! and a resonance in spin polarization is produced. In ballistic spin
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5.3. Device and measurements

resonance, the AC magnetic field is replaced with the periodic SO field
described before and the resonance reveals itself as a suppression in spin
relaxation length. Since the frequencies of the oscillating SO field and the
bouncing motion of electrons are the same, a resonance in spin polarization is
expected when the frequency of Larmor precession matches that of a typical

bounce: rot
gupB™'| vp
h 2w

where h is Planck’s constant, w is the width of the channel. vp is the

(5.2)

Fermi velocity and is given by vp = hy/2mns/m*, with ns and m* being
the density of the 2DEG and the effective electron mass, respectively. The
total field is the sum of the external and SO field: B (k) = B** + B*°(k).
When the electrons are following cyclotron orbits that do not cross the entire
channel (Fig. 5.1¢), in other words when the cyclotron radius is smaller
than the channel width r. = m*vp/eB%t < w, the resonance frequency
is replaced by twice the cyclotron frequency eB¢*!/mm. This modification
gives a resonance frequency which changes linearly with an out-of-plane field.

Precession of an electron spin around a changing spin-orbit field causes it
to relax, known as the Dyakonov-Perel mechanism [37]. At spin resonance,
this relaxation is greatly enhanced as spins are rotated furthest away from
their initial polarization direction. The degree of relaxation is mainly de-
termined by the magnitude of the SO field component that is transverse to
the initial spin direction. In other words, spin relaxation length measured
with an external field pointing in ¢ indicates the strength of the oscillating
SO field along & and vice versa. By comparing BSR strength between a
[110] and a [110] channel, one can therefore determine the magnitude of SO

coupling and the degree of anisotropy in the system.

5.3 Device and measurements

Two 1um wide channels were fabricated on the high mobility GaAs/AlGaAs
2DEG mentioned in Chapter 2; one along the [110] crystal axis and another

along [110] (Fig. 5.2). To generate a spin current, electrons are injected into
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5.3. Device and measurements

L~
<
-z

Figure 5.1: Spin-orbit fields induced by periodic motion of ballistic elec-
trons in a narrow channel. a) Electrons bounce between channel boundaries
and induce an oscillating spin-orbit field in the longitudinal direction of the
channel. b) At the presence of a weak out-of-plane field, motion of electrons
is composed of bouncing and partial cyclotron orbits and a small transverse
component is added to the oscillating SO field. ¢) At a stronger out-of-
plane field, electrons only follow skipping orbits smaller than the width of
the channel and the SO field is periodic in both directions. Figure adapted
from [8].

the channels through spin-selective QPCs at a temperature of 600mK. By
tuning the QPCs to the first conductance plateau (e?/h) at the presence of
an in-plane field B!, only electrons with a spin parallel to the field direction
are transmitted [6, 38]. The injected charges are drained at the left end of the
channels, while spin polarization accumulated above the injectors diffuses to
both ends of the channels, generating a pure spin current to the right of the
injectors. With a Fermi velocity of 1.1 x 10°m/s, the bouncing frequency is
about 70 GHz. Due to the long mean free path of ~ 20um, this frequency
is maintained for several bounces before the momentum of the electrons is
randomized by scatterings.

Polarization of the spin current can be measured by the non-local voltage,
Vi, that develops across the spin-selective detector QPCs located 25um to
the right of the injectors. The non-local voltage measures the difference in
chemical potential between spins above the detector and those at the right
drain where the polarization is zero. This non-local spin signal increases

monotonically with spin relaxation length A [6]:

an()\s) = K()\s)%jjinjpmjpdet (5'3)
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where
x sinh(

Ly ;xid )
" sinh(L,/z) [coth(L, /z) + coth(L;/z)]’

K(z)

(5.4)

po is the sheet resistance, I;,; the injected current, P, ;4er) the injec-
tor(detector) polarization, ;4 the distance from injector to detector and
Ly(;y the distance between injector and left(right) end of the channels. For
this experiment, L; = 50um and L, = 80um.

a)
charge+spin pure spin
equilibrium
/ '\ reservoir
injector detector
T /| J T ) T
L Vo)
- Vac
b) y 1 [110]
x || [110]

A
X =25um 9 Vg

Figure 5.2: a) Simplified diagram of a pure spin current measurement.
Gates (dark grey) deplete the 2DEG to define the injector and detector
QPCs and the ballistic channel. b) Optical image of a [110] channel with
CrAu gates in light grey. Gate voltages V;"™ and nget tune QPCs to the
spin-polarized plateaus. Undepleting the A-gate (VgA) changes the distance
from the injector to the right reservoir from L, = 80um to L,_sport = 50um.
The width of the channel is 1um. Inset: SEM of the injector area. Figure
and caption are adapted from [8].
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5.4 Results and discussions

