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Preface 

My first experience to work with nano-devices was at the time when I did my 
honours degree in Macquarie University in 2008. The whole project indeed guided me the 
first time to know vacuum systems, organic semiconductors, thin film depositions and 
eventually to fabricate organic light emitting diodes (OLEDs). I clearly remember the 
exciting moment in a lab when I saw electroluminescence from an OLED. At present, the 
OLED technology is sufficiently mature for many applications in lighting, indicators and 
display panels. After the graduation, I received a scholarship and had an opportunity to 
carry on with another research project in the Hong Kong Polytechnic University for the 
Master of Philosophy (MPhil) degree. During my studies, I noticed some people had 
worked on projects in a field called “spintronics”. At that time, I could not explain it in 
details but I knew it is inseparable from magnetism and magnetic materials, one of the 
branches in condense matter physics. Fortunately, I had a collaboration work regarding 
oxide spintronics with one colleague and it was the time I started to participate a bit and 
know a little about spintronics. It was not directly linked with my own master project, but 
all lab works were definitely enough to inspire my interest. I found my knowledge was 
actually not far away from it and I could follow it without any difficulties. I had had made a 
decision that I would like to try to move my research direction towards spintronics in the 
future. Almost half year prior to my master graduation that was on April 2011, I received 
an opportunity to work as a PhD student in the University of Twente in the Netherlands. A 
lovely and peaceful city helped me to think and do things patiently. A young group (called 
NanoElectronics group) which is filled with many passionate academic staffs, technicians, 
post-doctors and students. The bright and impressive project title, “organic spintronics”, 
jumped into my eyes. Both words actually represent one of the currently hottest research 
topics in the world and it did feed my research appetite very much. 

Spintronics is a multidisciplinary research field and it explores phenomena that 
interlink the spin and charge degrees of freedom. The spin is an unique characteristic of an 
electron which has been considered increasingly important for future large capacity data 
storage and fast information processing applications. The most outstanding breakthrough in 
this area was the discovery of giant magnetoresistance (GMR) effect at the end of last 
century. The discovery of the GMR opened the gate and lured great attention to the 
interaction between magnetism and spin-related transport phenomena. The on-going efforts 
in scientific communities are not only from the viewpoint of understanding the fundamental 
magnetism but also from the viewpoint of developing technical applications, such as 
magnetic recording heads and disks. Owing to the great impact of the discovery of GMR, 
the 2007 Nobel prize in physics was awarded to Albert Fert (France) and Peter Grünberg 
(Germany). Recently, organic materials have also gradually stepped into spintronics due to 
their successful developments in organic electronics in the past two decades, like OLEDs 
and organic photovoltaics (OPVs). Spin lifetimes are expected and predicted to be much 
longer within many organic materials and these materials are compatible with flexible 
substrates and are incredibly suitable for approaching large-scale but low dimensional 
electronic devices. Nowadays, spintronics, both inorganic and organic one, mainly focus on 
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understanding phenomena and solving problems regarding spin injection, transport and 
manipulation. Hopefully, electronic charge conductions will be partially replaced by spin 
polarized charge conductions in the future. 

My PhD degree cannot be easily achieved without fruitful helps from some 
people. Here, I would like to, especially, acknowledge six people in our group, two 
academic staffs, professor W. G. van der Wiel (Wilfred) and associate professor M. P. de 
Jong (Michel); two technicians, Mr. Thijs Bolhuis (Thijs) and Mr. Johnny Sanderink 
(Johnny); and two postdoctors, Dr. Elia Strambini (Elia) and Dr. Ping Wan Wong (Johnny). 

Wilfred is the NE group leader and also my promoter. Apart from his supervision, 
support and encouragement on projects, his enlightened idea and financial supports on 
introducing helium-3 refrigerator (Heliox system) and cryogenic-free helium-3 and -4 
diluted refrigerator (Triton system) in our lab are incredibly important in developing 
nanoelectronics and spintronics. The Netherlands is famous and world-class in cryogenics, 
and it is definitely meaningful and a good opportunity in my life to work in such a domestic 
lab. 

Michel is my daily supervisor, and here I am considerably indebted to him for his 
supervision, help, support and encouragement throughout my PhD studies. I am very 
grateful for the opportunity and care he provided me. I did learn many spintronic 
knowledge from him. He offered me a large degree of freedoms on working many different 
aspects in spintronics during the last four years. I could think independently, express my 
own ideas and finally have fruitful discussions with him. I could go for international 
conferences annually to present my results in front of many professionals and 
academicians. I would also like to appreciate his patience and remarkable comments on my 
manuscripts and thesis. These gave me a result of improving my academic writing skills 
and nicely reshaping my research thinking pattern. 

Thijs and Johnny (Sanderink) acted as my two arms and were responsible for 
LabVIEW program designs, spin-transport lab maintenance, vacuum system maintenance 
and many matters related with cleanroom. Their technical supports saved me lots of time 
and were essentials toward every success of projects. Most my cryogenic skills were taught 
by Elia and he provided me a very comfortable and relaxed learning atmosphere in our labs 
in the past. I certainly believe that these knowledge will be beneficial for my entire research 
career. In additional to magnetotransport measurements, I have acquired extremely valuable 
knowledge about X-ray based synchrotron spectroscopy from both Johnny (Wong) and 
Michel at the MAX-lab of Sweden, in the University of Lund. Johnny demonstrated and 
taught me many synchrotron based experiments and theories, which have definitely 
enriched my horizon. 

It is my great pleasure and honour to invite Prof. Jagadeesh S. Moodera from 
Massachusetts Institute of Technology, Prof. D. Gravesteijn from University of Twente, 
Prof. P. K. Kelly from University of Twente, and Assoc. Prof. P. A. Bobbert from 
Technische Universiteit Eindhoven, as my graduation committee members. 

I appreciate C.P. Lawrence (Celestine) and F.B. Wiggers (Frank) for being my 
paranymphs very much. It was very nice to play PingPong and went for swim with you, 
Celestine. I wish and am sure you will be very successful in your PhD. Frank (European 
Chinese), I hope we will see each other in the near future in China since I am sure you still 
miss many good stuff, mainly foods and scenery. 
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Besides, I would like to express my thanks to my sister S. Janse (Susan), who has 
been considered as one of my Chinese family members already 

I am so proud of being an “element” in the NE group and I am very glad to work, 
as well as, to participate many outdoor activities with all the group members from 2011 to 
2015; K. Verstrenge-Wannyn (Karen), C. Post (Carolien), M. H. Siekman (Martin), H. J. 
Broersma (Hajo), F. A. Zwanenburg (Floris), Gulbostan Abliz (Gulibusitan), W. Zhang 
(Wen), Z. Liu (Zhihua), B. Xu (Bojian), L. Du (Liang), L. Ye (Liang), T. Gang (Tian), Y. 
Ren (Yizhen), T. L. A. Tran (LanAn), H. Van Bui (Hao) D. Atac (Derya), S. Buyukkose 
(Serkan), T. Dogan (Tamer), I. Rianasari (Ina), E. van Geijn (Elmer), F. van Wijngaarden 
(Frans), J. M. Boter (Jelmer), J. Ridderbos (Joost), F. Mueller (Filipp), J. G. E. Wilbers 
(Janine), P. C. Spruijtenburg (Chris), K. Makarenko (Ksenia), K. Vergeer (Koert), M. 
Brauns (Matthias), P. Eerkes (Peter), R. N. Mahato (Robin), S. Bose (Saurabh), D. G. 
Mathew (Dilu), K. van der ZouW (Kees), S. V. Amitonov (Sergey), I. O. Mikhal (Julia), R. 
O. Apaydin (Oguzhan), B. Borgelink (Bjorn). 

I also would like to acknowledge cleanroom supports from MESA+ institute for 
nanotechnology, some technical supports and liquid helium supply for experimental 
purposes from “Techno Centrum voor Onderwijs en Onderzoek” in the University of 
Twente, and the four years PhD scholarship offered by the Dutch research organization 
Fundamental of Materials (FOM) which is part of the Netherlands Organization for 
Scientific Research (NOW). 

Back to the contents of the thesis, this thesis focuses on spin-polarized electronic 
transports in cobalt (Co) and fullerene (C60) based vertical spintronic devices. The content 
of the thesis is organized as follows. 

Chapter 1 gives an introduction to spin transport phenomena in both inorganic and 
organic spintronic systems. Some topics, such as, magnetism of electrons, tunneling 
magnetoresistance (TMR), tunneling anisotropic magnetoresistance (TAMR), 
antiferromagnetic TAMR, spin injection and spin polarization detection via Tedrow-
Meservey measurements across ferromagnet-organic hybrid interfaces, spin filter effect, 
and various spin-orbital coupling (SOC) effects, are covered. It aims at serving non-
specialists to understand the knowledge of the thesis. 

Chapter 2 covers the experimental studies of the TAMR in spintronic devices 
consisting of sapphire substrate/Co/AlOx/Al structure. The highlights of this project are 
spin-valve-like magnetic switching behaviour with single ferromagnetic electrode (i.e., Co), 
and large TAMR ratios at low temperatures. The effect is primarily governed by the 
magnetic property of the Co thin film. 

Chapter 3 deals with the tunnel junctions comprising Co and CoO interfaces. Since 
CoO has the unique antiferromagnetic property, it shows a significant modification of the 
spin tunneling phenomena by comparing with the devices without CoO. 

In chapter 4, the organic molecules, C60, with different thicknesses were 
introduced into the same spintronic devices as they were described in Chapter 2. We 
investigated spin transport across the Co/AlOx/C60 (2 nm to 8 nm)/Al tunnel junctions and 
concluded the Bychkov-Rashba SOI at different interfaces and resonant tunneling processes 
can contribute and influence the TAMR. 
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Chapter 5 describes spin transport through Co/C60 hybrid interfaces. We 
investigate how the interfacial states which are due to the hybridization of Co and C60 
impact on spin transport. 

Chapter 6 provides perspectives for spintronics. 
Based on all the above interesting topics, a short summary will be given at the end 

of the thesis. 

Kai Wang 
August 2015 
Enschede, The Netherlands 
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Chapter 1  Literature review: spin-polarized electronic transport 

1.1 Abstract 

Basic spin physics and spin-polarized electronic transport phenomena regarding 
inorganic and organic spintronics, as well as ferromagnet/organic hybrid interfaces are 
reviewed in this chapter. The review starts with inorganic spintronics, since this field came 
to scientific maturity earlier than organic spintronics and thus represents the foundation of 
spintronics. At present, many organic spintronic methods indeed stem from it, although 
organic semiconductors have completely different structural and electronic properties. It is 
known that most organic semiconductors show non-magnetic properties. One way to 
achieve spin injection into these materials is to use inorganic ferromagnetic electrodes. 
Related to this, direct interactions between the two dissimilar materials at their interfaces 
will be discussed lastly. 

Key terms – spin, transport, inorganic spintronics, organic spintronics, ferromagnet, hybrid 
interface, spin injection. 
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1.2 Inorganic spintronics 

1.2.1 Why do we need spintronics? 

An electron contains two basic attributes, “charge” and “spin”. The former 
attribute has been widely and efficiently utilized in electronic devices, in the form of 
electrical current flow for activating electronic components. Generally speaking, the 
electron can be imagined to be a spherical negatively charged particle with infinitesimally 
small dimensions. As we can see from Fig.1.1 (a), its negative charge produces the 
electrical field (E) always pointing convergent toward it. Figure 1.1(b), which shows the 
electrical current in a conductor, is in fact a collection of many electrons drifting under 
application of an electric field E. It is known that a Boolean logic gate consists of electronic 
components, such as resistors, capacitors, diodes and transistors, as it is drawn in Fig.1.1(c). 
The outputs can be altered between the “on” (“1”) or “off” (“0”) states. However, these 
devices cannot meet the nanotechnological advances and commercial requirements needed 
for even smaller dimensions, less power consumption, excellent heat dissipation 
capabilities, and light weight for portable applications due to the limitations of conventional 
silicon (Si) based technologies. A prominent role has been assigned to the latter attribute, 
“spin”, in order to solve the problems. 

 
Figure 1.1 (Colour online) Schematic drawings of (a) an electron and its electric 
field (i.e., E); (b) electrons flowing within a conductor; (c) a Boolean logic gate 
consisting of many electronic components for digital electronics. 

Next, we concern not only the displacement of an electron, but also its constant 
rotation in time along an internal axis. This corresponds to a so-called spin-polarized 
electron which can be pictured in Fig.1.2 (a), with the grey arrow indicating the rotating 
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axis. Due to the interplay of electric and magnetic fields, i.e., the same field, but viewing 
from two different frames of reference, the spinning electron of Fig.1.2 (a) is analogous to a 
stationary tiny bar-magnet, with well-defined magnetic north (N) and south (S) poles. 
Accordingly, a current may be made up of spin-polarized charge carriers (Fig.1.2 (b)). The 
jargon “spintronics” thus refers to the implementation of the “spin” property of electrons in 
modern electronic applications.1,2,3 Spins are inseparable with magnetism and magnetic 
materials. The most straightforward way to electrically generate and detect spin 
polarization of charge carriers is to use ferromagnets (FMs), for example the 3d transition 
metals, iron (Fe), cobalt (Co), and nickel (Ni).4 The digital Boolean logic gate can, herein, 
be modified as the one given in Fig.1.2(c) with the same function. The black arrows 
designate the two possible spin up (↑) and spin down (↓) states. In this case, for example, 
the output states that are the “on” and the “off” states are decided by the magnetizations of 
a pair of two neighbouring FMs, manipulated via an externally applied magnetic field (Bext). 
The FMs can be in thin film form, with thicknesses ranging from a few nanometers to tens 
of nanometers. The output states depend on the relative magnetization orientation of one 
FM with respect to another FM (Fig.1.2(c)), the term magnetoresistance (MR) is commonly 
used to quantitatively describe such phenomena in many spintronic systems.5,6,7 

 

Figure 1.2 (Colour online) Schematic drawings of (a) an electron spinning around 
its own axis; (b) spin polarized electrons flowing within a conductor; (c) concept 
for a spin based logic gate. 

Very large MR effects are always desirable and attractive for applications. One 
particularly successful example is giant magnetoresistance (GMR), which is used in 
magnetic hard disk drive (MHDD) and magnetic random access memory (MRAM) 
applications. GMR devices are normally constructed by two FMs separated by a non-
magnetic metal (NM), such as Co/Cu/NiFe, or sequentially repeating FM/NM stacks. The 
effect is ascribed to the different rates of spin scattering events for parallel (P) and 
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antiparallel (AP) configurations of a pair of FMs. The history and the microscopic origin of 
the GMR effect can be found in many scientific papers. In this chapter, and also for the 
entire thesis, a central theme is another equally important MR effect based on electron 
tunneling through thin insulating barriers. Let’s start the whole story with an introduction of 
the magnetic properties of electrons in atoms and solids. 

 
Figure 1.3 (Colour online) Schematic diagrams of (a) the electron circulating 
around a nucleus producing the corresponding  and ; (b) the total angular 
momentum  is the vector summation of  and , (c) the normal Zeeman effect, one 
energy level splits into several when  is on; (d) anomalous Zeeman effect, the 
energy splitting of the excited state depends on the total angular momentum. 

1.2.2 Magnetism of electrons in atoms 

In a neutral atomic system (with net charge zero), an electron of the mass me 
(~9.109×10-31 kg) with the negative charge -e (~1.602×10-19 C) and a velocity  can be 
naively thought to undergo a circular motion around the positively charge nucleus +e. As 
we can see from Fig. 1.3(a), such a circular displacement is equivalent to a circular current 
loop I with the radius r. It costs the time of  to complete one cycle and the resultant 
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current is defined as . With these parameters, the corresponding magnetic moment 
 and angular momentum  can be expressed as,8,9,10 

 

2 

As we can see from Fig. 1.3(a),  and  are pointing in opposite directions. An 
important quantity is the ratio of , which is called gyromagnetic ratio, . If the 
approach changes from classical to quantum physics, the principle atomic energy levels 
(with quantum number n), angular momentum (l), and magnetic angular momentum (ml) 
are quantized. Stationary states (independent of time) are states of constant energy, and the 
orbital motion is characterized by discrete angular momentum levels, corresponding to 
discrete magnetic moments in units of the Bohn magneton, ; where, ħ is equal to 
Planck's constant h divided by 2π. For a given energy level, for example with n = 2, the 
possible values for  are equal to 0 and 1, and the corresponding possible values for   are 
-1, 0 and 1. 

Apart from the orbital motion, an electron also possesses the intrinsic spin 
property and the associated spin angular momentum ( ) can be assigned by a spin quantum 
number . From the example given in the last section, the two oppositely spinning 
directions (↑ and ↓) produce the corresponding magnetic fields in two opposite directions. 
Therefore, the spin magnetic moment ( ) can be represented by two possible quantum 
numbers,  and . This is the fourth quantum number, originating from the electron 
spin angular momentum. 

Summarizing, an electron is said to have both orbital angular momentum and spin 
angular momentum. Both of them can contribute to the magnetism, due to electrons moving 
in different ways. The resultant magnetic field, which is also called effective magnetic 
field, will be the superposition of these two. As we can see from Fig. 1.3(b), the spin-orbit 
coupling (SOC), which happens due to the interaction of electron angular momentum and 
spin angular momentum, gives rise to a vector summation producing the so-called total 
angular momentum , i.e. . Based on this concept, different types of SOC will be 
discussed separately in the following section. 

1.2.3 Zeeman Effect 

The Zeeman Effect requires a . When the  is present, it exerts a magnetic 
torque on an electron magnetic moment. The allowed variations of electronic energy levels 
∆E are quantized and given by11 
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Such an effect is known as the normal Zeeman effect, and the electronic energy 
splitting is determined by . Figure 1.3(c) shows the situation with and without  A 
single energy level can be split into two or more equally spaced energy levels depending on 
the possible values for . In reality, many chemical elements also exhibit the anomalous 
Zeeman Effect, in which the spin angular momentum  has to be taken into consideration. 
As a consequence, the total angular momentum  is involved. For the example shown in 
Fig. 1.3(d), the excited state (2P, spectroscopic notation: n = 2, ) splits into two 
available energy states (2P3/2 and 2P1/2) depending on the possible values of  (3/2 and 1/2). 
In spectroscopic studies, this technique is used to investigate electronic transitions between 
energy levels within electronic fine structures by following spectroscopic selection rules. 
More details about relevant knowledge and experimental techniques can be found in 
Modern spectroscopy. Later in this chapter, we will introduce how the Zeeman effect can 
be applied for spin polarization detection experiments using tunnel junctions comprising an 
ultra-thin superconducting metallic thin film at low temperature (< 1 K). 

1.2.4 Spin orbit coupling effects 

 
Figure 1.4 (Colour online) (a) Schematic drawings of the surface potential leading 
to the Bychkov-Rashba effect. Cross-sectional views of conduction and valence 
band line-up at a junction between an n-type n-AlGaAs and intrinsic i-GaAs, (b) 
before and (c) after charge accumulation has occurred. 
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1.2.4.1 Bychkov-Rashba SOC 

 SOC effects are relativistic effects that do not require . The force acting on an 
electron given by the Lorentz expression, , holds in the moving frame 
(global frame) of the electron. What looks like a  to a stationary electron requires a  
component in the frame of a moving electron (local frame of reference of the electron), and 
vice versa. Therefore, the  acting on the electron produces an equivalent  in a frame in 
which the electron is stationary. Such a  field leads to the Larmor precession of the 
moving spin-polarized electron (spin) in the .9,12 

In solid systems, a particular SOC called Bychkov-Rashba SOC can occur because 
of structure inversion asymmetry (SIA) for interfaces of a multi-layer (or surfaces of thin 
films). The materials can be diverse: nonmagnetic surfaces, magnetic surfaces and some 
structures containing thin conducting layers, for instance well-confined conducting two-
dimensional electron gases (2-DEG) at semiconductor interfaces. For a sample surface, 
such as gadolinium (Gd), its surface crystalline symmetry is broken by comparing with its 
interior bulk crystalline symmetry. As it is drawn in Fig. 1.4 (a), this yields a finite potential 
gradient along the surface normal; as a consequence there is a finite electric field in this 
direction. Such field translates into a magnetic field acting on a pair of ↑ and ↓ electrons 
moving at the surface. The same concept can be applied for a thin conducing channel, for 
example a 2-DEG, see Fig. 1.4 (b) and (c). When two semiconductors (e.g. n-type AlGaAs 
and intrinsic GasAs) exhibiting different band gaps and/or different locations of the Fermi-
energy are put into contact with each other, electrons are confined within the 2-DEG by an 
asymmetric potential due to the asymmetric structure (i.e. indicated by the yellowish dotted 
circle).13 As a consequence, the spin and orbital degree of freedoms are coupled. The 
Bychkov-Rashba SOC is described by the following Hamiltonian, 

 

where  is the momentum, σ represents the Pauli spin matrices, and α is the 
Bychkov-Rashba coefficient which describes the strength of the Rashba SOC. The 
Bychkov-Rashba SOC can be used to achieve spin rotation during drift, which can be tuned 
by an external gate voltage as proposed by Datta and Das for paradigmatic spin 
transistors.14 The total Hamiltonian for electron propagation perpendicular to the z direction 
is thus given by, 
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It produces the following energy spectrum after diagonalizing the above 
Hamiltonian, 

 

in which, the ± refers to the two possible spin directions (↑ and ↓) within the k|| (kx-
ky) plane (perpendicular to the z-axis). For electrons residing at surfaces or within a 2-DEG, 
the corresponding electric fields can be treated as effective magnetic fields depending on 
the electron propagation directions. Even without , the Bychkov-Rashba SOC leads to 
the lifting of the spin-degeneracy for those conducting electrons. 

1.2.4.2 Dresselhaus SOC 

 
Figure 1.5 (a) and (b)  are schematic drawings of 2-D band structure for only 
Rashba SOC, (c) is for only Dresselhaus SOC, (d) and (e) are the case of 
superposition of both Rashba and Dresselhaus SOC. Arrows are used to indicate 
the orientation of spins. Reproduced from reference 15. Copyright © 2004 
American Physical Society. 

Dresselhaus SOC occurs mainly in group III-V inorganic crystals, such as ZnS, 
GaAs, and InAs, which show bulk crystalline inversion asymmetry.9,15 The electrical fields 
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are therefore inequivalent along different crystalline planes. If this effect is included, the 
total Hamiltonian of equation 1.6 turns into,16 

 

where, β denotes the Dresselhaus coefficient which is an unique property of a material. 
Figure 1.5 shows the schematic plots for the 2-D band structures with the  linear 

terms of equation 1.7. The energy dispersion of Fig. 1.5(a) illustrates two shifted concentric 
parabolas with the same shape for either Rashba (α ≠ 0, β = 0) or Dresselhaus (α = 0, β ≠ 0) 
SOC appearing in a system. However, Rashba and Dresselhaus SOC lead to different 
patterns of spin orientations in the in-plane -space. The projections of such energy 
dispersion on the  (kx-ky) plane for the two different SOC are given in Fig. 1.5 (b) and (c) 
respectively, with the arrows indicating the spin directions. For the Rashba SOC of Fig. 
1.5(b), all the spins orientate perpendicular to the corresponding -vector. In contrast, for 
the Dresselhaus SOC, the angles between the k-vector and spins depend on the direction of 
the k-vector. For example, the spins are parallel with the -vector along the [100] and [010] 
directions in Fig. 1.5(c). In some systems, the co-existent Rashba and Dresselhaus SOC can 
interfere with each other, resulting in the energy dispersion given in Fig. 1.5(d). The 
corresponding vector projection is shown in Fig. 1.5(e). It depicts that at certain points, 
both effects can be greatly reduced or even cancelled out due to the vanishing spin splitting 
in these -space directions. A clear two-fold symmetry for the spin distribution within the 

-space can be observed in this case. This phenomenon is very important for 
understanding why two-fold symmetric TAMR signals appear in some tunnel junctions 
without the presence of in-plane magnetic uniaxial anisotropy of ferromagnets.  

1.2.5 Magnetocrystalline anisotropy 

Magnetic anisotropy means that the ferromagnetic or antiferromagnetic spin 
ordering of a sample lies along some particularly preferential direction(s). As a 
consequence, the magnetic anisotropy can affect magnetic hysteresis loops measured with 
the external field applied in different directions. One type of magnetic anisotropy which 
appears in all crystalline magnetically ordered systems, such as 3d ferromagnetic and rare-
earth transition metals, is called magnetocrystalline anisotropy. When ferromagnets and 
antiferromagnets contain ordered crystallographic axes, the magnetization energy is 
different along different crystalline lattice vectors, due to the anisotropic SOC. 
Correspondingly, this leads to a different/anisotropic density of states (DOS), with spin 
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populations that are different along various k-directions.9 Early studies have shown such 
phenomenon in systems such as fcc-Co(110)/MgO(110), and hcp-Co/bcc-Cr(211). 

