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CHAPTER 1

Introduction

This introduction presents the main concepts of the emerging field "organic
spintronics"”, which aims to combine advantages of two very successful new
technologies, organic electronics and spintronics. The discussion focuses on device
concepts, and interface characterization. A brief history of spintronics and the
related physical mechanisms are described, to introduce the concepts and
challenges of semiconductor-based spintronic devices. We discuss the selection of
appropriate carbon-based organic- or, more generally, carbon-based materials
(including Cg, fullerenes) for spintronic applications, and the advantages of using
well-defined ferromagnet/organic interfaces in organic spin valves.
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1.1 Spintronics
1.1.1 A brief historical perspective

Nowadays, the electronics industry is developing rapidly, as is evidenced in
the growing abundance of small, light, fast and low-power electronic devices such
as smart phones, digital cameras, laptop computers, etc. In spite of this rapid
development, these electronic devices only exploit the most well-known property
of electrons (and holes): the electric charge. The operation of such devices is thus
based on the transport, manipulation and storage of electrical charge, while other
degrees of freedom, such as the spin or valley index, are ignored.

Most of the industry's effort is put in reducing the dimensions of electronic
components (e.g. metal oxide field effect transistors (MOSFETS), diodes,
capacitors, and bipolar transistors). This improves the costs/performance ratio of
integrated circuits, and makes the performance of some devices faster and more
efficient. It is clear that this approach cannot continue indefinitely, however, since
the device dimensions will reach physical limits eventually. Therefore, alternative
solutions are being developed in parallel, including finding entirely new devices
with new functionalities.

Spintronics (also called "spin electronics™) is a developing field of
electronics, based on the spin of electrons." The best known example of a
spintronic application is the read head sensor in hard disk drives,” based on the
giant magnetoresistance (GMR) effect in ferromagnetic multilayers, discovered
independently by the Fert group in 1988% and the Grunberg group in 1989. The
word “giant” is used to distinguish GMR from the anisotropic MR (AMR) effect,
found in bulk ferromagnetic metals by William Thomson (known as Lord Kelvin)
in 1851.° The AMR effect refers to the dependence of the electrical resistance on
the angle between the direction of electrical current flow and the orientation of the
magnetic field. In contrast, GMR was found in multilayer stacks comprised of very
thin layers of ferromagnetic metals (FMs) separated by non-magnetic metals
(NMs), which allows electron transport across different layers without being
scattered or flipping their spin. When the layer stacks are properly engineered, the
GMR effect is much larger than AMR.

With the discovery of GMR, spin-polarized transport through a non-
magnetic (NM) metal was demonstrated, and the revolution of the field of
“spintronics” had begun. The first GMR device, also called “spin valve”, was
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invented.® The spin valve consists of two FM layers with different coercive fields
(H.) separated by a NM interlayer. The NM interlayer is thick enough to decouple
the two FM layers magnetically, but thin enough to allow electrons to travel from
one FM layer to the other without being scattered. The magnetization of one FM
layer is pinned, typically by coupling it to an antiferromagnetic layer resulting in
exchange bias, while the magnetization of the layer with smaller H, can be changed
by a small magnetic field. Hence, the magnetization orientation of two FM layers
can be changed, for example to be in an antiparallel (AP) or parallel (P)
configuration, using a magnetic field. The electrical resistance depends on the
relative orientation of the magnetization of two FM layers, due to the different
scattering rates for majority versus minority electrons in FMs. The difference in
resistance between the AP and P configurations is referred to GMR effect.

Very large MR effects (up to 600% at room temperature’) can be observed in
tunnel junctions, due to spin-polarized tunnelling.® Room temperature tunnel
magnetoresistance (TMR) has been obtained first by Moodera et al. for magnetic
tunnel junctions (MTJs), which consist of two ferromagnetic layers separated by a
thin insulating tunnel barrier.” The large attainable TMR makes MTJs promising
candidates for the commercialization of magnetoresistive random access memory
(MRAM).™ The development of MRAM got a strong boost since the discovery of
spin transfer torque (STT),™ ** which has led to a new generation of MRAM, spin-
torque MRAM (ST-MRAM) which was launched in November 2012 by Everspin
technologies.™ STT allows for switching the magnetization of a nanoscale FM by a
spin polarized current instead of a magnetic field, leading to a vastly improved
scalability.

1.1.2 Spin dependent tunnelling

Tunnelling is a quantum mechanical effect. If two metal layers are separated
by a very thin insulating film, an electrical current may pass between the metal
electrodes upon applying a potential. Electrons have not only particle- but also
wavelike properties, and the electron wave function does not vanish immediately at
the metal/insulator interface. If the barrier is thin enough, there is a probability for
the electron to move through the barrier, which is called tunnelling. The tunnel rate
for carriers at a certain energy level is dependent on the product of the carrier
densities of states (DOS) in both electrodes at that energy.
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Spin dependent tunnelling occurs in a magnetic tunnel junction, (MTJ),
where two ferromagnetic electrodes are separated by a thin insulating layer. Spin-
polarized carriers from the first electrode can pass through the tunnel barrier and
reach the second electrode. Typically, a change in tunnel resistance occurs
depending on the relative magnetization orientation of the FM electrodes. This can
be understood as follows. A schematic illustration of spin polarized tunnelling in a
MTJ is shown in Fig. 1.1."* Because of the spin dependent DOS in a ferromagnet
due to the exchange interaction, and the spin conservation during tunnelling
(electrons can only tunnel from a given spin sub-band in FM1 to the same spin sub-
band in FM2), the current in the parallel (P) configuration (Fig. 1.1a) is (in most
cases) higher than in the anti-parallel (AP) configuration (Fig. 1.1b).

According to the Julliére model,* which was in part based on earlier work
by Tedrow and Meservey,® the tunnel magnetoresistance (TMR) is obtained by:

Rap —Rp _Gp—Gap _ 2P\P; (1.1

TMR = - :
Rp Gap 1- PP

where Rpap) is the resistance in the P or AP configuration, Gpsp) the conductance,
and P, ) the polarization of electrode 1 and electrode 2. The polarization of the FM
electrodes is defined as:

NimajTimaj - NiminTimin (1-2)

Pl = ,i - 1,2.
NimajTimaj + NiminTimin

In equation (1.2) the Nipqj, Nimin are the number of majority- and minority-
spin electrons at the Fermi level, and Tipqj, Timin are their transmission
probabilities. Even though the (oversimplified) Julliére model may provide a crude
physical insight into the origin of the TMR effect, however, it cannot explain the
experimental observations. A number of more detailed theoretical descriptions of
spin dependent tunnelling have been developed, e.g, by Slonczewski."® This model
considers important parameters such as the barrier height and barrier width,*” but
cannot explain well the temperature (T) and voltage (V) dependence of the TMR.
Moodera et al.,'® reported that the T- dependence of TMR is due to the T-
dependent surface magnetization of the FM electrodes, while the V-dependence is
attributed to the creation of magnetic excitations (magnons). The latter produces
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spin scattering at the interfaces, leading to the loss of spin signal and reduction of
the TMR. In addition, localized electronic defects in the insulating barrier may
cause the tunnelling process to proceed not in a direct way (direct tunnelling), but
via trap states inside the barrier (two-step tunnelling), reducing the spin
polarization of the current and thus the TMR.*

A high quality of the tunnel barrier and the FM/insulator interface are
required to minimize the T- and V- dependence of the TMR. Furthermore, very
large TMR values can be obtained in crystalline structures, for example
CoFeB/MgO/CoFeB spin valves in which a TMR up to 600% at room temperature
was obtained.” Theoretical studies have shown that the crystalline MgO barrier, in
epitaxial structures containing body-centered-cubic Fe, Co, or CoFe films, gives
rise to large TMR values, due to the different decay rates of evanescent states in the
barrier with different symmetry, leading to a very effective spin-filter effect.?’

o
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Figurel.l Schematic illustration of a MTJ, consisting of two FM materials (blue) separated by an
insulator (dark grey). (a) parallel and (b) anti-parallel orientation of magnetizations, and the
corresponding spin-split sub-bands of the FM materials. Arrows in the two FM regions (upper part of
figure) depict the spin orientation of the majority sub-bands, the red and blue curved arrows (lower
part) depict the spin conservation. (Ref. 14)

1.1.3 Semiconductor spintronics

Besides metal-based spintronics, semiconductor-based spintronics® is also
being developed, which combines the functions of semiconductors and
ferromagnets. Since semiconductors allow for tuning of the charge -carrier
concentration via chemical doping or electric field gating, their conductivity can be
varied over a large range, making them highly versatile electronic materials.
Ferromagnetic materials may serve as a source of spin polarized carriers, to be
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injected into the semiconductor. Since ferromagnets typically retain their
magnetization for very long times, they may provide non-volatile memory
functionality at room temperature. One of the most pursued applications of
semiconductor spintronics is to realize a three terminal devices, spin transistors,
based on the spin dependent transport in a semiconductor channel with
ferromagnetic source- and drain contacts. One of such devices is the spin-
MOSFET.??> However, to realize a spin MOSFET, there are many challenges, for
instance, (1) the injection of spin-polarized carriers from a ferromagnet into a
semiconductor, (2) transport of such spin polarized carriers through the
semiconductor channel without losing their spin orientation, and (3) detection of
the spin polarization of the carriers at the drain contact. An obstacle for challenge
(1), concerning spin injection from a ferromagnet into a semiconductor, is the
conductivity mismatch problem.?® The conductivity of the FM metal is usually
much higher than that of a semiconductor. If the resistance of the device is
dominated by the semiconductor channel, the potential drops almost entirely over
the semiconductor, leading to a negligible spin polarization of the current.
Nowadays, solutions for the conductivity mismatch problem in FM/semiconductor
structures have been found, such as the introduction of a large spin-dependent
interface resistance.** *® Challenge (2) is to let the injected spins survive for
sufficiently long times and travel far enough to transport information from the
injection point to the point of detection. This is a significant challenge, since the
spin transport is limited by the processes of spin relaxation and spin dephasing.
These processes arise from the spin-orbit and hyperfine interactions (which
produce spin flips/rotations) which gives an irreversible time evolution of the spin
polarization. The spin-orbit interaction is proportional to Z* (Z is the atomic
number). Therefore in organic semiconductors (OSCs) or carbon-based materials
(with small Z) this interaction is much weaker than that in conventional inorganic
semiconductor. This aspect makes OSCs particularly interesting for spintronics,
since the spin polarization of the carriers can be maintained for long time(~1us).%
Finally, challenge (3) regarding the detection of the spins at the drain contact, is
perhaps the most difficult to solve. The spin polarization in the semiconductor can
be measured electrically,”’ relying on spin-splitting of the chemical potential (spin
accumulation). However, the detection of a pure spin valve effect is far from
trivial, and depends on the specific electronic band structure and the properties of
the interface. In many cases, MR effects come from spurious effects, e.g. Lorentz
MR,” or magneto Coulomb effects.” To detect the pure spin accumulation, the
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non-local geometry has been developed.® This geometry is unsuited, however, for
the realization of a three terminal spin-MOSFET.

1.1.3.1 Spin injection into semiconductors

Consider a prototypical spin injection device, in which two FM electrodes
are separated by a semiconductor (SC) spacer. An external magnetic field is used to
switch the relative magnetic orientation of the FM electrodes from P to AP, or vice
versa. Under certain conditions,” such a device may show a different resistance for
these two configurations.

In contrast with the magnetic tunnel junctions (MTJs) discussed above,
where the spin-polarized carriers pass through the barrier via tunnelling and the
TMR scales with the spin asymmetry of the DOS of the FM electrodes, the MR
depends on the spin polarization generated in the SC and the spin diffusion length
and the thickness of the SC. Fert and Jaffres proposed a spin accumulation model
in FM/SC/FM structures in the diffusive transport regime with the flat band
approximation (treating the semiconductor as a low conductivity nonmagnetic
metal). They showed that the MR can be significant within a fairly narrow range of
device- and materials parameters, when introducing a spin dependent resistance
(e.g. an insulating (1) tunnel barrier) between FM and SC.* The MR of such a
system (FM/I/SC/I/FM) is given by Eq. (23) and (25) of Ref.”®, in which the
resistance difference (AR) between the P and AP configurations saturates to a
maximum value, while the resistance of the P configuration (R") increases
exponentially with the tunnel barrier thickness. The maximum MR is given by:

l JMAX 1 yz’ (13)

where v is the spin asymmetry coefficient of the interface resistance. A significant
MR can be obtained in the following range *

I 14
erévf<rb<rNtf (14)
where ryis the resistivity of the SC, r; is the interface resistance, lﬁ’f is the spin
diffusion length in the SC, and t, is the SC channel length. This range depends

strongly on channel length, the shorter the channel length the wider the range.
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1.1.3.2 Conductivity mismatch

As already mentioned, the conductivity mismatch between FMs and
semiconductors forms a limitation for spin injection from a FM into a
semiconductor.?® The conductivity of a semiconductor is usually much lower than
that of a metal. Consequently, in a spin valve consisting of two ferromagnetic
contacts and a semiconductor channel, the resistance of the device is dominated by
the resistance of the semiconductor, which is independent of the carrier spins.
Therefore, the resistance change due to the different magnetization orientation in
the FM layers is negligible (if no special measures are taken). Several solutions
have been used to overcome this problem: (1) using half-metallic FM materials,
e.g. LSMO, such that the polarization of the injected current reaches 100% and the
MR is recovered,® (2) by introducing a large spin-dependent resistance at the
interface, e.g. by inserting a tunnel barrier between FM and semiconductor,®* % or
(3) by using a ferromagnetic semiconductor as a source/sink for spin polarized
carriers, such as Mn-doped GaAs.* By using spin tunnel contacts, a robust spin
polarization in silicon has been successfully created and detected at room
temperature.®

1.1.4 Organic semiconductor spintronics (carbon-based spintronics)

Besides the effort in inorganic semiconductor spintronics, organic and
carbon-based materials nowadays play an important role in the spintronics
community. Organic materials have many advantages, such as mechanical
flexibility, chemical tunability, relatively low production costs, and, most
important for spintronic applications, potentially very long spin life times.** * The
latter is due to the weak spin-obit coupling intrinsic to these carbon-based
materials. In addition, organic semiconductors offer non-stringent requirements for
interface formation and film growth, e.g. they can be grown easily on top of
ferromagnetic thin films, in contrast to inorganic semiconductors. Therefore,
vertical spin valves may be fabricated, with the organic layer sandwiched between
two ferromagnetic contacts. Large MR effects have been reported in such carbon-
based vertical spin valves,® comprising thin films of organic molecules® and Cg
fullerenes.®*“°
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The first report that suggested spin injection into an organic semiconductor
was published in 2002 by Dediu et al.** The device consisted of two LSMO
electrodes separated by a sexithienyl (Tg) layer in a lateral geometry. Since the
coercive field of the two LSMO electrodes was the same, the magnetization could
not be switched from P to AP, rather, the MR of ~30% was estimated based on the
different resistance between a random (demagnetized) and P magnetization
orientation. By performing experiments on devices with different channel widths,
the authors also estimated that the spin relaxation length was about 200 nm, and the
spin relaxation time about 1ps. In 2004, Xiong et al.,* fabricated the first vertical
spin valve based on Algs as a spacer between two FM electrodes, LSMO and Co.
The MR was found to be about -40% at 11K, and the spin relaxation length was
estimated to be 45 nm. One point to be noted here is that the FM/organic interface,
which is discussed in more detail in section 1.2 of this chapter, plays an important
role in the device characteristics.” ** The Co/Algs interface in Xiong’s device was
quite ill-defined, due to interdiffusion/clustering of Co in Algs during growth of the
top electrode, and possible pinholes in the Algs layer. The Co/organic interface was
later improved by Dediu et al® In their devices, with composition
LSMO/Algs/tunnel barrier/Co, a tunnel barrier (Al,Osor LiF) between Co electrode
and Algs was introduced to get a better-defined interface, and room temperature
MR was obtained.

The electronic properties of organic semiconductors are rather different than
those of inorganic semiconductors. Electrical conduction in (disordered) organic
materials normally results from carrier hopping between localized states (molecular
orbitals) while in inorganic semiconductors the charge transport typically results
from delocalized states (bands). Therefore, theories developed to describe spin-
polarized transport mechanisms (spin tunnelling, spin injection, spin relaxation and
spin dephasing and the conductivity mismatch problem) in inorganic
semiconductor often cannot be applied directly to organic materials. Consequently,
the physics underlying spin-polarized transport in organic devices remains
somewhat elusive. The motivation of the present work is to shed light on these
issues. Due to the lack of hydrogen atoms, Cg4, fullerene is a good candidate for
spintronic devices, since hyperfine interactions are very weak (**C, abundance
99%, has no nuclear spin), and high quality thin films can be obtained easily be
thermal vapour deposition. Recently reported work on Cgp-based spin valves
(including our own)®*° indicates that spin injection in organic spin-valves is
limited by a mechanism that is somewhat similar to conductivity mismatch. An
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important question here is how spin relaxation and dephasing take place in organic
materials, and how it affects the MR. The work by Bobbert et al.** indicates that
the spin precession in the random hyperfine fields of hydrogen nuclei relaxes the
spins. This model has been invoked in the context of organic spin valves by
Schoonus et al.,* who suggested that it affects the shape of the MR-versus-field
traces. However, this mechanism is expected to be negligible in Cg, devices, due to
the fact that the hyperfine interaction in Cg is very weak, as mentioned above. The
role of the spin orbit coupling remains less clear. Recent calculations by Yu *
suggest that spin—orbit coupling, rather than hyperfine coupling, may be mainly
responsible for spin relaxation in organic materials.

1.1.5 Spin relaxation

In this section, we will discuss the spin relaxation length and spin relaxation
time in semiconductors. The operation of spintronic devices is dependent on the
robustness of injection, storage and/or transport of spin polarization. Therefore,
besides the spin injection efficiency, the spin relaxation length and -time are
important parameters for device performance. The spin relaxation length depends
on the carrier mobility and the spin relaxation time.

The spin relaxation length,l, is given by %

(1.5)

s =

Here k5 is the Boltzmann constant, T the temperature, 7, the spin relaxation time, e
the electron charge, n the total number of carriers, and pythe resistivity of the SC.
One can distinguish two classes of spin relaxation. The spin relaxation time T, is
defined as the time it takes for the spins along the longitudinal field direction
(up/down quantization axis) to reach equibrium. Therefore, Ty is related with the
relaxation of the average spin polarization. This T, can be written as

1.1 (1.6)
Ty T Ty
where 4, is the average time between up-to-down flips, and t;; the characteristic
time for the reverse process. There is a second process, so-called spin dephasing,
and the spin dephasing time T, is defined as the time it takes for the tranverse spins
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(the component perpendicular to the field or quantization axis) to reach
equilibrium. It sets the timescale for an ensemble of spins that is initially
precessing in phase to lose their phase coherence (hence "dephasing time™). The
spin relaxation time and dephasing time are usually described by Bloch equations.
Suppose S is the spin of an electron. When we apply a magnetic field along the z
direction, the time evolution of the three spin components in the magnetic field B is
given by*

ds, Sy 1.7)
= X -
ds, S, (1.8)
_ = X _

ds, S-S, (L9)

Here y is the gyromagnetic ratio. A simple model of spin relaxation and spin
dephasing in a fluctuating magnetic field is shown in Fig. 1.2.

The mechanisms for spin relaxation in semiconductors stem from spin-orbit
and hyperfine interactions. The interaction of the electron spin with its orbital
motion around an atomic nucleus is called the spin orbit interaction (SOI). The
electric field of the positively charged nucleus produces a magnetic field in the rest
frame of the electron, which results in splitting of the states with parallel and
antiparallel coupling of the spin- and orbital angular momenta. As the SOI grows
strongly with atomic number Z (it scales as Z*),?* spin-orbit coupling is expected to
be small in organic materials, but not negligible.”® Hyperfine interaction is the
interaction of the electron spins with the nuclear spins of the host material. The
nuclear spins in organic materials are mainly due to the isotopes 'H (1=3.2), **C
(1=1/2), “N(1=2). In carbon, the isotope **C has ~1% abundancy, while the '*C
(99%) has no nuclear spin. The hyperfine interaction has been proposed as the
main mechanism limiting the spin lifetime in organic materials.** The question of
what the dominant spin relaxation mechanism is in organic materials is still
controversial.

11
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B(t),w(t)

a) b) C)

Figure 1.2 Model of spin relaxation and spin dephasing. (a) A spin in the presence of a static
magnetic field along the z direction, By, giving rise to Larmor precession with angular frequency wj,.
In addition, a randomly fluctuating magnetic field B(t), giving rise to the Larmor frequency w(t), is
considered. (b) If the static field is small, then all the spin components are equal, so that T1 = T2. (c)
If the static field is large, transverse fluctuating fields are inefficient in flipping the spin. Reprinted
from Ref. 21.

