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Introduction

1.1 Historical overview of spintronics

Quantum description of an electron shows that this particle has an intrinsic an-

gular momentum (S = �/2) known as spin which leads to a magnetic moment

(M = gµBS) [1]. Wherever the electron is placed in a magnetic field, its own

magnetic moment will couple to it and the output of any measurement of the

spin of electron will give two possible values: spin-up and spin-down, which are

dictated by the quantization rules for spin. The energy scale where this splitting

happens is called the Zeeman energy (which depends on the strength of the mag-

netic field involved). Therefore, besides the charge of an electron, its spin state

can also have two values. This property of the electron, quantum mechanically

in nature, is tried to be understood and exploited for possible applications within

the newly created field of spintronics. From transport point of view, that is keep-

ing in mind electronic devices as applications, the spin has two main advantages

over the charge: its relaxation times are much larger than in the case of electron’s

charge and the electron’s spin can be controlled by an additional knob which is

the magnetic field.

Zeeman energy is known to have much smaller values than the Fermi energy

in metals or semiconductors, therefore spin dependent transport is not easily

achieved in this materials. This can be changed when there is a source of spin

polarized electrons, which can be injected into the non-magnetic material used for

transport and then detected. This already hints to the fact that spin transport

physics has several important branches like spin injection, spin detection, spin

transport and manipulation [2, 3]. Due to the weak coupling of the electron spin
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2 Chapter 1. Introduction

to the environment, this fact has a positive effect on the spin lifetime (making it

longer) but creates difficulties in detection and manipulation.

Historically, the first experiments where the spin properties were measured

in electrical devices were done in metallic systems. It started with the discov-

ery of the anomalous magneto-resistance (AMR) which is the dependence of the

resistance of a ferromagnetic strip on the relative orientation of the magnetic

field and current [4]. Then, spin polarization of ferromagnets was measured in

Ferromagnet/Al2O3/Al, with Al2O3 tunnel barrier and Al in the superconduct-

ing state [5]. In 1989, the first experiment where the spin transport was observed

was done by Baibich et al and they shown that the resistance of a stack of Fe/Cr

layers depends on the relative magnetization (parallel or antiparallel) of the fer-

romagnets (the giant magneto-resistance or GMR) [6]. This experiments were

later continued into the tunneling magneto-resistance (TMR), where instead of a

non-magnetic spacing layer a tunnel barrier was used. From the point of view of

physics of spin, these experiments are due to interface effects or exchange interac-

tion between the magnetic layers. From the application point of view, one would

like to inject a spin population, transport it and then detect it. Alongside this

idea, a breakthrough experiment was done by Johnson and Silsbee using permal-

loy / Al single crystal / permalloy spin valves [7]. This experiment was refined

and brought into the realm of nanotechnology by Jedema and al, Zaffalon et al

and Costache et al, research carried out in our group [8–10]. This experiments

used non-local detection techniques to eliminate spurious spin transport look alike

signals (mostly due to standard Hall effect of electron’s charge). It was also shown

precession of spins, which is the most clear test of spin accumulation. Also, for

the sake of completeness, the field of metallic spintronics also involves experi-

ments on pillars where the magnetization is controlled by electric current [11] or

time dependent experiments, where the physics of spin is studied at time scales

comparable with the precession times [12].

The devices made within the metallic spintronics show beautiful spin physics.

From the application point of view, however, they lack the possibility of a gate,

which is a trademark of semiconductor devices. The interest of semiconductor

spintronics, which is also the subject of this thesis, was triggered by a theoretical

proposal of Datta and Das in 1990 of a Field Effect Transistor with ferromagnetic

source and drain [13]. The spins injected and detected by the ferromagnetic

source and drain, would be controlled by Rashba spin-orbit coupling which would

induce electron’s spin precession. The device, as it is in the original proposal,

was proven to work only recently [14], but it started a huge interest in the field

of semiconductor spintronics. The early efforts were limited by the fact that,
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unlike in metallic systems, there is a fundamental reason, now called conductivity