1.2.6 Magnetic tunnel junctions 

Magnetic tunnel junctions (MTJs) are spin-based electronic devices made of two 
ferromagnetic electrodes separated by tunnel barriers, with a thickness ranging from a few 
ångströms to a few nanometers.17 Figure 1.6(a) shows the schematic drawing of the device. 
The labels, FM1, TB and FM2, represent the first ferromagnet, the tunnel barrier, and the 
second ferromagnet, respectively. Many wide bandgap semiconductors (GaAs, TiO2) and 
insulators (AlOx, MgO, SiO2) can be used for the tunnel barrier. The device exploits the 
wave properties of electrons, which tunnel through the thin insulating barriers resulting in 
electronic conduction (Fig.1.6(b)). Normally, upon Bext sweeps, the conductance/resistance 
shows two output states, high conductance (low resistance) or low conductance (high 
resistance), which can be considered as the “on” and “off” states. The device acts as a 
magnetic switch, and is sometimes also called magnetic spin-valve (MSV). The exponential 
decay of the evanescent state of the electrons passing through the tunnel barrier results in a 
strong attenuation of the tunnel current upon increasing the barrier thickness. The tunnel 
current may be approximated by the Simmon’s expression: 

 

where I is the tunnel current, φ (unit: V) and V (unit: V) are the average barrier 
height and bias voltage across the junction respectively. tb is the barrier thickness in 

ångströms. β is a numerical constant. The term “A” can be expressed as . The 

schematic illustration of the tunneling effect under a certain bias V is also provided in 
Fig.1.6(c). The  and  are the electrochemical potentials for FM1 and FM2 respectively 
under bias V. Since both electrodes are FMs, the conducting electrons are spin polarized. 
The magnitude of the spin polarization depends on the intrinsic properties of FM and on the 
properties of the FM/TB interface. The resultant conductance/resistance, which is measured 
from the tunnel barrier, is determined by the relative magnetization orientations of FM1 and 
FM2. From Fig.1.6 (a), the conductance can be expresses in terms of  with θ being the 
angle between the two magnetization vectors: 

 

where GP and GAP are the conductance for θ = 0o and θ = 180o respectively. They 
correspond to the parallel and the anti-parallel magnetization configurations. The tunneling 
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magnetoresistance (TMR) ratio is determined by the coupling of the two spin quantization 
axes, and is defined as: 

 

 
Figure 1.6(Colour online) Schematics of the MTJ. (a) The typical MTJ structure. 
(b) Schematic electron tunneling process, with the electron wave incoming from 
the left side of the tunnel barrier. (c) Illustration of the approximate tunnel barrier 
profile used in the Simmon's model with several parameters that are explained in 
the main text indicated. Schematic illustrations of spin related sub-bands relevant 
for the spin-tunneling mechanism, (d) the parallel configuration, and (e) the 
antiparallel configuration. 

An intuitive way to look at the TMR is from the spin related density of states 
(DOS) of the FM1 and FM2 electrodes. Figure 1.6(d) and (e) depict two different 
situations, namely the parallel and the antiparallel configurations of two magnetization 
directions respectively. The blue and pink regions are used to distinguish the majority spin 
(↑) and minority spin (↓) sub-bands, in which the relatively larger areas represent the 
majority spin DOS. During the tunneling process, the spin orientation is preserved. 
Therefore electrons originating from FM1 can only tunnel into the corresponding sub-band 
of the same spin orientation in FM2, as is indicated by the green arrows. It guarantees that 
the tunneling rate of equation 1.11 is non-zero if the delta term, 

, is not equal to zero.3 In the equation, l and r denote left and right FMs,  
means tunneling probability for both up- and down-spin channels from  to .  is 
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the Fermi-Dirac distribution at a certain temperature. The spin current can be decomposed 
into spin-up and spin-down channels respectively. For the parallel case of Fig. 1.6(d), spin-
polarized electrons tunnel from the FM1 into the corresponding DOS of the FM2 with the 
same spin orientations. The change of the magnetization from the parallel to the antiparallel 
configuration results in an exchange of the two spin sub-bands of one of the FMs, in this 
case it is FM2 (Fig. 1.6 (e)). As a consequence, a variation of the conductance/resistance 
will be detected. 

 

1.2.7 Tunneling anisotropic magnetoresistance 

Beyond the conventional TMR effect, there exists another class of magnetic 
tunneling phenomena, which are coined tunneling anisotropic magnetoresistance 
(TAMR).18,19,20,21 The magnetoresistance may also depend on the magnetizations (  in 
ferromagnets with respect to their crystallographic axes. It is possible to generate TAMR 
based on only one FM. Figure 1.7 shows the device configurations used for two different 
types of TAMR measurements. The materials of the TB are similar to the aforementioned 
MTJs. In an experiment, the magnetization vector  can be rotated within the x-y plane or 
can be rotated away from the x-y plane towards the z-axis with respect to an in-plane 
reference axis, i.e., the x-direction in Fig. 1.7. These refer to the in-plane and the out-of-
plane TAMR configurations, respectively. Experimentally, ferromagnetic thin films with 
well-defined crystallographic axes can be prepared by epitaxial growth on a suitable 
substrate. For such epitaxial films, a rotation of  modulates the DOS of the FM due to the 
anisotropy of the SOC, resulting in magnetoresistance. The TAMR expressions for these 
two configurations are 

 
Figure 1.7 (Colour online) Schematic drawings of (a) the configurations for in-
plane TAMR measurements and (b) out-of-plane TAMR measurements. Regions 
FM, TB and NM are the ferromagnet, tunnel barrier and non-magnetic metal 
respectively. M is the magnetization vector. 
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where θ and Ø are the angles between  and the x-axis of Fig.1.7. R is the 
tunneling resistance for  applied at a certain angle. Although the expressions are formally 
the same for both configurations, they in fact correspond to different physical situations. 
For the in-plane configuration, the current direction is always perpendicular to . By 
contrast, in the out-of-plane configuration, the  changes with respect to the direction of 
current flow (perpendicular to the tunnel barrier). For the out-of-plane configuration, the 
TAMR effect was also reported for structurally disordered Fe/AlOx/Si tunnel junctions. 

A practical advantage of utilizing TAMR over typical magnetic spin-valves is that 
a similar effect can be generated but only one ferromagnet is involved. In comparison with 
the conventional AMR effect, which also originates from SOC, TAMR shows different 
merits since the physical effects occur in the tunneling regime. It can, on one hand, filter 
away a fraction of the electronic phase space, while on the other hand, strong SOC effects 
at ferromagnetic surfaces or within tunnel barriers are expected to contribute to large 
TAMR ratios. 

 
Figure 1.8 (Colour online) (a) Device schematic showing the contact geometry and 
the crystallographic directions. (b) Hysteretic magnetoresistance curves acquired at 
4.2 K with 1 mV bias by sweeping the magnetic field along the 0o, 50o, and 55o 
directions. Spin-valve-like features of varying widths and signs are clearly visible, 
delimited by two switching events labelled Hc1 and Hc2. (c) TAMR along 30o for 
temperatures from 1.6 K to 20 K, showing a change of sign of the signal. The 
curves are vertically offset for clarity. Reproduced from reference 21. Copyright © 
2004 American Physical Society. 
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Here, a few examples are chosen in order to further illustrate the TAMR effect. 
The first experimental evidence of TAMR in a spintronic device was reported by C. Gould, 
et al., in 2004 based on a GaAs(001)/(Ga,Mn)As/AlOx/Ti/Au vertical stack.22,23 The arrows 
of Fig. 1.8(a) indicate the different crystallographic axes of the epitaxial ferromagnetic (Ga, 
Mn)As layer, with the [100] direction taken as the reference direction. Some representative 
MR curves in Fig. 1.8(b) were measured at 0o, 55o and 50o, respectively, showing two 
distinct resistance states, a low one of 2.92 kΩ and a high one of 3.00 kΩ. The features 
were observed to be very similar to those of many typical spin valve signals obtained from 
MTJs. The sign- and magnitude changes of the MR as a function of temperature in Fig. 
1.8(c) also reveal that the effect is strongly temperature dependent. 

 
Figure 1.9 (Colour online) (a) Sketch of the Fe/GaAs/Au tunnel junction. (b) 
Schematic of the conduction band profile.  The gray background is a transmission 
electron microscopic image of an epitaxial Fe/GaAs interface displaying the 8 nm 
thick GaAs barrier. Reproduced from reference 23. Copyright © 2004 American 
Physical Society. 

Following this inspiring study, a substantial series of works have been devoted 
into this intriguing phenomenon in the past decade. Regarding the tunneling barrier, rather 
than using amorphous AlOx, crystalline GaAs barriers have been incorporated in GaAs 
(substrate)/Fe/GaAs/Au structures (see Fig.1.9).24,25 These structures also exhibit significant 
TAMR. An advantage of using this particular semiconductor, GaAs, as the tunneling barrier 
is due to its bulk inversion crystalline asymmetry, which leads to Dresselhaus SOC (i.e., 
momentums dependent splitting of spin bands in bulk crystalline asymmetric solids). It has 
been shown that the Dresselhaus SOC superposes with the Bychkov-Rashba SOC resulting 
in an enhancement of TAMR. Figure 1.9(b) displays the cross-sectional view of the device 
profile in which the two arrows on the Fe side are used to indicate the two spin related sub-
bands. An in-plane two-fold symmetry of the TAMR was observed in this system, which 
could not be simply explained from the epitaxial Fe. However, the explanation can be 
found by considering the in-plane effective SOC field (SOCF) w(k||) i.e. the effective 
magnetic field that the spins "feel" when they transmit through the GaAs semiconductor 
tunnel barrier. 

Recall that the combined Rashba and Dresselhaus SOC cause the modification of 
the in-plane SOCF. When both co-exist, a clearly two-fold symmetric SOCF can be 
produced by calculations as is illustrated in Figure 1.10 (a) (note that γ denotes the 
Dresselhaus SOC coefficient in this example). The arrows indicate the distribution of the 
SOCF within the k|| plane and the solid line (red) represents the strength or the amplitude of 
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the SOCF, showing uniaxial anisotropic characteristics. When the magnetization vector 
rotates from the [110] to the  direction, the SOCF amplitude varies from maximum to 
minimum, which produces a difference in the spin transmission depending on the 
magnetization direction. 

 
Figure 1.10 (Colour online) (a) Schematic representation of the anisotropy of the 
spin-orbit coupling field w when both the Bychkov-Rashba and Dresselhaus SOCs 
are present (α, γ ≠ 0). Thin arrows represent a vector plot of the SOCF w. the solid 
line is a polar plot of the SOCF w strength for a fixed value of k|| = |k|||. (b) In the 
absence of Dresselhaus SOC (α ≠ 0, γ = 0), the amplitude of the SOCF w becomes 
isotropic. Reproduced from reference 17. Copyright © 2009 American Physical 
Society. 

Apart from magnetocrystalline anisotropy, Bychkov-Rashba and Dresselhaus 
SOC, resonant interfacial states were also shown to contribute significantly to TAMR.26,27 
The effect is mainly due to Bychkov-Rashba SOC at ferromagnetic surfaces. The electronic 
surface bands can mix/interact weakly with the bulk bands to form resonant states for 
tunneling electrons. These surface bands, which are also determined by the choice of the 
insulating tunneling barrier, usually contribute strongly to the tunneling current. 

1.2.8 Antiferromagnetic tunneling anisotropic magnetoresistance 

Apart from FM/TB/NM structures, recent studies have also demonstrated TAMR 
in tunnel junctions comprising exchange coupled FM/antiferromagnet (AFM) electrodes. 
Experimental studies on the archetypical NiFe/IrMn/MgO/Pt exchange coupled systems are 
shown in Fig.1.11.28 Figure 1.11(a) displays the temperature dependence of the MR 
measurements for the devices with IrMn layers of 3 nm and 1.5 nm thick. The MR can be 
observed in the full temperature range from 5 K to 100 K, while the AFM-induced shifts of 
the hysteresis loops become more pronounced at 5 K. The variations of the switching 
behaviour at different temperatures are attributed to corresponding variations of the rotation 
of the AFM moments in the IrMn layer. The unequal magnitudes of the resistance at 
opposite sweeping fields indicate the incomplete rotation of IrMn magnetic moments. 
These effects can also be observed in the angle dependent TAMR measurements as they are 
shown in Fig. 1.11(b). 
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Figure 1.11 TAMR for two sets of samples with 3 nm and 1.5 nm 
antiferromagnetic IrMn layer measured at 5 K, 50 K, and 100 K. (b) TAMR 
measured (black lines) as a function of the angle of the applied field with 
magnitude above the coercive field of the NiFe. Grey lines are inversion symmetric 
mirror images of the measured data. Reproduced from reference 27. Copyright © 
2012 American Physical Society. 

1.2.9 Tedrow-Meservey method 

Previously, we have discussed the Zeeman Effect. The aim of this section is to 
introduce how the Zeeman Effect can be applied for detecting spin polarization of the 
current in MTJs. The technique relies on spin splitting in an ultra-thin superconducting Al 
film.29,30,31 At temperatures that are much lower than the critical temperature of Al, the 
quasi-particle states of Al which contain both ↑ and ↓ electrons can be split into two sub-
bands respectively under application of a sufficiently large in-plane magnetic field. Figure 
1.12 (a) shows these two sub-bands, separated by the Zeeman energy , in which H is 
magnetic field within the Al layer and ∆ is the superconducting energy gap of Al. If the 
injected current originates from a FM, it is composed of majority and minority spin 
contributions. Figure 1.12 (b) shows that, upon sweeping the bias voltage applied over a 
tunnel barrier, the conductance reflects the unbalanced spin contributions. The spin-
polarized electrons are fed into the corresponding sub-bands of the superconductor, which 
are 100% spin polarized. The resultant conductance (Fig. 1.12 (c)) for the spin-up and spin-
down channels is unequal due to the finite spin polarization of the FM. The spin 
polarization of the tunneling current then can be determined by reading the maximum 

(a) (b)(a) (b)
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values of the four shoulders  and , in Fig. 1.12 (d). The spin polarization can be 
derived by the following equation,29,32 

 

 
Figure 1.12 Ferromagnet/tunnel barrier/superconductor junction. (a) BCS DOS of a 
superconductor as a function of bias voltage in a constant magnetic field; (b) the 
sweeping bias current for each spin direction; (c) Normalized conductance for each 
spin direction (dotted and dashed curves) and the total conductance (solid line). (d) 
Schematic drawing shows measured conductance for obtaining the spin 
polarization from equation 1.14. (e) shows some selected plots for the Co/AlOx/Al 
tunnel junction measured at several different Bext. The effect becomes more 
pronounced and the Al energy gap tends to be obscured at larger field. Reproduced 
from reference 28. Copyright © 1973 American Physical Society. 

1.3 Organic spintronics 

Organic spintronics has entered scientific research after inorganic spintronics, and 
it has benefitted from previous experience developed in that field. It aims at bringing spin 
functionality into organic electronics, and vice versa at utilizing e.g. the unlimited 
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versatility of organic materials synthesis in spintronics.33,34,35 The unique properties of 
organic electronic materials have attracted much attention especially due to their 
compatibility with flexible substrates and large-scale production techniques such as roll-to-
roll printing for future applications. 

1.3.1 Organic spin valves 

Organic spin valves or organic MTJs are very similar to inorganic spin valves, 
except that the inorganic semiconductors are replaced by organic semiconductors. These 
days, most organic spin valves still rely on inorganic FMs as spin injectors because organic-
based FM materials are still not mature enough for fabricating devices. Almost all organic 
FMs only show ferromagnetism only at low temperatures. 

 
Figure 1.13 (Colour online) (a) Schematic drawing of the two-step tunneling 
process that electrons tunnel from Co (0) via Al2O3 and C60 (1) and eventually into 
NiFe counter-electrode (2); (b) is the junction magnetoresistance (JMR) as a 
function of C60 thickness. Solid circles and solid squares are experimental results 
measured at room temperature and 5 K respectively. Theoretical calculations are 
shown by the dashed line which involves direct- and two-step tunneling. The dash-
dotted line indicates two-step tunneling only. The inset shows the TMR 
measurements for a magnetic tunnel junction of 5 nm thick C60 at 250 K (blue) and 
80 K (red). Reproduced from reference 35. Copyright © 2012 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

Figure 1.13(a) schematically shows a typical organic spin valve based on 
molecular C60 layers.36 The overall structure contains Co/AlOx/C60/NiFe, and the spins 
undergo a hopping mechanism within C60 molecules. In this case, spins originating from the 
Co layer experience a two-step tunnel process before they reach the NiFe electrode. The 
junction magnetoresistance (JMR) of such device decreases with the increase of the C60 

(a) (b)
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layer thickness, which may indicate some transition from a direct- or a bi-step tunneling 
into a multi-step tunneling process. The results shown in Fig. 1.13 (b) correspond to 
experiments and model calculations. The corresponding inset shows the magnetic switching 
traces for a MTJ with 5 nm C60 measured at 80 K (red curve) and 250 K (blue curve). 

1.3.2 TAMR in organic spintronics 

The first experimental results showing TAMR in organic spintronics were reported 
by M. Grunewald, et al. Their vertical organic spintronic device (Fig. 1.14(a)) consists of an 
air-stable and high mobility n-type organic layer, N,N’-bis(n-heptafluorobutyl)-3,4:9,10-
perylene tetracarboxylic diimide (PTCDI-C4F7) (Fig. 1.14(b)) sandwiched between a FM 
La0.7Sr0.3MnO3 (LSMO) bottom electrode and a non-magnetic Al counter-electrode.37 

 
Figure 1.14 (Colour online) (a) the vertical organic spintronic structure based on 
PTCDI-C4F7 molecules; (b) Chemical structure of the PTCDI-C4F7 molecule; (c) 
Magnetoresistance measurements for sweeping fields applied along 0o (black trace) 
and 90o(orange trance). (d) is the TAMR measurement for such device. 
Reproduced from reference 36. Copyright © 2011 American Physical Society. 

Figure 1.14(c) shows the typical spin-valve-like switching behaviour, measured at 
two perpendicular directions from which the MR changes sign from positive to negative. 
The TAMR effect was further proven by 360o rotation of a constant in-plane magnetic field, 
and a biaxial symmetry of the anisotropic resistance distribution was detected in Fig. 
1.14(d). 
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1.3.3 Ferromagnet/organic hybrid interfaces 

Metal-organic interfaces have been a long-standing issue in organic 
electronics.38,39 For organic spintronic devices, one may think that the direct contact 
between these two dissimilar materials hinders spin injection, analogous with conductivity 
mismatch in inorganic spintronic systems. The effects introduced by the interfaces are 
complicated as Barraud and co-workers pointed out,40 the spin tunneling process across 
interfaces between FM and organic semiconductors is governed by the nature of chemical 
bonds between organic molecules and magnetic electrodes at their interfaces.41 

 
Figure 1.15 (Colour online) Schematic representation of the spin-filtering 
mechanism at an organic/inorganic hybrid interface. (a) shows the DOS for the 
magnetic metal (left) and the organic molecule (right) are the individual DOS 
without any correlations when they are separated. In (b), the hybridization of 
magnetic metal and the organic molecule leads to a broadening of electronic states 
of the molecule. (c) The shift of the interfacial DOS is also spin-dependent. 
Reproduced from reference 40. Copyright © 2010 Macmillan Publishers Limited. 

The above statement tells us the interface is not as passive as people expected and 
it is necessary to reconsider its role. It is helpful to consider the variations of the DOS of a 
magnetic metal and an organic molecule as they are brought into contact, in order to 
understand the underlying physics. The dotted line in Fig.1.15 shows the location of the 
Fermi-energy level, and Fig.1.15(a) depicts the spin-related energy bands for the majority 
spin sub-band (spin up) and the minority spin sub-band (spin down) respectively. The 
molecule shows discrete energy levels. Without interaction, the spin polarization is simply 
determined via the metal DOS at EF. When the two materials are brought in contact, the 
resultant molecular DOS is spin dependent and is broadened by different amounts. It is 
likely that EF lies within the newly formed minority sub-band as it is shown in Fig.1.15 (b). 
Under a certain bias, the corresponding interfacial spin polarization may have opposite sign 
as compared to the spin polarization of the FM. Another consequence of ferromagnet-
organic hybridization is the spin dependent shift of the DOS. As we can see from Fig.1.15 
(c), a particular DOS of e.g. majority states can end up at EF and therefore dominate the 

(a) (b) (c)
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spin polarization of a current extracted from such a system. Some elaborate discussions 
about this issue can also be found in a recent review paper published by K. V. Raman.42,43 

An experimental study of spin polarized transport in which the ferromagnet-
organic hybridization phenomenon plays a major role is based on a fcc-Co/zinc methyl 
phenalenyl (ZMP)/Cu sandwich structure, in which the neutral planar ZMP molecules have 
no net spin (Fig. 1.16(a)). When the molecules are deposited on top of the ferromagnetic Co 
layer, spin transfer accompanies the hybridization of Co and ZMP. Because the counter-
electrode is non-magnetic Cu, the magnetoresistance shown in Fig. 1.16(b) is attributed to 
the coupling between the Co and the hybridized interfacial layer. 

 
Figure 1.16 (Colour online) (a) Schematic drawing of the molecular structure of 
zinc methyl phenalenyl (ZMP). The top image shows the molecule in the neutral 
state. It is possible to change it to an anionic radical with net spin moment upon 
hybridization process. (b) Magnetic switching traces for a device structure (Co(8 
nm)/ZMP(40 nm)/Cu(12 nm)) measured at 4.2 K. Blue and red traces are positive 
and negative field sweeps respectively. The insets on both sides are the schematic 
illustrations of device layouts and magnetic switching behaviours of Co. The 
yellowish parts are the magnetic layer due to Co/ZMP hybridization. Reproduced 
from reference 37. Copyright © 2013 Macmillan Publishers Limited. 
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Chapter 2  Tunneling anisotropic magnetoresistance in 
Co/AlOx/Al tunnel junctions with fcc-Co (111) electrodes 

2.1 Abstract 

This chapter presents experimental studies of tunneling anisotropic 
magnetoresistance (TAMR) in junctions comprised of face-centred cubic (fcc) Co (111) 
ferromagnetic electrodes grown epitaxially on single crystalline sapphire substrates, 
amorphous AlOx tunnel barriers, and non-magnetic Al counter electrodes. Large TAMR 
ratios have been found, up to 7.5% and 11% (at 5 K), for the in-plane and out-of-plane 
magnetization geometry, respectively. Such large TAMR values were not expected a priori, 
given the weak anisotropy of the (bulk) Co-bands due to spin-orbit interaction, and the 
absence of Co (111) surface states that cross the Fermi energy. Both the in-plane and out-
of-plane TAMR effects exhibit a predominantly twofold symmetry, and a strong bias 
dependence. The in-plane TAMR shows a maximum along the (two-fold) magnetic hard 
axis, suggesting a relation between magnetic anisotropy and TAMR. We propose that 
uniaxial strain in combination with Bychkov-Rashba spin-orbit interaction, producing an 
interfacial tunneling DOS that depends on the magnetization direction, is responsible for 
the TAMR effect. The importance of the interfacial Co/AlOx (electronic) structure for the 
TAMR effect is underlined by measurements on junctions with over-oxidized AlOx 
barriers, which show markedly different bias and angle dependence. 

Key terms – tunneling anisotropic magnetoresistance, fcc, magnetic anisotropy, Bychkov-
Rashba, Fermi-energy, density of states, interfacial structure. 
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2.2 Introduction 

In spintronics, the coupling between charge carrier spins and other degrees of 
freedom governing charge transport is exploited to obtain device functionalities ranging 
from magnetic field sensing to information storage and processing. MTJs, a large resistance 
change (up to 600% at room temperature) can be obtained upon changing the relative 
alignment of the magnetization vectors of two FM electrodes, separated by a tunnel 
barrier.1 This effect, called TMR, arises because the DOS in the ferromagnets is spin 
dependent, which results in different tunneling rates for majority versus minority spins. In 
turn, this produces a resistance that depends on the angle between the spin quantization 
axes (magnetization vectors) of the two FMs. 

