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Abstract

The unique physical properties and low temperature solution processability of organic
semiconductors have enabled many applications such as light emitting diodes, flexible logic
and solar cells, they are unexploited in their potential for use in solid state devices for
spintronics and spin-based information processing. Organic semiconductors composed of
mainly light elements appeal to the field of spintronics due to their long spin lifetime
originating from their weak spin-orbit coupling. The significant progress in improving carrier
mobility of organic semiconductors in the past decade may lead to organic spin transport
materials with both long spin diffusion length and spin lifetime which is important for
spintronics applications. This dissertation explores the spin transport in organic semiconductors
using a variety of experimental techniques from all electrical spin injection and detection to

ferromagnetic resonance spin pumping and ISHE spin detection.

Non-local spin valves and novel all electrical spin transport device architectures based on
high mobility conjugated polymers were studied systematically. The intrinsic roadblocks for
electrical spin injection-based measurements were identified as the current spreading effect
(electrical cross-talk between the injector and detector electrodes) and the hopping conduction
in organic semiconductors which makes all electrical nonlocal spin injection and detection
measurements extremely challenging if not impossible for organic semiconductors. In addition,
spin current transmission in the out of plane direction of organic semiconductors was studied
by tri-layer spin pumping technique where the spin transport properties of organic

semiconductors are correlated with their molecular structure and charge transport properties.

Spin pumping, a charge-free spin injection method together with ISHE spin detection
successfully overcome the impedance mismatch problem and the intrinsic roadblocks imposed
by electrical spin injection-based techniques and enabled lateral spin current transport in
organic semiconductors to be detected electrically. The lateral spin diffusion length of up to a
micrometre was observed in doped conjugated polymers in agreement with theoretical
calculations based on exchange mediated spin diffusion model and parameters obtained from
first principle. Moreover, this non-local spin transport device structure provides a platform for
studying spin transport in a wide range of organic semiconductors where the spin current
propagates along the high mobility direction and could potentially be used as building blocks

for high performance flexible spintronics devices.
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Chapter 1

Introduction

1.1 Emergence and applications of organic semiconductors

Organic semiconductors have enabled a technology transformation in the electronics industry
with practical applications in display, light emitting diode and solar cell technology. These
materials are a class of materials which consists of mainly C and H atoms. Their
semiconducting nature results from m-conjugation, which arises due to alternating single and
double bonds along the backbone of C atoms where each C atom has three sp*-hybridised
orbitals used to create o-bonds with neighbouring C and H atoms. This bonding arrangement
along the backbone results in overlapped m-orbitals to form delocalised electron clouds where
charge transport takes place. Organic semiconductors have two energy bands, highest occupied
molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO). The HOMO and
LUMO levels are the bonding and antibonding m-orbitals of the delocalised electron clouds
which can be compared to the valence and conduction bands in conventional inorganic

semiconductors [1].

One important advantage of organic semiconductors over crystalline inorganic
semiconductors is the ability to be processed at relatively low temperature. The reason for this
property is that organic semiconductors are held together via weak Van der Waals interactions
while inorganic semiconductors are held together by strong covalent bonds. The compatibility
of OSCs with low cost solution processing route enables large area ink-jet printing of OSCs

into active layers for flexible optoelectronics applications [2].

There are generally two classes of OSCs, molecular semiconductor and conjugated polymer
semiconductor. Molecular semiconductors are made of small molecules such as, Tris(8-
hydroxyquinolinato)aluminium (Alqs) whereas conjugated polymer semiconductors are made
of polymers such as, poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly[2,5bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT). The weak electronic interactions
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between concomitant molecules limit the mobility of OSCs due to weak Van der Waals
interactions that hold the OSCs together. This also limits the bandwidth of charge transport in
OSC:s to the order of 0.1 eV [3]. In contrast, conventional inorganic semiconductors typically
have a bandwidth on the order of 1-10 eV due to strong electronic interactions between atoms
which arise from strong covalent bonds between atoms. As such, charge transport in organic

semiconductors are often referred to as narrow bandwidth transport [3].

Even though the mobility of organic semiconductor is far lower than high quality Silicon,
OSCs have made a significant impact to the electronics industry. In particular, organic light
emitting diode (OLED) has emerged as the next generation display technology and is expected
to dominate in the mobile phone and electronic display market. The rapid emergence of OLED
is made possible due to OSCs provide a low cost, flexible, ease of processing and

environmentally friendly option compared to the conventional inorganic liquid crystal.