The non-local voltage, measured at high magnetic field with the [110] chan-
nel, shows the capability of QPCs to inject and detect spin current. Fig: 5.3
shows injector and detector scans of the non-local voltage. When both QPCs
are tuned to the first conductance plateau, a positive non-local voltage can
be seen at the lower left corner of the scans indicating a spin population
above the detector. At the third conductance plateau, two spin-up and one
spin-down channel is transmitted. This gives a smaller spin polarization and
so the smaller positive voltages at the other three corners of the scans. The
voltage vanishes however, when only one QPC is spin polarized or neither
of them is. Since the spin polarization is expected to increase monotonically
with field [6], the drop in spin signal from 2T (Fig. 5.3a) to 4T (Fig. 5.3b)
and the jump back up at 8T (Fig. 5.3¢) are the signs of a spin resonance at
4T.

To determine the degree of anisotropy in the 2DEG, we tune both injec-
tor and detector to their first polarized plateau and measure the non-local
signal at different external field B“*. At zero out-of-plane field B!, the
absence of an oscillating SO field in the transverse direction of the channel
implies no resonance when B¢ is applied in-plane and parallel to the chan-
nel. This can be seen in Fig. 5.4a, b: the non-local spin signals increase
steadily with the parallel field as a result of increasing QPC polarization.
But when the in-plane field is applied perpendicular to the channel orien-
tation, we observe a big contrast in the resonance strength between [110]
and [110]. In [110] channel, the non-local signal has completely collapsed at
B;xt ~ 5T, which indicates that the spins have all relaxed before reaching
the detector. This observation is a close match to the strong BSR reported
in earlier experiments on the same channel orientation [8]. Same non-local
measurement performed on the [110] channel showed, however, quite differ-
ent BSR feature: the resonance dip does not cause a breakdown in V,,;; but
is instead much shallower and occurs at a higher field. Since the strength
of resonance in [110] depends primarily on B2° « (o — )kp and mainly

on Bi° o< (a+ B)kr for [110], we can qualitatively conclude a stronger SO
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coupling in % direction and therefore a spin-orbit anisotropy. The discrep-
ancy in resonance frequency is not very crucial to estimating the degree of
relaxation and can be explained by a narrower [110] channel or different
electron density which usually varies with device and cooldown (to change
the external field direction).

To further support our argument of an anisotropic SO field, we measure
BSR due to an oscillating SO field in the transverse direction introduced by
a small B¢, Spin signals at an external field parallel to the channels reveal
quite different resonance features, again. The observed BSRs in [110] are
weak but become stronger with increasing BS**. While in [110], the BSR,
strength grows faster with B! and by B¢ = 70mT the non-local signal
has dropped to near zero as in Bg* measurement of [110] channel. The
growing strength and movement in B! of the BSRs are explained by the
faster oscillating SO field at higher cyclotron frequency. As the resonance
strength of the [110] ([110]) channel depends on SO field in & (§) direction, a
similar BSR is expected in both channels if the SO field is isotropic. The zero
spin resonance signal in the [110] channel is, therefore, another evidence of a
stronger SO field in & direction. The less dramatic shift in B;“ of the BSR
dip in [110] also reinforces our hypothesis that the channel is narrower: the
resonance frequency (and therefore B;xt) does not change until the cyclotron
radius falls below the channel width which happens at about B¢ ~ 40mT
for a 1pum wide channel. This change can easily be seen in the [110] channel
but for [110] there is no significant change until BE** ~ 47mT which implies
a shorter width of ~ 0.8um for the [110] channel.

To get a better sense on the degree of spin relaxation and to find a rough
estimation on the magnitude of anisotropy, we calculate the spin relaxation
length from the ratio of non-local signal at BSR and the nonresonance spin
signal V9 of the corresponding channel (B* trace for [110] channel and B{;zt
for [110]). By assuming that the injector and detector polarization in spin

resonance are the same as without resonance, the ratio is only dependent on
Vo _ K(Xs)
vy T K(\9)
ation length associated with V7?1- By undepleting the A-gate and shortening