Beyond these conventional TMR effects, the MR of MTJs may also be varied via 
the rotation of the magnetization relative to different crystallographic axes of the 
ferromagnets,2,3 or relative to the direction of current flow.4 These effects are commonly 
referred to as TAMR. Early studies have shown that the TAMR effect originates from SOI, 
which modulates the tunneling DOS as the magnetization direction changes.5 TAMR 
effects may be expected whenever electron tunneling is affected by anisotropic spin-orbit 
fields, and have indeed been found for different systems including the aforementioned 
MTJs, single Co atoms adsorbed on Fe/W(110) surfaces,6 and mechanically controlled 
break junctions.7 

Unlike TMR, the TAMR effect persists in tunnel junctions that contain only one 
FM electrode. The first experimental evidence of the TAMR effect in spintronic devices 
was observed by Gould et al. for tunnel junctions comprising a single ferromagnetic 
(Ga,Mn)As layer, an AlOx tunnel barrier, and a non-magnetic Ti/Au counter electrode.2 
Spin-valve-like device characteristics were observed, as well as a robust TAMR ratio of 
about 2.7% at 4.2 K. As (Ga,Mn)As has the zinc-blend structure which lacks a centre of 
inversion, it exhibits Dresselhaus SOI,8 which, in combination with Bychkov-Rashba SOI 
originating from the interfaces,9 produces the TAMR.10,11 This interplay between 
Dresselhaus- and Bychkov-Rashba SOI is present in all structures comprising non-
centrosymmetric materials, e.g. (Ga,Mn)As electrodes or GaAs barriers, and can explain 
the uniaxial symmetry of the in-plane TAMR that is typically observed for such 
structures.3,10,11,12,13,14,15 Another class of junctions for which TAMR effects have been 
studied in some detail is MTJs that contain body-centred cubic (bcc) 3d ferromagnetic 
electrodes, e.g. Fe or CoFe. In these systems, resonant tunneling through surface states, 
influenced by Bychkov-Rashba SOI, has been put forward as an important mechanism to 
explain the experimental observations.16,17,18,19 Localized surface states may mix with bulk 
bands, which produce so-called resonant surface bands.20,21 Without Bychkov-Rashba SOI, 
e.g. for a highly symmetric MTJ configuration such as Co/vacuum/Co, theoretical analysis 
has shown that a large tunneling transmission through resonant states may be obtained due 
to the formation of bonding and anti-bonding hybrid states derived from the interface states 
on both sides of the barrier. In a tunnel junction comprising a single ferromagnetic layer 
and a nonmagnetic metal as counter-electrode, the Bychkov-Rashba SOI can greatly 
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enhance the admixture of surface and bulk bands, which are eventually transferred into 
resonant bands.16,18 

Since TAMR is due to SOI, large effects are expected and indeed found for 
systems in which heavy elements are present. Out-of-plane TAMR ratios in excess of 10% 
were observed at 4K in junctions comprising Pt-terminated stacks of Co/Pt ultrathin (1 nm) 
films.22 This is much larger than the 0.15% TAMR value observed for similar stacks with 
Co termination, or the 0.4% effect found for Fe/GaAs/Au systems (both experiment and 
theory).3 The difference has been attributed to the weak SOI in 3d ferromagnets compared 
to that in 5d transition metals. 

 
Figure 2.1 (Colour online) Schematic diagrams of (a) the epitaxial 8 nm Co thin 
film (patterned into 2 mm × 5 mm strips using shadow masking) on the single 
crystalline sapphire substrate at room temperature, with their in-plane 
crystallographic directions indicated, (b) the spintronic device with structure Co(8 
nm)/AlOx(3.3 nm)/Al(35 nm), (c) top view of such a tunnel junction, the angle θ 
indicates the in-plane magnetization direction with respect to the crystallographic 
axis , (d) cross-sectional view of such a tunnel junction, the angle ø indicates 
the out-of-plane magnetization direction with respect to the crystallographic axis 

. 

In spite of the significant progress made regarding several specific systems 
described above, in particular those involving non-centrosymmetric materials like GaAs, a 
detailed and generally applicable understanding of the mechanisms underlying TAMR is 
still lacking. Studies of systems that explore new areas of the "parameter space" 
determining the effects are therefore highly desirable. Here, we present an experimental 
TAMR study of junctions comprising fcc-Co (111) ferromagnetic electrodes grown 
epitaxially on single crystalline sapphire substrates, amorphous AlOx tunnel barriers, and 
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non-magnetic Al counter electrodes. We find large TAMR ratios up to 7.5% and 11% (at 
5 K), for the in-plane and out-of-plane geometry, respectively. Such large TAMR values 
are surprising for several reasons. First, our junctions lack Dresselhaus SOI, and heavy 
elements with strong SOI are absent. Second, theoretical work concerning hexagonally 
close-packed (hcp) Co has predicted a weak SOI-induced anisotropy in the integrated bulk 
DOS at the Fermi energy, EF, of 0.3% upon rotating the magnetization from [0001] to 
[1000].23 Under the assumption of in-plane momentum conservation during tunneling, such 
that predominantly states with  along the tunneling direction are involved, the anisotropy 
in the tunneling DOS is calculated to be 1.3%. Based on these calculations, one would 
expect small TAMR ratios, on the order of a percent or less, in MTJs with a single 
ferromagnetic Co electrode. Third, contrary to the case of bcc-Fe (001), hcp-Co (0001) and 
also fcc-Co (111) surfaces do not exhibit surface states that cross EF.24,25 Resonant 
tunneling through surface/interface states is therefore a priori not expected to play a 
significant role in tunnel junctions with hcp-Co (0001) or fcc-Co (111) electrodes. 

The content of this chapter is organized as follows. Section 2.3 provides the 
experimental details of this work. In section 2.4.1, characterization of the structural and 
magnetic properties of the Co thin films is presented, by x-ray diffraction (XRD) and 
vibrating sample magnetometry (VSM) measurements, respectively. Section 2.4.2 contains 
the results and discussion of magnetotransport measurements of Co/AlOx/Al junctions, 
focusing on in-plane and out-of-plane TAMR. Conclusions are presented in section 2.5. 

2.3 Experimental details 

All junctions were prepared by electron-beam evaporation in an ultra-high vacuum 
(UHV, base pressure 10-10 mbar) system using shadow masks. One-side-polished 
monocrystalline (0001) sapphire substrates, with an area of 11 × 11 mm2, were cleaned in 
ultrasonic baths of acetone and isopropanol. Referring to Fig. 2.1(a), the epitaxial Co 
bottom layer of 8 nm thick was grown on top of the sapphire substrate at room temperature, 
patterned into 5 × 2 mm2 strips using a stainless steel shadow mask. In order to achieve a 
thin AlOx tunnel barrier of uniform thickness, an Al layer of 2.5 nm thick was deposited on 
top of the Co thin film, after which the sample was transferred into the load-lock chamber 
for plasma oxidation (30 min in 100 mTorr O2 at room temperature). This yields an AlOx 
tunnel barrier of 3.3 nm. The plasma oxidation time was carefully checked by X-ray 
photoelectron spectroscopy (XPS) for four bi-layer Si (substrate)/Co( 8nm)/Al stacks, in 
which the Al layers have thicknesses of 1.5 nm, 2.0 nm, 2.5 nm and 3.0 nm respectively. 
All the samples underwent in-situ 30 min plasma oxidation at room temperature. Figure 2.2 
and 2.3 are the XPS spectra for Co 2p and Al 2p states respectively, in which (a) to (d) 
correspond to those four samples. The Co 2p spectrum of Fig. 2.2 (a) is representative of 
CoO, showing that the oxidation front has penetrated significantly beyond the 1.5 nm Al 
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layer. The bands, (i), (ii), (iii), (iv) and (v), of Fig. 2.2 (a) represent the 2p1/2 satellite, 2p1/2, 
2p3/2 satellite, 2p3/2 and Co Auger band respectively. As the thickness of Al was increased 
from 1.5 nm to 3.0 nm, the features of CoO are suppressed and signals of metallic Co 
appear. As we can see from Fig. 2.2 (c) and (d), the Co 2p spectra indicate the nearly 
complete absence of CoO after the oxidation process. For both 2.5 nm and 3.0 thick Al, it is 
also necessary to consider that Al may not be absolutely oxidized when it is too thick. 
Otherwise, junctions may consist of Co/Al/AlOx within which the metallic Al may reduce 
the spin polarization originating from Co. By comparing with the XPS spectra of Al in Fig. 
2.3, the Si(substrate)/Co(8 nm)/Al(2.5 nm) stack shows the most reasonable combination 
for producing the fully oxidized AlOx tunnel barrier with a very small amount of CoO. 
Subsequently, AlOx layers with a thickness of 30 nm were deposited through a shadow 
mask by e-beam evaporation of Al2O3, exposing a 250 μm wide strip of the Co/tunnel-
barrier stack. Finally, the Al top contacts were made by depositing 35 nm thick Al strips of 
300 μm width, resulting in cross bar structures with active junction areas of 250 μm × 300 
μm. These device structures are depicted in Fig. 2.1(b). 

 
Figure 2.2 (Colour online) XPS spectra for Co of bi-layer Si(substrate)/Co (8 
nm)/Al (x nm) configurations. (a) x = 1.5 nm, (b) x = 2.0 nm, (c) x = 2.5 nm, and 
(d) x = 3.0 nm. The plasma oxidation time was 30 min for all the samples. Peaks at 
(i), (ii), (iii), (iv) and (v) are the Co-2p1/2 satellite, Co-2p1/2, Co-2p3/2 satellite and 
Co-2p3/2 peaks respectively. 
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Magnetotransport measurements were carried out using a liquid helium flow 
cryostat equipped with a 1 T electromagnet. A four-terminal measurement geometry was 
used to minimize the contributions of the electrode resistances. The devices were mounted 
on a rotatable sample holder, enabling a 360o in-plane rotation of the magnetization of the 
Co thin films. Out-of-plane TAMR measurements were carried out using a physical 
properties measurement system (PPMS, Quantum Design), providing sufficiently large 
magnetic fields (up to 9 T) to saturate the out-of-plane magnetization of the 8 nm Co layer. 
The TAMR measurements were performed by injecting a constant direct current (d.c.) 
through the devices, while the voltage variations were recorded with a nanovolt meter. In 
addition to the magnetotransport measurements, the structural and magnetic properties of 
our Co thin films were characterized by XRD and VSM, respectively. 

 
Figure 2.3 (Colour online) XPS spectra for Al of bi-layer Si(substrate)/Co(8 
nm)/Al(x nm) configurations. (a) x = 1.5 nm, (b) x = 2.0 nm, (c) x = 2.5 nm, and 
(d) x = 3.0 nm. The plasma oxidation time was 30 min for all the samples. 
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2.4 Results and discussion 

2.4.1 Structural and magnetic properties of epitaxial Co films on 
sapphire (0001) 

XRD measurements were carried out to determine the crystalline phases and the 
film-substrate epitaxial relations. Figure 2.4(a) shows the out-of-plane θ-2θ scan of a 50 nm 
Co film on sapphire (0001). Four peaks can be observed, at 2θ = 41.7o, 44.4o, 90.8o, and 
98.2o respectively. Two peaks with large intensities and narrow bandwidths appear at 41.7o 
and 90.8o, which are ascribed to the (0006) and (00012) diffraction peaks of the sapphire 
substrate, respectively. The peaks at 44.4o and 98.2o are attributed to the (111) and (222) 
signals of fcc-Co. No other signals, due to impurity phases, could be detected. It can thus be 
concluded that the film, which was grown at room temperature, consists of solely fcc-Co 
with a (111) orientation. This is consistent with previous reports concerning thin Co films 
on sapphire (0001), for which fcc-Co (111) was found for growth temperatures below 
150oC, while coexisting fcc and hcp phases were obtained at higher temperatures. 

 
Figure 2.4 (Colour online) XRD spectra for a 50 nm Co thin film grown on 
sapphire (0001) substrate. (a) Out-of-plane  scan reveals fcc-Co phases. (b) and 
(c) show the  scans of the fcc-Co  planes, and the sapphire  planes, 
respectively. 

Further characterization of the fcc-Co layer concerns the in-plane epitaxial relation 
with the substrate, using XRD ϕ-scans. The results are shown in Fig. 2.4 (b) and (c), for 
both the fcc-Co  planes, and the sapphire  planes, respectively. As can be seen 
from Fig. 2.4 (b) and (c), six distinct diffracted peaks, with an equal adjacent angular 
spacing of 60o, are detected for both these planes, indicating a clear in-plane epitaxial 
relation. The epitaxial growth mode of the fcc-Co thin film and the sapphire substrate is 
illustrated in Fig. 2.5. Figure 2.5 shows a cross-sectional view of the modelled lattice 
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structures of the fcc-Co thin film grown on the sapphire substrate. In agreement with 
previous reports,26 the in-plane epitaxial relation can be understood from the following two 
types of crystallographic lattice arrangements: 

Type A: Co (111) fcc || Al2O3 (0001) ; 
Type B: Co (111) fcc || Al2O3 (0001) . 

As shown in Fig. 2.5, the fcc-Co film comprises two variants (i.e. type A and B), 
which are rotated around the film normal by 180o relative to each other. Such a lattice 
arrangement is similar to the cases of fcc-Co films grown on MgO (111) and SrTiO3 
(111).27 We have defined and indexed the crystallographic orientations of the Co film and 
sapphire substrate, as shown in Fig.2.1 (a), (c), (d); and, Appendix I for single crystalline 
sapphire wafers (0001). Summarizing, the XRD analysis indicates that the epitaxial Co thin 
film grown on sapphire (0001) consists of only fcc (111) phases, with a well-defined in-
plane epitaxial orientation. 

 
Figure 2.5 (Colour online) Schematic drawing of an fcc-Co thin film grown on top 
of a (0001) sapphire substrate (green area) indicates a unit cell of sapphire). 

Figure 2.6 shows magnetic hysteresis loops, obtained by room-temperature VSM 
measurements, for a 8 nm Co thin film grown on a (0001) sapphire substrate. Two 
representative in-plane loops, which were measured along two perpendicular 
crystallographic axes, are shown. The first was measured along the  direction and 
shows a square-shaped hysteresis loop with a coercivity of approximately 2.7 mT. By 
comparison, the second loop, which was measured along the  direction, exhibits a 
similar coercivity, but a more complex switching behaviour and a significantly weaker 
magnetic remanence. The inset of Fig.2.6 shows the normalized remanent magnetization 
measured with the magnetic field applied along different in-plane angles relative to the 

 direction, spanning a rotation of 180o. Clearly, the (as-prepared) Co thin film exhibits 
uniaxial magnetic anisotropy. 
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Figure 2.6 (Colour online) VSM measurements of an 8 nm Co thin film grown on a 
(0001) sapphire substrate at room temperature. The magnetic field was applied 
along the Co  and  in-plane directions. The inset shows the remnant 
magnetization as a function of the in-plane angle relative to the  
crystallographic axis. 

2.4.2 Magnetotransport measurements 

We first discuss the temperature dependence of the I-V characteristics to evaluate 
the basic electronic transport properties for our junctions, with the structure 
sapphire(0001)/Co(8 nm)/Al2O3(3.3 nm)/Al(35 nm). Figure 2.7(a) shows the I-V curves of 
such a device, measured at seven different temperatures between 5 K and 300 K. All I-V 
measurements exhibit supralinear and quasi-symmetric behaviour with respect to zero bias. 
From 5 K to 300 K, the I-V curves show only a modest variation, consistent with tunneling 
as the dominating electronic transport mechanism. This is furthermore illustrated by the top 
inset of Fig.2.7, depicting a conductance (dI/dV) curve that is typical for tunneling 
conduction. The temperature dependence of the normalized zero bias resistance (ZBR) 
displayed in the bottom inset of Fig.2.7 shows weak insulator-like behaviour, which 
indicates a pinhole- and defect free tunnel barrier. 

Figure 2.8 shows the MR measurements for the Co(8nm)/AlOx(3.3nm)/Al(35nm) 
junction when the sweeping magnetic fields were applied along different directions 
corresponding to different in-plane crystallographic axes of the fcc-Co. In Fig. 2.8(a), the 
MR was measured along the easy axis of the Co (i.e., ) and the magnetic switching 
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fields are consistent with the coercivity measured by VSM in Fig. 2.6. This shows that the 
magnetic switching behaviour is mainly determined by the magnetic properties of the fcc-
Co. With increasing in-plane angles, different magnetic switching behaviours can be 
observed with distinct angle dependence. 

 
Figure 2.7 (Colour online)Temperature-dependent I-V measurements for Co(8 
nm)/AlOx(3.3 nm)/Al(35 nm) junctions. Left inset: the conductance versus voltage 
measured at 5 K. Right inset: temperature dependence of normalized zero bias 
resistance (NZBR). 

TAMR measurements were performed at different temperatures, for both in-plane 
and out-of-plane configurations (see Fig.2.1 (c) and (d)). As shown in Fig.2.1(c), the in-
plane TAMR measurements were carried out by rotating the magnetization direction with 
respect to a reference crystallographic axis of the Co thin film (θ = 0o corresponds to the 

 direction). The magnetization was saturated along any in-plane direction by a 
applying a constant magnetic field of 500 mT. The in-plane TAMR ratio was evaluated by 
equation 1.12. 

A similar procedure (and definition) for the TAMR (ø) was used for the out-of-
plane configuration (a large constant magnetic field of 5 T was used to tilt the 
magnetization out-of-plane), as depicted in Fig.2.1 (d). ø = 0o is the direction along the 

 crystallographic axis. In spite of the apparent similarity, it should be pointed out that 
these two configurations correspond to rather different physical situations as we have 
discussed in Chapter 1. In the case of the in-plane configuration, the current direction is 
always perpendicular to the magnetic field direction, and the anisotropy results from the 
anisotropic SOI in the Co lattice. By contrast, in the out-of-plane configuration, the 
orientation of the magnetization changes with respect to the direction of current flow 
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(perpendicular to the tunnel barrier). In the latter case, but not in the former, a TAMR effect 
is observed even for structurally disordered ferromagnetic electrodes. 

 
Figure 2.8 (Colour online) In-plane MR signals measured at 5 K at several 
different angles (a) 0 degrees, (b) 20 degrees, (c) 40 degrees, (d) 60 degrees, (e) 70 
degrees and (f) 90 degrees, respectively for the Co(8 nm)/AlOx(3.3 nm)/Al(35 nm) 
junctions. 

Figure 2.9(a) shows a contour plot of the in-plane TAMR, as a function of both 
injected current and angle θ. The crystallographic axes corresponding to certain values of θ 
are indicated with labels/arrows. Clearly, the junction resistance is strongly influenced by 
not only the in-plane magnetization angle, but also the bias current. Note that the TAMR 
ratio is (nearly) always positive, meaning that the lowest junction resistance is obtained 
when the magnetization is along the  direction. The largest TAMR ratio observed is 
as high as 7.5%. Figure 2.9 (b) and (c) depict the in-plane TAMR ratio as a function of 
bias current, measured at several different angles with respect to the reference 
crystallographic axis  of the Co thin film. The overall shapes of the curves are all 
fairly similar, showing a strongly decreasing TAMR effect as the bias increases, 
independent of the bias polarity. The applied bias current ranges from +5 μA to -5 μA 
across the junctions. This corresponds to a maximum bias voltage of approximately 16.6 
mV and -16.4 mV, respectively, measured along the  crystallographic direction of the 
Co layer under an externally applied magnetic field of 500 mT. At higher bias, a larger 
region of the tunneling DOS is sampled, and the anisotropy with respect to the 
magnetization direction is integrated over a larger number of states. Therefore, the rapid 
suppression of the TAMR with increasing bias indicates that only electronic states close to 
EF exhibit a significant SOI-induced asymmetry, producing the TAMR. The same principle 
can also account for the strong temperature dependence of the TAMR effects in our 
junctions, which completely vanishes above 100 K (not shown), since a broadening of the 
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Fermi Dirac distribution also leads to the sampling of a larger tunneling DOS. The TAMR 
curves in Fig.2.9 (b) and (c) also show a marked asymmetry for forward- versus reverse 
bias. This asymmetry reflects the differences in the SOI for occupied versus unoccupied 
states at the Co/AlOx interface. It should be pointed out in passing that at constant bias 
current, the voltage across the junctions changes by a few percent when the magnetization 
direction is varied, such that a slightly different part of the tunneling DOS is probed. 
However, since significant changes of the TAMR effect occur only for much larger changes 
of the bias (see Fig.2.9), this does not affect the interpretation of the data. 

 
Figure 2.9 (Colour Online) TAMR measurements of devices made with high 
quality AlOx tunneling barriers. (a) Contour plot of the TAMR ratio as a function 
of both applied bias current and in-plane magnetization angle, measured at 5 K 
under application of a constant magnetic field of 500 mT. The colour in the 
contour plot represents the magnitude of the TAMR ratio in percent (see colour-
bar). (b) TAMR versus bias current for several different angles, (c) and (d) are 
angle-dependent TAMR for negative and positive bias current respectively. 

The decrease of the TAMR with bias is remarkably strong, when compared with 
other systems in which the bias dependence has been studied.17,28 A notable exception is the 
very large (150000%) TAMR effect observed in (Ga,Mn)As/GaAs/(Ga,Mn)As junctions,14 
which was found to rapidly decrease upon increasing the bias or temperature. In that case, 
the authors proposed that the large effect at low bias and low T might be due to the 
formation of an Efros-Shklovskii gap upon crossing a metal-insulator transition,29 which 
arises from Coulomb interactions between localized electrons in a disordered system. Such 
a scenario might be applicable indeed to (doped) semiconductor interfaces, but seems 
unlikely in our case. Disorder or defects in the barrier could also contribute to the rapid 
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suppression of the TAMR upon increasing the bias or temperature, as also suggested in Ref. 
14. However, as we conclude from the modest temperature dependence of the IV-curves, 
defect assisted tunneling does not play a significant role in our junctions. We note that a 
strong bias dependence has also been observed in Co50Fe50/n-GaAs junctions at 4.2 K, 
although in that study no data were presented for bias voltages below 10 mV.30 

 
Figure 2.10 (Colour online) TAMR measurements of devices made with over-
oxidized AlOx tunneling barriers. (a) Contour plot of the TAMR ratio as a function 
of both applied bias current and in-plane magnetization angle, measured at 5 K 
under application of a constant magnetic field of 500 mT. The colour in the 
contour plot represents the magnitude of the TAMR ratio in percent (see colour-
bar). (b) TAMR versus bias current for several different angles, (c) and (d) are 
angle-dependent TAMR for negative and positive bias current respectively. 

The plots of the TAMR as a function of θ shown in Fig.2.9 (d) and (e) reveal a 
predominantly 2-fold symmetry of the effect. Broad maxima are observed around θ 90 
and 270 degrees, corresponding to the  direction in the Co lattice, while two 
relatively weak shoulders appear at 140 and 330 degrees. These shoulders can only be 
observed at bias currents below 2 A, corresponding to bias voltages of about ±7 mV. 
Based on the in-plane lattice symmetry for fcc-Co (111), a six-fold symmetry of the TAMR 
is expected. Hence, we can exclude SOI-induced asymmetry of the bulk Co-bands as the 
origin of the observed effects. We can also exclude interference between Bychkov-Rashba 
and Dresselhaus SOI, which was shown to result in a two-fold symmetric in-plane TAMR 
effect in GaAs-based junctions, since our junctions do not contain non-centrosymmetric 
materials. In CoFe/MgO/CoFe and CoFe/Al2O3/CoFe junctions, the effect of Bychkov-
Rashba SOI on interface states has been shown to produce TAMR with two-fold as well as 
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four-fold symmetry, depending on bias voltage.17 Substituting the MgO barrier for an Al2O3 
barrier produced strong changes in the TAMR effects for such junctions, underlining the 
importance of the interfaces. Therefore, for our junctions, the effects most probably also 
originate from the interfacial electronic structure. 

To further investigate the influence of the interfacial properties on the TAMR, we 
analysed junctions with a reduced thickness of the Al layer (2 nm) that forms the AlOx 
tunnel barrier after plasma oxidation. The plasma oxidation time was kept constant, 
however, such that the oxidation front penetrates somewhat into the Co film, producing a 
surplus of CoO at the interface (the plasma oxidation procedure has been optimized 
previously, in terms of Al thickness versus oxidation time, using x-ray photoelectron 
spectroscopy). Such junctions exhibit a much smaller TAMR effect, with a markedly 
different dependence on bias as well as on the in-plane magnetization angle (see Fig.2.10 
(a)). In Fig.2.10 (d) and (e), at positive bias, again a predominantly two-fold TAMR effect 
is observed, while a much more complex angle dependence is found for negative bias. 
These measurements underline the importance of the interfacial (electronic) properties of 
the Co/AlOx contacts in determining the TAMR, its bias dependence, and its anisotropy. 

 
Figure 2.11 (Colour online) In-plane MR signals measured at 5 K at several 
different bias current (a) 1 μA, (b) -2 μA, (c) 50 nA, (d) -50 nA, for the Co(8-x 
nm)/CoO(x nm)/AlOx(3.3 nm)/Al(35 nm) junctions. 

Figure 2.11 shows the magnetoresistance measurements for the spintronic of Fig. 
2.10. Owing to the over-oxidized tunnel barriers, the ferromagnetic Co is exchange coupled 
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to the antiferromagnetic CoO formed at the Co/AlOx interface. As a consequence, it is 
possible to observe both magnetic hysteresis of the resistance and asymmetric magnetic 
switching (with respect to zero magnetic field) behaviours in the magnetoresistance 
measurements through these (ill-defined) tunnel junctions. TAMR effects in Co/CoO-
based, exchange-coupled tunnel junctions will be covered in more detail in the next chapter. 