1.2 Development in spintronics

The field of spintronics aims at utilising the spin degree of freedom in addition to the
conventional charge current based information processing technology [4]. The first spintronics
effect that created a paradigm shift in the read head technology is the discovery of giant
magnetoresistance (GMR) which is based on two ferromagnetic electrodes separated by a
metallic layer. One ferromagnetic electrode is pinned magnetically while the other
ferromagnetic electrode is free to change magnetic orientation where one electrode injects spin
polarised current and the other acts as a detector for spin polarised current. The detection
mechanism is based on the fact that the spin-up and spin-down densities of states at the Fermi
Level depend on the magnetisation orientation of the ferromagnetic electrode (please refer to
Chapter 2.1.1 for more in-depth discussion about the GMR theory). Therefore, the resistance
of the stack depends on the relative orientation of the ferromagnetic electrodes which is used
to read the memory stored as magnetic bits in hard disk read head technology.

This disruptive technology breakthrough has revolutionised the modern computer capacity. For

this, Grunberg and Fert received Nobel prize in Physics in 2007 for this discovery [5], [6].

Based on the GMR success, innovative ideas and device concepts emerge rapidly to improve
this technology. Magneto-resistive random access memory (MRAM) based on tunnelling

magnetoresistance (TMR) opened up a market for non-volatile magnetic memory. TMR is



more efficient than GMR since it overcomes the impedance mismatch problem at ferromagnet
and metal interface by using a tunnelling barrier. Much research has been made to maximise
the TMR ratio, it was found for MgO barrier with certain crystalline orientation combined with
ferromagnetic electrode with certain crystalline orientation such as iron the TMR ratio can
reach hundreds of percent due to symmetry spin filtering results from synergy between the
electronic structures of MgO and tunnelling barrier [7], [8]. MRAM technology can be
combined with spin transfer torque (STT) to manipulate the orientation of the ferromagnetic
element by spin polarised current where a torque acts on the magnetic layer via application of
spin angular momentum [9]. STT-MRAM technology offers the potentials for an energy
efficient and fast operating non-volatile memory for next generation memory devices. This
technology has shown commercialisation prospects where test products have been delivered to

customers [10].

The experimental observation of spin hall effect (SHE) has opened up many exciting
opportunities for spintronics research. This effect enables the generation of pure spin current
from charge current in non-magnetic material through spin orbit coupling. It is important to
note that pure spin current is a flow of spin angular momentum without a net charge current as
opposed to spin polarised current [11]. In contrast, the inverse spin hall effect (ISHE) converts
pure spin current into charge current via spin orbit coupling [11]. These effects not only expand
the materials systems relevant for spintronics either as the spin current generator or detector
but also enable new device architectures and measurement configurations for exploration of
novel physical phenomenon such as spin hall effect transistor and spin seebeck effect (SSE)
[12], [13]. Further improvements to STT-MRAM technology can be realised by incorporating
SHE where instead of using a spin polarised current to manipulate the magnetic element, a pure
spin current generated from SHE can be used to manipulate the orientation of the magnetic
element [Spin orbit torque (SOT)] [14], [15], [16]. In this device configuration, current is only
flowing through the material with strong spin orbit coupling and hence the tunnelling barrier
is not exposed to large current density during the memory writing process. This significantly
improves the durability of the SOT-MRAM device compares to STT-MRAM device.

It is to be noted that the progress in the field of spintronics has been rigorous, many novel
breakthroughs have been achieved such as Skyrmions, inverse Rashba-Edelstein effect and
spin Nernst effect [17], [18], [19]. These discoveries are not only of scientific interest but also
offer a variety of potential applications. The ever miniaturisation of integrated circuits will soon

reach the Moore’s law limit, the computing performance and capacity can only improve by
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finding an alternative avenue. The development of artificial intelligence, internet of things and
other ICT technologies requires further advances in the computer performance. In addition, the
excessive heat generated from the current computation technology as well as the energy
consumption will unavoidably limit the ICT technology development. Evolvement from charge
current based spintronics (GMR) to dissipationless pure spin current spintronics could
potentially provide a solution to this problem where pure spin current is used to fuel efficient

and low power magnetic logic circuits.