1.2 Ferromagnetic/organic interfaces

In organic spintronic devices, the interfaces are very important.** The
different results obtained for seemingly similar organic spin-valve devices, which
consist of two FM electrodes separated by an organic insulator barrier/spacer, are
often attributed to different spin behaviour at the interfaces.®* *" %! The chemical
interactions between organic molecules and FM metals significantly affect the
electronic- and magnetic structure of the FM/organic interface, through spin
dependent hybridization effects.’**® This can give rise to large MR effects in
LSMO/AIgs/Co nano junctions, as has been shown by Barraud et al.** and in
scanning tunnelling microscopy experiments on Co(111)/H,Pc/Co(111)-tip systems
by Stefan et al. *"These studies suggest that it is possible to obtain a large
interfacial spin polarization through tailoring the interfacial spin polarization via
hybridization effects, an approach that has been coined “spinterface science”.®®
Interfaces between carbon-based materials and FM metals usually exhibit charge
transfer from/to the ferromagnet to the organic molecules, accompanied by the
formation of covalent bonds.*® Such chemisorption involves the frontier orbitals of

12
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the carbon-based molecules and the FM metal valence band states, and may result
in a sizeable interfacial spin polarization of the molecular orbitals, and the possible
creation of a large interfacial magnetoresistance effect (IMR) (the work by Raman
et al.** on Co/ZMR (zinc methyl phenalenyl) interfaces). The results mentioned
above demonstrate the potential for engineering the interfacial spin polarization by
chemical modification of the interfaces. However, in part due to the often ill-
defined interfaces in devices, the microscopic mechanisms governing the
magnetotransport behavior remain poorly understood. The evaporation of FM
metals on organic materials could damage the organic materials at the organic/FM
interface, and possible cause metal inclusions and metallic shorts in organic
devices. The understanding of magnetotransport behaviour in organic spintronic
devices may be improved upon exploiting the electronic structure and magnetic
properties of well-defined interfaces between ferromagnetic electrodes and organic
semiconductors.

1.3 Outline of the thesis

This thesis focuses on Cgp-based structures for spintronics, including spin
polarized transport studies of vertical spin valves, and studies of the electronic,
magnetic and structural properties of ferromagnetic/Cq interfaces.

Chapter 2 describes the main experimental methods used in the thesis work,
including fabrication techniques, magnetotransport measurement tools, and
materials characterization methods such as synchrotron radiation techniques.

Chapter 3 discusses the spin-polarized transport behaviour in Cgp-based spin
valves. The physical insights into the magnetoresistance effects in the devices has
been achieved with model calculations involving multi-step tunnelling.

Chapter 4 deals with the electronic and magnetic structure of Ceo/bcc-Fe
(001) interfaces. Photoemission spectroscopy (PES), and X-ray adsorption
spectroscopy (XAS) are used to study the interfacial electronic structure and
hybridization effects, e.g. charge transfer and chemisorption of Cg, molecules on
the Fe(001) surface.

13
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In chapter 5, the effect of the Cgo/Fe interaction on the magnetic moments of
Fe surface atoms is described by a combined computational and experimental
study. Similar experiments as described in chapter 4 have been done, but this time
only three Fe monolayers (ML) were deposited onto a W(001) surface, such that
the significant contribution of the Fe bulk atoms to the XAS yield is avoided. We
used first-principles density functional theory (DFT) calculations to extract the
magnetizations of the Fe surface, and of the Cg/Fe interface.

Chapter 6, the crystallinity and molecular ordering of Cg, films on epitaxial
Fe(001)/MgO(001) surfaces, characterised using X-ray diffraction (for thick Cg
films) and scanning tunnelling microscopy (for demonstrating the local structural
ordering of Cgy molecules at the interfaces) are presented.
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CHAPTER 2

Experimental methods

In this chapter, we present the major experimental techniques that are used in
this thesis work. The chapter is divided into two sections: Section 2.1 describes the
fabrication techniques and measurement methods used in Chapters 3 and 6. Section
2.2 is devoted to the synchrotron radiation techniques that are used in Chapter 4
and 5.
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2.1 Fabrication technigues and measurement setup
2.1.1 Molecular beam epitaxy system

The devices and samples discussed in Chapter 3 and Chapter 6 of this thesis
have been fabricated using a Metal-600 molecular beam epitaxy (MBE) system
from DCA Instruments using shadow masks. The MBE system consists of two
vacuum chambers: an evaporation chamber and a smaller load-lock chamber.
Substrates are mounted on a sample holder together with a stainless steel plate
containing shadow masks. A spring mechanism, which can be triggered using a
wobble stick, allows the samples to be rotated relative to the shadow masks,
enabling multiple deposition steps onto the same sample through different masks.
The sample holder is then loaded into the load-lock chamber (base pressure 107
mbar), which is pumped down to a pressure of about 10" mbar (10 Pa) before the
samples are transferred to the evaporation chamber. The base pressure in the ultra-
high vacuum (UHV) evaporation chamber is maintained at about 2x10™° mbar
using a cryo-pump, based on a closed-cycle He gas refrigerator. During deposition,
additional pumping capacity is provided by a liquid nitrogen cooled baffle.

Metals and oxides are deposited using electron beam evaporation from
Telemark 568 high voltage (HV) electron beam (e-beam) sources. The film
thickness is controlled by quartz crystal monitors, which are installed close to the
e-beam sources. The oxidation of Al, which is used to obtain high quality Al,O3
tunnel barriers on Co electrodes, is done in the load-lock chamber using an oxygen
plasma (in 100 mbar oxygen). For the device fabrication, which is discussed in
section 2.1.2, all layers are deposited at room temperature. For some samples, for
example containing epitaxial ferromagnetic metals (e.g. body-centered cubic (bcc)-
Fe) and crystalline Cg, films (see Chapter 6), we used a sample holder with an on-
board heater. With this holder, the substrate temperature can be controlled, and it is
possible to anneal substrates up to 800 °C during (or prior to) deposition. For
deposition of Cg molecules, both at room temperature and at elevated
temperatures, a Knudsen effusion cell is used. The film thickness is controlled by
keeping the temperature of the effusion cell constant while setting the deposition
time, using a pre-calibrated (with atomic force microscopy) deposition rate.

Figure 2.1 shows a photograph of the DCA Metal-600 MBE system.
Indicated are the UHV chamber, load-lock, Cg source, e-beam source, quartz
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crystal monitor, oxygen plasma source, and liquid nitrogen (LN,) lines connecting
to the cooling baffle.

Oxygen

\ /plasma source
Cqp Source / ; ’

Quartzcrystal
A monitor

E-beam|source

Figure 2.1 Photograph of the DCA Metal-600 MBE system

2.1.2 Fabrication of Cgy-based spin valves

We prepared a series of vertical spin transport devices, consisting of, from
top- to bottom, Al(cap, 2 nm)/NiFe(15 nm)/Cg(0-20 nm)/Al,03(2 nm)/Co(8 nm),
on single-crystalline (0001) sapphire (Al,Os) substrates (11x11 mm?). Reference
magnetic tunnel junctions (MTJs), consisting of Al(cap, 2 nm)/NiFe(15
nm)/Al,03(2 nm)/Co(8 nm) were also prepared. All layers were deposited in a
single run in the UHV chamber, using shadow masking to make a cross-bar
geometry. Fig. 2.2a shows the shadow masks used for device fabrication, with
sample positions 1-12 indicated. The shadow masks are arranged such that cross-
bar structures can be obtained on two substrates simultaneously. The layer stack
produced during the deposition process is shown in Fig. 2.2b. The fabrication of
our devices is carried out in the following steps:

21



Chapter 2

(1) Initially, two single crystalline sapphire substrates are put in positions 5
and 6, where a Co layer is evaporated. The thickness of this layer is 8 nm, and the
Co layer is patterned into 5.0 x2.0 mm? features using shadow masks.

(2) Subsequently, the samples are moved to positions 2 and 3, where a 1.5
nm Al layer is deposited over the full area of the samples. This is followed by
plasma oxidation for 30 minutes (at a constant oxygen pressure of 100 mTorr).
After this process, the aluminum layer is fully oxidized, and has an approximated
thickness of 2.0 nm (the thickness of the oxidized Al layer is estimated assuming a
30% expansion of the Al layer upon oxidation into Al,O3).

(3) Afterwards, the two samples are moved to position 4 and 3 for Cg
deposition. Position 4 is "closed" (Fig. 2.2a), such that a Cg, layer is formed only at
position 3. The thickness of this layer is varied between 0 and 20 nm. After this
step, we have two different samples with and without a Cs, layer on top of the
Al,Os tunnel barrier. The sample without Cgy may serve as a reference MTJ in
transport studies.

(4) At position 1 and 12, a 30 nm Al,O5 layer is deposited. This layer is used
to define the junction area, by exposing a 250 um wide channel on the bottom
electrode. It prevents electrical contact between the bottom- and top electrodes
outside of the active area. The Al,O; features have an area of 3.3 x1.4 mm?.

(5) Finally, the second ferromagnetic layer (15 nm NiFe) is evaporated at
position 7 and 8. At the same position, a 2 nm thin Al cap is deposited. This cap
prevents the NiFe layer from oxidizing. The area of the NiFe and Al strips is
4.5%0.3 mm?.

Following this procedure, we have one sample with a Cg, layer (hybrid junction)
and a standard MTJ (without Cq) as a reference. Each sample contains 12
junctions (see Fig. 2.2c), and each junction has an area of 0.25 x 0.30 mm?®.
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substrate

Figure 2.2 (a) Drawing of the shadow masks used for device fabrication, (b) layer stack as deposited
in the fabrication process; and (c) optical microscope image of fabricated devices, showing 12
junctions on a single substrate (left panel) and a sketch of a single cross bar structure containing 3
junctions (right panel).

2.1.3 Magnetotransport measurements

The magnetotransport properties of the fabricated devices have been
characterized using a measurement setup comprised of a Keithley 2400 source
meter, an electromagnet (Bruker Corporation) and a liquid He flow cryostat system
(Oxford Instruments) (see Fig. 2.3). The sample, with size of 11x11 mm?, can be
fitted onto a cartridge containing a printed circuit board for wire bonding. This
cartridge is introduced into the flow cryostat, which is at the center of the Bruker
electromagnet. With this setup, we can measure current versus voltage (I-V) curves
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at different magnetic field strengths/orientations, and current versus magnetic field
(I-H) curves at different applied bias voltages. These measurements can be
performed at temperatures between 5 and 300 K. The Bruker electromagnet can
generate a magnetic field up to ~1 T. The measurements were performed using a
four-point probe technique with the magnetic field applied parallel to the sample
surface (Fig. 2.4). The samples were rotated with respect to the magnetic field such
that sharp switching behavior was observed in the MR traces, (magnetization along
the easy axis of both bottom- and top electrode).

Connectionto He vessel

-l ]
Electromagnet _ @ " Measurement
> e - 4
4 & electronics

Figure 2.3 Photograph of the measurement setup for characterization of the magneto transport
properties of the devices. The setup includes: computer (not shown here), Bruker electromagnet,
measurement electronics (Keithley 2400 source meter), temperature controller, He transfer line
connecting to the liquid He vessel (not shown) for cooling.
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—
H

Figure 2.4 Four-probe measurement geometry for magnetotransport measurements

2.1.4 Deposition of epitaxial bce-Fe and Cgo/bee-Fe films on MgO substrates

We prepared epitaxial bcc-Fe and Cgo/bce-Fe bilayers on MgO (001)
substrates, using the MBE system described above, as well as a mini e-beam
evaporator (Tectra, for Fe deposition) and a custom made Knudsen cell (for Ce
deposition) in the preparation chamber of a scanning tunneling microscope (STM).

Single crystalline MgO(001) substrates (MaTeck GMbH), with a root mean
square roughness of 0.15 nm, are employed for the growth of epitaxial Fe. Due to
the fairly small lattice mismatch between MgO(001) and bcc-Fe (001) upon
rotation of the lattices by 45° (3.8 %), epitaxial bcc-Fe films may be obtained using
well-known methods." 2

For cleaning the MgO substrates, wet chemical rinsing and annealing in
UHV are performed. The substrate is first cleaned in acetone, ethanol and
isopropanol, for about 20 minutes each at 50°C, to remove contamination from the
surface. After loading the sample(s) into the UHV chamber, the substrate is heated
to 500°C for 1 hour to remove remaining contamination (e.g carbon containing
species) and to allow for surface reconstruction.
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In the MBE chamber, every deposition run involved two substrates (10x10
mm?), which were mounted on a sample holder with built-in heater. First, Fe films
were deposited on both MgO substrates. After that, a shadow mask is used to close
off one sample to the deposition sources while leaving the second sample exposed.
On this exposed sample, a film of 100 nm Cs, is deposited. Hence, a pair of
samples, comprised of an Fe layer and a Cg/Fe bilayer, are obtained. The film
thickness and surface morphology of these bcc-Fe layers and Cgo/Fe bilayer films
were characterized by atomic force microscope (AFM).

As stated above, similar bce-Fe films and Cgo/Fe stacks were deposited using
a (custom-made) sample preparation chamber attached to a commercial UHV-STM
system (RHK Technology). In order to obtain reliable electrical contact between
the deposited films and the sample holder, we deposited (ex-situ) 30 nm thick W
strips at two opposing edges of the 5x5 mm? MgO (001) substrates using a DC-
magnetron sputtering tool. In the STM sample holders, the samples are secured by
clamping onto these W-covered regions, providing electrical contact to the top
surface. The substrates were cleaned with the wet chemical treatments described
above, and introduced into the STM preparation chamber, where a similar heat
treatment was carried out prior to the deposition.

2.1.5 Scanning tunneling microscopy

A multipurpose UHV-STM system was used in this work, based on a
commercial variable-temperature STM (RHK Technology). The system is
equipped with a liquid Helium flow cryostat, enabling constant (low) temperatures
(down to <10 K at the sample) during measurements. It comprises several
interconnected chambers, including a load lock for fast sample transfer, and a
homemade sample preparation chamber, where sample heating up to 600 °C and
thin film depositions of (magnetic) metals and organic molecules are possible. An
external magnetic field of up to 200 Oe can be applied for magnetotransport
measurements if necessary (not used in this work). In chapter 6 of this thesis, we
used STM to investigate the adsorption mechanism and local structural ordering of
Ceo On the epitaxial Fe(001) surface at the molecular scale. The measurements were
perfomed in the constant current mode, using mechanically cut Pt-Ir tips at room
temperature (RT) with a set-point current of 0.8 nA and a bias voltage of 230 mV.
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The STM was developed by Binnig and Rohrer in 1981.°The basic
components of an STM system are (1) a sharp metal tip (ideally with a single atom
at its apex), (2) a piezoelectric scanner, (3) a current amplifier (to detect the small
tunnel current), (4) a bias controller (to provide the tip-to-sample bias) and (5) a
feedback loop (to keep the tunnel current at a fixed set point by adjusting the tip
height with the piezoelectric scanner), see Fig. 2.5. STM operates on the basis of
the quantum mechanical tunneling effect,” which results in a current flow between
a metal tip and the surface of a conducting material upon applying a bias voltage, if
the tip-to-sample distance is kept at just a few nanometers. The current produced
by tunneling (tunnel current) depends exponentially on the distance between the tip
and the sample’s surface.

In constant current mode, the height of the tip above the sample surface is
varied in order to keep the tunnel current constant, as the tip is scanned, line by
line, over the surface. The tip is mounted on a piezoelectric tube, which controls
the tip position in three dimensions relative to the sample. The piezoelectric
element that moves the tip towards or away from the sample surface (defined as the
z-axis) is controlled by a feedback circuit monitoring the tunnel current while
scanning. As the tip is scanned in the x-y plane, the z-position of the tip is recorded
by a computer and presented in an image by the STM software. As a result, a map
of the surface is obtained, containing information on the physical topography
(peaks and valleys on the surface) as well as the electronic properties (local density
of states and local nature of the electronic wave function) of the sample.
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Control voltages for piezotube

11\

with electrodes

Tunneling Distance control
current amplifier  and scanning unit
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Data processing
and display

Figure 2.5 The schematic view of an STM ( Ref. 3)

2.1.6 Atomic force microscopy

An AFM (Veeco, model DI 3100) was used in our experiments for
measuring the thickness of Cg, films, and the surface roughness of various samples:
Co/Al,O; and Co/Al,04/Cq, on sapphire (see chapter 3), bcc-Fe on MgO, and
Ceof/Fe bilayers on MgO substrates (see Fig. 2.7).

The AFM was developed by Binnig et al. (in 1985) to overcome an obstacle
of STM, which can only image conducting surfaces. >An AFM probe consists of a
micro-scale cantilever with a sharp tip that is used to scan the sample surface, using
forces between the tip and the surface. These forces may originate from a wide
range of physical (and chemical) interactions, including attraction and repulsion
due to Van der Waals forces, capillary forces, chemical bonding, electrostatic
forces, magnetic forces, etc. There are three most commonly used operational
modes of AFM: contact mode, non-contact mode and tapping mode (Fig.2.6Db).

In this thesis, all AFM measurements were done in tapping mode. In tapping
mode (also called intermittent contact mode), the cantilever oscillates with a
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frequency close to its resonance frequency (~300 kHz in our case), while lightly
“tapping” the tip on the surface during scanning.

We used AFM tips made from silicon nitride. Tips are attached to a tip
holder, which is subsequently placed inside the AFM head. The AFM head, with
cantilever/tip, is then placed above the sample by means of 2 tension springs
connecting the AFM head to a dovetail groove. The diagram of an AFM is shown
in Fig.2.6a. The cantilever deflection is monitored using a laser and photodetector.
The laser position is manually adjusted such that the laser beam points directly at
the cantilever tip, where it is reflected onto a 4 quadrant photodetector. When the
cantilever tip is brought into contact with the sample surface, its scanning motion is
conducted by a piezoelectric scanner, which scans the tip in a raster pattern with
respect to the sample. The tip-sample interaction, which influences the deflection
of the cantilever, is recorded by the reflected laser spot on the photodetector. By
detecting the difference in the photodetector output voltages for different
quadrants, changes in the cantilever deflection (or oscillation amplitude) are
determined. In this way, the laser deflection is used to detect the root-mean-square
(RMS) amplitude of cantilever oscillation. A feedback loop maintains constant
oscillation amplitude by moving the piezoelectric scanner vertically at every data
point. By recording this movement, a topographical image can be obtained.
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(a)
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Figure 2.6 (a) Diagram of the operation principles of an atomic force microscope (from Ref. °). (b)
Diagram of the force regimes for operation of the three most common modes of AFM. Contact mode
operation is in the repulsive force regime, where the tip is pressed against the sample surface, causing
an upwards deflection of the cantilever. Non-contact mode is operated in the regime of long-range
forces experienced prior to actual contact with the surface. For intermittent contact (or tapping) mode,
the cantilever oscillates close to the surface, and the tip repeatedly comes into- and out of contact with
the surface.
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Figure 2.7 AFM images of two different surfaces, (a) a bcc-Fe(001) film on MgO, and (b) a Cgo/bcce-
Fe(001) bilayer on MgO, respectively. Details on sample preparation are given in section 2.1.4.

2.2 Synchrotron radiation techniques
2.2.1 Beamline D1011 at MAX-Lab, Lund, Sweden

The electromagnetic radiation emitted when charged particles are accelerated
radially is called synchrotron radiation. The synchrotron radiation techniques that
were used in this thesis work are photoemission spectroscopy (PES), x-ray
absorption spectroscopy (XAS), and x-ray magnetic circular dichroism (XMCD).
All measurements were performed at Beamline D1011 of MAX-Lab, Lund
University, Sweden.® D1011 is a bending magnet beamline, covering a photon
energy range of about 100 to 1800 eV. It is suitable for performing PES and XAS
using linearly polarized light. Moreover, an adjustable local "bump" of the electron
beam (steering the beam out-of-plane where the emitted radiation is extracted)
provides out-of-plane radiation with circular polarization, which makes XMCD
measurements possible.
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Figure 2.8 Diagram of beamline D1011, consisting of virtual monochromatic source (S"), source
(dipole magnet, S), horizontally focusing spherical mirror (M1), plane mirror (M2), grating (G, 1200
lines/mm), vertically focusing plane elliptical mirror (M3), exit slit of the monochromator (S1), front
experimental station (Exp.1), vertically re-focusing spherical mirror (M4), horizontally re-focusing
spherical mirror (M5), and back experimental station (Exp.2). Reprinted from Ref. 6.