It has been suggested that uniaxial strain in the epitaxial ferromagnetic layer may 
lead to TAMR with two-fold symmetry.11 This phenomenon has been previously proposed 
to be responsible for TAMR in epitaxial (Ga,Mn)As/AlOx/Au tunnel junctions.2 Owing to 
the band hybridization and the SOI at the substrate/film interface, the substrate materials, as 
well as their crystalline orientations, have strong impact on the magnetic properties of thin 
films. Several previous studies have demonstrated uniaxial magnetic anisotropic in Co 
films fabricated on various substrates, such as single crystalline sapphire and Cu substrates. 
Notably, Co (0001) films grown on sapphire  have been shown to exhibit in-plane 
uniaxial anisotropy, which was attributed to the Co/sapphire interfacial structure.31 In our 
case, VSM measurements also reveal uniaxial in-plane anisotropy (see Fig. 2.6). Our 
observation of two-fold symmetric TAMR in combination with uniaxial in-plane 
anisotropy, where the TAMR maximum coincides with the in-plane hard axis, is suggestive 
of a common origin. A correlation between TAMR and magnetocrystalline anisotropy has 
also been found by others previously.30 We therefore propose that uniaxial strain, combined 
with Bychkov-Rashba SOI, may play an important role in the TAMR in our junctions. 

Figure 2.12 shows measurements of the out-of-plane TAMR effect, obtained at 5 
K under application of a constant 5 T field. The maximum TAMR observed is 11%, which 
is similar to that observed for CoPt-based junctions.22 Similar to the in-plane TAMR effect, 
a strong reduction of the TAMR ratio with increasing bias current is observed (Fig.2.9 (a)). 
Figs.2.12 (b) and (c) show that the TAMR increases as the magnetization changes from the 
in-plane (i.e. ) to the out-of- plane (i.e. [111]) direction, for both negative and positive 
bias currents.  

 
Figure 2.12 (Colour online) Out-of-plane TAMR signals, measured at 5 K under 
application of a constant magnetic field of 5 T. (a) Bias current dependence of the 
out-of-plane TAMR effect. (b) and (c) show the angle-dependence of the out-of-
plane TAMR effects measured at negative- and positive bias currents, respectively. 

It has been proposed that the Bychkov-Rashba SOI is also responsible for the out-
of-plane TAMR of MTJs with asymmetric structures. The potential gradient along the 
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growth direction (with the addition of externally applied electric fields) generates an 
effective Bychkov-Rashba SOI field, 

 

where α is the Bychkov-Rashba SOI parameter; and, kx and ky are the in-pane wave vectors. 
The rotation of the magnetization from in-plane to out-of-plane causes an energy shift equal 
to 

 

Thus, the energy bands become anisotropic in response to the magnetization 
direction. In the present case, ΔE↑↓ vanishes when  is perpendicular to the Co layer (i.e. 
at ø = 90o, such that  is along the [111] crystallographic direction of Co), while it retains a 
finite value for ø between 0o and 90o. This implies that the TAMR effect follows the 
relations TAMR (ø) = TAMR (ø + 180o), and is consistent with the twofold symmetry 
observed in the experiments. 

2.5 Conclusion 

We have observed large TAMR effects in Co/AlOx/Al tunnel junctions comprising 
fcc Co(111) electrodes, which is unexpected based on the small SOI-induced anisotropy of 
the bulk DOS predicted by theory. XRD measurements demonstrated growth of epitaxial 
(111) fcc Co thin films on single crystalline (0001) sapphire substrates at room temperature. 
This growth mode for Co leads to uniaxial in-plane magnetic anisotropy, as shown by VSM 
measurements. Co(8 nm)/AlOx(3.3 nm)/Al(35 nm) junctions showed clean tunneling 
behaviour, with a weak temperature dependence indicating that defect assisted tunneling 
does not play a significant role. TAMR ratios in excess of 7.5% and 11% are found at 5 K 
for the in-plane and out-of-plane geometry, respectively. Both the in-plane and out-of-plane 
effects exhibit twofold symmetry. The in-plane TAMR shows a maximum along the in-
plane magnetic hard axis, suggesting a relation between magnetic anisotropy and TAMR. 
We propose that uniaxial strain in combination with Bychkov-Rashba SOI, producing an 
interfacial tunneling DOS that depends on the magnetization direction, is responsible for 
the TAMR. The crucial role played by the Co/AlOx interface is underlined by TAMR 
measurements of junctions with over-oxidized AlOx barriers (and therefore a surplus of 
CoO at the interface), showing markedly different bias- and angle dependence. 
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Chapter 3  Tunneling anisotropic magnetoresistance due to 
antiferromagnetic CoO tunnel barriers 

3.1 Abstract 

A new approach in spintronics is based on spin-polarized charge transport 
phenomena governed by antiferromagnetic (AFM) materials. Recent studies have 
demonstrated the feasibility of this approach for AFM metals and semiconductors. In this 
study, we report tunneling anisotropic magnetoresistance (TAMR) due to the rotation of 
antiferromagnetic moments of an insulating CoO layer, incorporated into a tunnel junction 
consisting of sapphire(substrate)/fcc-Co/CoO/AlOx/Al. The ferromagnetic Co layer is 
exchange coupled to the AFM CoO layer and drives rotation of the AFM moments in an 
external magnetic field. The results may help pave the way towards the development of 
spintronic devices based on AFM insulators. 

Key terms – antiferromagnetic, TAMR, insulating, CoO, exchange coupled. 
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3.2 Introduction 

In spintronics, the spins of electrons and holes are used in addition to their charge 
to process and store information, offering new prospects for making electronic devices. 
Well-known examples are spin valves based on GMR multilayers or MTJs, which are 
widely applied in hard-drive read heads and magnetic random access memories (RAM). 
FM materials are often used to generate spin-polarized charge currents or pure spin 
currents.1,2,3 Antiferromagnetic (AFM) materials are also ubiquitous in spintronic devices, 
but are used mostly in a passive role, namely to induce exchange bias in an adjacent FM 
layer. The effect is due to exchange coupling between FM spins and uncompensated AFM 
spins at the interface,4,5 which pins the magnetization of the FM layer in a predefined 
direction. Recent studies have shown that AFM materials can also actively determine spin 
dependent transport phenomena in spintronic devices. This broadens the application 
horizon for these materials considerably and may offer additional advantages, since AFM 
materials hardly produce any stray magnetic fields, and are much more abundant than 
ferromagnets. Here, we focus on TAMR effects produced by an insulating AFM CoO layer. 

As we have already discussed previously, TAMR is a phenomenon that relies on 
the anisotropy of the spin orbit coupling (SOC) in magnetic crystals.6 Due to this 
anisotropy, the tunneling DOS in an MTJ is modulated by rotating the spin quantization 
axis, which results in different resistance values for different magnetization directions. The 
effect can be observed in tunnel junctions with a single FM contact and a non-magnetic 
counter electrode separated by an insulating or semiconducting tunnel barrier, and the 
corresponding devices can generate spin-valve-like signals.7,8 It has been proposed recently 
that such effects should be equally well present in AFMs, and experimental confirmation 
has been realized in tunnel junctions consisting of a bi-layer FM/AFM metal electrode 
(NiFe/IrMn), an MgO tunnel barrier, and a Pt counter electrode.9 In these devices, the spin 
quantization axis in the AFM layer is manipulated by an external magnetic field via the 
exchange coupling at the FM/AFM interface, i.e. the same effect that produces exchange 
bias. This pioneering work has demonstrated a large AFM TAMR effect at low 
temperature, which is comparable to or even larger than that of certain TAMR devices 
based on FM electrodes. Using the TAMR effect in NiFe/IrMn/MgO/Pt junctions, the 
temperature dependence of the rotation of IrMn magnetic moments has been studied in 
exchange-coupled NiFe/IrMn layers.10 These results have paved the way to further develop 
spintronic devices in which spin dependent transport is governed by AFM metals. Indeed, it 
has been shown recently that the non-magnetic counter electrode has a negligible impact on 
the TAMR in Pt/Co/IrMn/AlOx/metal junctions, using various non-magnetic electrode 
materials such as Pt, Au, Cu and Al.11 

Very recently, anisotropic magnetoresistance in an AFM semiconductor Sr2IrO4 
has been reported, using current-perpendicular-to-plane measurements of heterostructures 
comprising AFM Sr2IrO4 layers and FM La2/3Sr1/3MnO3 electrodes.12 Here, we report 
robust TAMR effects of up to 2.5% in tunnel junctions that contain insulating AFM CoO 
tunnel barriers, and FM Co electrodes. We will show that the TAMR effect is governed by 
the rotation of the AFM moments at the Co/CoO interface rather than simply the FM 
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moments of the Co electrode.  It should be noted that Co/CoO systems have been widely 
studied previously, e.g. Co/CoO core-shell nanoparticles are known for the discovery of the 
exchange bias effect by Meiklejohn and Bean in 1956.13,14 Since then, many studies have 
been devoted to understanding these effects, in particular using anisotropic 
magnetoresistance (AMR) measurements of bi-layer Co/CoO structures.15,16 

3.3 Experimental details 

 
Figure 3.1 (Colour online) (a) Schematic diagrams of (a) top view of the spintronic 
device with structure sapphire/Co(4.5 nm)/CoO(4 nm)/AlOx(3.3 nm)/Al(35 nm), 
with crystallographic directions shown of the single crystalline sapphire substrate 
and the epitaxial 8-nm Co thin film; (b) three-dimensional view of the device 
structure; (c) XRD reflectivity measurement; (d) Anisotropic magnetoresistance for 
the Co/CoO bi-layer measured at 5 K after field cooling in a 800 mT magnetic 
field. The black (red) trace corresponds to a magnetic field sweep from negative 
(positive) to positive (negative) values. 
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The fabrication was carried out by e-beam evaporation through shadow masks 
inside an ultra-high vacuum (UHV) system equipped with a load-lock chamber where 
plasma oxidation can be conducted. Using a stainless steel shadow mask, a patterned 
magnetically soft 8 nm thick Co thin film was grown epitaxially on a single-crystalline 
sapphire (0001) substrate. Prior to the deposition of a very thin AlOx tunneling barrier, the 
Co layer experienced a partial oxidation process, using an oxygen plasma with an O2 
pressure of 100 mTorr, at room temperature for 15 mins. In Fig.3.1(c), the red and blue 
curves are the corresponding X-ray reflectivity measurement and the simulated plot 
(PANalytical, X’Pert Reflectivity) respectively for such a bi-layer, from which the so-
obtained CoO thickness was determined. The finished junction configuration is a vertically 
layered stack consisting of sapphire(substrate)/Co(4.5 nm)/CoO(4 nm)/AlOx(3.3 nm)/Al(35 
nm) and the resultant junction area is 250 μm × 300 μm. The schematic drawings of the 
device can be viewed from Fig.3.1 (a) and (b), with arrows indicating the in-plane 
crystallographic orientations of the fcc-Co film. Magneto-transport measurements were 
performed using a liquid helium flow cryostat equipped with an (maximum 1 T) 
electromagnet. A four-wire measuring method was adopted for all the following 
measurements. In order to achieve exchange bias of the Co/CoO heterostructure in a 
predetermined direction, a 750 mT in-plane magnetic field was applied along the easy axis 
([1 0]) of the Co thin film while cooling down from room temperature to 5 K. A current 
source and a nanovolt meter were used to input and extract electronic signals. TAMR 
measurements were performed in two modes. The first was based on injecting a constant dc 
bias current through the junction while recording the voltage upon sweeping the magnetic 
field along the magnetic easy axis ([1 0]) of the Co layer at 5 K. In the second mode, an 
800 mT magnetic field was rotated in-plane along different crystallographic axes of the Co 
thin film. At every angle θ, the corresponding V-I characteristic was recorded and the 
TAMR ratios were calculated by equation 1.12. The easy axis, [1 0], of the Co was chosen 
as the reference axis. 

3.4 Results and discussion 

Figure 3.1(d) displays a typical AMR measurement of the fcc-Co electrode of a 
tunnel junction recorded at 5 K under a dc bias I = 20 μA in the current-in-plane (CIP) 
configuration. The current and the sweeping magnetic field were both in parallel with the 
easy axis of the Co electrode, which had a resistance of about 37.5 Ω. The magnetic 
reversal process can be clearly observed, and the magnetic hysteresis loop exhibits a 
considerable shift away from zero field: The coercive fields are approximately equal to 12 
and -112 mT, respectively, for the two opposite magnetic field sweeping directions. This 
shows that exchange coupling is present at the Co/CoO interface. In addition to a rigid shift 
of the hysteresis loop, which results from the unidirectional exchange bias field, a clear 
magnetization reversal asymmetry is present that is typical for exchange-coupled Co/CoO 
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bilayers and other FM/AFM systems. It has been shown previously that the mechanism for 
magnetization reversal in Co/CoO stacks is different for field sweep directions that are 
parallel or antiparallel with the exchange bias field. If the field is increased in the direction 
of the exchange bias field, switching occurs via rotation of moments, whereas in the 
opposite direction domain wall nucleation and propagation occurs.16 Domain state model 
calculations have been reported, suggesting that the relative orientation of the magnetic 
field and the AFM magnetic easy axis (which may not coincide with the FM easy axis) may 
play an important role in the magnetization reversal process.17 In this case, the Néel 
temperature/blocking temperature for the 4 nm CoO is approximately 240 K which has 
been determined previously by Byoung-Chul Min.18 

 
Figure 3.2 (Colour online) Temperature dependent IV-curves of the tunnel junction 
consisting of sapphire/Co(4.5 nm)/CoO(4 nm)/AlOx(3.3 nm)/Al(35 nm). 

We now address magnetotransport data measured in the current-perpendicular-to-
plane (CPP) geometry through the Co/CoO-based tunnel junction of the same device. We 
start with the analysis of a basic electronic transport measurement. Figure 3.2 shows the 
temperature dependence of the I-V characteristics measured at six different temperatures, 5 
K, 100 K, 150 K, 200 K, 250 K and 300 K, respectively. All the plots depict nonlinear and 
quasi-symmetric I-V characteristics, while the variations of junction resistance with the 
temperature are modest. This indicates that the electron tunneling mechanism plays a 
dominating role. The static junction resistance at 5 K for a bias voltage of 200 mV is equal 
to 4.8 kΩ. Here, and also for the following measurements, positive and negative bias 
voltage (or current) refer to electrons tunneling from Co to the Al counter-electrode and 
vice versa. 

Figure 3.3 (a)-(f) shows TAMR measured at 5 K upon sweeping the magnetic field 
B while injecting six different positive bias currents, I = 50 nA, 500 nA, 700 nA, 1μA, 1.5 
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μA and 3 μA, respectively. It is clear that that the magnetoresistance (which amounts to 
about 2% at I = 50 nA) observed in CPP measurements through the tunnel junction is 
dramatically different from the AMR signal measured in the CIP configuration. This 
indicates that the TAMR measurements are governed by the rotation of AFM moments at 
the Co/CoO interface, rather than the FM moments of the Co electrode alone. The clearest 
indication that AFM moments are involved is the observation that different resistance states 
are reached at large negative versus large positive magnetic field values. This behaviour is 
qualitatively similar to that of tunnel junctions comprising FM/AFM metal electrodes,9 and 
has been attributed to incomplete rotation (i.e. smaller than 180°) of the AFM moments. 
Clearly, the insulating AFM CoO barrier produces a similar effect in our junctions. 

 
Figure 3.3 (Colour online) Bias dependence of the in-plane TAMR measured by 
performing magnetic field sweeps at 5 K under application of a constant bias 
current of (a) 50 nA, (b) 500 nA, (c) 700 nA, (d) 1 μA, (e) 1.5 μA and (f) 3 μA. 
The black (red) trace corresponds to a magnetic field sweep from negative 
(positive) to positive (negative) values. 
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Figure 3.3(a), obtained with I = 50 nA, displays a quasi-square magnetic hysteresis 
loop. The sharp switching events correspond to the coercive field values of the Co layer 
(see Fig. 3.1(d)). A clear shift of the centre of the hysteresis loops away from B = 0 can be 
observed, consistent with the AMR measurement, which is due to the exchange bias effect. 
When the bias current is increased from 50 nA to 3 μA, as shown in Fig. 3.3(a)-(f), the 
quasi-square magnetic hysteresis loop gradually turns into a spin-valve like signal with 
plateaus at intermediate magnetic field values. The features are similar to those of typical 
spin-valve devices which consist of two ferromagnets with different coercivities separated 
by a thin tunnel barrier, where the corresponding two resistive states stem from antiparallel 
and parallel alignment of the two FM spin quantization axes. In the present case, the 
plateaus may be associated with a metastable orientation of AFM moments at the Co/CoO 
interface. Since the corresponding TAMR features become more pronounced as the bias 
window is increased, the electronic states associated with these moments must reside below 
EF. It is interesting to note that these features appear in the magnetic field sweep regions 
where the FM moments are antiparallel to the exchange bias field. At I = 1.5 μA (Fig. 
3.3(e)), the magnetoresistance is approximately equal to be 0.8 % using the definition 
MR(%) = (RHVS–RLVS)/RLVS, where the subscripts indicate high and low 
voltage/resistance states (HVS and LVS). 

The TAMR changes significantly when the polarity of the bias current is reversed, 
such that electrons tunnel from Al to Co. Figure 3.4 (a)-(f) depict the corresponding 
magnetoresistance measurements for the same device, measured at six different bias 
currents, I = -50 nA, -100 nA, -500 nA, -1 μA, -2 μA and -3 μA respectively. In these plots, 
the quasi-square magnetic hysteresis loops can still be observed, with sharp switching 
events corresponding to the coercive field values of the Co electrode, and different 
resistance values at high negative versus positive magnetic fields.  However, no additional 
features are present. 

We now address TAMR measurements for the same device obtained by rotating a 
800 mT magnetic field along different in-plane angles, see Fig. 3.5(a)-(e). The 2-D image 
plot of Fig. 3.5(a) displays the TAMR ratios at different bias currents and angles. It is 
worthwhile to mention that the sweeping bias currents are within the same bias window as 
those for the previous TAMR measurements recorded under sweeping magnetic fields. The 
bottom axis of the plot corresponds to the in-plane angle θ, ranging from 0 to 360 degrees. 
Since the fcc-Co thin film grows epitaxially on the monocrystalline sapphire substrate, the 
in-plane crystallographic axes of the Co layer can, thus, be indexed as shown at the top 
axis. From our previous work on the reference structure consisting of sapphire/Co(8 
nm)/AlOx(3.3 nm)/Al(35 nm) (see chapter 2), we have found in chapter 2 that the epitaxial 
fcc-Co layer exhibits in-plane uniaxial magnetocrystalline anisotropy, with easy and hard 
axes pointing along two perpendicular crystallographic axes [1 0] and [111].1 The largest 
in-plane TAMR ratio in such reference structures was found to be 7.5 %. In the present 
case, with the inclusion of an antiferromagnetic CoO layer, the TAMR ratio is suppressed 
and is lower than 2.5%. The TAMR ratios are all positive, which means that the reference 
direction [1 0], corresponding to the easy axis, exhibits the smallest voltage/resistance. 
Figure 3.5 (b) and (c) show plots of the bias dependence of the TAMR ratios at some 
selected angles. Both plots display non-symmetric curves with respect to zero bias current. 
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For negative bias currents, corresponding to electrons flowing from Al to Co, the TAMR 
ratios decrease monotonically with increasing current, for all angles. For positive bias 
currents, the maximum TAMR ratios are always found at some finite bias currents that are 
close to 1.5 μA, corresponding to a bias voltage of about 3.4 mV. Comparing this with Fig. 
3.3, this coincides with the bias current for which large TAMR effects due to metastable 
orientation of AFM moments at the Co/CoO interface were observed during magnetic field 
sweeps. These observations may be ascribed to a resonant tunneling process for this bias 
window, within which some interfacial states are sampled corresponding to uncompensated 
AFM spins. Figure 3.5 (d) and (e) show the angle dependence of the TAMR ratio at 
negative and positive bias currents, respectively. In contrast to Co/AlOx/Al reference 
devices, the TAMR signal that does not show two-fold rotational symmetry, consistent with 
the notion that the effect originates from the AFM CoO layer. 

 
Figure 3.4 (Colour online) Bias dependence of the in-plane TAMR measured by 
performing magnetic field sweeps at 5 K under application of a constant bias 
current of (a) -50 nA, (b) -100 nA, (c) -500 nA, (d) -1 μA, (e) -2 μA and (f) -3 μA. 
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The black (red) trace corresponds to a magnetic field sweep from negative 
(positive) to positive (negative) values. 

The uncompensated AFM spins at the Co/CoO interface thus not only play an 
important role in magnetization reversal mechanism, reflected in e.g. coercivity changes 
and exchange bias, but also in the tunneling processes. Using X-ray magnetic circular 
dichroism (XMCD), X-ray magnetic linear dichroism (XMLD) and X-ray photoemission 
electron spectroscopy (XPEEM), magnetic domain structures have been imaged and 
FM/AFM interactions were studied for several representative hetero-interfaces, like 
Co/NiO and Fe/NiO, as well as Co/CoO.15,19,20,21 An important property of such structures 
is that AFM magnetic domain walls are wound up along the vertical growth directions of 
the heterostructures as the FM magnetization is rotated, which is commonly referred to as 
the exchange spring effect. In the (angle dependent) TAMR measurements, the rotation of 
both FM and AFM moments modulate the Co/CoO interfacial tunneling DOS via the 
anisotropy of the SOC of the corresponding electronic states. In the measurements of Fig. 
3.5, the FM fcc-Co moments are oriented along the 800 mT magnetic field, and by rotating 
the FM magnetization in-plane the AFM moments also rotate due to the exchange spring 
effect. For magnetic tunnel junctions, magneto-transport is governed by magnetic layers 
directly adjacent to the tunnel barriers. In previous experiments on tunnel junctions with 
AFM metal layers in contact with the tunnel barrier, e.g. NiFe/IrMn/MgO/Pt, the TAMR 
effects result from the AFM layers alone, while the remote FM layer only serves as a mean 
to rotate the magnetic AFM moments in an external magnetic field. In our case, however, 
the (spin polarized) electrons participating in the tunneling process should mainly originate 
from hybrid interfacial Co/CoO states, and the TAMR results from the interplay of both FM 
and AFM moments. 

3.5 Conclusion 

In summary, we have investigated TAMR due to spin polarized electron tunneling 
through exchange-spring-coupled tunnel junctions consisting of sapphire/fcc-Co(4.5 
nm)/CoO(4 nm)/AlOx(3.3 nm)/Al(35 nm). The TAMR signal is governed by the rotation of 
AFM moments of the insulating CoO barrier rather than the FM moments of the Co 
electrode. Coupling between the AFM and FM moments at the Co/CoO interface, which is 
evident from the exchange bias effect, leads to an exchange spring effect that results in the 
rotation of both FM and AFM moments under application of an external magnetic field. 
The maximum TAMR value observed was 2.5%. A strong bias dependence of the TAMR is 
observed at 5 K in this device, in particular for the polarity for which electrons tunnel from 
Co to Al. The largest TAMR ratios (at different angles) were found at non-zero bias 
currents of about 1.5 μA, corresponding to a bias voltage of about 3.4 mV. We propose that 
a resonant tunneling mechanism involving Co/CoO interfacial electronic states plays an 



Chapter 3   
 

52

important role. Angle dependent TAMR measurements show that the two-fold symmetry of 
the TAMR ratio is broken due to the AFM character of the CoO layer. Our results show 
that it is feasible to control spin polarized transport via insulating AFM tunnel barriers, and 
may help pave the way towards the development of spintronic devices based on AFM 
insulators. 