1.3 Organic spintronics

Despite the fact that organic semiconductors have enabled many applications such as organic
light emitting diodes, transistors and solar cells, they are unexploited in their potential for use
in solid state devices for spintronics and spin-based information processing [20], [21]. OSCs
have attracted much interest in the domain of spintronics due to their exceptionally long spin
lifetimes arising from weak spin orbit coupling due to their composition of primarily light
elements [22]. This is in contrast with inorganic semiconductors such as Silicon or GaAs where
the atomic numbers of the constituent elements are larger, giving rise to stronger spin-orbit
coupling. Spin dependent scattering induced by strong spin orbit coupling is known to limit the
distance over which spin information can be propagated [11]. As such, the scientific community
sees an opportunity to design an OSC material that exhibit both long spin lifetime and spin diffusion
length that could potentially be used for quantum information processing [21], [23], [24]. The ideal
spin transport material for quantum computation needs have a spin lifetime that is long enough
for the information stored as spins to be detected and manipulated. In addition, the spin
diffusion length of the spin transport materials also needs to be long enough such that external
stimuli can be incorporated into the devices such as spin transistors (channel gap dimensions
limited by lithography resolution). Moreover, the number of ways to engineer the chemical
structures of OSCs is almost infinite. This provides much potential for tailoring the spin related

properties of OSCs for specific applications.



I TTIT

10° I
Rubrene (ref. 28)
104 b /
Alas 6T (ref. 26) GaAs
(refs 4,27) ¢ (ref. 22)
~ : CNT (ref. 24)
2 108 F ’I
w7 Graphene (ref. 25) @
@ Si
- (ref. 30)
102 E  CNT (ref. 23)
° &) Cu (ref. 21)
Co (ref. 21)

10° 10" 10?2 10° 10* 10> 10°
I (nm)
Figure 1.1 Roadmap for spin diffusion length, /; versus spin lifetime, z; for various organic and

inorganic materials. This figure is modified from [23].

The physical properties of interfaces between hybrid organic and inorganic materials have
gained much attention in the recent past due to the emergence of unconventional physical
properties at the interfaces between organic and inorganic materials. The emergence of
magnetism in C60 and copper interfaces due to charge transfer between the organic material
and metal is an example of unexpected physical property observed at hybrid organic-inorganic
interface [25]. Similarly, organic materials strongly modify the spin injection and magnetic
properties of organic-inorganic ferromagnet interfaces via interfacial interactions [26]. The
molecular spin properties can potentially be exploited for molecular based memory
applications [21]. Thus, understanding the hybrid organic-inorganic interface is important both
scientifically and technologically. In addition, the intrinsic organic magnetoresistance (OMAR)
in OSCs is another interesting research area within organic spintronics where large
magnetoresistance over 10 % was observed in OLED structure at room temperature within
small applied magnetic field (typically around tens of mT) [27], [28]. Although the mechanisms
that caused OMAR effect is under debate, the field is gaining consensus that OMAR originates
from the hyperfine field of H nuclei [29], [30]. Apart from the scientific interest, OMAR can

potentially be useful for innovative applications such as OLED based touch display controlled
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by a magnetic pen [31].

Organic spintronics research in the past decade primarily focuses on two terminal vertical
spin valves where organic semiconductors sandwiched between two ferromagnetic electrodes.
In this architecture, spin polarised current is injected from one electrode into the organic
semiconductor and detected by the other electrode as GMR. Xiong et al was the first to use
such measurement to study the spin diffusion length in Alqs by fitting an exponential function
to the thickness dependence of GMR signal measured [32]. This approach was used to study
spin transport in many other OSCs including polymers such as D-DOO-PPV [30], H-DOO-
PPV [30], C60 [33], TIPS-Pentacene [34], RR-P3HT [35], and P(NDI20D-T2) [36] yielding

spin diffusion lengths on the order of 50 nm. The results are summarised in Table 1.1.

Table 1.1 Spin diffusion lengths of organic semiconductors extracted using two terminal vertical spin

valves along with the electrode materials used.