There are two experimental stations at beamline D1011 placed in series,
which we refer to as "front station" and "back station”. The front station is
positioned directly after the exit slit of the monochromator, while the back station
is mounted further down-stream and receives radiation passing through the front
station via re-focusing mirrors (M4 and M5 in Fig. 2.8). The front station consists
of separate analysis- and preparation UHV chambers, and a load-lock chamber.
Sample transfer between the analysis- and preparation chambers is achieved via a
long-travel manipulator. The analysis chamber is equipped with a SCIENTA
SES200 (upgraded) electron energy analyzer, for PES measurements, and an MCP
detector for XAS measurements in the partial electron yield (PEY) mode.
Therefore we could use the front station for both PES, XAS and XMCD
measurements. However, there is no electromagnet in the front station, samples can
be magnetized instead by approaching the sample with a permanent magnet,
mounted on a linear drive in the preparation chamber. This is quite cumbersome for
XMCD experiments, which typically require the magnetization of the sample to be
flipped. For our experiments, we used the front station for PES and XAS, and the
back station for XAS and XMCD measurement in the total electron yield (TEY)
mode. The back station is especially designed for XMCD measurements. It consists
of a load lock and a single UHV preparation/analysis chamber, with an
electromagnet installed in-situ. The electromagnet provides a field strength up to
about 300 Oe, allowing for XMCD measurements while applying a constant
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magnetic field, and also for measuring hysteresis loops. In both stations, facilities
for sample preparation, a sample transfer system, provisions for sample heating and
cooling, a gas inlet system, an Ar sputter gun, a low energy electron diffraction
(LEED) system, which allows to examine the crystal structure of the sample
surface, and a mass spectrometer for residual gas analysis are available.

2.2.2 Photoemission spectroscopy

Photoemission spectroscopy (also known as photoelectron spectroscopy
(PES)) probes the electronic structure of matter. PES is based on the photoelectric
effect, in which electrons are emitted from a sample after absorption of light. This
is a quantum phenomenon discovered by Heinrich Rudolf Hertz in 1887, and
explained by Einstein in 1905. "The sample under investigation is irradiated with
(monochromatic) light and, due to the photoelectric effect, electrons are emitted
from the sample. The kinetic energy of these emitted electrons is subsequently
determined, using for example an electrostatic analyzer. In our case, a
hemispherical analyzer is used. Thus, if the energy of the impinging photon v, the
kinetic energy of the photoelectron E, and (for solid samples) the work function @
of the sample are known, the binding energy Eg of the state from which the
photoelectron originates is determined as:

Ep = hv—¢ — E 2.1)

In this expression, the binding energy is given with respect to the vacuum level
Evac, Which is usually done for spectroscopy of free atoms and molecules.
However, for experiments on solids (which is the case here) it is common practice
to choose the Fermi level as the reference point for binding energy determinations.
The Fermi level is a natural reference for solid-state samples, because the
spectrometer and the (conducting) sample will have a common Fermi energy when
in contact. This avoids the necessity to deal with (often unknown) work functions
D.

The different excitation sources used in photoelectron spectroscopy cover a
wide spectrum of photon energies. Historically, different acronyms were used for
PES, according to the photon energy used. (1) Ultravoilet photoelectron
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spectroscopy (UPS) for an energy range of several eV up to about 100 eV, i.e.
using vacuum UV radiation, to examine valence levels. (2) X-ray Photoelectron
spectroscopy (XPS) for an energy range of 200-2000 eV, i.e. using soft x-rays, to
study core levels. With the advance of synchrotron radiation, this distinction has
become less meaningful. At Beamline D1011, light is available with a continuous
tunability over a wide range (from 100 to 1800 eV), which makes it possible to
cover both valence band PES (or UPS) and core level PES (or XPS). In XPS, an
atom in a molecule or solid absorbs the x-ray photon, leading to ionization and the
emission of a core electron. In UPS the photon interacts with valence electrons of
the molecule or solid, leading to ionization by removal of one of these valence
electrons (see Fig.2.9).

U — Ene (b)) Fuic
Ll]?lroi;rrlv _\"'\.‘ / *
——- X-ray photonﬁ °
—eo—o— C(1s) —o—e— C(Is)
Valance band PES Core level PES

Figure 2.9 Schematic representation of the final electronic states reached in valence band PES (a) and
core level PES (b) of a sample containing carbon atoms. The horizontal bars indicate the energy
levels, open (solid) circles represent holes (electrons).

Inelastic Mean Free Path

The electron inelastic mean free path (IMFP, ®which is related to the electron
escape depth) is an important parameter for describing the surface sensitivity of
PES and related electron spectroscopies, such as XAS and XMCD. It determines
the depth below the surface (measured along the sample normal) from which
photoelectrons still manage to reach the analyser and hence contribute to the
measured signal. Electrons traveling through a solid may lose part of their kinetic
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energy due to electron-electron (excitation of plasmons in metals and
semiconductors, creation of electron-hole pairs) and electron-phonon interactions.
The longer the distance that electrons travel, the higher the probability for an
energy loss event. The IMFP is the mean distance between such inelastic events.
Once the photoelectron has undergone an inelastic scattering event, its kinetic
energy has decreased by a certain amount, and it no longer contributes to a
photoelectron peak, but to the background instead. Information regarding the IMFP
is needed for determination of e.g. film thickness, and for estimating the surface
sensitivity. The IMFP is a measure of the probability for an electron originating
from a certain depth (not) to be inelastically scattered, determined by the following
equation:

P(d)= exp(-d/d), (2.2)

Where P(d) is the probability of the electron travelling a distance d through a solid
without undergoing scattering, and A is IMFP of the electrons at energy E. The
IMFP depends on (1) the initial kinetic energy of the electron and (2) the nature of
the solid, in particular the electron density. Since most metals have comparable
electron densities, they show a similar IMFP versus energy relationship.

Fig. 2.10 is the universal curve (IMFP as a function of kinetic energy),

giving the electron escape depth for metallic samples. The IMFP exhibits a
minimum for the electrons with a Kinetic energy of 50-100 eV.
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Figure 2.10 Universal curve of the inelastic mean free path of electrons, valid for metallic samples.
Measured values are indicated by closed circles (Ref.8).

If the IMFP is known, we can estimate the thickness of a layer covering a
substrate by evaluating the suppression of signals originating from the substrate. In
our case, we estimated the thickness of Cg, layers on Fe surfaces, and the
thickness of Fe films on MgO substrates by comparing the intensity of the
PES/XAS signal before- and after deposition of the top layer. The PES/XAS signal
from the substrate (e.g Fe) is attenuated (e.g. reduced in intensity) due to the
inelastic scattering of photoelectrons when they travel through the top layer (e.g
Ceo). The probability that electrons pass through the Cgq layer without any inelastic
scattering is given by equation (2.2), by replacing d by the thickness of the Cg
layer (t). Therefore, the thickness t can be determined by the following equation:

I=1y exp (-UA), (2.3)

Where |, and | are the intensity of the Fe signal detected without and with Cg
layer, respectively, and A is IMFP of electrons (originating from Fe) at a certain
kinetic energy.
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2.2.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS)® is an important synchrotron radiation
tool for the characterization of the electronic structure of materials. Because it
involves excitations of core level electrons, it is an element specific probe, and
useful for fundamental studies of atoms, molecules, absorbates, and solid samples.
XAS spectra are obtained by scanning the photon energy, in our case using a plane
grating monochromator, to a range where core electrons of the elements of interest
can be excited into unoccupied states (usually from 100 eV to 100 000 eV photon

energy).

When a sample is hit by an incident x-ray beam with intensity Iy, the
oscillating electric field of the electromagnetic radiation interacts with the electrons
in the sample. The radiation may be scattered by these electrons, or absorbed by
exciting the electrons into states with higher energy (Fig. 2.11a).

In contrast with the PES technique, where the photon energy is fixed and the
electron intensity is measured as a function of electron kinetic energy, in XAS the
X-ray energy is scanned and the absorbed x-ray intensity is measured. XAS spectra
can be recorded in two common ways, (1) x-ray transmission or (2) fluorescence-
or electron yield measurements. In the transmission technique (Fig. 2.11b), the
intensity of the x-ray beam is measured before (lp) and after passing through a
sample (l,), for example using an ionization chamber detector. Since this technique
requires thin samples such that x-rays may pass through, it has limited use. Instead,
fluorescence- or electron yield measurements rely on the detection of x-rays or
electrons that are emitted after the initial x-ray absorption events, when the excited
electrons decay back to their ground states. In this work, we used electron yield
measurements. Two modes can be distinguished: total electron yield (TEY), and
partial electron yield (PEY). The TEY mode (Fig.2.11c) can be described as
follows. The incident x-rays create core holes that are filled shortly after the
excitation events, emitting Auger electrons. These Auger electrons may scatter on
their way to the sample surface, leading to a collision cascade, in which a large
number of low-energy electrons is produced. All emitted electrons (hence total
yield) are measured by a picoammeter connecting the sample to ground. The
resulting "drain current” signals are proportional to the x-ray absorption intensity.
In a PEY measurement, low energy electrons are discarded, usually by using a grid
at a fixed retarding potential in front of an electron multiplier (f.e. a microchannel
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plate detector). Since low energy electrons, produced in collision cascades, may
escape from a relatively large depth, the PEY mode is more surface sensitive than
the TEY mode.

(a ) Scattered x-rays

Incident x-rays

lo

Fluorescence x-rays
Iy
Photoelectrons

(b)  x

hw

€ Auger
I\ < - e e
el E &1

. hw
Picoammeter

— Ground Core

Figure 2.11 (a) The sketch of X-ray absorption. Two methods of XAS measurement (b)
transmission, and (c) total electron yield detection, where L is the sampling depth ( typically a few
nanometers).

At certain energies, the x-ray absorption probability increases drastically,

giving rise to so-called absorption edges. The onset of such an edge occurs when
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the energy of the incident photon is just sufficient to cause excitation of a core
electron of the absorbing atom into the bottom of the conduction band (for solid
samples), or the lowest unoccupied orbital for atoms and molecules. At higher
photon energy, core electrons are excited into higher lying unoccupied states, and
eventually into the vacuum when the photon energy lies above the ionization
threshold. The photon energies at which absorption edges occur correspond to the
binding energies of electrons in the K, L, M, shells; hence they are labeled as K-,
L:-, L,-, Ls-, Mj-edges, etc., corresponding to the excitation of electrons in the 1s,
2s, 2p1p, 2p3p , 35 orbitals, etc., respectively.

2.2.4 X-ray magnetic circular dichroism

X-ray magnetic circular dichroism (XMCD) is used for probing element
specific magnetic properties of matter. An XMCD spectrum is obtained by taking a
difference spectrum of two XAS measurements recorded with different alignment
between the magnetization vector and the (circular) polarization of the light. This
can be done, for example, by fixing the magnetization using a magnetic field, while
taking a spectrum with left circularly polarized light, and another one with right
circularly polarized light. Alternatively, the polarization may be kept fixed, while
the magnetization is varied via the applied magnetic field. The principle of XMCD
is based on magneto-optical effects.® As described above, x-ray absorption is the
process of x-ray induced excitation of core electrons to unoccupied levels (or to the
vacuum). Ferromagnetic materials have a spin-dependent density of states (DOS).
If the x-ray absorption process is spin dependent, the difference of the absorption
intensity reflects the spin polarization of the unoccupied DOS. Circularly polarized
light is used, such that the photons carry an intrinsic angular momentum of -/+ %
(left/right circular polarization). This angular momentum is also called the photon
spin. Fig. 2.12 shows a schematic diagram illustrating the principle of XMCD.
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Figure 2.12 Illustration of an XMCD measurement, for L-edge absorption of a 3d transition metal. *
10 The left panel is explained in the text. The right panel shows Fe L-edge XAS spectra obtained with
right-circularly polarized x-rays for different orientations of the magnetization (arrows inside the
squares) relative to the photon helicity.

The principle of XMCD stems from the conservation of angular momentum.
As shown in Fig.2.12, a right-circularly polarized photon (labeled "positive
helicity" in the figure), which has angular momentum +#, excites a core electron
and transfers its angular momentum to it. Hence, the angular momentum of the
electron has to change, leading to the well-known selection rules for optical
transitions. The photon angular momentum is transferred to the orbital motion of
the electrons, leaving the electron spin unchanged. However, if the electron is
initially in a spin-orbit split state, for example a 2py, (L>-edge) or 2ps, (Ls-edge)
core level, the angular momentum of the photon can be transferred partly to the
spin of the electron via spin-orbit coupling. Hence, the excited electrons are spin
polarized. For the 2ps, (Ls-edge) core level, the absorption of right-circularly
polarized photons produces excited electrons with mostly spin up. This is
illustrated by the arrow indicating a transition into the unoccupied spin up subband
in the left panel of Fig. 2.12. The left-circularly polarized photon (“negative
helicity™), which has opposite angular momentum (-%), transfers the opposite
angular momentum to the electrons, resulting in excited electrons with opposite
spin polarization. Since the 2py, (L;) and 2ps, (L3) levels have opposite spin-orbit
coupling (m; = mi-ms and m; = mi+ms, respectively), the spin polarization of the
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excited electrons is also opposite at the two edges. For transition metal
ferromagnets, with a 3d band that is spin polarized, this 3d band acts as a spin
detector. If the excited electrons have a spin polarization for which the unoccupied
DOS is high (low), a strong (weak) absorption signal results. This difference in the
detected absorption between left- and right circularly polarized light (or opposite
magnetization directions) produces the XMCD signal (left panel of Fig.2.12).
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CHAPTER 3

The multi-step tunneling analogue of conductivity mismatch
In organic spin valves

We present an experimental study of Cgo-based spin valves and model their
behaviour with spin-polarized tunnelling via multiple intermediate states with a
Gaussian energy distribution. We show that, analogous to conductivity mismatch in
the diffusive regime, the magnetoresistance decreases with the number of
intermediate tunnel steps, regardless of the value of the spin lifetime. This
mechanism has been largely overlooked in previous studies of organic spin valves.
In addition, using measurements of the temperature and bias dependence of the
magnetoresistance, we identify inhomogeneous magnetostatic fields resulting from
interfacial roughness as a source for spin relaxation and dephasing. These findings
constitute a comprehensive understanding of the processes underlying spin-
polarized transport in these structures, and shed new light on previous studies of
organic spin valves.

agnet oresistance (%)

This chapter has been published, in slightly modified form, as T.L.A. Tran, T.Q. Le,
J.G.M. Sanderink, W.G. van der Wiel, and M.P. de Jong, Adv. Funct. Mater. 22 (2012)
1180.
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3.1 Introduction

Controlling and probing charge carrier spin polarization via electrical
means is an attractive route towards the development of practical semiconductor
spintronic devices, 2 which are expected to have a strong impact on future
information processing and storage technologies. Considerable success has been
obtained over the last number of years in the field of inorganic semiconductor
spintronics, with the demonstration of, for example, the creation and detection of a
robust spin polarization in silicon at room temperature.® Key to this success is the
growing understanding of the physical mechanisms that govern the spin-dependent
behaviour — of charge carriers in  ferromagnetic-metal/semiconductor
heterostructures,? and in particular of the practical limitations* for spin-polarized
charge carrier injection and detection using ferromagnetic metal contacts, e.g.
conductivity mismatch in the diffusive transport regime.”

The field of organic semiconductor spintronics®® is lagging behind
considerably in this respect, as the physics underlying spin-polarized transport in
organic devices remains somewhat elusive. This is unfortunate, since carbon-based,
organic semiconductors offer a number of unique advantages,® ’ such as potentially
very long spin lifetimes,® * bottom-up fabrication relying on self-assembly, and
non-stringent requirements for interface formation and film growth, which allow
for, for example, vertical stacks comprising alternating layers of ferromagnetic
metals and molecular semiconductors. Large magnetoresistance effects have been
reported in such organic-based vertical spin valves,™ comprising e.g. thin films of
organic molecules’ and fullerenes,"*™* in several cases also at room temperature.'*
> As is fairly well established by now, the electronic structure of the hybrid
interfaces plays an important role."® '’ It remains unclear, however, if the
limitations for spin-polarized charge injection and detection in inorganic
semiconductors are applicable to organic spin valves as well, since these often
show electrical characteristics that are indicative of multi-step tunnelling.” ** * In
this regime, charge carriers tunnel via a limited amount of steps involving localized
intermediate states in the organic semiconductor,”® and a description in terms of
diffusive transport fails. Nevertheless, the junction magnetoresistance (JMR) is
found to be very sensitive to the thickness of the organic semiconductor layer, and
the suppressed JMR in the transition from tunnelling transport to a regime limited
by bulk hopping conduction has been attributed to “conductivity mismatch” by
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several authors.” '® % Another issue that remains subject to debate is how spin
relaxation and dephasing take place in the organic semiconductor, and how this
affects the JMR. Spin precession in the random hyperfine fields of hydrogen nuclei
has been shown to play an important role in the phenomenon of organic
magnetoresistance,”* and has been proposed to affect the JMR of organic spin
valves."

In this chapter, we address these important issues using a joint experimental
and modelling study of vertical spin valves comprising ultrathin (up to 20 nm) Cy
layers. We show that multi-step tunnelling leads to a behaviour analogous to
conductivity mismatch,” in the sense that the inclusion of an increasing number of
intermediate tunnelling steps results in a more and more spin-independent junction
resistance, regardless of the spin lifetime and spin diffusion length. This previously
overlooked fact places numerous published studies on organic spin valves in an
entirely new light, including those on similar junctions based on Cg.*> ** Moreover,
it explains the salient features of such devices, namely a strong dependence of the
JMR on the organic layer thickness and on temperature, and reconciles the
expectation of very long spin lifetimes in organic semiconductors with the
relatively short length scales over which a finite JMR is observed.” Regarding these
potentially long spin lifetimes, Cqq is an attractive choice: Since Cg molecules are
purely composed of carbon, and the 99% predominant **C isotopes have zero
nuclear spin, the effects of the above mentioned hyperfine fields are very small and
may be neglected.? ?* Here we show, however, that spin relaxation and dephasing
nevertheless play a role, and propose that inhomogeneous magnetic fields due to
finite interfacial roughness are the cause of this.

3.2 Experiments

Our devices were prepared in-situ in an ultra-high vacuum chamber (base
pressure 10™° mbar). Metals were deposited by e-beam evaporation (rate ~1 A s™),
and Cg was evaporated from a Knudsen cell at ~400°C (rate ~0.25 A s). The layer
stacks were grown onto single-crystalline Al,O; substrates (11x11 mm?) held at
room temperature. Twelve identical junctions, with an area of 0.25%0.3 mm?, were
fabricated on each substrate in a cross-bar geometry using shadow masks (please
refer to section 2.1.2 in Chapter 2 for detail . The junctions consisted of the
following layer stack: Co(bottom electrode, 8 nm)/Al,03(2 nm)/Cg (dc
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nm)/Nig;Fe;o(15 nm). Reference magnetic tunnel junctions, without Cg, were
fabricated in parallel with Cgp-containing junctions in every run (the apparatus
allows for parallel fabrication of several devices with different layer structure using
shadow masks). The Al,O3 tunnel barriers were formed by depositing 1.5 nm Al,
followed by oxidation in an oxygen plasma at 100 mTorr, without breaking
vacuum. The film thickness was monitored by quartz crystal oscillators, and
verified with atomic force microscopy (AFM) measurements. The surface
morphology was also characterized by AFM.

Junction resistances versus magnetic field (R—H) at different bias voltages,
and current — voltage (I-V) measurements at constant applied magnetic field
(corresponding to parallel- and antiparallel magnetization of top- and bottom
electrodes) were measured using a four-point probe technigque with a Keithley 2400
source meter. The magnetic field was applied parallel to the sample surface. The
samples were rotated with respect to the magnetic field such that sharp switching
behaviour was observed in the MR traces, (magnetization along the easy axis of
both bottom- and top electrode). The measurements were performed within a
temperature range that extended from room temperature down to 5K, using a liquid
He flow cryostat.

3.3 Multi-Step Tunnelling Calculations

We will proceed now with a description of our model, and then turn to a
comparison with our experimental results. When the Cg, thickness dc is well below
10 nm, the charge transport can be described in a fairly straightforward manner, in
terms of a superposition of direct- and two-step tunnelling. We use the model as
developed by Schoonus et al.’® as a starting point, with several additions as
outlined below.

3.3.1 Spin Polarized Tunnelling via an Intermediate State

The model of Schoonus et al.*® considers two-step tunnelling processes, in
our case involving intermediate states in the Cgq layer, in addition to direct
tunnelling across a composite Al,O3/Cq barrier. In a two-step process (see Fig.3.1),
electrons tunnel from the first ferromagnetic (FM) electrode (0), with tunnel spin
polarization (TSP) p,, into an intermediate state (1) within the Cg, layer with time-
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averaged occupation numbers nt / nj for spin up / down electrons, and
subsequently into the second FM electrode (2), with TSP p,. Back-tunnelling
processes are also considered, assuming a Fermi-Dirac distribution f(E) and
constant density of states (DOS) for the FM metals (this is a somewhat
oversimplified but reasonable approximation for low bias voltages). The
occupation number of a certain intermediate state in the Cg, layer is determined by
the equality of the inbound- and outbound tunnelling rates under steady state
conditions, Jo; = J12 = Jwo-step- 1€ parameters that enter the model are po and p,, the
thickness d, and dc of the Al,O; and Cg layers, respectively, and the extinction
coefficients of evanescent states x (for Al,O3) and y (for Cg). The extinction
coefficients depend in turn on the barrier height U and the effective mass m, in the

evanescent state, via e.g. ¥ =2,/2mU /m, where 7 is the reduced Planck constant.
Further details can be found in Ref. *°.