 
Figure 3.5 (Colour online) (a) Contour plot of the TAMR ratio as a function of 
applied bias current and in-plane magnetization angle, measured at 5 K under 
application of a constant magnetic field of 800 mT. The colour in the contour plot 
represents the magnitude of the TAMR ratio in percent (see colour bar). (b) and (c) 
show the TAMR versus bias current for several different angles from 0o to 180o. 
(d) and (e) show the angle dependence of the TAMR for negative and positive bias 
current, respectively. 
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Chapter 4  Tunneling anisotropic magnetoresistance in C60-based 
organic spintronic systems 

4.1 Abstract 

C60 fullerenes are interesting molecular semiconductors for spintronics since they 
exhibit weak spin-orbit and hyperfine interactions, which is a prerequisite for long spin 
lifetimes. We report spin-polarized transport in spin-valve like structures containing 
ultrathin (< 10 nm) C60 layers, FM epitaxial fcc-Co (111) contacts, AlOx tunnel barriers, 
and non-magnetic Al counter electrodes. Even though genuine spin-valve behaviour cannot 
occur for only one FM contact, we find significant TAMR upon rotating the in-plane 
magnetization, originating from SOC induced anisotropy of the fcc-Co (111) bands. The 
uniaxial magnetocrystalline anisotropy of the fcc-Co electrodes results in a predominantly 
two-fold symmetric in-plane TAMR effect. We investigated the TAMR effect in the direct 
tunneling regime (2 nm C60), at the transition point to two-step tunneling (4 nm C60), and in 
the multi-step regime (8 nm C60). A sizeable TAMR of 4.5% is found at 5K under 
application of a 500 mT in-plane magnetic field for C60 layers of 2 nm, which is strongly 
suppressed at 8 nm thickness, indicating that TAMR may strongly contribute to the "spin-
valve" signal for direct tunneling, but not for multi-step tunneling. The TAMR effect is 
proposed to be due to a combination of SOI induced modulation of the tunneling DOS upon 
rotating the in-plane magnetization of the fcc epitaxial Co thin film, resonant tunneling 
processes involving interfacial states, and different Bychkov-Rashba SOC at the different 
interfaces. 

key terms – C60, spin-orbit interaction, spin-valve like, TAMR, uniaxial magnetocrystalline 
anisotropy, two-step tunneling, multi-step tunneling, DOS, Bychkov-Rashba SOC, interfaces. 
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4.2 Introduction 

The field of semiconductor spintronics aims at information processing using the 
spin polarization of charge carriers in semiconductors. The main advantage of using 
carbon-based, organic semiconductors (OSCs) for spintronics lies in their light chemical 
constituents (i.e. C and H) which have been expected to yield weak SOC, such that the spin 
orientation of electrons and holes may be retained for a long time.1,2 Combined with their 
chemical tunability, mechanical flexibility, light weight and low cost processing, which 
drive the fast developing field of organic electronics, a bright future may lie ahead for 
OSCs in spintronic applications. An important milestone in the field was the demonstration 
of giant magnetoresistance at low temperature in organic spin-valve structures.3,4 

The MR devices usually consist of two FM leads separated by an organic 
semiconductor acting as tunnel barrier or charge/spin transport spacer. A considerable MR 
can be obtained, by switching the magnetization vectors of the FM electrodes, and therefore 
their spin quantization axes, from parallel to antiparallel. In spite of this success, the 
operation principle of organic spin valves is not well understood. A frequently overlooked, 
but highly relevant tunneling phenomenon, in which the tunneling transmission depends on 
the magnetization direction with respect to the crystallographic axes of the ferromagnet(s), 
is known as TAMR. Recently, the TAMR effect has been reported in an organic-based 
system, i.e. La0.7Sr0.3MnO3(LSMO)/PTCDI-C4F7/Ti/Au.5 A detailed analysis of the spin-
valve-like signal showed a correlation with the biaxial magnetic anisotropy of the LSMO 
bottom electrode. This study illustrates the importance of TAMR with respect to MR 
effects in (organic) spin valves, especially when crystalline FMs are involved, and shows 
the need to distinguish TAMR effects from genuine spin-valve effects arising from spin 
dependent transmission through two FM interfaces. 

One remarkable feature of TAMR is that only one FM contact is needed.6,7 This 
offers the possibility to investigate to what extent TAMR, originating from a single FM 
interface, contributes to "spin-valve" behaviour. Here, we address this question for C60-
based spin valves with fcc-Co (111) electrodes, by studying devices that contain a single 
FM electrode (Co), and a non-magnetic counter electrode (Al). Previous experiments on 
fcc-Co(111)/AlOx/Al tunnel junctions showed sizable TAMR ratios, of approximately 7.5% 
and 11% at 5 K, for the in- and out-of-plane configurations, respectively.8 Here, we 
investigate how the TAMR evolves with the insertion of 2-8 nm C60 layers in the junctions. 
Our previous work on vertical C60-based spin valves (containing two FM contacts) has 
shown that the electronic transport and MR can be described by a multistep tunneling 
model for such ultrathin C60 layers.9 At a C60 thickness of about 3 to 4 nm, a transition 
occurs from direct tunneling to two-step (or multi-step) tunneling via C60-derived states. In 
this work, we report TAMR effects in the direct tunneling regime (2 nm C60), at the 
transition point to two-step tunneling (4 nm C60), and in the multi-step regime (8 nm C60). 

The first observation of TAMR in spintronic devices (GaAs / (Ga,Mn)As / AlOx / 
Ti / Au junctions) has demonstrated clear spin-valve-like signals, and an in-plane TAMR 
ratio of approximately 2.7% at 4.2 K was found.7 The key concept revealed by this work is 
that the orientation of the magnetization affects the (interfacial) spin-dependent DOS via 
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the anisotropic SOI in the ferromagnetic lattice. Following this approach, other systems, 
which often utilized semiconductors with zinc-blende structure, such as GaAs and ZnSe, as 
a tunnelling barrier or spacer in conjugation with ferromagnetic (Ga, Mn)As, have shown 
in-plane TAMR effects at low temperatures.10,11,12 In such structures, the non-
centrosymmetric zinc-blende structure (of e.g. GaAs) and asymmetry in the device 
configuration (producing potential steps at the interfaces) lead to an interplay between 
Dresselhaus- and Bychkov-Rashba SOI that determines the resulting TAMR.13,14 A clear 
two-fold symmetric TAMR is obtained for the in-plane geometry, which originates from 
the in-plane anisotropic characteristics of the SOI field. Another class of devices in which 
TAMR has been studied in some detail is MTJs with bcc-FM electrodes (e.g., Fe, CoFe). 
For example, TAMR in CoFe-based MTJs, containing both MgO and Al2O3 barriers, have 
shown two-fold and four-fold symmetric signals, depending on the bias voltage, when the 
magnetization rotates from in-plane to out-of-plane.15 In such structures, the effect of the 
Bychkov-Rashba SOI on resonant tunneling through surface states mostly probably 
produces the effects. TAMR has also been observed down to the atomic scale, e.g. for 
single Co atoms adsorbed on magnetic domains and domain walls of a Fe/W multi-layer 
thin film.16 By scanning tunneling spectroscopy (STM), the TAMR was found to be as 
large as 12%, while the effect repeatedly changed sign as a function of bias voltage. Other 
investigations also involve break junctions,17,18 nano-constrictions,19,20 and nano-contacts21.  

The overall content of this chapter is organized as follows. Section 4.3 provides 
the experimental details. Section 4.4 contains the results and discussion of 
magnetotransport studies of the TAMR effect in sapphire(substrate)/Co/AlOx/C60/Al 
systems. Based on our experimental results, a conclusion will be given in section 4.5. 

4.3 Experimental details 

All spintronic devices were fabricated in-situ in an ultra-high vacuum (UHV, base 
pressure 10-10 mbar) electron beam (e-beam) evaporation system with an integrated load-
lock chamber. The C60 layer was grown using a temperature-controlled Knudsen cell. One-
side-polished monocrystalline sapphire wafers (0001), diced into 11×11 mm2 pieces, were 
used as substrates. Prior to the device fabrication, the substrate was cleaned in ultrasonic 
baths of acetone and isopropanol at 45oC. Epitaxial Co layers, with thickness 8 nm, were 
deposited through a shadow mask (to form 2×5 mm2 strips) onto the sapphire substrates at 
room temperature. The in-plane epitaxial relation between the 8 nm Co film and the 
substrate is shown in Fig. 4.1(a). Growth at room temperature produces a purely fcc 
crystalline structure of the Co layer. More details about the growth mode of Co on sapphire 
can be found in Chapter 2.4.1. Subsequently, a 2.5 nm thin Al layer was evaporated on top 
of the Co thin film, with a deposition rate of approximately 1 Å/s. In order to produce an 
amorphous AlOx tunnel barrier, the sample was transferred into the load-lock chamber, and 
exposed to 30 min plasma oxidation, under an oxygen pressure of 100 mTorr at room 
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temperature. This oxidation process results in 3.3 nm AlOx. Afterwards, C60 layers were 
thermally evaporated from a Knudsen cell at 400 oC, with an evaporation rate of 2 nm/min. 
AlOx layers of 30 nm thickness were deposited through a shadow mask to define a narrow 
(250 μm) strip on the Co/AlOx/C60 stack, by e-beam evaporation from Al2O3 source 
material. Finally, the junctions were defined by depositing 35 nm thick Al strips through a 
shadow mask, to form cross-bar structures with 250 μm×300 μm junction areas. A 
schematic drawing of the device structure is depicted in Fig. 4.1(b). 

 
Figure 4.1 (Colour online) Schematic diagrams of (a) top view of the spintronic 
device with structure Co (8 nm)/AlOx (3.3 nm)/C60/Al (35 nm); and, the epitaxial 8 
nm Co thin film (pattern into 2 mm × 5 mm strips using shadow masking) on the 
single crystalline sapphire substrate at room temperature with their in-plane 
crystallographic orientations indices; (b) 3-D view of the device structure. 

Magnetotransport measurements were performed with a liquid-helium flow 
cryostat equipped with a 1-T electromagnet. A four-wire measuring method was adopted to 
minimize the contributions from lead/contact resistances. The spintronic devices were 
mounted onto a sample holder that enables 360o in-plane rotation. The spin-valve-like 
TAMR signals were measured by sweeping the magnetic field within ±150 mT, while 
injecting a constant dc current through the devices. The angle-dependent TAMR 
measurements were carried out by keeping the magnetic field strength large enough (i.e. B 
= 500 mT) for reaching in-plane magnetization saturation of the Co layer; meanwhile, a 
constant dc current was injected through the junction, and the corresponding voltage was 
recorded with a nanovolt-meter at 5 K. 
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4.4 Results and discussion 

 
Figure 4.2 (Colour online) Temperature dependence of I-V measurements for 
sapphire/Co (8 nm)/AlOx (3.3 nm)/C60 (2 nm)/Al (35 nm) junctions; left inset: the 
conductance versus bias voltage measured at 5 K; right inset: temperature 
dependent normalized zero bias resistance (NZBR). 

We start with magnetotransport measurements on a junction containing a 2 nm C60 
layer, for which electronic transport can be described by direct tunneling between the metal 
electrodes (as opposed to two-step (or multistep) tunneling via C60-derived states). In 
chapter 2, we have discussed large TAMR effects in Co/AlOx/Al junctions, fabricated in the 
same way as the devices described in this work, but without the additional layer of C60 
molecules. Since the electrons (mostly) tunnel in a single step through the composite barrier 
consisting of the AlOx film plus the 2 nm C60 layer, the effects of adding the C60 molecules 
between the AlOx barrier and the Al electrode of a Co/AlOx/Al junction can be ascribed to 
the modification of the electronic structure at the C60/Al interface, and a change in the 
barrier height and width. 

Figure 4.2 shows the I-V characteristics of an organic spintronic device with 
structure sapphire/Co(8 nm)/AlOx(3.3 nm)/C60(2 nm)/Al(35 nm), measured at temperatures 
ranging from 300 K to 5 K under a bias of ± 200 mV. All measurements show nonlinear 
and quasi-symmetric behaviour with respect to zero bias. The junction resistance is weakly 
influenced by the temperature, consistent with the notion that the transport takes place via 
(direct) tunneling. The near-parabolic differential conductance curve, measured at 5 K (top 
inset), further confirms this. The normalized zero bias resistance (ZBR, i.e., dI/dV at V = 0 
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V) was measured to be approximately 920 Ω at 5 K. The temperature dependence of the 
normalized ZBR, displayed in the bottom inset of Fig.4.2, shows weak insulator-like 
behaviour, which indicates tunneling through a pinhole and defect free barrier. 

 
Figure 4.3 (Colour online) Temperature dependence of in-plane hysteretic 
magnetoresistance curves measured at (a) 200 K, (b) 100 K, (c) 50 K, (d) 10 K and 
(e) 5K for sapphire/Co(8 nm)/AlOx(3.3 nm)/C60(2 nm)/Al(35 nm) junctions, 
respectively. 

Figure 4.3 (a)–(e) displays the MR measurements across the junctions for the in-plane 
configuration at five different temperatures, 200 K, 100 K, 50 K, 10 K and 5 K, 
respectively. Even though the device contains only a single ferromagnetic electrode, spin-
valve-like features with distinct switching events for magnetic field sweeps in opposite 
directions can be observed at temperatures below 100 K. At higher temperatures (i.e. above 
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100 K), such signals cannot be observed. The magnitude of the switching field is about 3.8 
mT at 5 K, which is slightly larger than the coercivity of the 8 nm fcc-Co thin film (i.e. 2.7 
mT) grown on the sapphire substrate (0001) at room temperature.8 

 
Figure 4.4 (Colour online) TAMR measurements of an organic spintronic device 
with structure sapphire/Co(8 nm)/AlOx(3.3 nm)/C60(2 nm)/Al(35 nm). (a) Contour 
plot of the TAMR ratio as a function of both applied bias current and in-plane 
magnetization angle, measured at 5 K under application of a constant magnetic 
field of 500 mT. The colour in the contour plot represents the magnitude of the 
TAMR ratio in percent (see colour-bar). (b) and (c) show TAMR versus bias 
current for several different angles from 0o to 180o. (d) and (e) are angle-
dependence of TAMR for negative and positive bias current respectively. 

The spin-valve-like signals originate from TAMR, as we show by in-plane TAMR 
measurements, carried out by measuring the resistance while the magnetization is oriented 
along different in-plane crystallographic axes or  vectors of the epitaxial Co thin film. The 
corresponding schematic illustration is shown in Fig.4.1 (a). In this case, the direction of 
current flow across the junction is always perpendicular to the magnetization. The  
crystallographic direction (i.e. the magnetic easy axis) of the epitaxial Co thin film was 
chosen as the reference axis. The corresponding TAMR ratio can then be calculated by 
equation 1.12. The thus obtained TAMR measurements of the sapphire/Co(8 nm)/AlOx(3.3 
nm)/C60(2 nm)/Al(35 nm) layer-stack are presented in Fig.4.4. Figure 4.4(a) shows a 
contour plot for the in-plane TAMR ratios as a function of both in-plane angle (  ) and bias 
current (I) at 5 K, under application of a 500 mT in-plane magnetic field.  Two pairs of dark 
and bright regions, which represent relatively large TAMR ratios of opposite sign, can be 
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seen within the full 360o range of in-plane magnetization rotations. Both of these features 
are strongest close to the zero bias current, and show a clear two-fold symmetry centred at 
about 180o. 

The largest in-plane TAMR ratio that we observed in this system is approximately 
equal to 4.5%. This is smaller than the 7.5% TAMR effect for similar junctions without C60 
layers, but still considerable. Some selected plots showing the bias and angle dependence of 
the TAMR ratios are given in Fig. 4.4 (b)-(e). From Fig.4.4 (b) and (c), it is clear that the 
TAMR ratio decreases strongly and monotonically with the increasing bias current. The 
trends are generally similar to those observed for Co/AlOx/Al junctions. Another similarity 
for junctions with and without the 2 nm C60 interlayer is the predominantly two-fold 
symmetric TAMR at low bias (see Fig. 4.4 (d) and (e), and Fig. 2.6 (c) and (d) of Chapter 
2), including the shoulders at approximately 180o and 360o. Besides these similarities, there 
are also some marked differences. At low bias (i.e. -2 μA ≤ I ≤  2 μA), corresponding to -7 
mV ≤ V ≤ 7 mV, the in-plane magnetization angle for which the tunneling resistance is 
lowest has shifted by about 30o. For Co/AlOx/Al junctions, the minimum junction 
resistance was found when the magnetization was oriented along the  direction (  = 
0), this is no longer the case for the Co/AlOx/C60(2 nm)/Al junctions.8 Instead, in Fig.4.4 (d) 
and (e), one can observe that the TAMR varies from negative to positive, with the largest 
negative values occurring for negative bias current. This implies that the resistance of the 
junction firstly decreases, and then starts to increase when the magnetization rotates away 
from the easy axis (i.e. the  crystallographic direction) of the Co thin film. 

Another difference compared to the Co/AlOx/Al junctions is the strong bias 
dependence at different in-plane angles. As shown in Fig.4.4 (d) and (e), when the bias 
current level exceeds ±2.0 μA (i.e. ±7 mV), the TAMR-  curves change considerably and 
new features start to emerge. Consequently, at high bias, the maxima and minima in the 
TAMR appear at different angles than at low bias. Such effects were not observed in 
Co/AlOx/Al junctions, where the main effect of increasing the bias was only a continued 
suppression of the TAMR. The different behaviour of the two sets of devices can be 
attributed to the different electronic structure of the C60/Al interface as compared to the 
AlOx/Al interface. Although the TAMR originates from the anisotropic SOI at the Co/AlOx 
interface, the tunneling rates depend on the electronic structure on both sides of the barrier. 

Another effect that must be considered is that the addition of the C60 layer impacts 
the Bychkov-Rashba SOI at the interface with the Al electrode. The AlOx and C60 layers 
form two different interfaces on either side of the junction, corresponding to effective 
Bychkov-Rashba SOI changes. This, as a consequence, affects the TAMR. The tunneling 
current I that flows across the junction under an externally applied bias V can then be 
written as, 

 

where, e is the electron charge, ħ is Plank's constant divided by 2π, σ denotes the spin up (σ 
= ↑) and down (σ = ↓) states, fl(E) and fr(E) correspond to the Fermi-Dirac distributions in 
the left- and right metallic (or ferromagnetic) electrodes, respectively.  denotes the wave 
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vectors  in the plane of the layers. Tσ (E, ) represents the transmissivity which 
depends on the Rashba parameters, V and spin orientation.22,23 Meanwhile, the bias can alter 
the Bychkov-Rashba parameter ᾶ across the potential barrier, because this parameter 
strongly depends on the strength of the electric field along the growth direction. The TAMR 
vanishes when the Bychkov-Rashba parameter α = 0.22,23 Previous studies using the 
ferromagnets Co2MnSi and Co50Fe50 show remarkably different TAMR features when 
different interfacial structures were considered.24 In addition, Gao, et al. demonstrated that 
the same magnetic tunnel junctions with different tunneling barriers, Al2O3 and MgO, 
respectively, yielded a completely different bias and angle dependence of the TAMR 
effect.15 

 
Figure 4.5 (Colour online) Differential conductance measured at 5 K under 
application of a constant magnetic field of 500 mT for (a) the reference device 
sapphire/Co(8 nm)/AlOx(3.3 nm)/Al(35 nm); and, (b) sapphire/Co(8 nm)/AlOx(3.3 
nm)/C60(2 nm)/Al(35 nm). 
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Further effects of the interfacial electronic structure modification due to the 
presence of the C60 molecules in the junction can be observed in differential conductance 
(dI/dV) measurements which were performed at 5 K in a 500 mT magnetic field applied at 
different in-plane angles. Figure 4.5 (a) and (b) show the differential conductance spectra 
measured at some selected angles, for devices without (i.e. Co/AlOx/Al) and with 2 nm C60 
thin molecular films in the junctions, respectively. Both plots show asymmetric 
conductance spectra for all the selected angles, due to the asymmetry of the (occupied and 
unoccupied) DOS of the electrodes and their interfaces. In addition, the unequal magnitudes 
of the Co and Al work functions affect the potential barrier profile, which introduces 
additional asymmetry. The variation of the conductance with  for small bias (i.e. -7 mV < 
V < +7 mV, or -2 μA < I < +2 μA, under application of a constant magnetic field strength) 
reveals anisotropic tunneling behaviour. For a bias larger than ±7 mV, the conductance 
shows a linearly increasing trend. Within the bias current range from +7 mV to -7 mV, 
where the largest TAMR occurs, one narrow dip around zero bias and two shoulders at 
approximately ± 3 mV are observed. 

The differences between the conductance spectra of Fig.4.5 (a) and (b) can again 
be attributed to the different interfaces in the device; upon including C60 molecules in the 
junctions hybridized electronic states at the C60/Al interface are expected. Indeed, many 
studies of C60/Al interfaces reveal strong chemical interactions and (partial) charge 
transfer.25 The direct evaporation of Al onto C60 leads to chemical reactions, accompanied 
by electron donation from Al to C60 molecules. Previously reported photoelectron 
spectroscopy (PES) measurements have shown the formation of π*-derived interfacial 
states close to EF, due to partial occupancy of the lowest unoccupied molecular orbital 
(LUMO) of C60. These interfacial states strongly affect the tunneling characteristics, as is 
clearly revealed from a comparison between Fig.4.5 (a) and (b). 

We now briefly address the two magnetic field dependent shoulders in the 
conductance spectra of Fig.4.5 (a) and (b). Since the Al electrode is non-magnetic, the 
electronic structure (i.e. DOS) of the fcc-Co electrode should be responsible. In Fig.4.5 (a), 
a negative bias corresponds to electrons injected from Co to Al, which involves occupied 
states in the Co electrode. The states that are increasingly localized start to contribute as the 
bias increases, which results in the shoulder.26 Such a phenomenon becomes more 
remarkable in even thinner fcc-Co layers, and it seems to be a signature of fcc-Co.27,28 
Similar effects can be seen for positive bias voltages, when electrons tunnel into the Co 
unoccupied states above the Fermi-energy. The difference in the conductance spectra in 
Figs.4.5 (a) and (b) can be attributed to the contribution of (resonant) states at the C60/Al 
interface in (b), while the evolution of the features with magnetic field angle mainly reflects 
the uniaxial magnetocrystalline anisotropy of the epitaxial fcc-Co. 
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Figure 4.6 (Colour online) An Organic spintronic device with structure, 
sapphire/Co(8 nm)/AlOx(3.3 nm)/C60(4 nm)/Al(35 nm). (a) Contour plot of the 
TAMR ratio as a function of both applied bias current and in-plane magnetization 
angle, measured at 5 K under application of a constant magnetic field of 500 mT. 
The colour in the contour plot represents the magnitude of the TAMR ratio in 
percent (see colour-bar). (b) and (c) show TAMR versus bias current for several 
different angles from 0 to 180o. (d) and (e) are angle-dependence of TAMR for 
negative and positive bias current respectively. 

Figure 4.6 displays the TAMR measurements for a device with structure 
sapphire/Co(8 nm)/AlOx(3.3 nm)/C60(4 nm)/Al(35 nm). For a 4 nm C60 layer, two-step 
tunneling processes, via intermediate states in the C60 layer, start to play a significant role in 
addition to direct tunneling. This turns out to have a strong effect on the TAMR of the 
junctions. The contour plot of Fig.4.6 (a) depicts the TAMR as a function of bias and in-
pane magnetization angle. The main features still show a two-fold symmetry within the 
360o in-plane rotation of the magnetization, originating from the anisotropic SOI of the 
Co/AlOx interface, but are otherwise quite different from those observed for devices with 2 
nm C60 (or Co/AlOx/Al reference devices). The shoulders on the main features can no 
longer be observed, and, notably, the TAMR ratios are predominantly negative, meaning 
that the tunneling resistance is largest when the magnetization is oriented along the 
magnetic easy axis . The maximum TAMR ratio is approximately equal to -2 %, 
which is almost two times smaller than that of the device with a 2 nm C60 layer. Figures 4.6 
(b) and (c) show the TAMR ratios as a function of the bias current. In comparison with 
Fig.4.4 (b) and (c), the bias dependence of the TAMR of the device with a 4 nm C60 layer is 
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exceptionally strong, and significant (> 0.5%) signals occur only within a narrow bias 
current window of ±1 μA (i.e. ±3.4 mV). 

 
Figure 4.7 (Colour online) An Organic spintronic device with structure, 
sapphire/Co(8 nm)/AlOx(3.3 nm)/C60(8 nm)/Al(35 nm). (a) Contour plot of the 
TAMR ratio as a function of both applied bias current and in-plane magnetization 
angle, measured at 5 K under application of a constant magnetic field of 500 mT. 
The colour in the contour plot represents the magnitude of the TAMR ratio in 
percent (see colour-bar). (b) and (c) show TAMR versus bias current for several 
different angles from 0 to 180 degrees. (d) and (e) are angle-dependence of TAMR 
for negative and positive bias current respectively. 