Organic Electrodes Spin diffusion length (As)
Semiconductor

Algs LSMO, Co 45nm at 11 K [32]
D-DOO-PPV LSMO, Co 45 nm at 10 K [30]
H-DOO-PPV LSMO, Co 16 nm at 10 K [30]
TIPS-Pentacene CoPt, A104/Co 24 nm at 300 K [34]
P(NDI2OD-T2) LSMO, Co 64 nm at 4.2 K [36]

Cso Fe304/Al10x, Co 150 nm at 300 K [33]
RR-P3HT LSMO, Co 63 nm at 50 K [37]
RR-P3HT FeCo, NiFe 62 nm at 300 K [38]
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Figure 1.2 GMR observed in two terminal Alq3 based spin valve. a, Schematic illustration of the
vertical spin valve structure where Alq3 is sandwiched between LSMO and Co/Al ferromagnetic
electrodes. b, Magnetoresistance observed at 11 K when the electrodes magnetisation alignment
switches from parallel to antiparallel. ¢, Thickness dependence of GMR observed at 11 K. A 45 nm spin
diffusion length can be extracted by fitting an exponential function to the plot. d, Temperature

dependence of /-V characteristics of the spin valve device. This figure is modified from [32].

Although such a measurement of spin diffusion lengths in organic spin valves has become
routine, the majority of reported devices used Lanthanum Strontium Manganate (LSMO) as
one of their ferromagnets in the tri-layer stacks. LSMO is known to have a strong bi-axial
anisotropy and it is now clear that what was routinely reported and interpreted as a
magnetoresistance signal in organic spin valves may have arisen from the phenomenon of
Tunnelling Anisotropic Magnetoresistance (TAMR) within the LSMO contact [39]. In addition,
organic semiconductors are also vulnerable to metal atom inter-diffusion during the top metal
layer deposition due to the weak structural properties of OSCs. It was recently demonstrated
that a reduction in the junction area of an organic spin valve causes the measured
magnetoresistance to vanish, signalling the role pinholes play in large area organic spin valves
[40]. The presence of such pinholes within the organic spacer layer makes it difficult to

distinguish whether spin transport in these devices is diffusive or ballistic.



There have been many attempts to validate and confirm spin injection and transport in OSCs.
Inelastic electron tunnelling spectroscopy (IETS) in addition to the trilayer spin valve
measurement can rule out the presence of metallic pin holes by probing the relevant molecular
vibration spectra [41], [42], [43]. Conduction mediated by charge carriers hopping is thermally
activated which means at lower temperature resistivity increases as carriers freeze out. A
temperature dependent electrical characterisation of the trilayer spin valve device is carried out
in conjunction with the magneto-transport measurements in which devices that showed the
correct temperature dependence of device resistance can be used to rule out metallic shorts, pin
holes and other defects between the ferromagnetic electrodes [44]. However, depending on the
dimensions of the pin holes and other defects, this argument may not be valid [40], [41]. Other
sophisticated experimental techniques such as optically detected magnetic resonance (ODMR),
two photon photoemission, spin OLED and muon spin rotation confirm successful spin
injection and spin transport in the OSCs [30], [45], [46] [47]. However, ambiguities such as the
aforementioned in the reported measurements from tri-layer spin valves calls into question the
adequacy of many of the existing results, and necessitates alternative artefact-free approaches

to probing spin transport in organic semiconductors.

An unambiguous solid-state device based approach to measure spin diffusion in inorganic
semiconductors is to use nonlocal lateral architectures where spin diffusion is decoupled from
spin drift within the same device [48], [49]. Pure diffusive spin transport is then probed by
measuring the spin accumulation above a ferromagnetic detector electrode in relation to that at
the ferromagnetic injector. Such nonlocal spin valve measurements have successfully
quantified spin diffusion lengths in inorganic materials such as graphene, Ge, GaAs and various
metals [50], [51], [48], [52], [49], [53]. In conjugated organic semiconductors however, a
nonlocal spin valve signal has never been successfully measured despite multiple diligent
attempts. This is primarily because the noise fluctuations on the measured nonlocal voltage are
induced by the fundamental nature of stochastic hopping transport in these disordered materials,
and outsizes the spin accumulation on the detector electrode rendering such a measurement

extremely challenging if not impossible [54], [55].