the spin relaxation length: where \! is the nonresonance relax-

the right end of the channel to L, _spor+ = 50um, one can use the non-local
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spin signal for the shorter channel to extract A? [6, 8]. The calculated spin
relaxation length from the ratio shows the different magnitude of spin re-
laxation caused by SO interaction (Fig. 5.6). For clarity of comparison, the
spin relaxation lengths have been normalized with A? due to the quite dif-
ferent nonresonance \? between the channels (about 10um). At resonance,
the spin-orbit field B:° causes spins oriented along ¢ to relax at least 40%
faster, while By° only reduces the relaxation length of Z-oriented spins by
about 25%. This demonstrates a decent anisotropy in the spin-orbit field.
If the same mean free path is assumed for different channels and cooldowns,
the anisotropy ratio is [39]: (a—B)/(a+B) = \/Asz/As,5 ~ 1.2 — 1.7, where
sz and A,y are the spin relaxation length at resonance of spins aligned
along & and § , respectively. A comparison with Monte Carlo simulation on
spin relaxation length that accounts for different mean free path and channel
width will be needed to obtain a more accurate read on the magnitude of
anisotropy.

In conclusion, we observed spin-orbit field anisotropy in GaAs/AlGaAs
2DEG by measuring the spin relaxation length of differently oriented spins
with ballistic spin resonance. An initial estimation from the relaxation

lengths puts the anisotropy ratio at about 1.2 to 1.7.
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Figure 5.3: Injector and detector scans of non-local voltage V,,; at high
magnetic field. [110] channel is used and the external magnetic field is
along y. Conductance of the injector QPC (Gjp;) is also shown (white
curve). a) Non-local signal at a field below resonance. V,,; is non-zero only
when both injector and detector are tuned to polarized conductance plateaus
(odd number plateaus). b) V;,; measured at resonance. The spin signal has
dropped significantly to near zero. c¢) V,; at a field above resonance. At
higher field, QPCs are more polarized and a stronger spin signal is observed.
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an (“V)

Vo (V)

Figure 5.4: Ballistic spin resonance due an oscillating spin-orbit field. The
resonance (blue curves) observed in a channel oriented along [110] (a) and
[110] (b) is due to an oscillating SO field along # and ), respectively. When
the external field is parallel to the channel, no BSR is observed (red curves).
The different magnitude of the BSR dips indicates an anisotropy in the SO
field.
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Figure 5.5: When the field is parallel to the channel, BSR can be induced
by applying an out-of-plane field BE*!. Strength of the spin resonance in a
channel along [110] (a) and [110] (b) is a measure of the spin-orbit field along
g and Z, respectively. The contrast in magnitude of BSR implies anisotropy
in the spin-orbit field.
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Figure 5.6: Spin relaxation length at resonance As normalized by the non-
resonance spin relaxation length A2. A large reduction in ), is observed
when g-oriented spins are relaxed by a SO field along & (orange curves). A,
is reduced by a smaller amount when Z-oriented spins experiences a SO field
along ¢ (blue curves). The inset table shows the external field and channel
orientation of the measured BSR and the component of B*° responsible for
the resonance.
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Appendix A

Device fabrication

The following are the step by step details of device fabrication processes

used for the experiments.

A.1 Cleaning and dicing

e Heterostructure wafer is cleaved into suitable sizes (about 5mm X

4mm) using a carbide scriber.

e Ultrasound cleaning in 3-solvents for 5 minutes each. First in TCE
(Trichloroethylene), then acetone and methanol. Chip is blow-dried

and hotplate baked at 120°C for 5 minutes to remove solvent residues.

A.2 Photolithography for ohmics

e Shipley 1813 photoresist is spun at 5000rpm for 45 seconds. Then
hotplate baked at 120°C for 2mins. This gives a thickness of about
1pum away from the edges. (Optional step: Soak in toluene for 5mins

to harden the surface of the resist to create undercut for easier liftoff).

e Ohmics pattern is aligned and exposed for 90secs using Karl Suss MJB-
3 75mm mask aligner. Optimal exposure time is determined by run-
ning multiple tests on dummy chips. The mask is made of iron oxide

on glass plate and the pattern is designed by Sergey Frolov.

e The exposed photoresist is developed in Microposit MF CD-26 for
lmin, then rinsed in DI water for another 1min. Chip is checked

under microscope with UV filter on to confirm quality of the developed
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patterns. Additional pattern (usually used for patching purposes) can
be exposed by shining a spot of unfiltered light with a microscope set
to highest power and magnification. This method was discovered by

George Kamps.

e Chip is oxygen plasma cleaned for 25secs in a PECVD, then dipped

into Ammonium Hydroxide and blow-dried.