The effects of two-step tunnelling via an intermediate state on the
magnetotransport properties of the junctions can be described as follows.
Considering a parallel magnetization alignment for electrodes (0) and (2), the
tunnel current density Jo;te (with the label “P” for parallel magnetization) of
majority spin (up) electrons flowing out of the FM contact (0) into the intermediate
state (1) at a distance d from the Al,Os/Cq, interface, is given by:

Jyne € 51+ po JL—n,, o9 £ (B, ) — (3.1)
B+ poJnye 1 £ (Ey))

which is composed of a forward tunnelling current proportional to (1- ntp) and a
back tunnelling current proportional to n4p, while }/2(1+ po) represents the

fraction of the total current (due to both spin up and spin down electrons)
consisting of spin up electrons tunnelling out of the FM contact (0) at Er. Here, the
transmission of electrons through the Al,O3 and Cg layers, with thickness d, and
dc, scales with the extinction coefficients for evanescent states x and
respectively. The extinction coefficients, which depend on the barrier height and
the effective mass in the evanescent state, can be estimated from measurements of
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the tunnel resistance (in the low bias, Ohmic regime) as a function of layer
thickness.

Co | ALO, | Ceo ;NiFe
d, | d,.
EF .—-—‘_‘—-__“—*E e
777777 - 777777
TSP = p, d | TSP =p,
(0) ey (2)

Figure 3.1 A two-step tunnelling event, involving an electron tunneling out of the Co electrode (0)
into an intermediate state (1) in the Cg layer and subsequently into the NiFe counter electrode (2).

For a certain bias voltage V applied over the junction (with a polarity such
that electrons tunnel from electrode (0) via intermediate sites (1) into electrode

(2)), the current density J;,1p oOf carriers flowing out of the localized site in the Cgo
layer into FM contact (2), with TSP p,, is

J e € B0+ p, )Ny e 71— f(EL +eV))- (32)
%+ p,)i-n, 7 (E, +eV),

where e is the electron charge. Under steady state conditions, Joite = Jiote = J1p,

which yields npp such that the current density for tunnel processes involving
intermediate sites at a distance d from the Al,O; electrode can be evaluated:

_ 4@+ po e 4 (14 p, e (B +eV) (3.3)
" B+ p, 7%+ B+ p et

Ny
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Similar expressions can be obtained for the minority spin current Jo|p

related to nyp, upon replacing po with —p, and p, with —p,, and for the antiparallel
(AP) magnetization configuration, upon setting p, = -po while keeping p;
unchanged (or vice versa). The JMR, for tunnelling via an intermediate site at a
distance d within the Cg layer, can then be evaluated as IMR(d) = (Jp - Jap)/ Jap ,
(note that this is equivalent to (Rap — Rp)/Rp, Where R is the resistance) with Jp =

Jte + e, and Jap = Itap + I ap.

After determining the equations for the spin polarized two-step tunnelling
currents as a function of the distance d of the intermediate site from the Al,O3/Cqg
interface, the JMR resulting from tunnelling via en ensemble of states with a
spatially homogeneous distribution is found by integrating the expressions for the
current densities with respect to d. The magnetoresistance that results is
considerably lower than that due to direct tunnelling of electrons between contacts
(0) and (2), given by 2pgp./(1- pop2). The reason for this is that, in addition to the
TSPs of the electrodes, the spin dependent occupation numbers also determine the
tunnelling rates.

Let us discuss a specific hypothetical case that illustrates this effect, and for
which the analysis is especially simple. Consider a symmetric system, consisting of
two identical FM electrodes with py = p, = p, and a single localized state in the
barrier, located exactly halfway between the electrodes. The spin dependent
occupation numbers of the intermediate state are determined by the balance
between inbound- and outbound tunnelling events. Due to the symmetry of the
system when the magnetization configuration is parallel, the transmission
probabilities for tunnelling into and out-of the localized state are equal. If we
disregard back tunnelling, and set the bias voltage to zero, the equations for the
tunnelling rates in the parallel magnetization configuration are:

JOlTP o %(1"' p)(l_ nTP)eﬂd = ‘]12TP * %(1"' p)nTPeiy(dfd) = JTP ! (3.4)

Jowp € %(1_ p)(l_ Np )e_}d =J o %(1_ p)nipei}/(dwd) =J e (3-5)
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Since the intermediate state is located exactly halfway between the electrodes, i.e.

(dc — d)= d, the exponential terms are equal. Therefore, since Joitp=Jiote and
Jordp=Jd12lp, it follows that ntp = nyp = ¥, for any value of p<1. In the case p=1 the

spin down tunnelling rates are equal to zero, and hence ntp = %, np = 0. When the
electrodes are magnetized in the antiparallel configuration, the equations are:

Jorrae %(1_ p)(l_ Nt ap )eﬂd =it * %(1"' p)nTAPe_y(dc_d) =Jdtap (3.6)

J01¢AP o %(1"' pxl_ni«AP )a_}d = J12¢AP oc %(l_ p)n¢APe_y(dC_d) = JiAP’ (3'7)

where the magnetization of electrode (0) has been flipped. It follows that ntap =

%(@1—p) and nyp = ¥(1+ p), for p<l. For p=1, the current in the antiparallel
configuration is always equal to zero, due to the terms (1-p) in Egs.3. 6 and 7. In

addition, ntap =0, nyap=1 for p=1, since electrode (0), now magnetized in the
opposite direction, contains no spin up electrons at the Fermi level. Hence the
magnetoresistance for p=1 is infinite, as is the case for direct tunnelling between to
100% polarized electrodes. However, for p < 1, inserting the spin dependent
occupation numbers into Egs. 3.4 - 7 for the tunnelling rates gives a

magnetoresistance (Jp - Jap)/ Jap, With Jp = J1p + Jlp and Jpap = Jtap + Jinar,
proportional to p?/(1-p®), i.e. half that of direct tunnelling between the two
electrodes (as was also pointed out by Schoonus et al.*?).

3.3.2 Tunnelling via a Gaussian DOS of Intermediate States

We consider two-step tunnelling via a Gaussian DOS of intermediate Cgo-
derived states, centred at the LUMO of Cg, in contrast to the uniform energetic
distribution of states in the model of Schoonus et al. A similar picture is used
routinely to describe charge transport in the hopping regime in (disordered) organic
solids.?* 2 From previous experiments, the position of the LUMO with respect to
Er is well known: The high electron affinity of solid Cgo, equal to 4.0 eV, |eads
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to Fermi level pinning on metallic substrates with a work function of 4.5 eV or
smaller,? as is the case for the present electrodes, Co/Al,O; and NiFe.* We set the
Gaussian width, determined by inhomogeneous broadening, to a realistic value of
0.3 eV (full width at half maximum) via the parameter ¢ (see Eq. 1), while the
energy difference Eg - E_umo is set to 0.5 eV. Figs. 3.2a and 3.2b show schematic
representations of two-step tunnelling processes via a Gaussian DOS of
intermediate states. Applying a bias voltage tilts the potential within the Cg, layer,
such that the DOS of intermediate states aligned with Eg of the electrode from
which electrons are expelled becomes a strong function of d. Correspondingly, the
current flowing under different bias conditions will involve two-step (or multistep
at sufficiently large Cgo thickness) tunnelling via states that are distributed
differently within the Cg layer. The two-step tunnel current density Juo-step @S @
function of d and bias voltage V is:

*((EF 7ELUMO)7‘eV‘ﬁJZ/U -
‘]two—step(v)z‘]two—step(o)e he ) (38)

for electrons tunnelling from the left (Co/Al,Os electrode) to the right (NiFe
electrode), meaning under application of a negative potential in our experiments.
For the opposite bias polarity, we substitute (dc — d) for d. Jwo-step(0), i.€. the two-
step tunnel current density at zero bias, is calculated using equations 3.1, 3.2 and
3.3.
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Figure 3.2 Two-step tunnelling via intermediate states with a Gaussian energy distribution centered
on the LUMO of Cg,. Under application of a negative bias voltage (a), electrons tunneling out of the
Co electrode at Er encounter an increasing density of intermediate states at an increasing distance
from the Al,O; surface. A positive bias (b) results in an increased amount of states close to the Al,O;
surface for electrons tunneling out of the NiFe electrode.

3.3.3 Tunnelling via Multiple Intermediate States

For increasing Cgo thickness, the contribution of tunnelling events that
involve more than one intermediate site in the Cg layer will increase, as the
transmission probability for individual tunnelling processes drops exponentially
with the tunnelling distance. For the sake of illustrating the main effects of
tunnelling via multiple intermediate sites on the magnetoresistance, we limit
ourselves in the discussion below to two simple cases that can be evaluated easily:
(1) that of up to 4 intermediate tunnelling sites within the barrier with equal

52



The multi-step tunneling analogue of conductivity mismatch in organic spin valves

probability for inbound versus outbound tunnelling (i.e. equidistantly placed sites
within the barrier), and (2) that of two sites near both electrodes (at the same
distance from each electrode) connected via an arbitrary number of uncorrelated
“hops” within the Cg, layer.

3.3.3.1 Multiple equidistant tunnelling sites

When back tunnelling is not taken into account, and only a single barrier
(corresponding to the Cgo layer) is considered, we can easily evaluate the case of
equidistant tunnelling events (with the same transmission probability) involving a
limited number i of intermediate states. The problem to be solved, for arbitrary i, is
that of the following set of equations:

Jopp cafl-n,,)= (3.9)

01TP

Ji—z,i—lTP oc ni—ZTP(l_ ni-lTP):

‘]i—l,iTP o Nipp®

where the TSP of both electrodes is taken to be equal to p, and we define a =
%1+ p),and S = %(1— p). To avoid unnecessary complication, we have set the
exponential tunnel transmission probability connecting each of the states n__equal
to 1, since it drops out of the expression for the JMR anyway. Equivalent sets of
equations can be formulated for spin down electrons (substituting o — £ for both
electrodes), as well as the antiparallel magnetization configuration (substituting «
<> S for only one electrode).

It is easy to see that a solution that fulfils 0 < n < 1 for the antiparallel

configuration is n_ tap = B, and n_ |ap = «, for an arbitrary number of sequential
tunnelling events (here we use the convention that the sign of the TSP of electrode
(0) is changed when changing from a parallel to an antiparallel configuration). In
fact, it turns out that this is the only solution for the AP configuration. Regardless

of the amount of tunnel steps, the AP currents thus become Jtap = J{ap ¢ af3. The
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solutions for n_p are more complicated, but can nevertheless be evaluated
analytically for i <3, while we use a simple graphical procedure for i =4 to solve
the equation for n_p including terms (nmp)3. The so obtained curves for Jp and Jap
as a function of the tunnel spin polarization p of the electrodes are shown in Fig.
3.3a, while the JMR as a function of the number of tunnelling steps for p = 0.3 is
shown in Fig. 3.3b.

These calculations show that the magnetoresistance continues to drop upon
the inclusion of additional tunnelling steps, as may be intuitively expected. This
leads to an overall junction resistance that becomes more and more spin-
independent, which is qualitatively similar to the conductivity mismatch problem
in the diffusive regime.” In a more realistic approach, one should consider also
events with unequal transmission coefficients for inbound and outbound tunnelling,
as well as back-tunnelling events, which will further strongly reduce the JMR. It is
important to note at this point that we have not yet included any effects of a finite
spin lifetime in the intermediate states (which certainly plays a role in reality); the
reduction of the magnetoresistance discussed above is solely due to the requirement
of continuity of the tunnel current, which determines the spin-dependent
occupation numbers, and therefore the JIMR.
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Figure 3.3 (a) Calculated relative tunnel currents in the parallel (Jp) and antiparallel (Jap)
magnetization configuration for different numbers of tunneling steps as a function of the tunnel spin
polarization p in both ferromagnetic electrodes. (b) JMR as a function of the number of tunnel steps
for p=0.3. The solid line is a guide to the eye, and the inset depicts a three-step tunneling process. (c)
JMR versus the ratio of the transmission probability T for tunneling into/out-of interfacial states, and
the dimensionless constant R, proportional to the bulk hopping resistivity.

55



Chapter 3

3.3.3.2 Interfacial Tunnelling Sites Connected via a Large Number of
Uncorrelated Hops

We consider the case of two sites n; and n, at a distance d from each
opposing FM electrode (both electrodes having a TSP equal to p), connected via
different pathways involving a large number of (uncorrelated) hops via localized
sites in the Cg layer. If we allow (thermally activated) hopping via a large number
of different sites, electrons will travel via an ensemble of random paths, and
keeping track of the spin dependent occupation numbers of neighbouring sites is no
longer very meaningful. Instead, we may model the transmission between the sites
as 1/R,, with R, a dimensionless constant that is proportional to the (spin
independent) electrical resistivity of the Cg, layer in the hopping transport regime.
The set of equations to be solved for obtaining the n’s and J’s then becomes:

Jonp € a(l_ anP)T = (3.10)

Jip € Ny (1_ Nyrp )%h =

J 2atp € nzTPaT'

where T = e denotes the transmission probability for tunnelling into/out-of states
n; and n,, Again, similar equations should be solved for the different spin currents
and magnetization configurations. Since only tunnelling to/from the sites close to
the barrier is spin dependent, the JMR continues to drop upon increasing Ry, (see
Fig. 3.3c).

3.4 Magnetotransport experiment results
3.4.1 Resistance and JMR versus Cg, Thickness

Upon increasing the Cg thickness stepwise from 0 to 7 nm, the resistance of
our junctions increases strongly, as expected for devices in which transport is
limited by tunnelling. Above a thickness of 2-3 nm, the resistance increase with dc
levels off, as two-step tunnelling via an intermediate state in the Cgq layer becomes
the dominant transport mechanism instead of direct tunnelling between the Co and
NiFe electrodes (see Fig. 3.4). The solid line is obtained by a fit in which the
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current is composed of a weighted average of direct tunnelling and two-step
tunnelling contributions (Eq. (1) of Ref. 19). For the Al,O; barrier, we estimate an
extinction coefficient of evanescent states x ~ 3 nm™, based on measurements of
the resistance area product as a function of thickness of similar Al,Os tunnel
contacts,® while the thickness of the barrier da is 2 nm. These parameters are
inserted into the fit function, which yields y ~ 1.36 nm™ for the extinction
coefficient in Cg, and N = 4.6-10 nm™ for the weighting factor that determines
the relative contributions of direct- and two-step tunnelling events. The latter is
proportional to the density of intermediate states within the Cg layer (hence the
dimension nm™), via which two-step tunnelling may proceed. These parameters are
used below in calculations of, e.g., the JMR. The I-V and conductance G = dl/dV
characteristics (see insets in Fig. 3.4 for room-temperature measurements), as well
as their temperature dependence (Fig.3.5), are consistent with tunnelling being the
limiting mechanism for charge transport.
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Figure 3.4 RA product (open circles) of a set of junctions with increasing Cg, thickness measured at
room temperature and 20 mV bias voltage. The insets show room temperature I-V and conductance
(G) curves of a reference device without Cg interlayer (upper left corner) and a junction with a 5 nm
thick Cgq layer (lower right corner).
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Figure 3.5 Temperature dependent I-V curves (solid lines) and conductance G versus voltage curves
(open circles) of a junction with 5 nm Cg, () and a junction without Cg, (b).
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The magnetoresistance of the junctions, measured at room temperature (293
K) and 5 K at a bias voltage of 20 mV, is plotted versus the Cg, thickness in Fig.
3.6. The inset shows traces of the resistance versus the magnetic field of a device
with 5 nm Cg, measured at 250 K and 80 K. Also shown are calculated JMR curves
for a superposition of direct- and two-step tunnelling (dashed line), and 2-step
tunnelling only (dash-dotted line). In the calculations, we have set the tunnel spin
polarization (TSP) for both ferromagnetic electrodes equal to 0.3, which is close to
the experimentally obtained values for Co/Al,O; and NiFe/Al, 053" It is evident
that the inclusion of a Cg layer in the MTJ stack leads to a reduction of the JMR,
due to tunnelling via intermediate states in the Cg for dc > 2, and a somewhat
reduced TSP at the NiFe/Cg interface compared to that of NiFe/Al,Os, leading to a
modest reduction of the JMR even for Cg layers as thin as 1 nm. Junctions with 0.5
nm Cgo, Well below the threshold for closed-layer formation, show a JMR identical
to that of reference MTJs without Cg, which is to be expected since the tunnel
current will flow predominantly in those regions of the junction where the Cg is
absent. For Cg layers with a thickness above 1 nm, the reduced JMR thus indicates
that tunnelling of electrons across a composite Al,Os/Cg is the dominant transport
mechanism.
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Figure 3.6 JMR as a function of Cg thickness. Data points are shown for measurements performed at
room temperature (solid circles) and 5 K (solid squares). The dashed line is the calculated JIMR for a
combination of direct- and two-step tunneling, while the dash-dotted line corresponds to two-step
tunneling only. The inset shows traces of the resistance versus magnetic field of a junction with 5 nm
Ceo (plotted as a IMR value), measured at 250 K (blue) and 80 K (red).

The calculated JMR curves in Fig. 3.6 predict a reduction of the
magnetoresistance by about a factor of 4 in the two-step tunnelling regime (dc = 5
and 7 nm) as compared to direct tunnelling across an Al,O3/Cg barrier (dc <1 nm),
which is fairly consistent with the experimental data. The calculated JMR due to
two-step tunnelling alone (the dash-dotted line in Fig. 3.6) shows some additional
features. The very low JMR for small Cg, thickness is due to the fact that the tunnel
current via the intermediate site is determined by the transmission through the
Al,O3 barrier, such that the site occupation numbers are always fairly similar
regardless of the electron spin or the magnetization configuration (parallel or
antiparallel).” The dip in the two-step JMR curve at intermediate thickness is due
to back-tunnelling processes, which lead to a significantly higher forward
tunnelling rate in the antiparallel state than the parallel state for sites close to the
Al,Oj3 electrode for intermediate Cg thickness (see Fig. 3.7a,b).
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Figure 3.7 Calculated relative two-step tunneling current densities as a function of the distance d of
the involved intermediate states from the Al,O3 barrier, for a 7 nm thick Cgy layer. (a) Two-step
tunneling current density including back tunneling. (b) As a, but without back tunneling. (c) Two-step
tunneling current density calculated with a Gaussian energy distribution of intermediate states and a
negative bias voltage of 200 mV. (d) As c, but with a positive bias voltage of 200 mV.

We have also studied junctions comprising considerably thicker Ceg
interlayers, with dc = 10 and 20 nm. These devices exhibit strongly non-linear I-V
curves (Fig.3.8), similar to those observed previously for Cg-based spin valves
with relatively high Ce thickness,* ** which is indicative for transport limited by
bulk hopping conduction instead of tunnelling via a small number of intermediate
steps. We do not observe any (room-temperature) magnetoresistance in these
devices, consistent with calculations of the JMR as a function of an increasing
amount of intermediate tunnelling steps (see Fig. 3.3a,b), and with the notion that

the JMR becomes negligible when the hopping resistivity dominates charge
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transport across the junction (see Fig. 3.3c). A very important conclusion is that the
observation of a vanishing magnetoresistance at a certain thickness of an organic
interlayer cannot be simply used to estimate the spin diffusion length in that layer.
Even for an infinitely long spin diffusion length, our analysis shows that the JMR
will decay to negligible values if the number of tunnelling steps becomes
sufficiently large.

-0.4 -0.2 0 0.2 0.4
Bias voltage (V)

Figure 3.8 I-V curve of a junction with 10 nm Cgy.

3.4.2 Temperature Dependence of the Resistance and JIMR

The normalized device resistance as a function of temperature is shown in
Fig. 3.9a. The stronger temperature dependence of the resistance and JMR for
junctions with larger dc shows that thermal activation becomes more important in
those junctions, consistent with tunnelling via one or more intermediate states.
Interestingly, the JMR of junctions with dc > 2 nm shows a non-monotonic
dependence on temperature (see Fig. 3.9b); in particular for the junctions with dc
equal to 5 and 7 nm, the JMR shows a clear maximum at 50 K. This suggests that
the temperature dependence of the JMR is affected by competing mechanisms. The
first mechanism, responsible for the decreasing JMR with T for T > 50 K, is
ascribed to the larger contribution of thermally activated two- (or multi-) step
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tunnelling processes with increasing temperature. For the second mechanism, spin
relaxation and dephasing during occupation of the intermediate site in the Cg layer
is the most probable candidate. The outbound tunnelling frequency from the

intermediate state can be estimated as V, exp(— 2d,/2m,U / n), where vy is the

(material dependent) phonon attempt frequency, U is the barrier height, d is the
barrier width, and m, the effective mass. The effective barrier height is reduced
when the electrons gain thermal energy in the intermediate state. This leads to a
higher tunnelling frequency, analogous to hopping transport in organic
semiconductors.”® * The dwell time of the electrons in the intermediate states will
thus increase as the temperature is reduced, which affects the spin relaxation and
dephasing in the intermediate site(s). As discussed above, hyperfine interactions
are very small in Cg,?* *® and are thus unlikely to play an important role. The
importance of spin orbit (SO) coupling for spin relaxation in organic
semiconductors is currently under hot debate. Up until recently, the consensus was
that SO interactions, which scale with the fourth power of the atomic number, are
too weak to be of major importance in organic materials. However, recent
theoretical studies have cast doubts on this view.* * In the work of Yu,* the SO
coupling was found to be strongly dependent on the molecular structure. To our
knowledge, no computational studies of the SO coupling strength in Cg, are
available at this time, such that a quantitative estimate of the associated spin
relaxation effects cannot be given.
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Figure 3.9 Temperature dependence of the resistance and JMR. (a) Normalized resistance versus
temperature of junctions with different Cgq, thickness between 0 and 7 nm. (b) Normalized JMR of the
same junctions as in (a).