Spin pumping has become a popular technique to study spin transport and spin to charge
conversion in a wide variety of materials such as metals, graphene and inorganic
semiconductors [56], [57], [58], [59]. It involves exciting a ferromagnetic material into

ferromagnetic resonance in which pure spin current is injected into the adjacent material in



proximity via exchange interaction at the interface. The major advantage of this spin injection
technique is that it overcomes the impedance mismatch problem that significantly limits spin
injection in the case of electrical spin injection [60]. Ando et al were the first to demonstrate
spin to charge conversion in conducting polymer, poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) where yttrium iron garnet (YIG) was excited into FMR
and the pure spin current injected into the organic material was converted into a charge current
by inverse spin hall effect [61]. This technique was extended further to study the spin transport
in organic semiconductors where organic material is sandwiched between a ferromagnetic
metal layer and a heavy metal layer [62]. In this configuration, the ferromagnetic metal is
driven into FMR and pure spin current is injected into the organic material. The pure spin
current that arrives at the heavy metal layer is converted into a charge current via the ISHE of
the heavy metal. This measurement architecture has much less restriction on the conductivity
of the organic material than the spin to charge conversion measurement because the ISHE
voltage is measured across the highly conductive heavy metal electrode. Thus, the spin physics

of a wide range of OSCs may be studied by this method.



Chapter 2

Theory

2.1 Electrical spin injection and detection
2.1.1 Vertical spin valves and electrical spin injection conditions

A vertical spin valve is GMR based device which consists of a layer of spin transport material
sandwiched between two ferromagnetic electrodes. The two ferromagnetic electrodes have
different coercive fields such that they can align parallel or antiparallel by applying external
magnetic field. In the case of normal GMR, the resistance of the spin valve device is the lowest
when the magnetisation orientations of the ferromagnetic electrodes are aligned parallel and
vice versa. Spin polarised electrons are injected from one ferromagnetic electrode and detected
via the adjacent ferromagnetic electrode. Depending on the magnetisation orientation of the
electrode, the difference between spin-up and spin-down electron density of states changes as
illustrated in Fig 2.1. Therefore, when the magnetisation alignment of the electrodes is parallel,
spin-down electrons can flow from ferromagnetic electrode 1 to ferromagnetic electrode 2
easily (low resistance) since there are spin-down electron density of states at Fermi level (Fig
2.1a). In contrast, when the magnetisation alignment of the electrodes is antiparallel, it is
difficult for spin-down electrons to flow from ferromagnetic electrode 1 to ferromagnetic
electrode 2 (high resistance) since there is no spin-down electron density of state at Fermi level
(Fig 2.1b). The magnetoresistance response (MR) in spin valve devices is given by (Rap - Rp)/Rp
where R (Rap) is the device resistance for parallel (antiparallel) magnetisation alignment of the

ferromagnetic electrodes.

Observation of GMR effect enabled the modern hard disk read head that lead to significant
advances in memory technology. GMR based read head consists of a spin valve element where
one magnetic electrode is pinned while the other electrode (soft) is free to change its
magnetisation direction (Fig 2.2). The magnetic field that emanate from the magnetic domain

of magnetic storage media switches the magnetisation of the soft ferromagnetic electrode. By
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monitoring the resistance of the GMR element, the magnetic bits stored using magnetic

domains can be sensed accurately.

An organic spin valve uses organic conductor/semiconductor material sandwiched between
two ferromagnetic electrodes. Spin diffusion length (4s) of the organic material can be extracted
by fitting an exponential decay function, e¢“** to the thickness dependence (d) of
magnetoresistance measurement. Spin diffusion length can be correlated to mobility () and

spin lifetime (7) of the carriers using Einstein relationship,

As = JukgTt/e (2.1)

where kg, T and e are the Boltzmann constant, temperature and the elementary charge,
respectively. Organic semiconductors typically have very long spin lifetimes due to their weak
spin-orbit coupling and hyperfine interaction. However, due to their low carrier mobility
compared to inorganic semiconductors, their spin diffusion lengths are limited to around 50
nm. If their carrier mobility can be improved, it is possible to have an organic semiconductor
with both long spin lifetime and spin diffusion length based on Eq. (2.1). The
magnetoresistance of vertical organic spin valves can be modelled by a modified Julliere’s
formula that the decay of spin polarisation of the spin polarised carriers in the organic

semiconductor is considered as given in Eq. (2.2).