A.3 Deposition, annealing and testing of ohmics

e Ohmic metals are thermally evaporated following the recipe:

1. 50A Ni (bottom layer)
2. 400A Ge
3. 800A Au
4. 250A Ni
5. 750A Au

Each layer is evaporated at about 2A /s.

e Liftoff in 90°C hot acetone in a beaker sealed with Parafilm to avoid
acetone drying out. Chip is placed in a Petri dish covered by acetone
and checked under microscope to ensure liftoff is successful. Methanol

is then used to remove the acetone.

e The ohmic metals are thermally annealed at 410°C for 3mins in a
chamber filled with forming gas (about 6% Hj balance N3) at 100mmHg.
Annealing time can change depending on the depth of the 2DEG.
3mins was found to be optimal for the 110nm deep D041008B het-

erostructure.

e Chip is glued on a non-magnetic 32 pins chip carrier with PMMA. To
test the ohmics, they are wire-bonded and dipped into liquid helium.
The typical resistance for good ohmic contacts are less than a few k€.

If most of the ohmics have much higher resistance, another fabrication
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A.4. Etching of mesas

run of ohmics on a different chip will be needed. If the ohmics are
reliable, the chip can be used for patterning of smaller gate and lead

structures.

A.4 Etching of mesas

e Before putting gate structures, a wet etching step is performed to
define area of mesas and to remove the 2DEG around some of the
ohmic pads, so that they can be used as bondpads for gates. Mask for

the etching is made using electron beam (e-beam) lithography.

e Chip is first 3-solvent cleaned and baked. Then a layer 950K C3
PMMA (3% of 950K molecular weight PMMA dissolved in chloroben-
zene) e-beam resist is spun at 3500rpm for 40s and baked at 180°C for

10mins. This will give a thickness of about 250nm.

e All patterns for e-beam lithography are designed in LASI 7 and writ-
ten using a Raith e-beam system at 4Dlabs of Simon Fraser University.
For wet etching, patterns are written at 10keV', 60pm aperture, 200nm
area step size, and 150uC'/cm?. These exposure parameters vary with
each e-beam system, and should be optimized by running exposure
matrices on dummy chips. Since exposure dose changes with reflectiv-
ity of sample surface, the dummy chips should have the same surface

layer as that of the heterostructure.

e Exposed patterns are developed in a 1:3 solution of methyl isobutyl
ketone (MIBK):isopropanol (IPA) for 90secs. Then it’s dipped into
IPA for 30secs and blow-dried.

e Etching is done in a solution of 1:8:240 of HySO4:H202:H2O. Before
the heterostructure is etched, a GaAs dummy chip is used to determine
the etch rate. The dummy chip is dipped into the acid mixture for
a minute and profiled with an Alpha-step profilometer. Typical etch
rate is about 1-2nm/s. Then, the heterostructure is etched to the
depth of the 2DEG and rinsed with DI water.
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A.5 Fabrication of gate structures

e The next step is to put finer gate and lead structures onto the het-
erostructure surface. This involves writing two e-beam lithographical
patterns: fine gate structures (smaller than a few microns in size) and

leads that connect them to the gate bondpads.

e For fine gates, the chip is cleaned and baked, then a 80nm layer of
A2 950K PMMA (dissolved 2% in anisol) is spun at 3500rpm for 40s
and baked at 180°C for 10mins. Gate patterns are written in 30keV,
10pm aperture and 12nm step size. Optimal dose for fine gates ranges
from 150 — 300uC/em?. After the patterns have been developed like
in the etch step, gate metals are deposited in a thermal evaporator.
A deposition of 30A Cr and 90A Au has worked well for the ex-
periments. To liftoff, the chip is usually soaked in hot acetone for at
least an hour and ultrasound for a few seconds. Avoid applying ex-
cessive ultrasound, as it may rip the fine metals off the surface. In
parallel with writing on the heterostructure, the same patterns should
be written on a dummy chip using the same exposure parameters and
same gate metals should be evaporated. This dummy chip is imaged
with e-beam microscope to check the quality of the patterns before
evaporating the heterostructure. This avoids exposing electron beams

directly to a heterostructure which can cause damage to the 2DEG.

e To make leads that connect the fine gates to the gate bondpads, a
bilayer of C8 250K (450nm) and C3 950K (250nm) PMMA is used.
Each layer is spun at 3500rpm for 40s and baked at 180°C for 5min.
The lower molecular weight of the bottom layer causes an undercut
which facilitates liftoff. The leads, which are usually about 5um wide,
are written in 10keV, 60um aperture, 200nm step size and around
250uC' /cm?.

e Finally, the chip is glued and wire-bonded to a chip carrier and ready

to be cooled to low temperature for data gathering.
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