Further increase of the C60 layer thickness up to 8 nm leads to a continued strong 
suppression of the TAMR effect, as is shown in Fig.4.7 (a). For such "thick" C60 layers, 
direct tunneling from Co to Al (or vice versa) no longer contributes significantly to the 
current; instead charge transport takes place via one or several intermediate states in the C60 
layer. The resulting TAMR signals are very small (on the order of 0.1%), except for a sharp 
peak of about 1.5%, within a very narrow bias current window of ±0.4 μA. In Fig.4.7 (b) 
and (c), no significant differences can be found in the bias dependence of the TAMR for 
different magnetization angles. The results in Fig.4.7 (a), (d) and (e) reveal, at negative bias 
currents of -0.2 μA or larger, a TAMR effect that is qualitatively similar to that observed 
for the device with 4 nm C60 (two dips at about 90o and 270o), while no clear TAMR effect 
can be discerned for positive bias. This is consistent with the observation that the TAMR 
effect for the device with 4 nm C60 falls off much more rapidly for positive bias than for 
negative bias. 
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4.5 Conclusion 

We have investigated the in-plane TAMR effect in junctions consisting of 
sapphire/Co(8 nm)/AlOx(3.3 nm)/C60/Al(35 nm). The effects are proposed to be due to a 
combination of SOI induced modulation of the tunneling DOS upon rotating the in-plane 
magnetization of the fcc epitaxial Co thin film, resonant tunneling processes at the 
interfaces (e.g. C60/Al), and different Bychkov-Rashba SOI at the different interfaces. The 
TAMR, which was measured at 5 K under application of a 500 mT magnetic field, 
decreased from 4.5% to 1.5% as the thickness of C60 was changed from 2 nm to 8 nm, 
coinciding with a transition from direct- to multistep tunneling through the C60 layer. The 
in-plane angle dependence of the TAMR measurements reveals a clear two-fold symmetry. 
We have addressed the crucial role played by the various interfaces in the junctions, 
underlining that the (spin-dependent) interfacial DOS has a distinct influence on the TAMR 
effects. 
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Chapter 5  Spin transport phenomena based on Co/C60 hybrid 
interfaces for organic spintronics 

5.1 Abstract 

It is widely recognized that the interaction between ferromagnetic surfaces and 
organic semiconductors (OSC) leads to the formation of hybrid interfacial states. As a 
consequence, the magnetic moment is altered, the interfacial density of states (DOS) is 
broadened, and spin-dependent shifts of energy levels occur, which can affect spin transport 
across the interface significantly. Here, we report spin transport measurements for 
heterojunctions comprising non-magnetic C60 molecular thin films directly grown on top of 
epitaxial fcc-Co electrodes. Since only one ferromagnetic electrode is present (i.e., Co), 
spin polarized transport is due to tunneling anisotropic magnetoresistance (TAMR) only. A 
distinctly two-fold symmetric in-plane TAMR effect with a maximum value of 
approximately 0.7% has been measured at 5 K. We have observed that the magnetic 
switching behaviour shows some remarkable features, including interfacial 
magnetoresistance (IMR) with clear parallel ( ) and antiparallel ( ) spin alignment 
states. This behaviour can be ascribed to the magnetic coupling between the Co thin films 
and the newly formed Co/C60 hybrid interfacial states. In order to further investigate such 
new possible functionalities in organic spintronic applications, spin polarization will be 
experimentally demonstrated based on the Tedrow-Meservey method. A tunnel spin 
polarization of approximately P = 43% can be detected. 

Key words – hybrid interfacial states, interfacial density of states, spin-dependent, C60, 
TAMR, interfacial magnetoresistance, magnetic coupling, Tedrow-Meservey method. 
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5.2 Introduction 

The introduction of organic semiconductors (OSCs) in spintronics has triggered a 
large number of studies into the electronic and magnetic properties of OSC-ferromagnet 
hybrid interfaces and their relevance in organic spintronic devices. It is well established by 
now that it is crucially important to properly engineer the hybrid interfaces in order to 
achieve robust spin injection.1,2,3 Such interfaces, which exhibit strong overlap of molecular 
orbitals with the electronic wave functions of the ferromagnetic surfaces, are characterized 
by a unique hybrid interfacial electronic structure. Moreover, owing to the net spin 
polarization of electronic states characteristic of the ferromagnet, the hybridization process 
usually involves the transfer of spin polarized electrons from the ferromagnet to the 
molecules, which is sometimes called spin doping. As a consequence, the newly formed 
interfacial states exhibit magnetic properties, with a net spin polarization. This allows for 
tuning of interfacial properties via the selection of appropriate combinations of 
ferromagnetic surfaces and molecules. The research field that addresses this has been 
coined “spinterface science”.4 

The pure carbon allotrope buckminsterfullerene (i.e., C60) has been considered as a 
promising candidate for spin transport and manipulation.5,6 This is due to the expectation of 
a long spin lifetime, resulting from very weak spin-orbit coupling (SOC), and zero nuclear 
spin of the majority 12C isotope (98%) such that the hyperfine interaction is minute. 
Recently, X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism 
(XMCD) measurements of ferromagnet/C60 interfaces have revealed quite remarkable 
results. The C K-edge XAS and XMCD spectra of a C60 monolayer grown on a thin 
epitaxial film (several nanometers) of body-centred-cubic (bcc) Fe(001) have shown 
significant hybridization of C60 and Fe continuum states.7 Further investigations of a 
monolayer W(001)/5-monolayer Fe(001)/C60 multi-layer structure showed a reduction of 
6% of the spin magnetic moments of the top Fe surface, while antiparallel magnetic 
moments of -0.2μB on the C60 molecules were induced.8 Recently, T. Moorsom and co-
authors reported that C60 becomes ferromagnetic as a result of spin doping from Co.9 Very 
interestingly, spin polarized scanning tunneling microscopy (SP-STM) was utilized to 
demonstrate a spin filter effect for C60 molecules adsorbed on a Cr(001) surface.10 

Regarding organic spintronic devices, early studies have demonstrated sizable 
tunneling magnetoresistance (TMR) in organic spin valves even at room temperature.5 The 
properties of the hybrid interfaces in such devices play an important role in their operation. 
This has been shown by, for example, a study of organic spin valves with metallic 
nanocontacts made by a nano-indentation method, which showed a sign reversal of spin 
polarization due to spin-dependent hybridization at the organic/ferromagnet interface.11 In 
addition to spin valves, another class of spin tunneling devices has been studied that relies 
on a single ferromagnetic contact, an organic spacer (with or without additional tunnel 
barrier), and a non-magnetic counter-electrode.12 In this configuration, the conventional 
TMR effect is absent, but tunneling anisotropic magnetoresistance (TAMR), i.e. a change 
in resistance upon changing the direction of magnetization of the ferromagnetic contact, can 
be observed under appropriate conditions. Such structures have been mainly studied in 
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inorganic spintronic systems, such as Co/AlOx/Al, GaAs/(Ga,Mn)As/AlOx/Ti/Au and 
Fe/GaAs/Au heterojunctions.13,14,15 The origin of the TAMR effect is attributed to 
anisotropic SOC, such that the spin dependent density of states (DOS) is modulated by 
variation of the magnetization direction along different crystallographic axes of a magnetic 
layer. In some systems, the superposition of Bychkov-Rashba and Dresselhaus SOC, 
generated by device structural asymmetry along the growth direction and bulk inversion 
asymmetry of the semiconductor spacer (e.g. GaAs), respectively, can be used to enhance 
the TAMR effect. In chapter 2 and 4, we have already demonstrated the TAMR effect in 
two different types of spintronic devices: 15,16 

Type A: fcc-Co(8 nm)/AlOx(3.3 nm)/Al(35 nm), 

Type B: fcc-Co(8 nm)/AlOx(3.3 nm)/C60(2 to 8 nm)/Al(35 nm). 

The effect originates from an epitaxial fcc-Co thin film fabricated on a 
monocrystalline sapphire substrate, Al2O3(0001), at room temperature. The Co layer is 
characterized by (a) a purely fcc crystalline phase, (b) a good in-plane epitaxial relation 
between the fcc-Co(111) film and the Al2O3(0001) substrate; and, (c) in-plane uniaxial 
magnetic anisotropy. For devices that contain ultrathin C60 layers (2 to 8 nm) grown on top 
of fcc-Co/AlOx tunneling contacts (i.e., Type B), hybridization effects at the fcc-Co and C60 
interface do not contribute, and the TAMR ratio is significantly suppressed with increasing 
C60 thickness. For both types of junctions, the magnetic switching behaviour is, as 
expected, determined by the magnetocrystalline anisotropic properties of the fcc-Co thin 
films. 

It is an interesting and necessary question to unravel to which extent the spin 
dependent transport phenomena in such organic spintronic devices may be affected by the 
inclusion of Co/C60 hybrid interfaces. This chapter addresses this question, by reporting a 
study on vertical organic spintronic devices comprising a hybrid interface between a C60 
thin film and a fcc-Co(111) electrode. Owing to the strong hybridization between the 
electronic states of C60 and fcc-Co, the magnetoresistance measured through these junctions 
may be referred to as interfacial magnetoresistance (IMR).17 The spin transport phenomena 
will be investigated based on two experimental characterization methods: (1) TAMR 
measurements, and (2) measurements of the tunnel spin polarization using the Tedrow-
Meservey technique.18 We will demonstrate a distinct IMR effect, showing hysteretic 
magnetoresistance exhibiting several metastable resistance states, TAMR with 0.7% at 5 K, 
and a spin polarization of P = 43% for Co/C60 hybrid interfaces. 

The overall content of this chapter is organized as follows. Section 5.3 provides 
experimental details. Section 5.4 consists of experimental results and discussion of the spin 
transport phenomena in sapphire(substrate)/fcc-Co(8 nm)/C60(4 nm)/AlOx(3.3 nm)/Al(35 
nm) systems. Section 5.5 includes the Tedrow-Meservey measurements based on the 
organic device Si(substrate)/SiO2(300 nm)/Al(6.7 nm)/AlOx(3.3 nm)/C60(4 nm)/fcc-Co(30 
nm) configuration. 
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5.3 Experimental details 

5.3.1 Device fabrication 

Tunnel junctions were fabricated following a procedure described in previous 
chapters. In short, the devices were patterned via shadow masking. Co electrodes (thickness 
8 nm) were deposited by e-beam evaporation onto a single crystalline sapphire substrate 
(0001) held at room temperature. Afterwards, a 4 nm C60 layer was thermally evaporated 
onto the Co electrodes. Subsequently, a 3.3 nm AlOx tunnel barrier was deposited on top of 
the C60 layer by e-beam deposition of Al2O3 source material. To define a 250 μm wide strip 
on the Co/C60/AlOx structures where the junction area is to be formed, 30 nm thick AlOx 
slabs were deposited through a shadow mask. Finally, 35 nm thick and 300 μm wide Al 
strips were deposited on top, forming the counter-electrodes. The structure thus contains a 
junction area of 250 × 300 μm2. The overall structure is given in Fig.5.1 (a) and (b) with 
clear indications of each layer by different colours. Similar devices were prepared, for 
which, after depositing a 3.3 nm AlOx tunneling barrier, the devices were transferred into 
an integrated load-lock system and subjected to 2 min oxygen plasma. 

 
Figure 5.1 (Colour online) Schematic diagrams of (a) top view of the spintronic 
device with structure sapphire(substrate)/Co(8 nm)/C60(4 nm)/AlOx(3.3 nm)/Al(35 
nm), with crystallographic directions shown of the single crystalline sapphire 
substrate and the epitaxial 8 nm Co thin film; (b) three-dimensional view of the 
device structure. 

The Tedrow-Meservey technique relies on tunneling into a superconducting Al 
thin film. Zeeman splitting of the superconducting DOS is achieved by applying a magnetic 
field of a few Tesla, such that the DOS is fully spin polarized near the gap edges. Owing to 
the critical requirements for obtaining an ultra-thin (i.e., < 10 nm) and very smooth 
superconducting Al layer, such that the critical field is sufficiently high (i.e., around 3 T),18 
the vertical organic spintronic device structure was modified as: Si(substrate)/SiO2(300 
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nm)/Al(6.7 nm)/AlOx(3.3 nm)/C60(4 nm)/Co(30 nm), patterned into a typical cross-bar 
structure using shadow masking. During the fabrication, the Al thin film, with a thickness 
of 10 nm, was deposited onto the Si/SiO2(300 nm) substrate held at a temperature close to 
that of liquid nitrogen (i.e., ~77 K, maintained by keeping the sample holder in the vicinity 
of a liquid-nitrogen cooled baffle). Then, the sample was transferred to the load-lock 
chamber, where it was subjected to oxygen plasma for 30 min under an oxygen pressure of 
approximately 100 mTorr. This produces an approximately 3.3 nm thick AlOx tunneling 
barrier. After the sample was transferred back into the growth chamber and until the 
substrate temperature approached 77 K again, the 4 nm C60 and 30 nm Co layers were 
deposited subsequently. The junction area was 50 × 50 μm2. 

5.3.2 Magnetotransport measurements 

The spin transport measurements were performed using a liquid-helium flow 
cryostat, equipped with an electromagnet (maximum field strength 1 T). A four-wire 
measuring method was utilized to minimize the contributions from the electrode 
resistances. The devices were mounted onto a sample holder that enables 360o in-plane 
rotation. Spin-valve-like magnetoresistance signals were measured by sweeping the 
magnetic field within a ±100 mT range, while applying a constant dc current through the 
junction. Angle-dependent TAMR measurements were carried out by applying a 
sufficiently large in-plane magnetic field (B = 800 mT) for reaching saturation of the 
magnetization of the fcc-Co layer along a chosen in-plane direction; meanwhile, V-I curves 
were recorded at different angles (i.e., θ) ranging from 0o to 360o with a nanovolt-meter at 5 
K. The corresponding TAMR ratio as a function of θ has been calculated from 

 

where the reference direction (i.e. 0 degree) is defined as the [ 0] direction of the 
crystallographic axis of the fcc-Co thin film, which is known as its magnetic easy axis.15,16  

5.3.3 Tedrow-Meservey measurements 

For the Tedrow-Meservey measurements, a He3 refrigerator was used (i.e., Oxford 
Instruments Heliox VL System) which can reach a base temperature of 260 mK. This 
satisfies the criterion T/Tc < 1, in order to generate Cooper pairs and to achieve a Zeeman 
splitting of a few hundred μeV by applying a magnetic field of several teslas. Lock-in 
techniques, combined with a low noise electronics setup (i.e., Delft Electronics) were used 
to maximize the signal to noise ratio. During the measurements, the magnetic field 
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(generated by a superconducting magnet) was increased with a step-size of 100 mT. For 
each increment of the magnetic field, the corresponding differential conductance (i.e., 
dI/dV) was recorded in a bias window of ± 1 mV. 

5.4 Results and discussion 

We first discuss the basic electronic transport behaviour of the organic spintronic 
devices comprising the following layer stack: sapphire(substrate)/Co(8 nm)/C60(4 
nm)/AlOx(3.3 nm)/Al(35 nm). Figure 5.2(a) shows the temperature dependence of the I-V 
curves for such a device, measured at seven different temperatures between 5 K and 300 K. 
Positive (negative) bias corresponds to electrons flowing from occupied (unoccupied) 
Co/C60 hybrid states to unoccupied (occupied) Al states (this sign convention is applied for 
all electronic transport measurements in this chapter). All the I-V curves of Fig. 5.2(a) show 
clear quasi-symmetric and non-linear behaviour. Figure 5.2(b) displays the variation of the 
junction voltage as a function of time during the cooling process from room temperature to 
5 K under a small bias current of 50 nA. The junction resistance is only moderately 
influenced by the temperature. These observations indicate that tunneling is the dominant 
electronic transport mechanism in these junctions. 

 
Figure 5.2 (Colour online) (a) Temperature dependence of I-V measurements for 
sapphire(substrate)/Co(8 nm)/C60 (4 nm)/AlOx (3.3 nm)/Al(35 nm) junctions, (b) 
the junction voltage as a function of time under the application of 50 nA during the 
cooling process from room temperature to 5 K. 

Next, we address IMR measurements carried out at different temperatures, with an 
in-plane sweeping magnetic field applied along the easy axis (i.e., ) of the fcc-Co thin 
film. Figure 5.3(a)–3(d) displays voltage measurements at constant bias current, performed 
at four different temperatures: 50 K, 20 K, 10 K, and 5 K, respectively. A 20 μA bias 
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current I (corresponding to a bias voltage of ~28 mV) was applied across the junction for 
all the measurements. Although the device contains only a single ferromagnet, a spin-valve-
like signal can be clearly observed at temperatures below 20 K. At higher temperature (i.e., 
≥ 50 K), the signal disappears completely. This might be in part attributed to the thermal 
broadening of the Co/C60 interfacial DOS, which is consistent with the strong bias 
dependence (the spin-valve-like signal is highest at low bias), indicating that the effect 
mainly stems from states close to the Fermi-energy. Spin-valve-like signals also have been 
observed previously up to 100 K for both type A and B junctions, and have been attributed 
to TAMR effects originating from the Co/AlOx interface. The IMR effects in the present 
devices appear at lower temperature, however, and the magnetic field sweeps show 
additional features, i.e. abrupt changes in the resistance at magnetic field values that are 
much larger than the coercive field of the Co electrode. 

 
Figure 5.3 (Colour online) Temperature dependence of in-plane hysteresis IMR 
curves measured at (a) 50 K, (b) 20 K, (c) 10 K and (d) 5 K for 
sapphire(substrate)/Co(8 nm)/C60(4 nm)/AlOx(3.3 nm)/Al(35 nm) junctions. The 
red and black curves correspond to the directions of the sweeping magnetic field 
from positive to negative and from negative to positive, respectively. 
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Further inspection of Fig. 5.3 shows that the magnetic switching behaviour 
appears to be somewhat similar to that of an organic spin valve with two ferromagnetic 
contacts, in the sense that metastable resistance states are reached in different magnetic 
field ranges. In a normal spin valve, such states would correspond to antiparallel (i.e., 
metastable high resistance state ↑↓) and parallel (i.e., low resistance state ↑↑) alignment of 
the magnetization of the ferromagnetic contacts. In the present case, interfacial spins, 
residing in hybrid Co/C60 states, may give rise to these effects. To unambiguously identify 
the signature of the hybrid Co/C60 interface, it is necessary to compare the 
magnetoresistance measurements with those of other related systems. Such a comparison is 
shown in Fig. 5.4. Figure 5.4(a) shows the typical AMR measurement for an 8 nm epitaxial 
fcc-Co layer on a single crystalline sapphire substrate measured at 5 K under a bias current 
of 1 μA. Its corresponding temperature dependent measurements are given in Fig.5.5. All 
the measurements display a similar AMR effect due to a magnetic reversal process that is 
nearly temperature independent. Sharp peaks are observed upon reversal of the 
magnetization and hence rotation of the magnetization with respect to the direction of 
current flow. The measurements show that the magnetization of the fcc-Co can be easily 
saturated at small (in-plane) magnetic fields, due to its soft ferromagnetic properties. The 
TAMR for the type A (sapphire/fcc-Co(8 nm)/AlOx(3.3 nm)/Al(35 nm)) and type B 
(sapphire/fcc-Co(8 nm)/AlOx(3.3 nm)/C60(2 nm)/Al(35 nm)) devices are shown in Fig. 
5.4(b) and (c) respectively.15,16 These TAMR measurements reflect magnetic switching 
behaviours that are closely consistent with the AMR measurement of the fcc-Co electrode. 
Figure 5.4(d) shows an AMR measurement of the bilayer fcc-Co/C60(4 nm) obtained from 
the same device as we have discussed in Fig. 5.3. In contrast with the "pristine" fcc-Co 
layer of Fig. 5.4(a), the AMR manifestly changes due to the adsorbed C60 molecules. Such 
significant modification of the AMR signal may be attributed to magnetic coupling between 
the Co moments and the spins residing at the Co/C60 hybrid interface. As already shown in 
Fig. 5.3, the magnetoresistance measured through the junction shows more intriguing and 
remarkable features, (Fig. 5.4(e)). 

Figure 5.4(e) is indeed the same plot of Fig. 5.3(d), zoomed-in on the magnetic 
field axis in order to clearly observe the switching events at smaller magnetic fields. 
Evidently, the different switching events of this plot cannot be explained by the switching 
behaviour of the fcc-Co electrode alone. Previously characterized junctions of type A and B 
did not show such metastable resistance states, instead the magnetic field traces followed 
the magnetic hysteretic switching behaviour of the Co electrode, with peaks at the coercive 
field values (i.e., 2.7 mT measured at 5 K). Peaks at these coercive fields can also be 
observed in Fig. 5.4(e) as it is indicated by Hc1. As the magnetic field increases, several 
magnetic field switching events at 20 mT (Hc2), 105 mT (Hc3) and 155 mT (Fig. 5.3(d)) 
can be detected. A clear metastable resistance state is marked in between Hc1 and Hc2 of 
Fig. 5.4(e). 
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Figure 5.4 (Colour online) (a) Anisotropic magnetoresistance of a 8 nm Co thin 
film grown on a sapphire substrate; (b) tunneling magnetoresistance of a 
sapphire(substrate)/Co(8 nm)/AlOx(3.3 nm)/Al(35 nm) structure; (c) tunneling 
magnetoresistance of a sapphire(substrate)/Co(8 nm)/AlOx(3.3 nm)/C60(2 
nm)/Al(35 nm) structure; (d) the anisotropic magnetoresistance of a Co(8 
nm)/C60(4 nm) bilayer; and (e) the interfacial magnetoresistance of a 
sapphire(substrate)/Co(8 nm)/C60(4 nm)/AlOx(3.3 nm)/Al(35 nm) junction. All the 
measurements were carried out at 5 K. 

Since the effects discussed above are unique to devices that contain Co/C60 
interfaces, it is plausible to ascribe them to the interaction between the Co thin film and the 
C60/Co hybridized interfacial layer. The magnetic properties of such films and their 
interfaces have been characterized recently with XAS, XMCD, and SP-STM.9,10 The 
XMCD based magnetic hysteresis loop measurements for the Co/C60 heterostructures at 
100 K showed that the coercivity of the Co thin film increased dramatically after C60 
deposition. This is due to the C60/Co interface, as has been shown by comparison with a 
control sample, in which a 2 nm Cu layer was inserted between Co and C60 to eliminate any 
hybridization or proximity effects across the interface by decoupling the Co 3dz and C60 π 
orbitals. Similar phenomena have been shown for C60/Fe, and to a lesser extent for 
C60/Fe3O4 interfaces.19 For bi-layer C60/Fe interfaces, joint theoretical and experimental 
work has shown that a sizeable magnetic moment resides on the C60 molecules, which is 
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antiparallel to the Fe moments.8 SP-STM studies have shown that single C60 molecules 
adsorbed on a Cr(001) surface also exhibit strong orbital hybridization.10 For such single 
C60 molecules on Cr(001), bias dependent SP-STM measurements demonstrated that the 
sign of the TMR changed from positive to negative as the probed energy was shifted away 
from the Fermi-level, due to spin-splitting of the state derived from the lowest occupied 
molecular orbital. 

 
Figure 5.5 (Colour online) The AMR signals for the 8 nm Co grown on sapphire 
substrate measured at six different temperatures (a) 5 K, (b) 20 K, (c) 50 K, (d) 100 
K, (e) 200 K and (f) 300 K, under bias current of 1 μA based on 4-wire method. 
The sweeping magnetic field was applied along the [110] direction (i.e., easy axis) 
of the epitaxial Co layer. The red and black curves correspond to the directions of 
the sweeping magnetic field from positive to negative and from negative to 
positive respectively. 

Similarly, the IMR shown in Fig. 5.4 (e) may be representative of the magnetic 
coupling between the Co bulk and the Co/C60 hybrid interface. The results can be clearly 
distinguished from conventional AMR signals, not only in the magnetic switching 
behaviour but also the magnitude of the AMR ratio. K. V. Raman and co-authors have also 
demonstrated strong IMR effects in magnetotransport measurements of 
Co/C14H10O2Zn(ZMP)/Cu structures, which are quite different from typical AMR signals of 
the Co layer and typical TMR signals but show similarities with our measurements of 
junctions comprising Co/C60 interfaces.17 The IMR was proposed to be due to a coupling of 
a "spin polarizer" and a "spin analyser", which are the Co layer and the interfacial layer 
formed by hybridized Co atoms and ZMP dimers, correspondingly. Surface hybridization 
strengths are strongly influenced by e.g. the geometry of the adsorbed organic molecules. 
Spin-polarized first-principle calculations suggest that the ZMP molecule with planar 
structure provides ideal geometry for strong orbital overlap. Similar calculation methods 
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have demonstrated that azobenzene with two different structural geometries, the trans- and 
cis- polymorphs, grown on Fe/W lead to significantly different contributions to the local 
magnetic moment and spin polarization.20 

 
Figure 5.6 (Colour online) Bias dependence of the IMR measurements performed 
at 5 K, (a) at I = 1 μA, (b) at I = 5 μA, (c) at I = 7 μA, (d) at I = 15 μA and (e) at I 
= 20 μA. All the measurements were carried out at 5 K. 

Figure 5.6 shows the IMR measured at five different bias current levels, I = 1 μA, 
5 μA, 7 μA, 15 μA and 20 μA, respectively, corresponding to the electrons tunneling from 
Co to Al. The magnetic switching behaviour appears to be almost identical with increasing 
bias current in the range 1 to 20 μA. A significant difference can be observed in Fig. 5.7 
when the bias current was changed to negative (I = -20 μA), which corresponds to electrons 
tunneling from Al to Co. For magnetic fields between ±2.8 mT, corresponding to the 
switching fields of the fcc-Co electrode. There is no observation of any metastable 
resistance states as they appear in Fig.5.4 (e), but the features at ±105 mT and ±155 mT 
remain present. 
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Figure 5.7 (Colour online) The IMR measured at I = -20 μA at 5 K. 