2Py Pye~Y/As
MR = —————
1+P; Pye~d/2s

(2.2)

where P; and P> are the spin polarisation of top and bottom ferromagnetic electrodes,

respectively.
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Figure 2.1 Schematic illustration of the giant magnetoresistance effect. A spin valve structure

b

consists of a normal metal layer (yellow) spaced between two ferromagnetic electrodes. Spin polarised
carriers are injected from one ferromagnetic electrode and detected by the adjacent ferromagnetic
electrode. a, When the ferromagnetic electrodes are parallel, the resistance of the stack is low. b, When
the ferromagnetic electrodes are antiparallel, the resistance of the stack is high. The reason for this spin
valve effect is due to the difference in density of states between spin-up and spin-down electrons. The

figure is modified from [63].
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Figure 2.2 Working principle of GMR based read head. The GMR read head (green) is made of a
spin valve device that one ferromagnetic electrode is pinned permanently while the other ferromagnetic
electrode (soft) is free to switch its magnetisation. The magnetisation of the soft magnetic layer is
switched by the magnetic field that originates from the magnetic recording media. The magnetisation
direction of the magnetic domain is used to store data information as binary data either “0-magnetised
towards right” or “1-magnetised towards left”. The resistance of the element can therefore be used to
sense the magnetisation direction of the magnetic domain in the recording media. This figure is

modified from [63].

Conductivity mismatch problem impedes successful spin injection into semiconductor
material using metallic ferromagnet injector. The spin polarisation of current density (a) is
given by Eq. (2.3),

Jr=Ju
a= 23
Jrt+iy (23)

where j; and j; denote current densities for spin-up and spin-down electrons, respectively.

Schmidt et al have approximated theoretically that o is proportional to the ratio of the
semiconductor conductivity (osc) and the ferromagnetic metal conductivity (orm) [64]:

a o =C (2.4)

OFM

It is therefore difficult to maintain spin polarised current in the semiconductor as the
conductivity difference between semiconductor and metal is often orders of magnitude

different.

Fig 2.3a shows the spin polarisation of current as a function of distance from the interface
between a ferromagnet and non-magnet. The spin polarisation of current at the interface, (a)

is given by Eq. (2.5) where the full derivation can be found in ref [65].
13



J1=J )
() = (2, = L (2.5)

Tp+rN+Tp*

where £ and y denote bulk spin asymmetry coefficient of the ferromagnetic material and spin
asymmetry coefficient of the interface resistance, respectively. rr and r~ are product of
resistivity and spin diffusion length for ferromagnet and non-magnet, respectively. 7" is the
interface resistance area product. For curve 1, the interface is between Co/Cu metallic system,
Eq. (2.5) can be simplified to (a)1 = f/(1+ rn/ ). Assuming the resistivity of Co and Cu to be
7.5 x 10 Qm and 6 x 10 Qm [66], respectively and the spin diffusion lengths of Co and Cu
to be 59 nm [67] and 1 pm [68], respectively, 7r= 4.5 x 10> Qm? and r~ = 6 x 10> Qm?. Due
to similar values of 7r and rn, the spin polarisation of current entering copper is only slightly

reduced ((a)1 = 0.2 assuming $=0.46 [66]).

For curve 2, the interface is between Co/semiconductor heterostructure without a tunnelling
barrier. Consider the semiconductor is GaAs with v ~ 4 x 10” Qm?, the value of rv is larger
than ¢ by six orders of magnitude. The large value of rn is primarily caused by the much larger
resistivity of GaAs compared to metals. This results in a diminishing value of (a)1 at Co/GaAs
interface as illustrated in Fig 2.3a. This reflects the conductivity mismatch problem discussed

earlier.

From Eq. (2.5), it is possible to achieve high valve of (a)1 even though »~>> rr when a
tunnelling barrier is inserted between the ferromagnet and non-magnet that provides
sufficiently large interface resistance (7 > n). For curve 3, a tunnelling barrier is inserted
between Co/GaAs where 7, = v, the spin polarisation of current at the interface is increased
significantly to 0.25. By tuning the interface resistance of tunnelling barrier (7o >> ), ()
approaches y. Thin layer of Aluminium oxide (AlOx) is commonly used as high-quality
tunnelling barrier with interface resistance ranging from 107'°- 10 Qm?. The value of y can

reach 0.5 for tunnelling from Co based alloys [69].