Here, we propose a third mechanism that may limit the spin polarization in
the intermediate states, namely spin precession in local, inhomogeneous
magnetostatic fields arising from the finite roughness at the interfaces with the
ferromagnetic electrodes.®” ® Such fields are well known to affect the switching
behaviour of metal/insulator/metal magnetic tunnel junctions, in what is usually
referred to as Néel or “orange peel” coupling.* *° In addition, it has been suggested
recently that roughness-induced fields play a significant role in spin relaxation at
interfaces between ferromagnet/tunnel-barrier contacts and silicon.® Since the
fields are inhomogeneous in magnitude as well as in direction, the resulting
random precession of electron spins will lead to a decay of the spin polarization in
the intermediate state, if the (temperature-dependent) two-step tunnelling
frequency becomes comparable to the Larmor spin precession frequency. The latter
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is equal to gugB/h s™ where g is the spin gyromagnetic ratio, ug is the Bohr
magneton, B is the inhomogeneous magnetostatic field, and h is Planck’s constant.

In our junctions, the intermediate sites involved in two-step (or multistep)
tunnelling are located at several nm from the interfaces with the ferromagnets. For
a peak-to-peak roughness amplitude of 0.5 to 1 nm, similar to the interfacial
roughness in our devices (see Fig. 3.10), calculations by Dash et al.*® show that the
local magnetostatic fields are of the order of 100 mT at a distance of up to 10 nm
away from the interface. It should be pointed out in passing that in our case not one
but two ferromagnetic interfaces are present, such that the local magnetic fields,
and the associated precession frequency, might be even higher than for the Si-
based devices studies by Dash et al. The corresponding Larmor precession
frequency is of the order of 10° Hz. It is interesting to compare this precession
frequency, which sets the timescale for spin relaxation in local roughness-induced
fields, to an estimate of the tunnelling frequency. The two-step tunnelling
processes in our devices involve a distribution of intermediate sites with different
tunnelling distances d, resulting in a distribution of different tunnelling rates (see
Fig. 3.7). For junctions with 7 nm Cg, the peak of the tunnelling rate distribution
occurs for intermediate sites located about 1 nm from the Al,O5/Cg, interface. The

corresponding tunnelling rate w,, can be estimated as v,,, = v, exp (—}d), where

d~6 nm is the outbound tunnelling distance, y = 1.36 nm™ is the extinction
coefficient in Cgo Obtained from the fit in Fig. 3.4, and 14 is the phonon attempt
frequency. The latter can be estimated as 10" Hz, based on studies of the
frequencies of vibrational modes that couple to the LUMO orbitals of Cgo.*" #
Hence, we find a tunnelling frequency of the order of 10° Hz, similar to the
precession frequency associated with the local roughness-induced fields. For
junctions with 5 nm Cg, two-step tunnelling occurs mostly for intermediate states
close to the Al,Os/Cq interface, such that the relevant outbound tunnelling distance
is about 5 nm, and wu, = 10" Hz. Since the timescales for two-step tunnelling and
relaxation are similar, and the effective barrier height depends on temperature as
discussed above, the scenario sketched above is entirely consistent with our
observation of a maximum in the temperature dependence of the IMR.
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Figure 3.10 AFM images of a Co(8 nm)/Al,O5(2 nm) surface (left), with RMS roughness ~0.25 nm,
and a Co(8 nm)/Al,03(2 nm)/Cgo(7 nm) surface (right), with RMS roughness ~0.5 nm.

3.4.3 Bias Voltage Dependent Properties

We now address the evolution of the JMR versus bias voltage for junctions
with different Cg, thickness between 0 and 7 nm (see Fig. 3.11), obtained from |-V
curves measured in the parallel and antiparallel magnetization configurations. For
the junctions with 5 and 7 nm Cg, applying larger negative bias voltages (electrons
tunnelling from Co to NiFe) results in a considerably faster reduction of the JMR
as compared to junctions with thinner Cgy layers. This suggests that two-step
tunnelling via intermediate sites in the Cg, layer, which contributes more strongly
for thicker layers, affects the JMR significantly for negative bias voltages, but not
for positive bias voltages. Note that since the JMR-versus-bias curves are all
similar for junctions with thin (<3 nm) Cg, layers, these effects cannot be due
solely to changes in the spin-polarized interfacial density of states introduced by
replacing the Al,Oz/NiFe interface with Cg/NiFe, which would also influence the
JMR of direct tunnelling events.
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Figure 3.11 Bias dependence of the JMR. Normalized JMR measurements are shown, measured at T
=200 K, as a function of bias voltage for junctions with different Cg, interlayer thickness

As shown in Fig. 3.7c,d, changing the bias voltage from -0.2 V to 0.2 V
introduces a significant asymmetry in the spatial distribution of the intermediate
states via which the two-step tunnelling transport takes place, due to the Gaussian
energy distribution of states in the gap of Cg (see also Fig. 3.2a,b). At negative
(positive) bias voltages, the distribution of intermediate states that participate
considerably to two-step tunnelling shifts away from (towards) the Al,Os interface.
This influences the precession of spins in the inhomogeneous magnetostatic fields
resulting from the finite roughness at the ferromagnetic interfaces. Since the
Ceo/NiFe interface has a considerably larger roughness amplitude (see Fig.3.10)
than the Co/Al, O3 interface, the redistribution of the active two-step tunnelling
sites towards the Cgo/NiFe interface at sufficiently high negative bias might result
in higher spin precession frequencies, and thus a larger reduction of the spin
polarization in the intermediate state. To test this hypothesis, we have measured
magnetoresistance hysteresis loops at T = 5 K and at different bias voltages
between -0.2 and 0.2 V for a junction with 5 nm Cg, (Fig. 3.12a,b).
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Figure 3.12 Bias voltage dependence of the MR traces. (a) MR curve of a junction with 5 nm Cg
measured at T =5 K and a bias voltage of 20 mV, where the valley- and peak values are indicated by
arrows. (b) Valley to peak ratio versus bias voltage. The error bars give a conservative estimate of the
uncertainty of determining the valley- and peak values.

Upon application of an external magnetic field aligned with the
magnetization direction of the ferromagnets, and thus with the spin polarization of
the tunnelling electrons, the initially random spin precession axis will rotate in the
direction of the spin polarization vector, since the spins precess around the vector
sum of the applied field and the local magnetostatic field. Hence, spin precession in
inhomogeneous local fields should be suppressed at sufficiently large external field
strengths. This affects the JMR curves of the junctions in a similar way as
described earlier for spin precession in local hyperfine fields (Fig. 4 of Ref. 19).
Small changes in the shape of the JMR curves of the junction with 5 nm Cg, were
observed upon varying the bias voltage stepwise from -0.2 to 0.2 V, which indeed
points to stronger local inhomogeneous magnetostatic fields resulting in more
pronounced spin precession effects.
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3.5 Conclusions

We have presented a joint experimental and modelling study of Cgo-based
spin valves, and interpreted their behaviour using a superposition of direct and
multi-step tunnelling via a Gaussian DOS of intermediate states. We find that,
analogous to conductivity mismatch in the diffusive regime, the JMR drops
continuously as the amount of intermediate tunnelling steps increases, irrespective
of the spin lifetime and spin diffusion length. Consequently, these parameters
cannot be extracted simply from the thickness dependence of the JMR of organic
spin valves, as has been common practice in the past (see Refs. 6, 7 and references
therein). Previously reported values of the spin diffusion length in organic
semiconductors thus may have been strongly underestimated.

In addition to the intrinsic loss of the JMR due to multi-step tunnelling, our
temperature- and bias dependent measurements of the magnetotransport properties
indicate that spin relaxation and dephasing in the intermediate states on the Cg
molecules also affect the JIMR. We propose that the mechanism that underlies this
iS spin precession in the inhomogeneous magnetostatic fields that arise from finite
roughness at the ferromagnetic interfaces, which is supported by measurements of
JMR versus magnetic field, recorded at different bias voltages.

Our findings are widely applicable to organic spin valves operating in the
multi-step tunnelling regime, with a not too large amount of intermediate hops.
Indeed, even for devices with relatively large organic layer thickness (on the order
of 100 nm), this description may be a good starting point for modelling the device
behaviour. Such devices unexceptionally show a very strong temperature
dependence of the magnetoresistance, which is most probably related with the
reduction of the hopping rate, and hence the number of hops involved in transport,
at low temperature. We expect that further theoretical analysis, for example using
Monte Carlo / master equation approaches, will provide additional insights into the
operation of these fascinating and promising devices.
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CHAPTER 4

Hybridization-induced oscillatory magnetic polarization of
Ceo-orbitals at the Cqo/Fe(001) interface

We have studied the electronic and magnetic properties of the interface
between Cg molecules and a Fe(001) surface. X-ray absorption spectroscopy and
X-ray magnetic circular dichroism studies of Cg, monolayers on Fe(001) surfaces
show that hybridization between the frontier orbitals of Cg and continuum states
of Fe leads to a significant magnetic polarization of Cg, m -derived orbitals. The
magnitude and also the sign of this polarization were found to depend markedly on
the excitation energy. These observations underline the importance of tailoring the
interfacial spin polarization at the Fermi level of ferromagnet/organic
semiconductor interfaces for applications in organic spintronics.

This chapter has been published, in slightly modified form, as T.L.A. Tran, P.K.J. Wong,
M.P. de Jong, W. G. van der Wiel, Y. Q. Zhan, and M. Fahlman, Appl. Phys. Lett. 98
(2011) 222505.
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4.1 Introduction

The main attractive attributes of organic and, more generally, carbon-based
materials for spintronics are the weak spin orbit coupling and hyperfine
interactions, such that the spin polarization of the carriers can potentially be
maintained for a long time."® Promising results involving spin-dependent
electronic transport in devices comprising organic, carbon-based materials have
been obtained for vertical, current-perpendicular-to-plane (CPP) geometries
(notable exceptions being graphene® and carbon nanotubes®) for which clear spin-
valve signals have been observed in lateral devices). In such vertical devices,
organic semiconductors are used either as a tunnel barrier® ’ or charge/spin
transport spacer’® placed between two ferromagnetic electrodes. Although spin-
valve behavior has been consistently observed in devices encompassing several
different organic semiconductors, e.g. tris(8-hydroxy-quinolinato)aluminium
(Algs),” ® pentacene,™ and rubrene® and Cg,'*™* the microscopic mechanisms
governing the magnetotransport behavior remain poorly understood, in part due to
the often ill-defined hybrid interfaces in the devices. The understanding of
magnetotransport behavior in such organic spintronic devices may be improved
upon exploiting the electronic structure and magnetic properties of well-defined
interfaces between ferromagnetic electrodes and organic semiconductors.” *>
Among these organic materials, Cgo molecules are especially interesting for organic
spintronics because of the absence of hydrogen nuclei and the associated spin-
dephasing mechanism by hyperfine coupling’ (the 99% predominant **C isotopes
have zero nuclear spin).

In this chapter , we investigated the electronic and magnetic structure of the
Ceo/Fe (001) interface using electron spectroscopic techniques. Photoemission
spectroscopy (PES), and X-ray adsorption spectroscopy (XAS) are used to study
the interfacial electronic structure and hybridization effects e.g. charge transfer and
chemisorption of Cg, molecules on the Fe(001) surface. By using x-ray magnetic
circular dichroism (XMCD, we could determine the magnetic polarization, of Cg
orbitals at the Cg/Fe(001) interface and the effect of hybridization between Fe 3d
states and Cg orbitals on the spin-dependent electronic structure of the Fe surface
atoms.
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4.2 Experiments

The experiments have been done at beam line D1011 of the MAX-
Laboratory in Lund, Sweden (base pressure 10™° mbar). MgO(001) substrates were
annealed (450 °C, 1 hour) to obtain clean and restructured surfaces,*® *° on top of
which a Fe film of several nm thick was grown at 150 °C, using a mini e-beam
evaporator. The epitaxial growth of Fe(001) is verified with low energy electron
diffraction (LEED, see Fig. 1(a)). The LEED pattern in Fig. 1(a) of Fe(001) on
MgO(001) reveals a well-ordered (1x1) spot pattern, without any additional
distinct features of e.g. a granular structure, indicating a high degree of structural
order in the Fe film due to a good lattice match of MgO (a=4.213A) and Fe
(a=2.866A) upon a 45° in-plane rotation of the Fe layer.” The reader is referred to
Chapter 5 of this thesis, or Ref. °, for more details concerning the growth of
epitaxial bce-Fe (001) on MgO(001) substrates, where the films were grown under
similar conditions as described here and characterized by x-ray diffraction (XRD)
and scanning tunneling microscopy (STM). Cg molecules were deposited in-situ
onto Fe(001) at room temperature by thermal evaporation from a simple custom-
built Knudsen-cell. The thickness of Cg was controlled by the deposition time
while the effusion cell temperature was kept constant. We examine the electronic
properties for three different Cqo layers on Fe(001), hereafter referred as sample A,
B, and C: (A) an as-grown ultrathin film with a coverage of approximately 1 ML,
(B) an as-grown multilayer exhibiting bulk-like properties, and (C) a monolayer
obtained by annealing a multilayer sample at 280 °C for one minute, such that
weakly bound overlayers are desorbed. These different cases are depicted in Fig.
1(b).

The electronic- and magnetic structure of Fe and Cg on Fe films were
analyzed by photoemission spectroscopy (PES), x-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD). The XAS and XMCD
spectra were measured at room temperature in the total electron yield (TEY) mode.
The angle of incidence of the photon beam was set to 70° relative to the sample
normal. XMCD spectra were recorded by reversing the helicity of the circularly
polarized photons with respect to the (in plane) magnetization (in remanence, after
applying a magnetic field pulse of 250 Oe) of the Fe layers. All the XAS and
XMCD measurements were normalized to the incident photon flux using the TEY
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of a gold grid, onto which a fresh layer of gold was deposited prior to the
measurements.

Fe (001)/Mg(001)

sample A

& 88

sample B

sample C

(b)

Figure 4.1 (a) LEED pattern of an epitaxial bcc-Fe (001) film on MgO(001); (b) sketch of Cg
molecules on the Fe surface for samples A, B, and C.

4.3 Results and discussion
4.3.1 Electronic structure of Cg, on Fe(001)

In this section, we describe the characterization of the electronic structure of
Ceo ONn Fe, for samples A, B, and C, by means of PES and C K-edge XAS
measurements. For sample A, obtained by depositing molecules at room
temperature, the coverage of Cg is estimated to be ~1 ML, by comparing the
intensity of the C K-edge XAS features (signal to background ratio) to that of
sample C, where only a chemisorbed monolayer is retained on the surface after
weakly bound overlayers have been annealed off. It is noted here that at room
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temperature, layer-by-layer growth is not expected a priori. Instead, it is possible
that Cg forms islands, which will be discussed in some detail below. The Cg
multilayer, sample B, which was also deposited at room temperature, exhibited
bulk-like electronic structure similar to that of other thin Cg, films reported in the
literature [see e.g. Ref 22].

285.5

sample B
SampIEA

® &8 284.9

Intensity (arb.units)

290 288 286 284 282 280
Binding energy (eV)

Figure 4.2 C(1s) photoemission spectra (hv=400 eV) of sample A (red) and B (black).

Figure 4.2 shows the PES C(1s) (hv=400 eV) spectra of sample A and sample B.
The C(1s) spectrum of the multilayer (sample B) contains only one component
(one sharp peak at a binding energy of 285.5 eV), as expected for bulk Cgo, while
that of sample A contains two peaks, at 284.9 and 285.4 eV, respectively. In
general, core level binding energy shifts are caused by two effects: initial state
and final state effects. The initial state effect results from a different chemical
environment, which influences the electron density in the carbon atoms, such that
the C(1s) energy level shifts up or down; chemisorption will generally cause such a
shift. Final state effects, on the other hand, are due to screening of the core hole
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created by photoemission by other electrons. Since a metal is highly polarizable,
the screening is very effective and the binding engery will be generally lower due
to this effect for molecules adsorbed on metals. Therefore, the peak at 284.9 eV
(that is 0.6 eV smaller than the binding engery of the C(1s) line of the Cg
multilayer) is assigned to Cg molecules that are adsorbed on Fe surface. The
screening by the metal substrate will be reduced for the second layer (and even
more so for further overlayers) of Cg, molecules, such that the binding engery shift
may be expected to be smaller. Initial state effects due to chemisorption, i.e.
hybridization with Fe bands, is of course also absent for these molecules.
Accordingly, the peak at 285.4 eV (exhibiting a small energy shift of 0.1 eV
compared to the C(1s) line of the Cq multilayer) is assigned to Cg molecules
sitting on top of other molecules. The C(1s) spectrum of sample A, exhibiting two
peaks, is thus consistent with an interpretation involving contributions from (i) Ce
molecules that are chemically bonded to the Fe substrate, and (ii) additional
contributions from Cg, overlayers. The approximately equal contributions of the
two peaks to the C(1s) spectrum may erroneously suggest that these different
species of molecules are present in equal amounts, however it has to be taken into
account that the signal from the first layer of molecules on Fe is suppressed if other
molecules sit on top.
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(a)

As -measuredy, A~

Clean Fe
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Figure 4.3 (a) Valence band PES spectra, recorded with a photon energy of 110 eV, of sample A and
a clean Fe (001) film. A spectrum of sample A after (weighted) subtraction of the Fe contribution,
taken as the difference between the as- measured spectra and a weighted spectrum of clean Fe, is also
shown; (b) Comparison of the valence band PES spectra of sample A (from (a)) and B.
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Figure 4.3(a) shows a valence band PES spectrum of sample A, as well as a
clean Fe (001) spectrum, recorded at a photon energy of 110 eV. The difference
spectrum was obtained by subtraction of a weighted contribution of the clean Fe
surface. Figure 4.3 (b) shows the so-obtained valence band spectrum of the Cg
adsorbates in sample A, and the Cg, multilayer (sample B) for comparison. It is
clear that the Cqo molecular orbital structure is modified upon adsorption on the Fe
surface. The peaks due to different (sets of) molecular orbitals, labeled as B, C, D,
E and F in the graph broaden and shift as compared to their counterparts of the Cg
multilayer. As can be seen in the Fig. 4.3(b), not all peak shifts are the same. Peaks
B and C shift by about 0.4 eV, while peaks D, E and F peaks shift by
approximately 0.7 eV. Such differential peak shifts are consistent with
chemisorption, where hybridization between molecular orbitals and metal
continuum states affects different orbitals in different ways. The C(1s) spectra
clearly indicated the presence of different species, i.e. C¢o molecules bonded to the
Fe surface as well as molecules in overlayers, for which hybridization with Fe
states does not occur. The valence band spectra do not allow for such a clear
distinction. In part, this may be related to the reduced screening of the more
delocalized valence band holes (as compared to C(1s) core holes) by the metallic
substrate, producing a smaller binding energy shift. A small but significant peak
near the Fermi level is also revealed after subtracting the Fe contribution from the
valence band spectrum. This peaks is assigned to the partially filled lowest
unoccupied molecular orbital (LUMO), (labeled as A in the graph) where the
partial filling is due to charge transfer from the Fe substrate to the Cg, molecules.
This observation is similar to the previously reported case of Cg adsorbed on
noble metals.”*
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Figure 4.4 C K-edge XAS spectra of samples A, B, and C. The peaks represent various core-excited
states derived from virtual (i.e. unoccupied) molecular orbitals. The first peak, at 284.45 eV excitation
energy, is related to the lowest unoccupied molecular orbital (LUMO). Consequently the second peak
(for sample B) at 285.80 eV, and the third peak at 286.35 eV are related to the LUMO+1 and

LUMO+2 orbitals, respectively.

Figure 4.4 shows the C K-edge XAS spectra of samples A, B, and C. The
peaks in the XAS spectra represent various core-excited states derived from virtual
molecular orbitals. The Cg multilayer XAS spectrum (sample B) reflects the
corresponding spectrum of bulk Cg.? The first peak at 284.45 eV excitation
energy is related to the lowest unoccupied molecular orbital (LUMO). In the core-
excited state, the three-fold degeneracy of the LUMO is lifted by the presence of
the core-hole, such that the 5ty level (in icosahedral, I, symmetry) splits into three
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levels with slightly different energy eigenvalues. However, as has been shown by
theoretical modeling,'” only one of these states contributes significantly to the C K-
edge spectrum due to the large difference in oscillator strengths. Essentially the
same holds for the LUMO+1 and LUMO+2 orbitals, which give rise to peaks at
285.80 and 286.35 eV photon energy, respectively.