mismatch, which doesn’t allow simple spin injection from a ferromagnet into the

semiconductor [15]. The situation can be solved by using a tunnel barrier [16],

and the experiments support this idea [17]. Conductivity mismatch also induced

another problem for the field: since the electrons cannot be injected and detected

electrically (as would be required by device criterias), the accent switched to

electro-optical experiments or only optical experiments, which take into account

the direct band gap of GaAs (as a primary non-magnetic semiconductor) and

of the fact the Kerr effect techniques (rotation of the polarization of light by

the magnetization) are very common. Conversion of polarized light into spin

polarized electric charge [18] and of electric charge into polarized light were the

first experiments to prove that spin can be injected into semiconductors and that

the effect of a tunnel barrier greatly improves the spin related signal [19–21]. Also

for all electrical devices, spin injection and detection in a Datta-Das like device

(without the gate modulation of the spin precession) was realized [22].

There is however, another area of semiconductor spintronics which is of rel-

evance for the present discussion: spins in quantum dots. Here, the target is to

use the two valued quantum mechanical spin as the building block of a qubit. It

is worth mentioning here experiments done with single spin. Spin transport, in-

jection and detection were studied in a focusing geometry and the results are spin

dependent [24–26]. In this regime, the injection of spins is done using not neces-

sarily ferromagnets, but other means (non-magnetic) like quantum point contacts

or quantum dots.

This concludes the historically presented view on the field of spintronics. Im-

portant experimental breakthroughs were highlighted and several physical obsta-

cles were pointed out. The field is well developed and there are exciting new

directions.

1.2 Motivation and outline of this thesis

The purpose of this thesis is to shine light on the question whether one can

electrically inject electron spins into a two dimensional electrons gas (2DEG) and

detect and/or manipulate spins. The thesis contains experiments which can be

classified into two families.

One is related with the injection of electron spins from a ferromagnet into

the 2DEG. The experiments are situated in a diffusive transport regime and the

operation of the device is aimed at room temperature. We have tried to intro-

duce a more simple and efficient way of contacting a ferromagnet to a 2DEG as
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compared with the technologically prohibitive expensive molecular beam epitaxy

techniques.

The second family of experiments are related with spin transport in bal-

listic quantum dots form by electrostatically gating a 2DEG. The experiments

are done at low temperatures spin injection and detection is achieved with non-

ferromagnetic means, that is Quantum Point Contacts. The long term interest in

these type of device is motivated by the interest in measuring the spin relaxation

times of the spin and also the influence that spin-orbit coupling might induce due

to dimensionality of the system. In practice, the interest deviated in studying

possible masking signals which are natural in these devices (resistance fluctua-

tions). Also, it was studied Zeeman splitting in Quantum Point Contacts and its

relation with the device geometrical properties and the ’0.7 structure’.

The above guidelines can be found in the detailed description of the thesis

which is given below:

1. chapter two This part of the thesis is dedicated to the introduction of funda-

mental physical concepts in order to understand the experiments described.

First, the transport in a Quantum Point Contact is introduced, with partic-

ular features due to the presence of electrical or magnetic fields. Resistance

fluctuations, effect of voltage probes as well as interaction effects are then

treated. The second part of the chapter is concerned with the spin transport

properties in hybrid systems and with the description of transport between

a 3D metal and a 2D electron gas.

2. chapter three Here, the fabrication process of the devices is described as well

with basic description of the 2DEG.

3. chapter four Within this part are shown the measurements of resistance

fluctuations in a four terminal quantum dot detected non-locally.

4. chapter five This chapter contains the experiments leading to the proof of

principle of non-local detection of spin accumulation in an open quantum

dot.

5. chapter six Following the experiments done in the previous chapter, this

part of the thesis relates the enhancement of the g-factors to the physical

properties of Quantum Point Contacts.

6. chapter seven This chapter is an extension and a more in depth study of

behavior of Quantum Point Contacts in magnetic field, with focus on the

’0.7 structure’.
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7. chapter eight In this chapter are presented the results concerning injection

of spin polarized electrons from a ferromagnet into a 2DEG. The interface

properties of Co/2DEG of AlGaAs/GaAs are presented followed by the de-

scription of non-local spin injection experiments.
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