Fig 2.3b inset shows a F/N/F spin valve structure in lateral geometry where a semiconductor
(GaAs) is sandwiched between two ferromagnetic metal electrodes with tunnelling barrier
contacts. Following the approach described by Valet and Fert [70], expressions that describes
the magnetoresistance of the spin valve can be obtained [Eqgs. (2.6) and (2.7)].
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sf N lst

l

where AR is the resistance change between antiparallel and parallel magnetisations alignment
of the ferromagnetic metal electrodes. fn and /s denote the GaAs thickness ie gap between

two ferromagnetic electrodes and spin diffusion length of GaAs.

t
R® =2(1- %) + er—NN +2(1—y2)n,
sf

* % t
(B=1)Pry 47 (B2 re+y?ry )tanh(zl NN>
sf

+2

2.7)

t
(rg+rp*)+ry tanh NN
lef

where R® is the resistance of the spin valve when the magnetisations of the ferromagnetic
electrodes align parallel. We now consider the magnetoresistance of a spin valve structure that
a tunnelling barrier is inserted between the metallic ferromagnetic electrode and GaAs in which
Fig 2.3b shows a simulated magnetoresistance as a function of interface resistance and
thickness of GaAs. From Eq. (2.6), sizable magnetoresistance will be observed when the value
of m lies between r(t/Is) and m(lsfV/tn). For o/l = 0.01((w = 20 nm), the
magnetoresistance is maximised in a relatively wide range centred around 6.4 x 10 Qm? (two
orders of magnitude spread) as illustrated in Fig 2.3b. The maximum magnetoresistance span
reduces to around one order of magnitude for n/Isf¥ = 0.1(tx = 200 nm). Furthermore, the
magnetoresistance is maximised in a very narrow range for t/lsf* = 1(tx = 2 pm). The value of
maximum magnetoresistance reduces with increasing thickness of GaAs due to spin relaxation
in GaAs. Thus, it is important to consider both the thickness of semiconductor and interface

resistance to maximise the magnetoresistance.

To understand the variation of magnetoresistance as a function of interface resistance,
interface resistance can be classified into three regions, (1) 7~ much smaller than r(t/Isf), (2)
m between rn(tn/lsY) and rn(lsH/tn) and (3) 7o much larger than m(Isf/tN). In region 1, 1" is
too small to overcome the conductivity mismatch problem. Hence, the magnetoresistance
achieved in this region is low. In region 2, 7" is sufficiently large to overcome the conductivity
mismatch problem while 7" is not too large to cause an overall increase in device resistance.
Therefore, magnetoresistance is maximised in this region. When the value of 7, increases
beyond this region (region 3), the AR saturates at 4y*rn(ls*/tx) [Eq. (2.6)], however, R®

. . . * . . . .
continues to increase with 7, . Consequently, magnetoresistance drops off in this region.
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Figure 2.3 Efficient spin injection conditions for metallic ferromagnet and semiconductor
interface. a, Spin polarisation of current, J+-J/J as a function of distance, z from the
ferromagnet/semiconductor (F/N) interface. Curve 1 is for Co/Cu metallic system without interface
resistance. Curve 2 is for metallic ferromagnet and semiconductor system without interface resistance.
Curve 3 is for metallic ferromagnet and semiconductor system with interface resistance (tunnel barrier).
b, Magnetoresistance versus interface resistance, 1, for a spin valve structure as shown in the inset
where F is Co (¢ = 4.5 x 105 Qm?) and N is semiconductor (ry = 4 x 10° Qm?). The thickness of the
semiconductor is varied from 20 nm to 2 pm assuming a spin diffusion length (/) of 2 um. This figure

is modified from [65].

As discussed earlier, high quality tunnelling barrier can be used to solve the conductivity
mismatch problem effectively. In addition, the use of a Schottky barrier could also provide the
interface resistance required to overcome the conductivity mismatch problem [48] [71]. The
pioneering observation of magnetoresistance in organic spin valve did not use a tunnelling
barrier. This is surprising as the conductivity of organic semiconductors is typically far lower
than inorganic semiconductors which makes the conductivity mismatch problem more severe
for organic semiconductors. However, the charge injection in organic semiconductors is often
mediated by variable range hopping which tunnelling transport is involved [72]. Therefore, a
natural tunnelling barrier is formed between the metallic ferromagnet and organic
semiconductor interface that overcomes the inherent conductivity mismatch problem. Thus,
unlike inorganic semiconductors, it is possible to spin inject into organic semiconductors
without the need of an artificial tunnelling barrier. This theory has been confirmed by
experimental study of nano-sized organic spin valves. The observation of large tunnelling
magnetoresistance (over 200 %) in precision fabricated nano-sized organic spin valve with
ultra-thin organic spacer (2 nm Alqs) verified that organic semiconductors can act as effective
tunnelling barriers (Fig 2.4b) [73]. This theory supports experimental observation of