The temperature dependence of the IMR was also measured for a similar device, 
which was identical to the previous case except that a 2 min. oxygen plasma oxidation step 
was applied immediately after the deposition of the AlOx layer of the 
sapphire(substrate)/Co(8 nm)/C60(4 nm)/AlOx(3.3 nm) layer stack. It may be expected that 
the oxygen plasma can penetrate through the layer stack and interact with the Co layer, 
forming antiferromagnetic CoO at the Co/C60 interface. As a consequence, the 4 nm C60 
molecular layer may also be partially influenced. The formation of antiferromagnetic CoO, 
exchange coupled with the Co thin film, may be expected to affect the magnetic reversal 
process and the TAMR, analogous to the effects described in chapter 3. The experimental 
results given in Fig. 5.6 evidently prove such phenomena. Figure 5.8(a)-(e) displays the 
IMR measurements at five different temperatures: 80 K, 50 K, 20 K, 10 K, and 5 K, 
respectively. A spin-valve-like signal again can be clearly observed at temperatures below 
50 K. At higher temperature (i.e., > 50 K), the signal disappears completely, which is 
consistent with Fig. 5.3. However, the hysteretic behaviour of the IMR of the present 
device exhibits a number of considerably different features, clearly pointing to an effect of 
different origin. Although the metastable states can still be reached, the magnetic hysteresis 
shows a clear displacement with respect to zero fields, indicating the presence of exchange 
bias that may be attributed to the antiferromagnetically coupled Co/CoO interfaces.21 
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Figure 5.8 (Colour online) Temperature dependence of in-plane hysteresis 
interfacial magnetoresistance curves measured at (a) 80 K (b) 50 K, (c) 20 K, (d) 
10 K and (e) 5 K for sapphire(substrate)/Co(8-x nm)/CoO(x nm)/C60(4 
nm)/AlOx(3.3 nm)/Al(35 nm) junctions with 2 min oxygen plasma. The red and 
black curves correspond to the directions of the sweeping magnetic field from 
positive to negative and from negative to positive respectively. 
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Figure 5.9 (Colour online) Bias dependence of in-plane hysteresis interfacial 
magnetoresistance curves measured at (a) 5 nA, (b) 10 nA, (c) 50 nA, (d) 100 nA, 
(e) 150 nA, (f) 200 nA, (g) 250 nA, (h) 300 nA, (i) 350 nA, (j) 400 nA for 
sapphire(substrate)/Co(8-x nm)/CoO(x nm)/C60(4 nm)/AlOx(3.3 nm)/Al(35 nm) 
junctions for which plasma oxidation was performed after depositing the AlOx 
layer. The red and black curves correspond to the directions of the sweeping 
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magnetic field from positive to negative and from negative to positive, 
respectively. 

The bias dependence of the IMR of the clean Co/C60 junction can also be well 
distinguished from the junction comprises Co/CoO/C60. Figure 5.9 shows strong bias 
dependence of such junction at several different bias currents, such as I = 50 nA, 10 nA, 50 
nA, 100 nA, 150 nA, 200 nA, 250 nA, 300 nA, 350 nA and 400 nA respectively, measured 
at 5 K. By comparing with Fig. 5.6, the junction with the post-oxidation process possesses 
dramatic variation of the magnetic switching behaviours. The hysteretic behaviour is 
completely different for different bias values. Starting with I = 5 nA (i.e., V = 1.6 mV), 
shown in Fig. 5.9(a), a clear hysteresis loop with several resistance states can be observed. 
Several sharp switching events can be identified, at about -4, 5 and 20 mT for the black 
trace (B sweeping towards large positive values), and about -9, -2, and 11 mT for the red 
trace. Correspondingly, the traces can be divided into four different regions: region 1 (B < -
9 mT), 2 (-9 < B < -2 mT), 3 (-2 < B < 11 mT) and 4 (B > 11 mT), for the red race, and 
similarly for the black trace. For the measurement performed with  I = 5 nA, the highest 
resistance is measured in region 2, the lowest in region 3, while an intermediate saturation 
value is observed in regions 1 and 4 (for all bias values, the magnetization saturates when 
the magnitude of the magnetic field exceeds about 30 mT). As the bias current is increased 
to 10 nA (i.e., V = 3.6 mV) and 50 nA (i.e., V = 16.6 mV) respectively, the magnetic 
hysteresis loop gradually changes (i.e., Fig. 5.9 (b) and (c)). The main changes occur in 
region 3, i.e. where initially the lowest resistance is observed for the lowest bias values. In 
sharp contrast, at bias currents above 50 nA and below 250 nA, the resistance is highest in 
region 3. Further increasing the bias current to I = 150 nA (i.e., V = 35.7 mV) and I = 200 
nA (i.e., V = 43.5 mV), as shown in Fig. 5.9 (e) and (f), has no significant influence on the 
hysteretic behaviour of the IMR. However, a clear transition occurs at I = 250 nA (i.e. V = 
50.6 mV, Fig. 5.9 (d)). Figure 5.9 (e), (f) and (g) show that the resistance is lowest in 
regions 2 and 3 for bias currents I = 300 nA (i.e., V = 57.9 mV), 350 nA (i.e., V = 64.5 mV) 
and 400 nA (i.e., V = 71.0 mV). In addition, it can be observed that the saturation values of 
the resistance, i.e. in regions 1 and 4, are different. Such behaviour is typical for TAMR in 
FM-metal/tunnel-barrier/normal-metal junctions containing thin AFM layers at the 
interface between the FM-metal/tunnel-barrier, and has been attributed to the incomplete 
rotation of the AFM moments upon magnetization reversal of the ferromagnetic contact. 

Until now, we have addressed spin-valve-like behaviour measured by sweeping 
the magnetic field through zero. The complex hysteretic resistance results from an equally 
complex switching behaviour of the Co/C60 interfacial states, resulting in ill-defined 
magnetization configurations. We now discuss TAMR measurements of the same junction 
for different in-plane magnetic field orientations, performed at a sufficiently high magnetic 
field to achieve saturation magnetization of the Co electrode in any in-plane direction (B = 
800 mT). Hence, the magnetization configurations may be better defined in these 
measurements. Figure 5.10(a) shows the contour plot of the in-plane TAMR as a function 
of both injected current I and angle θ. The crystallographic indices shown in Fig. 5.10(a) 
correspond to the in-plane crystallographic axes of the epitaxial fcc-Co thin film at certain 
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values of θ within the 360o in-plane rotation. The  direction, i.e. the easy axis of the 8 
nm Co thin film, was chosen as the reference axis. The colour-scale indicates the sign and 
the magnitude of the TAMR ratio, which was calculated using equation 5.1. The plot 
manifestly reveals that the junction resistance is strongly influenced by the magnetization 
direction (i.e., θ,) and also the bias current (i.e., I). 

 
Figure 5.10 (Colour online) TAMR measurements of an organic spintronic device 
with structure sapphire(substrate)/Co(8 nm)/C60(4 nm)/AlOx(3.3 nm)/Al(35 nm). 
(a) Contour plot of the TAMR ratio as a function of both applied bias current and 
in-plane magnetization angle, measured at 5 K under application of a constant 
magnetic field of 800 mT. The colour in the contour plot represents the magnitude 
of the TAMR ratio in percent (see colour bar). (b) and (c) show TAMR versus bias 
current for several different angles from 0o to 360o. (d) and (e) are angle 
dependence of TAMR effect for negative and positive bias current, respectively. 

As for type A and B junctions, a clear two-fold symmetry can be observed in these 
in-plane TAMR measurements. This stems from the magnetocrystalline anisotropy of the 
fcc-Co electrode, which determines the overall magnetization behaviour of the device. 
Nevertheless, the hybridized interfacial Co/C60 DOS dominates the spin transport across the 
junction, and hence the sign and magnitude of the TAMR. The TAMR ratio, mostly, shows 
positive sign and a significant TAMR ratio of about 0.7%. In contrast, for type B junctions 
containing thin C60 (from 2 nm to 8 nm) layers at the tunnel barrier/Al interfaces, lower 
TAMR ratios have been found, which decrease with increasing C60 thicknesses. The TAMR 
ratio for the type B junction with 4 nm C60, i.e. the same thickness as used in the present 
device, is -2% at 5 K. These observations underline the defining role of the hybrid Co/C60 
states in the magnetoresistance behaviour. 

Figure 5.10 (b) and (c) depict the in-plane TAMR as a function of bias current, 
measured at some selected angles from 0o to 360o with respect to the reference 
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crystallographic axis  of the fcc-Co thin film. Overall, the different curves display a 
similar trend, in that the TAMR ratios mostly decrease with increasing bias current. This 
might be primarily attributed to the larger number of energy states that are sampled at 
higher bias. Despite large TAMR ratios appear at very low bias (i.e., close to zero bias), 
some peaks can also be seen at finite bias current such as I = -0.3 μA, 0.25 μA and 0.5 μA. 
Resonant tunneling involving energy states at Co/C60 interfaces may contribute to such 
phenomena. Such resonant tunneling processes were not observed for the aforementioned 
type A, type B and antiferromagnetic coupled Co/CoO based devices of Fig.5.11 (a), (b) 
and (c). The TAMR ratios of those systems decrease monotonically with the increase of the 
bias current. The plots of Fig. 5.10 (b) and (c) also exhibit a marked asymmetry for forward 
(positive) versus reverse (negative) bias currents. Figure 5.10 (d) and (e) show that the two-
fold symmetry of the TAMR ratio is preserved, while also clearly different features are 
observed in comparison with junctions of type A, type B, and the Co/CoO structures of Fig. 
5.11 (d) and (e). 

 
Figure 5.11 (Colour online) TAMR measurements of an organic spintronic device 
with structure sapphire(substrate)/Co(8-x nm)/CoO(x nm)/C60(4 nm)/AlOx(3.3 
nm)/Al(35 nm). (a) Contour plot of the TAMR ratio as a function of both applied 
bias current and in-plane magnetization angle, measured at 5 K under application 
of a constant magnetic field of 800 mT. The colour in the contour plot represents 
the magnitude of the TAMR ratio in percent (see colour bar). (b) and (c) show 
TAMR versus bias current for several different angles from 0o to 360o. (d) and (e) 
are angle dependence of TAMR effect for negative and positive bias current, 
respectively. 

So far, when compared with both type A and B junctions, the complex hysteretic 
magnetoresistance observed under application of a sweeping magnetic field, and the 
distinctly different bias and angle dependent TAMR under application of a magnetic field 
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of constant magnitude indicate an IMR effect, which we attribute to a significant 
modification of the Co surface states due to the adsorption of the C60 molecules. We now 
discuss the results of an alternative experiment, designed to study the effect of the Co/C60 
interface on spin polarized tunneling, using the Tedrow-Meservey technique. The critical 
requirement of obtaining a very thin superconducting Al layer, which required a modified 
device structure, has already been discussed in the experimental part. For such a device, the 
non-linear I-V characteristic measured at 5 K is shown in Fig. 5.12 (a) with a junction 
resistance of 1.2 MΩ calculated at V = 300 mV. Figure 5.12 (b) distinctly describes that the 
junction resistance is weakly influenced by the temperature from room temperature to 5 K 
under application of a constant bias of 500 nA, which reveals a tunneling dominated 
transport mechanism. The soft ferromagnetic property of the Co layer can be observed in 
the AMR measurement displayed in Fig. 5.12(c). However, owing to the lack of any in-
plane crystalline orientation of such Co layer, the TAMR effect should be absent in this 
system. The corresponding angle and bias dependence of the TAMR ratio is shown in Fig. 
5.12(d). The measurement probes the tunnel spin polarization of electrons mainly 
originating from the hybrid Co/C60 interfacial states. For the majority and minority spin 
sub-bands, the tunneling probabilities are different, but the probability for each spin sub-
band is approximately constant over the small energy region that is probed (i.e., within 
about ±1 meV). The 4 nm thickness of the C60 thin film was chosen such that it is 
sufficiently thin to probe the Co/C60 hybrid interface, but thick enough to firmly rule out 
contributions from Co in direct contact with the AlOx tunnel barrier. It is expected that the 
spin polarization is largely conserved during transport through the 4 nm C60 spacer. Most 
spin polarized electrons are transferred either by direct or two-step tunneling (tunneling 
processes involving a larger number of intermediate steps will not contribute significantly). 
For junctions containing two ferromagnetic electrodes, this leads to a suppression of the 
spin polarization of the current, as we have investigated previously for C60-based organic 
spin valve structures (i.e., sapphire(substrate)/Co/AlOx/C60/NiFe/Al). However, if one of 
the electrodes is fully spin polarized, as is the case for the thin Al superconductor under 
application of a strong in-plane magnetic field, a two-step tunnelling process does not a 
priori lead to a loss of spin polarization. 

Figure 5.13 (a) shows a contour plot of the differential conductance (dI/dV) as a 
function of both magnetic field and bias voltage measured at 260 mK. Clearly, the 
conductance is highly symmetric with respect to the zero bias (V = 0 mV) at zero magnetic 
field. With increasing magnetic field, the conductance becomes increasingly asymmetric 
for negative versus positive bias voltage, and the width of the central gap that corresponds 
to the Al superconducting gap (Δ = 0.39 meV) is gradually suppressed. In addition to the 
influence of the Al superconducting gap by the magnetic field, the resolution of the 
Zeeman- split asymmetric conductance peaks diminishes at higher temperature, as shown in 
Fig.5.14. The gap finally disappears at relatively large magnetic field, e.g. B = 4 T, where 
the superconductivity is suppressed. We remind the reader that, for positive bias voltages 
spin polarized electrons tunnel from the occupied C60/Co hybrid interfacial energy states to 
the unoccupied energy states of Al. For a certain magnetic field (provided that the 
superconductivity of the Al still persists), the Zeeman effect splits the quasiparticle states 
into two energy bands for spin up and spin down electrons, with a Zeeman splitting energy 
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of 2μBB. Thus, the tunneling spin polarized electrons, which originate from the C60/Co 
hybridized interfacial states, are selectively transmitted into the corresponding spin 
dependent or spin-split energy states of Al. 

 
Figure 5.12 (Colour online) (a) The I-V-characteristics for the 
Si(substrate)/SiO2(300 nm)/Al(6.7 nm)/AlOx(3.3 nm)/C60(4 nm)/Co(30 nm) 
junction measured at 5 K. (b) Time dependence of the junction resistance/voltage 
during the cooling process under bias current of 500 nA. (c) The AMR 
measurement of the Co strip performed at 5 K. (d) The contour plot of the TAMR 
measurements for Si(substrate)/SiO2(300 nm)/Al(6.7 nm)/AlOx(3.3 nm)/C60(4 
nm)/Co(30 nm) at 5 K under the in-plane constant magnetic field of 800 mT. 
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Figure 5.13 (Colour online) Tedrow-Meservey measurements of an organic 
spintronic device with structure Si(substrate)/SiO2(300 nm)/Al(6.7 nm)/AlOx(3.3 
nm)/C60(4 nm)/Co(30 nm). (a) Contour plot of the Tedrow-Meservey 
measurements, the differential conductance (dI/dV) as a function of both bias 
voltage (i.e., V) and magnetic field (i.e., B), measured at 260 mK. (b)–(f) are the 
selected plots for the measurements at five different magnetic fields, B = 0 T, 1 T, 
2 T, 3 T, and 4.2 T respectively. 

Figure 5.13 (b)–(f) depicts the differential conductance measured at five different 
magnetic fields, B = 0 T, 1 T, 2 T, 3 T and 4.2 T at 260 mK. The Zeeman splitting, 
corresponding to the splitting of the gap-edge features, increases with magnetic field as 
expected. At large magnetic fields, such as B = 4.2 T, the superconductivity of the Al is 
suppressed and the resultant Zeeman splitting disappears. Figure 5.13(e) shows a 
conductance curve for which the Zeeman splitting is large enough to resolve the two spin 
channels, such that the tunnel spin polarization of the Co/C60 interface can be extracted. In 
this plot, the four shoulders labelled as, 1, 2, 3 and 4 respectively, correspond to the 
different spin tunneling channels. The net spin polarization of the hybridized energy states 
result in the asymmetric conductance for spin up versus spin down channels. The tunnel 
spin polarization can be calculated as: 

 

 

where a is a factor that is determined by the conductivities of the different spin channels, 
and P is the resultant tunnel spin polarization. We found P = 43%, where the positive sign 
indicates that the majority spin (i.e., spin up) states dominate the spin transport through the 
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Co/C60 hybrid interface. By comparing this with the value of P = 45% found in the 
literature for Co/AlOx/Al junctions grown in UHV,22 the tailored Co/C60(4 nm) hybrid 
interface in this case does not lead to a significant reduction of the spin polarization. The 
two-step tunnelling process, which is attributed to tunnelling via intermediate states in the 4 
nm C60 barrier, has minor influence on spin de-polarization and spin related scattering 
processes. We point out that similar experiments have also been reported previously by J. S. 
Moodera’s group for ultra-thin Alq3 (C27H18N3O3Al) and rubrene (C42H28) molecular films. 
23,24 

 
Figure 5.14 (Colour online) Tedrow-Meservey measurements of an organic 
spintronic device with structure Si(substrate)/SiO2(300 nm)/Al(6.7 nm)/AlOx(3.3 
nm)/C60(4 nm)/Co(30 nm). (a) Contour plot of the Tedrow-Meservey 
measurements, the differential conductance (dI/dV) as a function of both bias 
voltage (i.e. V) and temperature (i.e., T), measured under in-plane magnetic field B 
= 2.6 T. (b) – (f) are the selected plots for the measurements at five different 
temperatures, 0.30 K, 0.42 K, 0.54 K, 0.66 K, and 1.02 K respectively. 

5.5 Conclusion 

In this work, we have investigated spin transport phenomena through Co and C60 
hybrid interfaces based on junctions composed of sapphire(substrate)/fcc-Co(8 nm)/C60(4 
nm)/AlOx(3.3 nm)/Al(35 nm). Owing to this hybridization process, the magnetic coupling 
between the C60/Co hybrid states and Co produces so-called IMR. Temperature dependent 
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measurements have indicated that the IMR can only be detected for T < 50 K. We found 
that such an effect can influence the TAMR in several ways: (1) the observation of a 
"butterfly-shape" or two-step magnetic switching behaviour in magnetic field sweeps, (2) 
sign reversal and peaking of the TAMR attributed to resonant tunneling at some finite bias. 
In addition, (3) the TAMR ratio can reach 0.7% at 5 K under application of a constant in-
plane magnet field B = 800 mT; and, (4) the two-fold symmetry of the TAMR ratio upon 
full-angle scan can still be well preserved even the 8 nm Co surface is modified by the 4 nm 
C60 molecular layer. We have further used the Tedrow-Meservey method to look into the 
significance of such hybrid interfaces for future organic spintronic applications. A spin 
polarization of 43% was detected at 260 mK under in-plane B = 3 T, which is comparable 
to that of Co/AlOx interfaces. 
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Chapter 6  Future perspectives for lateral organic spintronics 

6.1 Abstract 

General descriptions of spin field effect transistors (spin-FETs) will be given in 
this chapter due to their scientific importance in the development of modern electronics. 
The highly conducting charge transfer (CT) salt TTF (tetrathiofulvalene) - TCNQ (7,7,8,8,-
tetracyanoquinodimethane) is introduced and studied for potential applications in lateral 
organic spintronic devices. The corresponding device fabrication and electrical 
measurements will be discussed. Meanwhile, some suggestions are postulated in order to 
improve, optimize and realize organic semiconductor based spin-FETs in the future. 

Key words – spin field effect transistor, charge transfer salt, TTF, TCNQ, lateral spintronic 
devices. 
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6.2 Spin-FET principles 

During my PhD research, which mainly focused on vertical structures composed 
of layer stacks, I also did some fabrication and characterization of lateral organic spintronic 
devices. People may think lateral spintronic devices are not as efficiently applicable as 
vertical ones, due to the typically larger separation of the lateral contact electrodes. 
Actually, they are considerably meaningful and important for fundamental studies in 
spintronics.1,2,3,4 It is possible to extract pure spin currents and to utilize such devices for 
generating spin signals of different origin, for example, experiments based on non-local 
spin detection and Spin- Hall Effects (SHE).5,6 Moreover, spin field effect transistors (spin-
FETs) may be very useful for future super-fast, less heat dissipating and low power 
consuming integrated circuits (ICs) because transistors are the heart of conventional 
electronics.7,8,9,10 

 
Figure 6.1 (Colour online) (A) In conventional transistors, the electron flow from 
source to drain is controlled by the gate voltage. (B) For a spin-FET, gate voltage 
induces SOC within conducting channels. A FM source initializes the spin 
alignment (injector), and a FM drain (detector) determines if the flow is allowed or 
restricted. (c) The “on” (top) and “off” (off) states are given for a spin-FET. 
Electrons unable to align their spin along the field are scattered back and their flow 
is impeded. Reproduce from reference 9. Copyright © 2010 IEEE. 

Figure 6.1(A) schematically shows the conventional FET, which is made of two 
source and drain conducting electrodes isolated by the semiconducting channel. The gate 
electrode, which is located on top of the channel (or at the bottom for bottom-gated FETs) 
is used to tune the position of the conducting electronic DOS of the semiconducting 
channel with respect to the Fermi-energy. Similarly, the spin-FET of Fig. 6.1(B) is also a 
planar structure but it consists of two FM electrodes (i.e., source and drain terminals) with 
different coecivities. It is designed to establish two stable output states corresponding to 
two different magnetization alignments of those two FMs, i.e. parallel and antiparallel 
states. Without applying any gate voltage, the device indeed acts as a lateral magnetic spin-
valve, which functions in a similar fashion as the vertical one discussed in Chapter 1.2.6. 
There are two ways to generate spin precession within semiconducting channels. For 
materials with large SOC, such as InAs, perpendicular electric fields, which naturally 
appear due to device structural asymmetry, cause spin precession/Larmor procession as 
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spins propagate from the source (i.e., spin injector) to the drain (i.e., spin detector) due to 
Rashba SOC. The effect can be strongly enhanced by externally applied gate voltages, since 
the Rashba coefficient (chapter 1.2.4.1 “α”) is electric field dependent and more electronic 
states are available for spin-polarized charge conductions. On the drain side, the electrical 
conduction is reduced if the spin orientation is opposite to the magnetization direction of 
the drain FM electrode. The phenomena are clearly illustrated in Fig. 6.1(c), in which the 
spins undergo two different precessions depending on the magnitude of the gate voltage 
before they reach the drain terminal. For materials with very weak SOC but heavily doped 
Si and Ge, spin precession can be induced by the electrical Hanle effect as well.11 It relies 
on an externally applied magnetic field perpendicular to the initial direction of magnetic 
spin moments. Such a magnetic field exerts a torque on the magnetic spin moments, which 
consequently leads to spin precession. 

 
Figure 6.2 (Colour online) (a) The schematic drawing of a spin transistor; (b) 
Output characteristics for  versus ; (c) transfer characteristics of  versus ; 
and (d) shows  versus  characteristics of the spin transistor. Reproduce 
from reference 9. Copyright © 2010 IEEE. 

The electrical output characteristics of spin-FETs can be understood by 
considering Fig. 6.2(a). The , , and  represent source-drain current, source-drain 
voltage and gate voltage, respectively. The green, blue and pink  curves of Fig. 
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6.2(b) correspond to the spin-dependent/magnetization-dependent source-drain output I-V 
characteristics under application of the same . It illustrates the advantage of spin-FETs 
that only require small amounts of power to drive the devices, while the output signals 
almost completely rely on spin manipulation and detection. An alternative way to 
electrically read-out such a device is to determine the  response to sweeping the  (i.e., 
gate voltage). In both Fig. 6.2 (b) and (c), the term  appears as the trans-conductance, 
which describes the sensitivity of the output current with respect to the input voltage. It can 
be mathematically expressed as the slope, . The trans-conductance, which is shown 
in Fig. 6.2 (c) and (d), provides an additional degree of freedom in controlling the output, 
which is quite useful for logic circuits. 

 
Figure 6.3 (Colour online) (a) Schematic illustrations of the TTF and TCNQ 
molecules; (b) In TTF-TCNQ complexes, electrons are transferred from the 
HOMO of the TTF to the LUMO of the TCNQ; (c) and (d) are the optical images 
for crystals of the TTF-TCNQ charge transfer (CT) salts. 

6.3 Lateral organic spintronic devices 

In this project, spin-FETs were tentatively investigated. Based on some relevant 
studies, I therefore propose and summarize the following points in order to solve several 
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issues related to lateral organic spintronic devices and to make them functionally possible 
in the future. 