The spectrum of sample C is dominated by two considerably broadened
peaks compared multilayer spectrum, indicating orbital hybridization at the
interface. Similar hybridization-induced spectral changes, including the merging of
the LUMO+1 and LUMO+2 resonances into a single peak and a shift to higher
energy of the LUMO peak, have been observed for Cg adsorbed on f.e. Al and
Au.?? The peak broadening and LUMO-shift, from 284.45 eV (multilayer) to
284.55 eV (ML), which have previously been found to scale with the bond
strength,? indicate strong interfacial bonding between Cq and Fe. We also note a
small but clearly visible shoulder in the Cg sub-ML and ML XAS spectra at about
284.5 eV, which we attribute to (partial) occupation of the LUMO due to electron
transfer from Fe to Cg, in agreement with valence PES spectra in Fig. 4.3 and in
analogy with previous reports for Cgo on Cu(111)."

The XAS spectral features of sample A resemble a combination of those of
samples B and C. The LUMO+1 and LUMO+2 peaks are not completely merged
into one peak, but a minor peak remains at the LUMO+1 energy position. These
features are consistent with the presence of chemisorbed species as well as
molecules residing in overlayers, which is in agreement with the C1s PES spectra
in Fig. 4.2.

4.3.2 The Cg-Fe interaction: the hybridization effect at the Cg/Fe(001)
interface.

Recently published theoretical and experimental results™ ** ?* 2* show that the
hybridization between the orbitals of organic molecules (or graphene®) and
ferromagnetic metal (3d) valence band states can lead to sizeable interfacial
magnetic moments and spin polarization of m-conjugated states in carbon-based
systems. For graphene on Ni(111),° a particularly strong C K-edge XMCD signal
of about 5% of the XAS intensity has been observed, reflecting the significant
degree of mixing between C p, and Ni 3d derived states at the interface.?* ® To
investigate the magnetic properties of the interface between the Cg and Fe, we
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analyze the XMCD spectra of both the Fe L,3-edge and C K-edge. Here we focus
on the XMCD spectra of a chemisorbed Cgq MLCg on Fe(001), obtained by
desorption of weakly bound molecules by annealing. Such a system is
characterized by strong hybridization effects as discussed section 4.4.1. The Fe L,
-edge XMCD spectra show strong dichroism, similar to that of clean Fe (001) (Fig.
4.5 a). From Fig. 4.5b, we can also observe a significant dichroic signal (of about
3% of the XAS intensity) at the C K-edge of the ML Cg/Fe(001) system. This
strong XMCD signal indicates a sizeable magnetic moment on the Cg—Fe
hybridized orbitals. K-edge magnetic dichroism, involving s to p dipole transitions,
is attributed to the orbital moment in the final state (see Ref. % and references
therein), which in turn depends on spin-orbit coupling. Therefore, even though the
C K-edge XMCD probes orbital polarization, it is intimately connected to the spin
polarization of the hybrid states. Depending on the excitation energy, an inversion
of the polarization of the Cq derived " states with respect to that of the Fe layer is
evident from the change of sign of the XMCD signal across the C(ls)—n"
resonance. In particular, the LUMO-related transition has an XMCD signal that is
opposite to that of the Fe Ls-edge (Fig. 4.5a), corresponding to a magnetic
polarization of the LUMO-derived orbital that is also opposite to that of the Fe
surface.

Our results might be interpreted in terms of an oscillatory interfacial spin
polarization, induced by the hybridization between carbon p, orbitals and Fe 3d
majority and minority bands. Such a scenario is similar to the recently published
theoretical and experimental (spin-polarized scanning tunneling microscopy)
results on the complex, energy-dependent spin polarization of aromatic molecules
on Fe/W(110).% For these systems, viz. benzene (CgHs), cyclopentadienyl radicals
(CsHs), and cyclo-octatetraene (CgHg) on 2 ML Fe/W(110) substrates, first-
principles density functional theory calculations show that the hybridization of out-
of-plane n- and ="-orbitals with metal d-states leads to an oscillatory behavior of
the spin polarization versus binding energy of electronic states on the molecules
with respect to that of the metal substrate bands. Our experimental observations
tentatively support a similar picture for Cg on Fe(001), and underline the crucial
role played by the hybridization effects between different molecular =~ (and 7)
orbitals and metal 3d surface bands in determining the magnetic properties of the
interfaces. These effects may be exploited to tune the interfacial spin polarization,
and thereby influence spin-polarized charge carrier injection, at properly

83



Chapter 4

engineered, structurally and electronically well-defined organic/ferromagnetic
metal interface.

It is an interesting question whether the hybridization of Cg, orbitals with Fe
3d states significantly affects the spin-dependent electronic structure of the Fe
surface atoms. If so, one would expect to observe a change in the orbital and/or
spin moments in the Fe L-edge XMCD spectra upon adsorption of Cg, onto Fe.
However, such effects are difficult to observe in samples comprising several nm
thick Fe films, due to the significant contribution of bulk Fe atoms to the XAS
yield (even for partial electron yield measurements the probing depth is several
nm), obscuring effects due to bonding between Cg and the Fe surface.
Accordingly, additional samples incorporating a low coverage of Fe (significantly
less than 1 ML) on Co(several nm)/MgO(001) were prepared, such that the
majority of Fe atoms (if not all) will reside at the surface. Since the magnetic
moments of the Fe atoms are aligned with the magnetization of the Co layers, such
samples can be easily magnetized in-plane and characterized in remanence.
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Figure 4.5 Fe L-edge (a) and C K- edge (b) XAS and XMCD spectra of a ML Cgy/Fe(001). The
XMCD spectra (green) were obtained by taking the difference between the XAS data recorded with
parallel and antiparallel alignment of the magnetization and photon helicity.
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Figure 4.6 shows the corresponding Fe L-edge XMCD spectra, of the same
sample before and after the deposition of a Cg overlayer. The spectra are
normalized to the Ls-peak height of the XAS sum spectra for parallel and
antiparallel alignment between the magnetization and photon helicity. After
adsorbing Cg, the Fe Ls-edge XMCD signal is somewhat suppressed, while the L,
edge remains unaffected (within the experimental error), indicating a reduction of,
in particular, the orbital magnetic moments on the Fe atoms due to hybridization
between Fe- and Cg, electronic states. Applying the XMCD sum rules” to the
integrated XMCD spectra shows a slight reduction of the spin magnetic moment
(of about 1-2 %), consistent with partial electron transfer to the Cs molecule. The
orbital moment, which is especially sensitive to hybridization effects, is reduced by
roughly a factor of three. It should be pointed out, however, that this experiment
does not provide direct quantitative information on the effects of Cg, adsorption on
the spin and orbital magnetic moments of an actual Fe(001) surface. However, it
serves to illustrate the qualitative effects of chemical bonding between Cg, and Fe
on the Fe magnetic moments, and is in agreement with our observations of a
strong, hybridization-induced XMCD effect at the C K-edge of ML Cgy/Fe(001)
samples. The results are also in qualitative agreement with the bonding-induced
modification of the spin polarized Fe 3d-derived interfacial electronic structure of
aromatic molecules on Fe/W(110) reported in Ref. 28, and the calculated reduced
magnetic moments of surface Ni atoms at graphene/Ni(111) interfaces.”

Intensity )arb. units)

690 710 730
Photon energy (eV)

Figure 4.6 Fe L-edge XMCD spectra of sub-monolayer Fe on Co/MgO(001) before and after
adsorbing Cq,.
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4.4 Conclusions

In conclusion, the C K-edge XAS spectra show evidence of significant
hybridization between Cg, orbitals and Fe continuum states, and mixing between
Ceom(n') orbitals and Fe 3d wave functions leads to a distinct, oscillatory magnetic
moment of Cgo-derived interfacial electronic states due to spin-orbit coupling in the
hybridized final state, as is evident from C K-edge XMCD spectra. The oscillatory
nature of the polarization of these states close to Er is important in the light of spin-
polarized charge injection across the interface. Gaining control of the interfacial
spin polarization at well-defined hybrid interfaces is an essential ingredient for
systematically engineering the performance of future organic and molecular
spintronic devices.
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CHAPTER 5

Magnetic properties of bcc- Fe(001)/Cgg interfaces for organic
spintronics

The magnetic structure of the interfaces between organic semiconductors
and ferromagnetic contacts plays a key role in the spin injection and extraction
processes in organic spintronic devices. We present a combined computational
(density functional theory) and experimental (x-ray magnetic circular dichroism)
study on the magnetic properties of interfaces between bcc-Fe(001) and Cg
molecules. Cg is an interesting candidate for application in organic spintronics due
to the absence of hydrogen atoms and the associated hyperfine fields. Adsorption
of Cg on Fe(001) reduces the magnetic moments on the top Fe layers by ~6%,
while inducing an anti-parrallel magnetic moment of ~—0.2 pg on Cgo. Adsorption
of Cg on a model ferromagnetic substrate consisting of three Fe monolayers on
W(001) leads to a different structure, but to very similar interface magnetic
properties.

This chapter has been published, in slightly modified form, as T.L.A. Tran, D. Cakir, P.K.J.
Wong, A.B. Preobrajenski, G. Brocks, W.G. van der Wiel, and M.P. de Jong, ACS Appl.
Mater. Interfaces 5, 837 (2013)
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5.1 Introduction

Organic semiconductor spintronics, which focuses on information
processing via charge carrier spins in carbon-based, molecular semiconductors, is a
new and exciting field of nanoelectronics. > Organic semiconductors (OSCs) are
suitable hosts for spin polarized carriers, because the spin- orbit coupling and
hyperfine interactions in these materials are relatively weak. This leads to long spin
relaxation- and dephasing times (> 1 us) compared to those attainable in inorganic
semiconductors, which in principle allows for robust spin operations and read-out.
% 3Large magnetoresistance (MR) effects have been observed in vertical organic
spin valves, where OSCs are sandwiched between two ferromagnetic (FM)
electrodes, and are used either as a tunnel barrier,*® or as charge/spin transport
medium.> ” Substantial MR at room temperature has been reported in spin valves
based on tris(8-hydroxy-quinolinato) aluminium (Algs) * > ™ and on Cg."*"
Phenomenological models for the observed magneto-transport effects have been
developed,” ° yet the microscopic physical mechanisms remain poorly understood.
It has become clear that the electronic structure, in particular the spin polarization,
of the hybrid interfaces between the OSC and the ferromagnetic metal electrodes,
plays a key role in spin injection and spin extraction. ®> Consequently, an important
obstacle in developing a microscopic understanding of these processes is formed
by the challenge of fabricating devices with electronically, magnetically and
structurally well-defined hybrid interfaces. Incorporating such well-defined
interfaces into organic spintronic devices would allow for a direct comparison with
theoretical modeling, and is therefore of great importance to advance the
understanding of the operation mechanisms of these devices. Furthermore,
systematic studies of various relevant OSC/FM interfaces are required to exploit
the full potential of tailoring the interfacial spin polarization via hybridization
effects, an approach that has been coined “spinterface science”.’®* Such spin
dependent hybridization can give rise to large magnetoresistance effects, as has
been shown recently by scanning tunneling microscopy experiments.*

Here, we present a combined computational and experimental study on the
magnetic properties of interfaces between bcc-Fe(001) and Cg for organic
spintronic devices. Fullerenes such as Cg are particularly interesting candidates for
application in organic spintronic devices, due to the absence of hydrogen atoms
which give rise to spin dephasing via hyperfine interactions. Cq, layers can be
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grown in a controlled way on a bcc-Fe(001) substrate (see chapter 3 and Ref. *° for
more details). An important issue that we wish to address is the impact of the
Ceo/Fe interaction on the spin polarization at the interface. Similar to the case of
Cso ON Cr(OOl),16 a significant chemical interaction is expected, which would lead
to spin polarized hybrid states. We use first-principles density functional theory
(DFT) calculations to extract the magnetizations of the Fe surface, and of the
Ceo/Fe interface. Carbon K-edge x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD) measurements of Cg layers on Fe(001)
indicate a sizeable spin polarization of the unoccupied Cg states just above the
Fermi level, induced by the interaction with the Fe substrate.” A similar Fe Ly
edge XAS/XMCD analysis of the interaction induced changes in the spin
polarization of the Fe surface atoms is hampered by the significant contribution of
the Fe bulk substrate to the XAS vyield. To alleviate this problem we use here an
ultrathin Fe layer substrate, consisting of three Fe monolayers (ML) deposited onto
a W(001) surface. In spite of the large experimental lattice mismatch of 10.4%
between Fe and W, Fe grows pseudomorphically on W(001) at coverage’s below
five ML.""** A single Fe ML orders antiferromagnetically,”® ?* but a coverage of
two or more ML leads to ferromagnetic ordering with in-plane anisotropy.’ ™ By
means of DFT calculations we study as to what extend the two substrates, Fe(001)
and Fe/W(001), lead to a difference in interaction with Cg molecules, and to
differences in the interface spin polarization.

5.2 Computational results

The electronic and magnetic properties of the Cg/Fe(001) and
Ceo/Fe/W(001) interfaces are studied by DFT calculations using projector
augmented wave (PAW) potentials and a plane wave basis set,* ?* as implemented
in the Vienna Ab initio Simulation Package (VASP).?* *® Exchange and correlation
are treated within the PBE formulation of the generalized gradient approximation
(GGA).® Inclusion of van der Waals interactions is not necessary, as the
interaction between Fe and Cg, turns out to be chemisorption. We use a plane wave
kinetic energy cutoff of 400 eV and a regular k-point grid with a spacing of 0.02
A for the Brillouin zone sampling. We assume convergence when the difference
of the total energies between two consecutive ionic steps is less than 10~ eV and
the maximum force allowed on each atom is 0.01 eV/A. The calculated lattice
constants of bulk bcc Fe and W are 2.83 and 3.17 A, and the spin magnetic
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moment per atom of bulk Fe is us = 2.20 pg, in good agreement with the
experimental values of 2.87, 3.16 A and 2.22 uB.27

In agreement with previous studies, we find that the most stable magnetic
order of a single Fe ML on W(001) is antiferromagnetic, whereas that of two or
more Fe ML is ferromagnetic.?® * ?® The calculated layer resolved us of Fe(3
ML)/W(001) are given in Figure 5.1(a) (as the numbers between brackets). The
enhancement of the surface us, as compared to the bulk us, is comparable to that in
Fe(001). Not surprisingly, there is a difference in us between the subsurface layers
of Fe(001) and Fe/W(001), because of the proximity of the Fe/W interface. A small
oscillating magnetization is induced in the W substrate. The interface W atoms
have moments that are antiferromagnetically ordered with respect to the Fe
overlayer, us = —0.28 uB.Zs The moments in the sub-interface W layers are at least
an order of magnitude smaller.

We model the possible adsorption structures of one Cg ML on Fe(001) and
Fe/W(001) substrates using a 4x4 surface unit cell containing one Cg molecule.
The molecules are then arranged in a square lattice with a distance of 11.3 and 12.7
A between neighboring Cg, molecules, respectively, which is fairly close to the
nearest neighbor distance of 10.1 A in the fcc Cg crystal. The Fe(001) and
Fe/W(001) substrates are modeled by slabs of 7 Fe ML and 3 Fe ML/5 W ML,
respectively, with the C¢, molecule absorbed on one side of the slab. A dipole
correction is included to prevent spurious interactions between the repeated images
of the slab. The top three Fe atomic layers, the W atomic layer at the interface, and
the atoms of the Cg, molecule are allowed to relax upon adsorption. The most
favorable adsorption structure of Cg 0on the Fe surface is determined by relaxing a
large number of possible adsorption structures.

The lowest energy structure of Ce/Fe(001) is shown in Figure 5.1(b). The
edge shared by two Cg hexagons (a double, or 6:6 bond) is on top of a surface Fe
atom, indicated by a (red) circle. The Cg molecule is tilted such that one of the two
edge-sharing hexagons is more parallel to the surface. Several Fe-C distances for C
atoms in these two hexagons are in the range 2.0-2.5 A. The corresponding C-C
distances are in the range 1.46-1.52 A, which is significantly larger than the 1.40,
1.46 A of the 6:6, 5:6 bonds of isolated Ce. Only the structure of the Cg, faces
involving C atoms directly bonded to surface Fe atoms is modified, whereas the
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remaining faces are changed very little compared to isolated Cg. The calculated
binding energy of Cg to the surface is 2.9 eV, which indicates a strong bonding,
consistent with our previous experimental evidence for significant hybridization
effects at Cgo/Fe(001) interfaces.™ Indeed chemisorption of Cg is found for many
metal substrates.?® ¥

One may expect a strained Fe lattice to be even more reactive, and the
calculated binding energy, 5.1 eV, of Cg to Fe/W(001) confirms this. The larger
in-plane lattice constant of Fe/W also allows for a stronger perturbation of the
lattice upon adsorption of Cg, as shown in Figure 5.1(a). The surface Fe atom
below the 6:6 bond closest to the surface (marked by a red circle in Figure 5.1(a))
is pushed down into a row of the second Fe layer, and other Fe atoms relax as to
maximize the bonding to Cg. Compared to adsorption on Fe(001), the Cg
molecule sinks considerably deeper into the Fe/W(001) substrate. Note also that in
the most favorable adsorption geometry the Cgo molecule on the Fe/W substrate is
rotated by 45° compared to its orientation on the Fe substrate.

The (layer averaged) moments us of the Cgo/Fe(001) and Ceqo/Fe/W(001)
structures are also shown in Figure 1. In both these cases does adsorption of Cg
lead to a reduction of us on the substrate Fe atoms. For adsorption on Fe(001) the
average reduction of the surface Fe us is 6%, and it drops to half that value in the
third Fe layer. Within an Fe layer the change in us upon Cg, adsorption is far from
homogeneous. The surface Fe atom just below the 6:6 bond (marked in red in
Figure 5.1(b)) has us = 1.74 uB, which means a reduction of ~ 40% compared to
the clean Fe(001) surface.

The average reductions of us of the top two Fe layers in Cg/Fe/W are
comparable to those in Cgo/Fe, i.e., ~ 6%. Again the changes are inhomogeneous.
For instance, the Fe atom just below the 6:6 bond (marked in red in Figure 5.1(a))
has a much stronger reduced us = 1.60 pg. As this atom is pushed into the second
layer by Cgo adsorption, it also perturbs the moments of the surrounding Fe atoms.
Most remarkably, its largest perturbation is on its neighboring Fe atoms in the third
layer, where one of the atomic moments is even forced into anti-parallel with us =
—1.19 pg. The average us of the third Fe layer is then reduced by 15%, as compared
to the clean Fe/W substrate.
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Figure 5.1 (a) Cg/Fe/W(001) structure viewed along the (100) direction. (b)
Ceo/Fe(001) structure viewed along the (110) direction. The numbers are the
moments us induced on the Cg, molecules (red) and the layer averaged us of the
subsequent metal layers (blue). Between brackets are the layer resolved us of the
clean substrates.

5.3 Experimental results
5.3.1 Sample preparation

In situ sample preparation and measurements were carried out at beamline
D1011 of the MAX- Laboratory in Lund, Sweden. The base pressure of the joint
analysis/preparation chamber was 10™° mbar. Ultrathin bcc-Fe films of ~3 ML
were grown at room temperature onto a W(001) single crystal substrate using a
mini e-beam evaporator. The samples were annealed at 460 °C to improve the
structural quality of the Fe overlayers. Prior to Fe deposition, the W(001) single
crystal substrate was cleaned by several oxidation and flash-annealing cycles.
Oxidation of surface layers was carried out by annealing at 1000 °C for 10 minutes
in 107 mbar oxygen. Subsequently, flash annealing to 1800 °C resulted in
desorption of oxide layers and the recovery of a clean surface.™

The surface quality of the W(001) crystal and the pseudomorphic, epitaxial
character of the bcc-Fe layers were monitored by low energy electron diffraction
(LEED), as shown in Figure 5.2. A Cg layer of several nm thick was deposited
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onto the annealed Fe/W(001) samples by thermal evaporation using a custom-built
Knudsen-cell. The LEED pattern of the single crystal W(001) substrate after
cleaning showed a sharp (1 x 1) diffraction pattern. No additional features of super-
structures were observed, implying a high substrate quality.

The ultra-thin Fe film on W(001) showed already a fairly high degree of
structural order as-grown, which can be observed from the clear spots in the LEED
pattern of Figure 5.2(b). The crystallinity of the pseudomorphic Fe overlayers was
further improved after annealing, resulting in the sharp LEED pattern of Figure
5.2(c). In line with earlier observations of strain relief setting in at a coverage of
about 5 ML,'® ” we observed a slightly blurred LEED pattern for ~6 ML Fe (not
shown). In the following, we will focus on the results obtained for the Fe(3
ML)/W(001) sample.

Figure 5.2 LEED patterns of (a) W(001) substrate, (b) as-grown ~3 ML Fe on
W(001) and (c) after annealing at 460 °C.

5.3.2 Spin and orbital magnetic moments of Fe

In order to determine the Fe spin- and orbital magnetic moments, we used
XMCD.*** We measured XMCD spectra at the Fe L, ; edges before and after Cg
deposition and use the XMCD sum rules to calculate the spin- and orbital magnetic
moments.”> ** The XAS spectra were measured at room temperature in the total
electron yield (TEY) mode. The angle of incidence of the photon beam was set to
60° relative to the sample normal, while the degree of circular polarization was

95



Chapter 5

75%. XMCD spectra were obtained in remanence, by taking the difference
between the XAS spectra recorded with opposite in-plane magnetization directions.

The samples were magnetized by applying an in-plane magnetic field pulse
of 300 Oe. The magnetic field was applied at an oblique in-plane angle, in between
the (110) and (100) directions, i.e. neither along the magnetic easy axis, nor along
the hard axis.’® In addition, the limited magnetic field strengths available at the
beamline might be insufficient for saturating the magnetization of the films,*® such
that the remanent magnetization might be expected to be smaller than the saturation
magnetization of the films. Hence we expect that the magnetic moments extracted
from the XMCD data using the sum rules are underestimated. However, this is of
minor importance for the present study, since we are interested in relative changes
to the moments induced by Cg adsorption.

Figure 5.3(a) shows the XAS and XMCD spectra, as well as the integrated
XMCD intensity, recorded at the Fe L,3 edges for Fe(3 ML)/W(001). The inset
shows the sum of the XAS spectra recorded with opposite photon helicity, and its
integral. The XMCD spectra have been corrected by taking into account the
incident angle (30° with respect to the sample surface) and the degree of circular
polarization (75%), by multiplying the measured spectra by [1/cos(30°)]/0.75,
while keeping the sum spectra the same.*" Using the established sum rules,** * we
obtain the spin and orbital magnetic moments, us and g, from the integrals of the
XAS and XMCD spectra as *" 3 3

6p—4 4 (5.1)
Hs =— pr qnh1;uL:_3_?nh

Here ny, is the number of holes, where we use n, = 3.39.* The quantities p, q and r
are indicated in Figure 5.3. The small term proportional to the expectation value of
the magnetic dipole operator was neglected in the determination of us.** The values
we obtain for the Fe(3 ML)/W(001) sample are us =0.83 pg and g =0.038 pg.

These values are considerably smaller than the saturation values for Fe, as
expected (see discussion above). It should be noted in passing that ., /us = 0.046,
which is only slightly higher than the bulk value of 0.043.%' This is somewhat
surprising, since for ultrathin 3d transition metal films this ratio is typically
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enhanced, due to film-substrate d-orbital interaction, and lifting of the orbital
degeneracy by symmetry reduction at the surface.”** In this respect the magnetic
properties of the Fe/W(001) interface are somewhat special.

The XAS and XMCD spectra recorded at the Fe L, ; edge of the Fe/W(001)
sample, covered by a Cq overlayer of several nm thick, are shown in Figure 5.3(b).
Using Eq. 5.1 we obtain us = 0.78 pg and g = 0.126 ug, leading to a ratio g /us =
0.161. Compared to the results obtained for the clean Fe/W(001) substrate, us is
reduced by 6%, whereas the u /us ratio is strongly increased by 250%. Enhanced
orbital moments of 3d transition metal systems typically originate from an
increased degree of 3d wave function localization (see, for example, Ref.?®), which
in the present case should result from hybridization between the Fe 3d states and
the Cg orbitals.
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Figure 5.3 XAS spectra recorded at opposite remanent magnetization (red and
blue) and the corresponding XMCD spectra (green) plus integrated XMCD
intensity (brown) at the Fe L,; edges, of (a) 3MLs of Fe on W(001) and (b) the
same sample after deposition of several nm of Cg. The XAS spectra were
normalized on the step height above 740 eV photon energy, where dichroic effects
are absent. Insets show the summed XAS spectra and their integrals. A stepped
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background (blue) was subtracted from the summed XAS spectra prior to
integration, following the procedure developed by Chen et al.**

5.4 Discussion

The relative changes in us upon adsorption of Cg, extracted from the
experiment and from the calculations, agree quite well. The interfacial bonding
between the Fe surface and the Cg, molecules results from hybridization between
the 3d orbitals of the Fe surface atoms and the frontier & orbitals of Cgp, Which we
have previously observed using C K-edge XAS and XMCD measurements.™ The
hybrid interface states have metallic character and they give rise to a magnetic
moment us = —0.21, —0.27 pg on the Cg molecule for adsorption on Fe(001) and
Fe/W(001), respectively. This moment is antiferromagnetically ordered with
respect to those of the Fe substrate atoms, as are the moments on the W atoms in
the Fe/W substrate, see Figure 5.1(a). The magnitude and sign of the spin
polarization of Cgo-derived states depends strongly on binding energy, in agreement
with experiments.” Close to the Fermi energy (within plus or minus 0.5 eV), the
maximum value reached is about 2:1 (minority:majority spin DOS of occupied
orbitals).

The effect of hybridization on the Fe surface can be analyzed using the
projected density of states (PDOS), as shown in Figure 5.5. Compared to the top
layer of the clean Fe(001) surface, the PDOS of the Fe interface layer of the
Ceo/Fe(001) system is slightly decreased (increased) for majority (minority) spin
below the Fermi level, see Figure 5.4(a), consistent with a reduced spin
polarization. These changes are not homogeneous in the Fe(001) plane, as only part
of the Fe atoms bind to Cg directly. Figure 5.4(b) shows the PDOS projected on a
Fe atom that is strongly bonded to Cg, (the atom marked red in Figure 5.1(b)),
compared to a surface atom on the clean Fe(001) surface. The minority spin PDOS
of the clean Fe(001) surface just above the Fermi level is dominated by peaks
resulting from d-states that have a large amplitude (or are even localized) at the
surface.

Upon adsorption of Cg, these peaks are suppressed, as the corresponding
states participate in the bonding to the adsorbate. In Figure 5.4(b), hybrid bonding

states appear in the minority spin channel at an energy ~ —2 to —4 eV.
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Concurrently, the majority spin PDOS in the latter energy region is reduced by
bonding to the adsorbate, and an antibonding hybrid state appears just below the
Fermi energy. These changes lead to a strongly reduced magnetic moment on this
particular Fe atom, as discussed above.

Figure 5.4(c) shows the PDOS projected on the three Fe layers of the
Fe/W(001) system before (red) and after (blue) adsorption of Cg. In detail the
PDOS is different from that of the pure Fe substrate, Figure 5.4(a), but the overall
trend is the same, and adsorption of Cg decreases (increases) the majority
(minority) spin PDOS of the occupied states. Projecting on a Fe atom strongly
involved in bonding to Cg (the atom marked red in Figure 5.1(a)) gives the PDOS
shown in Figure 5.4(d). The pattern is quite comparable to that observed for the
pure Fe substrate in Figure 5.4(b). The similarity between the Cg/Fe(001) and
Ceo/Fe/W(001) systems is quite remarkable, in view of the structural differences
between the two substrates before and after adsorption of Cg. One can conclude
that such structural differences are not so important for the magnetic and electronic
properties of these systems.
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Figure 5.4 (a) PDOS of majority (top) and minority (bottom) spin states projected
on the top Fe layer at the Cgy/Fe(001) interface (blue), compared to the PDOS of a
clean Fe(001) surface layer (red); (b) PDOS of the most strongly affected Fe atom
(blue), compared to the PDOS of a clean Fe(001) surface atom; (c,d) as (a,b), but
for the Fe/W(001) substrate.

5.5 Conclusions

By a joint computational and experimental approach, we have
characterized well-defined interfaces between Cg, molecules and Fe(001) surfaces,
which have high relevance for organic spintronics. Hybridization between the
frontier orbitals of Cg and Fe 3d states has a strong effect on the spin polarization
of the interface, which underlines the potential of chemical tuning of OSC/FM
“spinterfaces” for spintronic devices.

Our calculations show that the hybrid interface states lead to magnetic
moments on the Cgo molecules that are coupled antiparallel to the Fe moments: us =
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—0.21 and —0.27 pg per molecule for adsorption on Fe(001) and Fe/W(001),
respectively. The moments of the Fe atoms at the interface are also affected
significantly.

XMCD experiments of 3 MLs of Fe on W(001) show that the overall Fe

spin moment reduces by 6% after adsorption of Cg. This is in good agreement with
the calculated values for both Cg/Fe(001) and Cgo/Fe/W(001), which show a
similar spin-dependent electronic structure at the hybrid interfaces, in spite of their
significant structural differences. It should be noted, however, that a direct
comparison of the reduction of the magnetic moments obtained from experiments
and calculations should be made with care, since the effects are far from

homogeneous.
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CHAPTER 6

Highly ordered Cg, films on epitaxial Fe/MgO(001) surfaces
for organic spintronics

Hybrid interfaces between ferromagnetic surfaces and carbon-based
molecules play an important role in organic spintronics. The fabrication of devices
with well defined interfaces remains challenging however, hampering microscopic
understanding of their operation mechanisms. We have studied the crystallinity and
molecular ordering of Cg, films on epitaxial Fe/MgO(001) surfaces, using X-ray
diffraction and scanning tunneling microscopy (STM). Both techniques confirm
that fcc -molecular Cgq films with a (111)-texture can be fabricated on epitaxial
bcc-Fe(001) surfaces at elevated growth temperatures (100-130 °C). STM
measurements show that Cgy monolayers deposited at 130 °C are highly ordered,
exhibiting quasi-hexagonal arrangements on the Fe(001) surface oriented along the
[100] and [010] directions. The mismatch between the surface lattice of the
monolayer and the bulk fcc-Cq, lattice prevents epitaxial overgrowth of
multilayers.

This chapter has been published, in slightly modified form, as P. K. J. Wong,
T.L.A. Tran, P. Brinks, W.G. van der Wiel, M. Huijben, and M.P. de Jong, Org.
Electron. 14, 451 (2013)
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6.1 Introduction

Hybrid ferromagnet (FM)/organic interfaces have become a subject of
intensive research since the last decade, as fueled by observations of strong
magnetoresistance (MR) effects in FM/organic spin-valves." This has sparked the
development of a new research field, which has been coined "organic spintronics",
aiming to (i) establish additional functionality in organic electronic devices via
active use of charge carrier spins, or (ii) to incorporate organic materials into
spintronic devices.

The central motivation for utilizing organic materials as hosts for spin
polarized charge carriers relies on their weak spin-orbit coupling and hyperfine
interaction. This holds great promise for attaining long spin lifetimes, offering
prospects for robust spin manipulation and readout in organic spintronic devices.> ®
It is noteworthy, however, that many of the previously examined spin-valve
structures featured ill-defined FM/organic interfaces, and failed to offer a reliable
picture of the physical mechanisms behind the spin-dependent effects. In order to
harness the full potential of this infant yet promising field, systematic
investigations of the effects of structural, electronic, and magnetic properties of the
FM/organic interfaces on spin injection, transport and extraction are very
important. Unlike ill-defined interfaces, which often plague experiments and
hamper theoretical modeling, clean, well-characterized and structurally ordered
hybrid interfaces should make studies of such kind much more informative,
therefore paving the way to the understanding of novel spin physics involved at the
heterojunctions.

Interfaces comprised of Cg and bcc-Fe(001) form interesting model
systems for organic spintronics, due to the following reasons. (1) Bcc-Fe(001)
features fully spin-polarized A;-electrons, which produces very high tunneling MR
when combined with a crystalline MgO tunnel barrier.” It is interesting to
investigate whether similar effects can be exploited at structurally ordered
Fe/organic interfaces. (2) Cg lacks hydrogen and the associated spin dephasing
mechanism by hyperfine coupling (the predominantly present '“C isotopes have
zero nuclear spin). (3) The high electron affinity of Ce, (0f about 4 eV) ® results in
small energy barriers for electron injection at the interfaces with 3d transition metal
FMs, such that devices can be operated at low bias, which is beneficial for attaining
a high spin polarization of the injected current. (4) Finally, Cs molecules have
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been observed to form well ordered (and in some cases even epitaxial) layers on a
variety of surfaces as we will address below, due to the non-stringent requirements
for surface energy- and lattice matching typical for organic semiconductors. In
contrast to inorganic materials, epitaxial and well-ordered growth of organic
semiconductors therefore might be achieved even on lattice-mismatched substrates.
Our previous studies on the electronic and magnetic properties of Cgo/bcc-Fe(001)
interfaces, using synchrotron-based core-level electron spectroscopies, revealed
significant hybridization between the n-electronic states of Cg, and the 3d-bands of
the Fe surface, which induces a strong magnetic polarization of Cgo-derived
electronic orbitals.’ The presence of such spin-dependent hybridization is critical,
since it is expected to play a decisive role in spin transport across the hybrid
interface.> Moreover, the strong interfacial interaction will certainly exert a non-
trivial impact on the growth mechanism and structural properties of Cg, Overlayers
on Fe(001) surfaces, as is also the case for Cg on Al Cu,** and Ni surfaces.”
This particularly interesting aspect forms the core of this present work. Using a
combinatorial approach of X-ray diffraction (XRD) and scanning tunneling
microscopy (STM), we give insight into the crystallinity and local structural
ordering of Cg, molecules, that could be accomplished atop epitaxial bcc-Fe(001)
films on MgO(001) for organic spintronic applications.

6.2 Experimental methods

Our Cgo/Fe bilayer films were prepared onto single-crystalline MgO(001)
substrates in a UHV molecular-beam epitaxy system with a base pressure of 10™°
mbar. The commercial MgO(001) substrates used in this experiment exhibited a
root mean square roughness of about 0.15 nm. Prior to any in-situ treatment, the
substrates were ultrasonically cleaned thoroughly in acetone, ethanol and
isopropanol at 50 °C. While in UHV, the substrates were thermally annealed at 450
°C for 60 min to obtain clean surfaces, on top of which a 10-nm thick epitaxial
Fe(001) film was grown by e-beam evaporation at a rate of 0.9 nm/min at an
elevated substrate temperature of 150 °C. Cg, multilayers with a thickness of about
100-nm were then deposited onto the Fe(001) by thermal evaporation from a
Knudsen-cell (operated at 500 °C) at a rate of 3.3 nm/min and with a substrate
temperature of 100 °C. The crystallinity and structural properties of these so-
fabricated film stacks were characterized ex-situ by XRD. The XRD measurements
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were carried out on a Bruker AXS D8 DISCOVER diffractometer using Cu Ka
radiation (wavelength: 0.154 nm) equipped with a four-circle goniometer.

To investigate the adsorption mechanism and local structural ordering of
Ceo On the epitaxial Fe(001) surface down to the molecular scale, we used a
commercial UHV-STM with an interconnected custom-made sample preparation
chamber. Cg/Fe/MgO(001) samples were prepared under similar experimental
conditions as described above. In order to obtain reliable electrical contacts
between the deposited films and the sample holder, two 30-nm thick W strips were
sputtered ex-situ on both edges of the insulating MgO substrates using a dedicated
DC-sputtering tool. These strips were found to be very stable against any thermal
(cleaning) treatments, without causing any detectable diffusion of W atoms across
the surface. STM images were acquired in constant current mode using
mechanically cut Pt-Ir tips at room temperature (RT) with a set-point current of 0.8
nA and a bias voltage of 230 mV.

6.3 Results and discussion
6.3.1 Structural characterization by X-ray diffraction

Fig. 6.1(a) shows a XRD 0-20 scan of a 100 nm Cg/10 nm Fe/MgO(001)
sample, from which the diffraction peaks of fcc-Cqo (111), (222) and (333), bee-Fe
(002), and MgO (002), as labelled, are clearly observed. When compared to the
powder diffraction pattern of Cg, ** and XRD measurements of Cq, films on other
metal substrates,™ the existence of only (hhh) diffraction peaks from our Cg film
indicates a fcc-(111) texture. Figs. 6.1(b)-1(d) show the ® scans, or rocking curves,
of the MgO(002), Fe(002), and Cq (111) diffraction peaks, respectively. We fitted
each rocking curve with a Gaussian function in order to extract the full-width at
half maximum (FWHM), a parameter that quantifies the crystallinity along the film
normal. A small FWHM value of 0.03° for MgO(002) peak confirms the high
crystallinity of the MgO(001) substrates we used in this study, while the FWHM
values for Fe(002) and Cgo(111) are larger, 1.56° and 2.51°, due to the lower
thickness and higher defect density of the deposited layers. We will elaborate this
specific point in later paragraphs. Interestingly, the Cgo(111) rocking curve in Fig.
6.1(d) exhibits two parts: a sharp narrow peak superimposed on a much broader
peak, which is characteristic for weakly disordered systems.'® The lattice mismatch
between the Cg layer and the Fe/MgO stack underneath (see further discussion
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below) results in the formation of dislocations. The non-uniformity of the strains
concentrated at the dislocation gives rise to diffuse scattering. When the dislocation
density is large, the diffraction peak from the Cg, layer is broadened, due to short-
range correlations in positions of the atoms. The intensity of the narrow coherent
peak, reflecting the long-range correlations, is small. The ¢-scans of the same
sample in Fig. 6.1(e), which probe the in-plane lattice matching of substrate and
adlayers, reveal an epitaxial relationship between the MgO substrate and the Fe
layer. As shown, the in-plane signals corresponding to the Fe epitaxial film are
always 45° off from those detected from the MgO(001) substrate, which is in good
agreement  with the previously reported epitaxial relationship  of
Fe(001)[100]//MgO(001)[110].® However, no diffraction peaks containing an in-
plane component could be detected for the (100 nm thick) Cg, layer, indicating the
absence of an in-plane structural relationship between the Cg layer and the
Fe/MgO stack underneath. This suggests either a complete in-plane disorder, or the
presence of only short-range molecular order in the plane of the Cg film. Given
that the sensitivity of XRD for the interface region is limited, however, some
degree of in-plane ordering may be present for ultrathin films. We will address this
issue next, using STM measurements.
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Figure 6.1. XRD measurements of 100-nm Cgy/10-nm Fe/MgO(001). (a) Wide-angle 6-26 scan; (b)-
(d) o-scans or rocking curves for MgO(002), Fe(002) and Cgo(111) diffraction peaks; (e) ¢-scan for

MgO(022) and Cg,-capped Fe(022) peaks.
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6.3.2 Surface morphology and molecular ordering by scanning tunneling
microscopy

Fig. 6.2 shows a series of STM images, capturing the surface morphology
at different stages of Cs monolayer (ML) fabrication by thermal desorption of its
multilayers (deposited at RT) on an Fe(001) surface. Similar procedures have been
adopted and described in our previous report on the electronic/magnetic structure at
the ML Cgo/Fe(001) interface.’ Fig. 6.2(a) depicts an STM image of a 10-nm thick
Fe(001) film epitaxially grown on a clean MgO(001) surface at 150 °C. Previous
studies have shown that two-dimensional growth of bcc-Fe on MgO(001) is only
possible at or above a critical temperature such that the Schwdbel barrier for
downward step diffusion can be overcome.'” *® Indeed, the observation of an
atomically flat Fe film surface, with well-defined terraces and step structures that
align along the Fe[100] or MgOJ[110] crystallographic directions confirms this
thermodynamic growth process, and also serves as evidence for high-quality
epitaxial growth. The pits observed in the film are due to screw dislocations, which
are structural defects that result from the lattice mismatch of 3.8% between bcc-Fe
and the (45° rotated) rock-salt structure of MgO(001). Although larger Fe terraces
could be obtained using a higher growth temperature than that used in this present
experiment, as revealed by our AFM measurements (not shown), the resulting
films consisted of many discontinuous Fe terraces, hampering any STM
measurement due to poor electrical conductivity. Fig. 6.2(b) illustrates the sample
morphology with a Cg multilayer on top of the Fe surface. The Cgo deposition at
RT essentially washes out the atomic step structures of the Fe film, although the
deep pits due to screw dislocations remain discernable. The high density of voids
also suggests that the Cqo growth proceeded with a three-dimensional island-growth
mode. At this point, we conclude that no structural ordering of the Cg, film exists,
and that the multilayer can thus be described as amorphous-like. With a brief
anneal at 280 °C for 3 minutes, a substantial part of the C¢, molecules appear to
have been desorbed from the surface, judging from the partial recovery of the Fe
surface morphology (Fig. 6.2(c)). This is in good agreement with our Xx-ray
absorption spectroscopy data in Ref. 10, (refer to chapter 4) which shows that
annealing at or above 280 °C results in desorption of Cg, overlayers, while a ML of
chemisorbed Cgy molecules is retained at the surface. These molecules are bound
by the strong interaction with the underlying Fe layer, which is apparent from the
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hybridization-induced modifications of the Cg m -orbitals.® A close-up image of
the annealed film, Fig. 6.2(d), reveals that the residual Cg, molecules remain
largely disordered. Figs. 6.2(e) and 6.2(f) show the same surface after an additional
3 minutes of annealing at the same temperature. Now, short-ranged ordered areas
can be observed, such as those marked with blue arrows in Fig. 6.2(f), embedded in
a still largely disordered environment.