Conducting organic materials exhibiting high mobilities are desirable for both 
research and industrial purposes. It is known that many organic semiconductors exhibit 
very low mobilities due to their atomic configurations and flat band-edges. In order to gain 
higher charge densities and longer spin diffusion lengths, it is necessary to choose organic 
materials exhibiting higher mobilities. In this project, TTF (tetrathiofulvalene) and TCNQ 
(7,7,8,8,-tetracyanoquinodimethane), which act as charge donor and charge acceptor,12,13 
were chosen and their chemical configurations are displayed in Fig. 6.3(a). Both 
constituents are insulating at all temperature ranges, but it is possible to achieve metallic 
conduction in the vicinity of their interfaces. The idea is analogous to a well-confined 2-
DEG, as we have discussed in Chapter 1.2.4, except that the charge accumulation at the 
interface originates from electron transfer from the HOMO of TTF to the LUMO of TCNQ 
(Fig. 6.3(b)). Figure 6.3 (c) and (d) show the features of many organic crystals obtained 
after mixing both TTF and TCNQ solutions in the air on a piece of transparent glass. 

 
Figure 6.4 (Colour online) (a) Optical image of the laterally patterned spintronic 
structure on the Si/SiO2(300 nm) substrate; (b) the magnified optical image shows 
<1> the Au electrodes, <2> the Co electrodes, <3> the transport region/area, and 
<4> the very thick insulating layer; (c) the Co electrodes fabricated on top of the 
Au electrodes by EBL; (d) shows the corresponding SEM image for two Co 
electrodes separated by 100 nm. 

(a) (b)

(c) (d)
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The following step was to design and fabricate electrodes. This work was done by 
photolithographic techniques. Figure 6.4 (a) and (b) show optical images of the laterally 
patterned electrodes. The numerical labels in the magnified optical image of Fig. 6.4(b) 
indicate the conducting Au electrodes (<1>), the FM Co electrodes (<2>), and, apart from 
the electrical transport channel (<3>), the entire area is covered by a relatively thick 
amorphous AlOx film. The gap distance between the two adjacent Co layers is 4 μm. TTF-
TCNQ crystals of the same concentration (10 mg/ml) were simultaneously placed onto the 
electrodes by a conventional drop-casting method. 

The quasi-linear I-V curve shown in Fig. 6.5(a), obtained with a 4-wire 
measurement, indicates the metallic behaviour of the TTF-TCNQ crystals. The inset of Fig. 
6.5(a) schematically shows the measurement geometry. Figure 6.5(b) shows the 
temperature dependence of the I-V measurements by measuring the conduction between 
two adjacent Co electrodes. The electrical conduction as a function of temperature is 
opposite to that of pure metals (i.e., due to freezing out of phonons), in that the resistance 
increases when the temperature is reduced. As we can see from these plots, the non-
linearity of the I-V curves becomes more pronounced at low temperatures. Interestingly, for 
temperatures below 100 K, the resistance turns to be as high as several GΩ. This might be 
due to the opening of energy gaps at the metal-insulator phase transition. But, it is possible 
to be detected and the I-V curve of 10 K was singled out and was plotted in Fig. 6.5(c) 
together with its corresponding numerical differential conductance (S = dI/dV). There 
appears a peak centred at zero bias in the differential conductance, the exact reason of 
which is still unknown. As we can see from Fig. 6.5(d), a spin-valve signal cannot be 
detected in this system at room temperature. 

6.4 Proposed strategies 

Based on the above experiments, I propose the following ideas in order to fully 
realize lateral organic spintronic devices. The first point is to use alternative half- metallic 
ferromagnetic oxide electrodes, for example lanthanum strontium manganite oxide 
(LSMO), instead of the Co electrode. This is primarily due to two merits. The oxide LSMO 
electrode is completely inert in oxygen-rich environments, which allows ex-situ material 
processing. In particular, it does not raise any issues for organic semiconductors/polymers, 
which are processed by chemical means. Secondly, it has been widely accepted that 
conductivity mismatch between FMs and semiconductors can greatly hinder efficient spin 
injection, and this turns into a considerably serious obstacle when the resistances of the 
organic semiconductors are much greater than that of the FM electrodes. This fact is 
generally appreciated for both inorganic and organic semiconductors in spintronic devices. 
By far, to insert thin insulating tunnel barriers in between the FM and the semiconductors 
seems to be the most efficient way to make most devices perform well. Some devices can 
even show spin-valve behaviour at room temperature. On the other hand, LSMO shows 
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100% spin polarization at low temperatures, which means that only majority spin-related 
sub-bands lie across the Fermi-energy and participate in electronic (and hence spin) 
transport. Although in most circumstances, the resistivity of the semiconductors is much 
greater than that of LSMO, the minority spin channel does not contribute anymore in this 
case. Furthermore, interfaces of two dissimilar materials sometimes produce some 
interesting phenomena, such as spin-filter effects. The spin-filter effect is predicted to be 
more remarkable for molecules with planar structure since their orbitals can be well mixed 
with FM atomic orbitals. Depending on various kinds of materials, device configurations 
and signals, tunnel barriers may not be crucially important if half- metallic ferromagnetic 
oxides are used in the device fabrication. 

 
Figure 6.5 (Colour online) (a) The four terminal electrical measurement at room 
temperature for the TTF-TCNQ crystals landed on top of the electrodes, the inset 
schematically shows the measurement geometry; (b) the 2-wire temperature 
dependent I-V measurements for TTF-TCNQ crystals; (c) the I-V measurement at 
10 K of (b) and its corresponding numerical first-order derivative (black curve); 
and (d) shows the corresponding MR measurement at room temperature. 

The second point concerns organic semiconductor fabrication processes. From 
spintronic device considerations, organic semiconductor thin films are normally fabricated 
from two ways, by chemical solution processing and by thermal evaporation methods. The 
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former one is very suitable for most polymers while the latter case is normally used for 
small molecular materials in high vacuum systems. In the literature, both methods have 
been successfully employed in different organic spintronic systems. But, in my opinion, 
they are not equally good. I personally suggest that thermal evaporation is superior to 
solution processing for spin injection experiments from FMs due to two major reasons. 
Firstly, the thermal evaporation method can yield relatively clean and well-defined 
interfaces, while in particular for organic spintronic device studies, interfaces are crucially 
important. Secondly, although people believe that clean solution processing can be carried 
out in a nitrogen environment such as a nitrogen glove-box, it always requires subsequent 
annealing processes at elevated temperatures in order to completely get rid of water 
molecules. This process can cause some re-crystallization processes of the FM electrodes. 
As a consequence, some additional pin-holes can immediately lead to device shorting. The 
thermal evaporation method is ideal for vertical heterojunctions, as they are in employed in 
OLEDs or organic photovoltaics. 

A third point is to implement electron beam lithographic (EBL) technique for 
patterning lateral electrodes. This aims at fabricating considerably smaller electronic 
transport channels, down to tens of nanometers. Hopefully, spin signals within such 
transport regions can be well preserved and large spin densities may reach the detectors 
before they are absolutely de-polarized. Figure 6.4 (c) and (d) show the EBL patterned Co 
electrodes overlapping the photolithographic patterned Au electrodes. The channel width is 
100 nm in this case. As a matter of fact, the ideal channel width is determined by the 
electrical properties of the organic semiconductors. In metallic systems and inorganic 
semiconductors, spin diffusion lengths in the micrometre range have been measured for Al, 
graphene and doped Si. At present, the estimated spin diffusion lengths are not so large for 
organic semiconductors. Some possible solutions have been devised, such as the charge-
transfer salts as we have mentioned previously and doped organic semiconductors in order 
to enhance the conductivities. 
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Summary 

Spin-dependent properties at ferromagnetic surfaces and ferromagnet/organic 
interfaces are a subject of vigorous research in spintronics. It is known that many 
ferromagnetic metals, as well as their interfaces with insulating tunneling barriers, exhibit 
electronic states that are localized at the surfaces or interfaces. If these states are 
uncorrelated with bulk electronic states, they form surface bands. If they are weakly mixed 
with bulk electronic states, surface resonant bands are produced. All these electronic bands 
are considered crucially importantly for spin-dependent tunneling processes. The topics in 
this thesis are closely correlated with various kinds of interfacial structures, involving 
ferromagnet/antiferromagnet and ferromagnet/organic hybrid interfaces. 

Chapter 1 provides a review about electronic spin and spin transport phenomena. It 
serves readers who have limited background knowledge about spintronics. The chapter 
starts with an outline of the importance of spintronics in scientific research and industry. 
Based on this, the basic properties of electrons, spins, and spin-orbit coupling effects (SOC) 
in solid matter are discussed. From a spintronic device viewpoint, spin transport 
phenomena in magnetic tunneling junctions (MTJs); and, particularly tunneling anisotropic 
magnetoresistance (TAMR) are explicitly discussed. The seminal Tedrow-Meservey 
method is reviewed subsequently. Finally, organic spintronics and ferromagnet/organic 
hybrid interfaces, which represent current research directions relevant to this work, are 
introduced. 

In chapter 2, we discuss TAMR in a vertical spintronic device comprising 
sapphire(substrate)/Co(8 nm)/AlOx(3.3 nm)/Al(35 nm). The Co thin film was epitaxially 
grown on the single crystalline sapphire substrate at room temperature via e-beam 
evaporation, resulting in fcc Co. Two different TAMR configurations, with the magnetic 
field applied in-plane and out-of-plane, were investigated. For the in-plane configuration, a 
large TAMR ratio, as high as 7.5%, can be detected at 5 K. In-plane angle dependent 
measurements under a 500 mT constant magnetic field reveal a clear two-fold symmetry of 
the TAMR ratios, which obeys the in-plane uniaxial magnetic anisotropy of the Co layer. 
The effect is proposed to be due to anisotropy of the SOC, resulting in a modulation of the 
DOS of the Co electrode by varying the magnetization direction. Resonant surface states of 
the Co also contribute. For the out-of-plane configuration, the largest TAMR ratio was 
found to be 11% at 5 K. The effect is proposed to be primarily due to spin splitting of 
surface states via Rashba SOC. Furthermore, over-oxidized Co/CoO/AlOx tunnel junctions 
show remarkably different TAMR, underlining the importance of the interface. 

Chapter 3 concerns experimental studies of TAMR in exchange-coupled Co/CoO 
tunnel junctions. The antiferromagnetic (AFM) CoO layer was prepared by plasma 
oxidation of metallic Co. The overall device structure is sapphire(substrate)/Co(4.5 
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nm)/CoO(4 nm)/AlOx(3.3 nm)/Al(35 nm). From magnetotransport measurements at 5 K, it 
can be concluded that the TAMR signal is governed by the rotation of AFM magnetic 
moments of the CoO barrier rather than the Co magnetic moments alone. The magnitudes 
and polarities of the externally applied bias across the junction have significant influence on 
the TAMR signals. The largest TAMR ratio of 2.5% was found at non-zero bias currents of 
about 1.5 μA. We propose that a resonant tunneling mechanism involving Co/CoO 
interfacial electronic states plays an important role. The TAMR differs considerably from 
that of the junctions of chapter 2: The in-plane two-fold symmetry of the TAMR is broken 
due to the AFM tunnel barrier. 

In chapter 4, TAMR effects are presented for spintronic devices containing thin 
layers of the pure carbon allotrope buckminsterfullerene (i.e. C60), with the following layer 
stack: sapphire(substrate)/Co(8 nm)/AlOx(3.3 nm)/C60/Al(35 nm). We investigated TAMR 
in tunnel junctions containing different thicknesses of C60, ranging from 2 nm to 8 nm, in 
which there is no direct contact between Co and C60. The TAMR ratio decreases from 4.5% 
to 1.5% with increasing C60 thickness from 2 to 8 nm, which is consistent with a transition 
from direct to multistep tunneling through the C60 molecular layers. For all the devices, the 
in-plane angle dependent measurements reveal a two-fold symmetry. Some variations of 
TAMR ratios and signs have been ascribed to the different electronic states at two different 
interfaces of the junctions, which give rise to resonant tunneling. 

In chapter 5, spin transport phenomena are reported related to Co/C60 hybrid 
interfaces in junctions consisting of sapphire(substrate)/Co(8 nm)/C60(4 nm)/AlOx(3.3 
nm)/Al(35 nm). The magnetic coupling between Co and C60 produces so-called interfacial 
magnetoresistance (IMR), which can only be detected for T < 50 K. We found that the 
magnetic reversal process of the IMR is not solely determined by the magnetic switching 
behaviour of the Co electrode. Metastable states can be reached that are ascribed to the 
magnetic coupling between the Co thin film and the hybrid Co/C60 interface. We have 
furthermore used the Tedrow-Meservey method to characterize the Co/C60 hybrid system. 
A spin polarization of 43% was detected at 260 mK and B = 3 T. 

Finally, in chapter 6, I have described the operation principles of a spin-FET. 
Based on its concept, TTF-TCNQ based lateral spintronic devices were experimentally 
investigated. Some strategies are proposed in order to realize organic spin-FETs in future. 
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Samenvatting 

Spin afhankelijke eigenschappen van ferromagnetische oppervlakken en 
ferromagnetische/organische grensvlakken zijn het onderwerp van actief onderzoek in 
spintronica. Het is bekend dat veel ferromagnetische metalen, alsmede hun grensvlakken 
met isolerende tunnel barrières, elektronentoestanden bevatten die gelokaliseerd zijn aan 
het oppervlak of grensvlak. Als deze toestanden niet gecorreleerd zijn met bulk 
elektronentoestanden, vormen ze oppervlaktebanden. Als deze zwak zijn gekoppeld aan de 
bulk toestanden, worden resonante oppervlaktebanden gevormd. Al deze banden zijn zeer 
belangrijk voor spin afhankelijke tunneling processen. De onderwerpen beschreven in dit 
proefschrift zijn nauw verwant aan verschillende soorten van grensvlakstructuren, 
waaronder ferromagnetische/antiferromagntetische en ferromagnetische/organische hybride 
grensvlakken. 

Hoofdstuk 1 geeft een overzicht van verschijnselen met betrekking tot 
elektronenspin en spin-transport.  Het is bedoeld voor lezers met beperkte kennis van 
spintronica. Het hoofdstuk begint met een samenvatting van het belang van spintronica in 
wetenschappelijk onderzoek en de industrie. Vervolgens worden de basis eigenschappen 
van elektronen, hun spins, en spin-baan wisselwerking (spin orbit coupling, SOC) in de 
vaste stof besproken. Vanuit het oogpunt van spintronica devices, worden spin transport 
verschijnselen bediscussieerd die voorkomen in magnetische tunneljuncties (MTJs), in het 
bijzonder anisotrope tunneling magnetoweerstand (tunneling anisotropic 
magnetoresistance, TAMR). Daarna wordt een overzicht gegeven van de baanbrekende 
Tedrow-Meservey methode. Tenslotte wordt een introductie gegeven van, voor dit werk, 
relevante onderzoeksrichtingen, namelijk organische spintronica en 
ferromagnetische/organische grensvlakken.   

In hoofdstuk 2 discussiëren we TAMR in een verticaal spintronica device, 
bestaande uit saffier(substraat)/Co(8 nm)/AlOx(3.3 nm)/Al(35 nm). De dunne Co film werd 
epitaxiaal gegroeid op het monokristallijne saffier substraat bij kamertemperatuur door 
middel van electronenbundel depositie, resulterend in fcc-Co. Twee verschillende TAMR 
configuraties, met het magnetische veld aangelegd in-het-vlak en uit-het-vlak, werden 
onderzocht. Voor de in-het-vlak configuratie, kan een groot (7.5%) TAMR effect worden 
gedetecteerd bij 5 K. Hoekafhankelijke metingen voor de in-het-vlak configuratie laten een 
duidelijke tweevoudige symmetrie zien van de TAMR, die overeenkomt met de uniaxiale 
magnetische anisotropie van de Co laag. Het effect wordt verondersteld toegeschreven te 
kunnen worden aan de anisotropie van de SOC, die resulteert in een modulatie van de DOS 
van de Co elektrode door het variëren van de magnetisatierichting. Resonante 
oppervlaktetoestanden van Co dragen ook bij. Voor de uit-het-vlak configuratie was het 
grootste TAMR effect 11% bij 5 K. Dit effect wordt toegeschreven aan spin splitsing van 
de oppervlaktetoestanden door Rashba SOC. Over-geoxideerde Co/CoO/AlOx 
tunneljuncties vertonen een opmerkelijk verschillend TAMR effect, hetgeen het belang van 
het grensvlak onderstreept.  



Samenvatting  
 

108  

 

Hoofdstuk 3 bevat experimentele studies van TAMR in exchange-gekoppelde 
Co/CoO tunneljuncties. De antiferromagnetische (AFM) CoO laag was geprepareerd door 
plasma oxidatie van metallisch Co. De structuur van het device is saffier(substraat)/Co(4.5 
nm)/CoO(4 nm)/AlOx(3.3 nm)/Al(35 nm). Uit magnetotransport metingen bij 5 K kan 
worden geconcludeerd dat het TAMR signaal bepaald wordt door de rotatie van AFM 
momenten van de CoO barrière in plaats van alleen door momenten van de Co laag. De 
grootte en polariteit van de extern aangelegde biasstroom door de junctie hebben een 
significant effect op de TAMR signalen. Het grootste TAMR signaal van 2.5% werd 
gevonden bij eindige (niet nul) biasstroom van ongeveer 1.5 μA. We stellen voor dat een 
resonant tunneling mechanisme via elektronentoestanden aan het Co/CoO grensvlak een 
belangrijke rol speelt. Het TAMR effect verschilt in belangrijke mate van dat van de 
juncties beschreven in hoofdstuk 1: de tweevoudige symmetrie van in-het-vlak gemeten 
TAMR is verbroken door de AFM tunnel barrière. 

In hoofdstuk 4 worden TAMR effecten gepresenteerd voor spintronica devices die 
dunne films bevatten van de koolstof allotroop buckminsterfullereen (C60), met de volgende 
stapeling van lagen: saffier (substraat)/Co(8 nm)/AlOx(3.3 nm)/C60/Al(35 nm). We hebben 
tunnel juncties met verschillende C60-diktes tussen 2 en 8 nm onderzocht, waarbij er geen 
direct contact is tussen Co en C60. Het TAMR signaal neemt af van 4.5% tot 1.5% als de 
C60 dikte toeneemt van 2 tot 8 nm, consistent met een transitie van directe- naar meerstaps-
tunneling door de C60 laag. Hoek-afhankelijke metingen in-het-vlak laten een tweevoudig 
symmetrisch effect zien voor alle devices. Verschillen in de grootte en het teken van het 
TAMR signaal zijn toegeschreven aan verschillende elektronentoestanden aan de twee 
verschillende grensvlakken van de juncties, die leiden tot resonante tunneling.  

In hoofdstuk 5 worden spin transport metingen gerapporteerd gerelateerd aan 
hybride grensvlakken in juncties bestaande uit saffier(substraat)/Co(8 nm)/C60(4 
nm)/AlOx(3.3 nm)/Al(35 nm). De magnetische koppeling tussen Co en C60 produceert een 
zogenaamde grensvlak magnetoweerstand (interfacial magnetoresistance, IMR), die alleen 
gedetecteerd kan worden voor T<50 K. Het is gebleken dat het magnetische 
omkeringsproces van de IMR niet alleen maar wordt bepaald door het magnetische 
schakelgedrag van de Co electrode. Metastabiele toestanden kunnen worden bereikt, die 
worden toegeschreven aan de magnetische koppeling tussen de Co film en het hybride 
Co/C60 grensvlak. We hebben daarnaast de Tedrow-Meservey methode gebruikt om het 
spin-filter effect te bestuderen in Co/C60 hybride systemen. Een spin polarisatie van 43% is 
gedetecteerd bij 260 mK en B = 3 T. 

Tot slot, heb ik in hoofdstuk 6 de werkingsprincipes beschreven van een spin-FET. 
Uitgaande van op dit concept zijn laterale spintronica devices  gebaseerd op TTF-TCNQ 
experimenteel onderzocht. Enkele strategieën worden voorgesteld om organische spin-
FETs te realiseren in de toekomst. 
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The thesis was partially revised in Basel, Switzerland, near the Rhine. 

The picture was captured in summer 2015 by Kai Wang. 
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Appendix II Matlab code for modelling Tedrow-Meservey 
Measurements 

The following Matlab code regarding spin polarization tunneling from ferromagnets was 

written based on theoretical models offered by P. M. Tedrow and R. Meservey in 1973.1 
clear all; 
clc; 
 
%+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++% 
%   Matlab code for modelling Tedrow-Meservey Measurements    % 
%                                                             % 
%                 Written by Kai Wang, 2015                   % 
%+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++% 
 
format long 
e = 1.602 * 10^-19; % elementary charge 
kB = 8.617 * 10^-5; % Boltzmann constant eV/K 
h_bar = 6.582 * 10^-16; % Plank constant eV*s 
me = 9.109 * 10^-31; % Mass of electron 
mu_B = (e * h_bar) / (2 * me); % Bohn magneton eV/T 
Temp = 0.26;    % Set a temperature 
H = 3; % Set a magnetic field 
Beta = 1 / (kB * Temp); 
delta = 3*10^-4; % superconductor Al energy gap 
a_factor = 0.715; 
a_low_spinup = -0.13; a_high_spinup = 0.002; 
b_low_spindown = -0.1; b_high_spindown = 0.002; 
 
% Set energy grid 
NE = 10001; E = linspace(-0.003,0.003,NE); dE = E(2) - E(1); 
NE_LR = 10001; 
E_LR = linspace (a_low_spinup, a_high_spinup, NE_LR); 
dE_LR = E_LR(2)- E_LR(1); 
NE_RL = 10001; 
E_RL = linspace (b_low_spindown, b_high_spindown, NE_RL); 
dE_RL = E_RL(2) - E_RL(1); 
 
for i = 1:1:NE; 
    if abs(E(i)) >= delta 
        SDOS(i) = abs(E(i))./sqrt(E(i).^2 - delta^2); 
    else 
        SDOS(i) = 0; 
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    end 
end 
 
% Under bias 
IV = 10001; V = linspace(-0.0010,0.0010,IV); 
for j = 1:1:IV 
    V_bias(j) = V (j); 
    Bell_func(j) =Beta * exp(Beta * V_bias(j)) / (1 + exp(Beta * 
V_bias(j)))^2; 
    Diff_cond(j) = dE * sum (SDOS .* (Beta * exp(Beta * (E + 
V_bias(j)))./ (1 + exp(Beta * (E + V_bias(j)))).^2)); 
end 
 
% Set energy grid with applied magnetic fields 
for k = 1:1:NE_LR; 
    if abs(E_LR(k) + mu_B * H) >= delta 
        SDOS_spinup(k) = abs(E_LR(k) + mu_B * H) ./ sqrt((E_LR(k) + 
mu_B * H).^2 - delta^2); 
    else 
        SDOS_spinup(k) = 0; 
    end 
 
    if abs(E_RL(k) - mu_B * H) >= delta 
        SDOS_spindown(k) = abs(E_RL(k) - mu_B * H) ./ sqrt((E_RL(k) 
- mu_B * H).^2 - delta^2); 
    else 
        SDOS_spindown(k) = 0; 
    end 
end 
 
for q = 1:1:IV 
    V_bias(q) = V(q); 
    Diff_cond_spinup (q) = sum (a_factor * SDOS_spinup .* (Beta * 
exp(Beta * (E_LR + V_bias(q)))) ./ (1 + exp(Beta * (E_LR + 
V_bias(q)))).^2); 
    Diff_cond_spindown (q) = sum ((1-a_factor) * SDOS_spindown .* 
(Beta * exp(Beta * (E_RL + V_bias(q)))) ./ (1 + exp(Beta * (E_RL + 
V_bias(q)))).^2); 
    Diff_cond_sum (q) = Diff_cond_spinup(q) + Diff_cond_spindown(q); 
end 
 
figure(1) 
Diff_cond_model = plot (V_bias.*10^3, Diff_cond_sum,'r'); 
get (Diff_cond_model) 
set (Diff_cond_model, 'linewidth', 1.5); 
hold on; 
Diff_cond_spinup_model = plot (V_bias.*10^3, Diff_cond_spinup,'g'); 
set (Diff_cond_spinup_model, 'linewidth', 1.5); 
Diff_cond_spindown_model = plot (V_bias.*10^3, 
Diff_cond_spindown,'b'); 
set (Diff_cond_spindown_model, 'linewidth', 1.5); 
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xlabel ('V (mV)'); ylabel ('dI/dV (S)'); 
hold off; 
Published with MATLAB® 7.11 

 
Figure 1 Matlab modelling curves for magnetic field splitting of the density of 
quasiparticle states for superconductor Al/tunnel barrier/ferromagnet structures 
under 260 mK and 3 T magnetic field. Red curve is the total conductance, green 
curve is the spin-up conductance and blue curve is the spin-down conductance. 

1 P. M. Tedrow and R. Meservey,  Phys. Rev. B: Condens. Matter 7, 318 (1973). 
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