[oo “ ‘k
0]
&MgO(OOl)

40 nm |8

50 nm

50 nm . o 10 nm

Figure 6.2. Surface morphology of Cg/10-nm Fe/MgO(001) acquired by STM at RT. (a) Epitaxial
Fe(001) surface grown on MgO(001). The arrows show the crystallographic directions of the
MgO(001) substrate; (b) after Cqo multilayer deposition at RT; (c) after annealing at 280 °C for 3 min;
(d) molecular resolution image of (c); (e) after further annealing at 280 °C for 3 min; (f) molecular
resolution image of (e). The blue arrows indicate areas where (short-range) Cgo molecular ordering
can be seen.
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Next, we consider the case of a (partial) Cs monolayer obtained by
adsorbing molecules onto a hot Fe(001) surface. Dosing Cq molecules onto
substrates held at elevated temperatures is known to result in the growth of highly
ordered monolayer films on various metal substrates that feature different
interaction strengths with Cg.'%'* ¥ ?° Depending on the nature of the interfacial
interaction, the adsorbed molecules may require a higher thermal energy to attain
an equilibrium arrangement on a given substrate surface, which defines a
temperature window within which growth of highly ordered MLs may be realized.

Figs. 6.3(a) and 6.3(b) show molecular resolution STM images of a Cqy ML
on Fe(001) grown at a deposition temperature of 130 °C (comparable to the growth
temperature of the 100 nm Cg, film that was analyzed with XRD). Fast Fourier
transform (FFT) images for several selected areas, marked by contours, are shown
as insets in Figs. 6.3(a) and 6.3(b). The STM images and their FFTs clearly reveal
that the ML is highly ordered, and that the Cg, molecules are packed in a quasi-
hexagonal arrangement. Intermolecular distances determined from the various
STM images that we recorded are consistently close to 1 nm, while the slightly
asymmetric FFT spot patterns indicate a periodic structure consisting of distorted
hexagons, with aspect ratios of 1.1 for the long/short diagonals connecting the
corner points. Two distinct orientations of the Cg, adsorbate lattice on the Fe(001)
surface could be observed, rotated by 90 degrees, such as those shown within the
red and green contours in Fig. 6.3(b) containing rows of molecules that are either
along the Fe[100] or [010] directions (indicated by the blue arrows). These findings
are consistent with the proposed structure shown in Fig. 6.3(c), comprising Cgg
molecules in equivalent adsorption sites on the Fe(001) surface. The description of
the unit cell of this quasi-hexagonal overlayer structure requires matrix notation:

b_’ —.
2=

where a;, a, and by, b, are the unit cell vectors of the Fe and Cg, lattices,
respectively. Taking the Fe lattice constant to be 0.287 nm, the lengths of the Cg
unit cell vectors are 1.148 nm and 1.035 nm, implying an aspect ratio 1.109 of the
distorted hexagonal lattice, in good agreement with the experiments. The length of

the shorter unit cell vector is very close to the intermolecular distance of 1.002 nm
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in the (111) planes of the fcc lattice of bulk Cg (which has a lattice constant of
1.417 nm), while the length of the longer unit cell vector deviates by more than
10%.

Figure 6.3. (a) Surface morphology of a ML of Cg, on 10-nm Fe/MgO(001) with Cg, deposited at a
substrate temperature of 130 °C. The insets show FFT images of selected areas as marked by
contours; (b) Another area of the same sample as in (a) where different orientations of the Cg, surface
structure on Fe(001) are observed, rotated by 90 degrees relative to each other. The blue arrows
indicate the Fe [100] and [010] directions, the insets show FFT images of the areas enclosed by the
red/green contours; (c) proposed surface structure of the C¢o ML on Fe(001). Red (blue) dots indicate
the positions of the Fe atoms in the first (second) layer of the bcc surface; (d) Surface structure of a
sub-ML Cgq0n 10-nm Fe/MgO(001), where atomic steps are preferentially occupied by Cgq, forming
chains of molecules.

We propose that the lattice mismatch between the first ML of Cg on
Fe(001) and the bulk structure is a primary cause for the absence of a well-defined
in-plane ordering in multilayer films. Sakurai et al. reported that epitaxial Cs films
can be obtained on lattice-mismatched substrates such as MoS,,%* due to the weak
van der Waals-type interfacial interaction, such that C¢o molecules can arrange
themselves incommensurate with the MoS, lattice. On the contrary, for systems
featuring a strong interaction, such as in the present case or, for example, Cg, 0N
Ni(110),"® a good lattice match becomes a prerequisite for epitaxial growth. It
should be noted that strong chemical interactions, involving spin polarized hybrid
orbitals, typically occur at interfaces between transition metal ferromagnets and n-
conjugated carbon systems.* * %% A further complication is the non-negligible
disorder that is observed in the STM images of the ML Cqg, films (see Fig. 6.3).

By examining the adsorption mechanism and molecular arrangement of Ce
at the sub-ML regime, we conclude that atomic step structures on the Fe(001)
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surface may partly account for this disorder. It is shown in Fig. 6.3(d) that the most
probable sites for Cgo nucleation are atomic steps, where the adsorbed molecules
form chains in parallel to those of the edges. Such initial nucleation has been
similarly observed on Bi(001)/Si(111), where a high density of screw dislocations
is also present.? Diffusing adatoms or molecules, which encounter a step can either
be reflected at the step or cross the step. In the latter situation, they can then either
continue diffusing or adsorb at the step edge. For Cg, on Fe/MgO(001), adsorption
of impinging molecules at the steps is efficient, as supported by Fig. 6.3(d). At
higher coverages, we expect that the steps will firstly be saturated before the
molecules occupy the flat terraces, which may hamper the formation of highly
ordered structures on these terraces.

6.4 Conclusion

Using XRD and STM, we have investigated the structural properties and
local molecular ordering of Cgy grown on epitaxial Fe/MgO(001). XRD analysis of
100 nm thick Cgy molecular films shows that a strongly (111)-textured layer is
obtained when growth is carried out at elevated temperature (100 °C). No long-
range in-plane structural order could be detected in these 100 nm thick films. In
contrast, STM measurements show that Cg, forms a highly ordered monolayer on
Fe(001). The molecules are arranged in a quasi-hexagonal pattern that superficially
resembles the (111) plane of bulk fcc Cg but shows a considerable lattice
mismatch with that structure. Most probably, this mismatch prevents epitaxial
overgrowth of Cg films, consistent with our XRD measurements. It should be
pointed out, however, that in-plane structural order might persist for ultrathin films.
The (spin-dependent) electronic hybridization effects that we have discussed in
Chapters 4 and 5for interfaces between Cg, and Fe(001) result in strong interfacial
interactions, which in turn have a profound impact on the growth mechanism in
this hybrid system. Furthermore, STM measurements of MLs prepared under
different conditions underline the important role of the kinetics of the adsorbed Cgy
molecules on the Fe surface in defining the structural properties of the first layer.
The highly ordered surface structures are interesting within the context of spin
polarized charge transport across the interface, since the well-defined molecular
arrangement allows for direct comparison with theory (see Chapter 5). We expect
that spin transport experiments on systems involving Cg/Fe(001) interfaces, and/or

115



Chapter 6

similarly well- defined and well characterized interfaces, will generate important
information for the further development of organic spintronic devices.
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SUMMARY

Carbon-based materials are promising for spintronic applications due to the
weak spin-orbit coupling in these materials, potentially providing a long spin life
time. An additional advantage is that organic materials exhibit non-critical
requirements for high quality interface formation and film growth on various
substrates. The research described in this thesis focuses on spin polarized transport
through thin films of Cg, fullerene molecules in vertical spin valves, spin polarized
hybridization effects at Cgo/bcc-Fe(001) interfaces, and the ordering of Cg
molecules on epitaxial bcc-Fe(001) thin films.

Chapter 1 gives an overview of recent progress on spintronics, including an
introduction of the main concepts and challenges for semiconductor-based
spintronic devices. Subsequently, the selection of appropriate carbon-based
materials (including Cg, fullerenes) for spintronic applications, and the advantages
of using well-defined interfaces in organic spin valves are discussed.

Chapter 2 provides a description of the major experimental methods used in
this thesis work, including fabrication techniques, magnetotransport measurement
tools, materials characterization tools, and synchrotron radiation techniques.

Chapter 3 of this thesis deals with spin polarized transport in Cg-based spin
valves (vertical Co/Al,O5/Cq/NiFe junctions), studied by both experiments and
modelling. The experimental results have been interpreted using a model based on
a superposition of direct- and multi-step tunnelling via a Gaussian density of
intermediate states in the Cg layer. We find that, analogous to conductivity
mismatch in the diffusive regime, the junction magnetoresistance (JMR) drops
continuously as the amount of intermediate tunnelling steps increases, regardless of
the spin lifetime and spin diffusion length. In addition to the intrinsic loss of the
JMR due to multi-step tunnelling, our temperature- and bias dependent
measurements of the magnetotransport properties indicate that spin relaxation and
dephasing in the intermediate states on the Cq, molecules also affect the IMR. We
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propose that a possible mechanism that underlies this is spin precession in the
inhomogeneous magnetostatic fields that arise from finite roughness at the
ferromagnetic interfaces, which is supported by measurements of JMR versus
magnetic field, recorded at different bias voltages.

The electronic and magnetic properties of the interface between Cg
molecules and a Fe(001) surface are described in chapter 4. Photoemission
spectroscopy (PES) and C K-edge X-ray absorption spectroscopy (XAS) show
charge transfer from the Fe substrate to Cg molecules, and strong interfacial
bonding between Cg and Fe (in case of a monolayer Cg on Fe). The mixing
between Cg mt(nt) orbitals and Fe 3d wave functions leads to a distinct, oscillatory
magnetic moment (changing sign for different states) of Cg-derived interfacial
electronic states, as is evident from C K-edge x-ray magnetic circular dichroism
(XMCD) spectra. The oscillatory nature of the polarization of these states close to
Er is important in the light of spin-polarized charge injection across the interface.
Hybridization between the frontier orbitals of Cg and Fe 3d states has a strong
effect on the spin polarization of the interface, which underlines the potential of
chemical tuning of the organic semiconductor/ferromagnetic “spinterface” for
spintronic devices.

In chapter 5 of this thesis, a combined computational (density functional
theory) and experimental (XMCD) study on the magnetic properties of interfaces
between bcc-Fe(001) and Cg, molecules is presented. To study the magnetic
moments of Fe surface atoms at Cgo/bcc-Fe(001) interfaces, we used ultrathin Fe
layers, consisting of three Fe monolayers (MLs) deposited onto a W(001) surface,
to avoid the significant contribution of Fe bulk atoms to the XAS yield at the Fe
L,s-edge. The calculations show (i) that the hybrid interface states lead to magnetic
moments on the Cg, molecules that are coupled antiparallel to the Fe moments, and
(ii) that the adsorption of Cgy on Fe(001) reduces the magnetic moment of the top
Fe layer by ~6%. XMCD experiments of 3 MLs of Fe on W(001) show that the
overall Fe spin moment reduces by 6% after adsorption of Cg. This is in good
agreement with the calculated values for both Cgo/Fe(001) and Cgo/Fe/W(001),
which show a similar spin-dependent electronic structure at the hybrid interfaces,
in spite of their significant structural differences.

In chapter 6, we describe studies of the crystallinity and molecular ordering
of Ceo films on epitaxial Fe/MgO(001) surfaces, using X-ray diffraction (XRD) and
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scanning tunnelling microscopy (STM). XRD analysis of 100 nm thick Cg
molecular films shows that a strongly (111)-textured layer is obtained when growth
is carried out at elevated temperature (100 °C). No long-range in-plane structural
order could be detected in these 100 nm thick films. In contrast, STM
measurements show that Cs, forms a highly ordered monolayer on Fe(001). The
molecules are arranged in a quasi-hexagonal pattern that superficially resembles
the (111) plane of bulk fcc Cgo but shows a considerable lattice mismatch with that
structure. The Cg monolayers exhibit quasi-hexagonal arrangements on the
Fe(001) surface oriented along the [100] and [010] directions. The highly ordered
surface structures are interesting within the context of spin polarized charge
transport across the interface, since the well-defined molecular arrangement allows
for direct comparison with theory.

In conclusion, spin polarized transport in Cgo-based vertical spin valves and
the magnetic polarization at Cgo/ferromagnetic interfaces were studied. Significant
understanding of the physics of Csp-based vertical spin valves has been generated,
however certain aspects such as the determination of spin relaxation length and -
time require further study. The realization of well-defined interfaces in devices is
also required to fulfill the potential of organic/carbon based materials for spintronic
applications.
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SAMENVATTING

Op koolstof gebaseerde materialen zijn veelbelovend voor spintronica
vanwege de zwakke spin-baan wisselwerking, waardoor de spin-levensduur naar
verwachting lang zal zijn. Een bijkomend voordeel is dat de condities voor het
vormen van kwalitatief goede grensvlakken en dunne films op verschillende
substraten niet kritisch zijn. Het onderzoek dat in dit proefschrift beschreven wordt
richt zich op spingepolariseerd ladingstransport door dunne films bestaande uit Ce
moleculen in verticale "spin valves", spingepolariseerde hybridisatie-effecten aan
Ceofbcc-Fe(001) grensvlakken, en de manier waarop Cgy moleculen zich ordenen
op epitaxiale bce-Fe(001) dunne films.

Hoofdstuk 1 geeft een overzicht van de recente ontwikkelingen in de
spintronica, waaronder een inleiding van de belangrijkste concepten en uitdagingen
voor op halfgeleiders gebaseerde spintronica. Vervolgens wordt de selectie van
geschikte op koolstof gebaseerde materialen voor spintronica-toepassingen
bediscussieerd, alsmede de voordelen van het gebruiken van goed gedefinieerde
grensvlakken in organische spin valves.

Hoofdstuk 2 beschrijft de belangrijkste experimentele technieken die in dit
werk worden gebruikt, zoals fabricagetechnieken, magnetotransportmetingen,
karakterisatie van materialen, en technieken die gebruik maken van
synchrotronstraling.

Hoofdstuk 3 wvan dit proefschrift richt zich op spingepolariseerd
ladingstransport in op Cg gebaseerde spin valves (verticale Co/Al,04/Cso/NiFe
juncties), bestudeerd met experimenten en modellering. De experimentele
resultaten zijn geinterpreteerd met een model gebaseerd op een superpositie van
directe- en meerstapstunneling van elektronen via een Gaussische
toestandsdichtheid in de Cgolaag. We vinden dat, in analogie met het concept
"conductivity mismatch” bij diffusief transport, de magnetoweerstand van de
juncties (JMR) afvalt als het aantal tunnelingstappen toeneemt, ongeacht de
spinlevensduur of spindiffusielengte. Naast dit intrinsieke verlies van de JMR door
meerstapstunneling, laten onze metingen van de temperatuurs- en
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spanningsafhankelijkheid van de magnetoweerstand zien dat spin-relaxatie in de
tussentoestanden in de Cg-laag ook een rol speelt. We stellen een mogelijk
mechanisme dat hieraan ten grondslag ligt voor, namelijk de precessie van spins in
het inhomogene magnetische veld dat wordt veroorzaakt door de ruwheid aan de
ferromagnetische grensvlakken. Dit wordt ondersteund door metingen van de JMR
versus het magneetveld, gedaan bij verschillende spanningen over de juncties.

De elektronische en magnetische eigenschappen van het grensvlak tussen
Ceo-moleculen en een Fe(001)-oppervlak zijn beschreven in hoofdstuk 4.
Photoemission spectroscopy (PES) en C K-edge X-ray absorption spectroscopy
(XAS) laten zien dat er ladingsoverdracht plaatsvindt van het Fe-substraat naar de
Ceo.moleculen, die sterk worden gebonden aan het Fe-oppervlak (in het geval van
een monolaag Cg, op Fe). De hybridisatie van Cgni(n) en Fe-3d-golffuncties leidt
tot een kenmerkend, oscillerend magnetisch moment (van teken wisselend voor
verschillende toestanden) voor toestanden op het Cgo.molecuul. Dit is aangetoond
met C K-edge x-ray magnetic circular dichroism (XMCD) metingen. Het
oscillerende gedrag van de polarisatie van deze toestanden dichtbij Er heeft
belangrijke consequenties voor spingepolariseerde ladingsinjectie aan het
grensvlak. De hybridisatie van de orbitalen van de Cgmoleculen met de 3d-
toestanden van Fe heeft een sterk effect op de spinpolarisatie aan het grensvlak,
hetgeen het potentieel van chemische beinvloeding van "spinterfaces"”
(spingepolariseerde  grensvlakken)  tussen  organische halfgeleiders en
ferromagnetische metalen onderschrijft.

In hoofdstuk 5 van dit proefschrift wordt een gecombineerde studie door
middel van berekeningen (density functional theory) en experimenten (XMCD) aan
de magnetische eigenschappen van grensvlakken tussen bcc-Fe(001) en Cg
moleculen gepresenteerd. Om de magnetische momenten van Fe-oppervlakte-
atomen aan Cgo/bcc-Fe(001) grensvlakken te kunnen bestuderen, gebruikten we
extreem dunne Fe-lagen, bestaande uit drie monolagen Fe gedeponeerd op een
W(001)-oppervlak. Dit om de significante bijdrage van bulk Fe-atomen aan de
XAS opbrengst aan de Fe L,;-edge te vermijden. De berekeningen laten zien dat
(i) de hybridisatie van toestanden aan het grensvlak leidt tot magnetische
momenten op Cgo.moleculen die antiparallel zijn ten opzichte van de Fe-momenten,
en (ii) dat de adsorptie van Cg-moleculen het magnetisch moment van de Fe-
toplaag reduceert met 6%. XMCD metingen aan 3 monolagen Fe op W(001) laten
zien dat het gemiddelde spinmagnetisch moment van Fe afneemt met 6% na
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adsorptie van Cg. Dit komt goed overeen met de berekende waarden voor zowel
Ceo/Fe(001) als Ceo/Fe/W(001), waarvoor  de spingepolariseerde
elektronenstructuren vergelijkbaar zijn, ondanks de significante verschillen in de
structuur.

In hoofdstuk 6, beschrijven we de kristalliniteit en moleculaire ordening van
Ceo-films op epitaxiale Fe/MgO-oppervlakken, bestudeerd met X-ray diffraction
(XRD) en scanning tunnelling microscopy (STM). XRD metingen aan een Cgo-film
van 100 nm tonen een sterke (111)-textuur aan als de groei wordt uitgevoerd bij
verhoogde temperatuur (100 °C). Ordening in het vlak van de film wordt niet
waargenomen voor deze 100 nm films. In contrast hiermee, laten STM-metingen
zien dat Cgo.moleculen een goed-geordende monolaag vormen op Fe(001). De
moleculen zijn gerangschikt in een quasihexagonaal patroon, dat een oppervlakkige
gelijkenis vertoont met het (111)-vilak van bulk fcc Cg, maar dat aanzienlijk van
deze structuur afwijkt. De quasi hexagonale Cgo patronen zijn langs de [100] en
[010] kristalrichtingen georiénteerd. Deze sterk geordende oppervlaktestructuren
zijn interessant in de context van spin gepolariseerd ladingstransport door het
grensvlak, omdat een directe vergelijking met theorie mogelijk is.

Concluderend: we bestudeerden spingepolariseerd ladingstransport in
verticale spin valves gebaseerd op Cg, alsmede de magnetische polarisatie van
Ceo/ferromagnetische-grensvlakken. Hierbij is begrip van de fysische werking van
de spin wvalves verkregen, hoewel aspecten als spinrelaxatielengte en
spinlevensduur verdere studies behoeven. De realisatie van goed-gedefinieerde
grensvlakken in devices is belangrijk om het potentieel van organische/op-
koolstof-gebaseerde halfgeleiders voor spintronica tot bloei te laten komen.
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Propositions accompanying the thesis

Spintronics using Cg fullerenes: Interfaces and devices by Tran Thi Lan
Anh

1. Not spin relaxation, but the number of tunnelling steps is the main limiting
factor for the magnetoresistance of Cgy-based spin valves. (Chapter 3 of this
thesis)

2. The presence of (local) stray magnetic fields due to the roughness at the
Ceof/ferromagnetic layer interface causes spin relaxation and dephasing in
Ceo-based spin vales. (Chapter 3 of this thesis)

3. To optimize the spin injection efficiency, the hybrid organic/ferromagnetic
layer interface needs to be engineered and controlled in a such way that the
spin-dependent states at the interface act as a spin filter. (Chapters 4 and 5 of
this thesis)

4. Highly ordered adsorbed Cq, monolayers on Fe surfaces are interesting in the
context of spin-polarized transport through Ce/Fe interfaces. (Chapter 5 and
6 of this thesis)

5. Attempting to avoid snails from eating plants by simply increasing the
number of plants in a garden is similar to attempting to let devices survive
longer by just fabricating more and more devices in the same time period.

6. Energy exists in everything and everywhere.

7. The more plants you grow, the more you save the society from global
warming.

8. Women need to work much harder than men to be equally successful in
scientific research. (Nature 495, 28-31(2013))

9. Men and women are equally responsible for the development of a nation.

These propositions are considered opposable and defendable and as such have
been approved by the supervisor Prof. dr. ir. W. G. van der Wiel.
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