magnetoresistance in organic spin valves without tunnelling barrier incorporated between
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metallic ferromagnet and organic semiconductor [32], [74], [75]. Organic materials are
vulnerable to the formation of pin holes and defects when subjected to metal evaporations due
to their relatively soft physical property. This means the evaporation conditions and junction
dimension need to be carefully optimised. Furthermore, they cannot withstand standard
lithography patterning since they can be damaged by the solvent during lift-off or uv/e-beam
exposure during patterning. Therefore, it is very challenging to microfabricate organic spin
valve devices. The nano-sized organic spin valve employed a novel fabrication route to
overcome the difficultly associated with microfabrication of organic spin valves. The
fabrication starts with LSMO/Alqs bilayer covered with insulating resist. The nano-sized
junction is then indented by conductive-tip AFM which can precisely define the dimensions of
the tunnel junction. The nanohole created by this process is then filled with Co which completes

the LSMO/Alq3/Co nanosized organic spin valve.

LSMO/Alqg; ~ 2 nm/Co
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Figure 2.4 Nano-sized organic spin valve. a, Schematic demonstration of the nano-sized organic spin

valve. Ultra-thin layer of organic semiconductor, Alqs is sandwiched between LSMO and Co electrodes.
The fabrication method is given in the text. b, Magnetoresistance of LSMO/Alqs; (~2 nm)/Co nano-
sized spin valve device recorded at 2 K and -5 mV. Co electrode has higher coercive field compared to
LSMO electrode. The inset shows the /-V characteristics of the device when the magnetisations of the

ferromagnetic electrodes align parallel (/pa) and antiparallel (/ap) at 2 K. This figure is modified from
[73].
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2.1.2 Non-local spin valves

Following the successful experimental observation of non-local spin signal in all metallic
lateral spin valve in 2001, non-local spin valve has emerged as a standard technique to probe
spin injection and transport in a variety of materials including, metals, inorganic
semiconductors and graphene [48], [49], [50], [51], [52], [53], [76]. Apart from being the
protocol for studying spin dynamics in various materials, this device architecture is also
important for potential high performance magnetic integrated circuit applications such as spin
field effect transistor [77], [78]. Unlike conventional charge current based spintronics devices,
the non-local spin valve device operation is based on charge current free, pure spin current.
Pure spin current which is a flow of spin angular momentum can be generated electrically by
injecting a charge current across a ferromagnet (NiFe) and non-magnet (Ag) and drawing this
current to the left as shown in Fig 2.5a. This leads to isotropic diffusion of pure spin current
where there is only pure spin current in the right-hand side direction from the ferromagnet (Fig

2.5a).

Fig 2.5b shows a typical non-local spin valve device structure and measurement
configuration for n-GaAs. A current is applied between ferromagnetic electrodes 1 and 3
(injection electrode) while non-local voltage is detected between ferromagnetic electrodes 4
(detection electrode) and 5. It is important to note that only electrode 3 and 4 need to be
ferromagnetic since it is the spin current between these two electrodes that generates the non-
local spin signal. Fig 2.6a illustrates the electrochemical potential distribution for spin-up and
spin down electrons in the non-magnetic materials under spin injection from the ferromagnetic
electrode. When the distance between the two inner ferromagnetic electrodes are within the
spin diffusion length of the non-magnetic material, the spin injection from the injection
electrode causes non-equilibrium electrochemical potential difference between spin-up and
spin-down electrons (spin accumulation). Depending on the relative magnetisation orientation
of the two ferromagnetic electrodes, the detector electrode probes the different electrochemical
potential profiles as shown in Fig 2.6b. The different electrochemical potentials between
parallel and antiparallel magnetisations alignment of ferromagnetic electrodes give rise to the
non-local spin signal as shown in Fig 2.5¢c. The coercive field difference between the two

ferromagnetic electrodes is commonly achieved by tuning the width of the ferromagnet.
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Figure 2.5 Non-local spin injection and detection. a, Schematic demonstration of electrical spin
injection where electrical current is injected from the ferromagnet and directed to the left. Only pure
spin current diffuses to the right. b, Schematic illustration of a non-local spin valve device for n-GaAs.
A current, / is applied between electrodes 1 and 3 and non-local voltage, V' is detected between
electrodes 4 and 5. The black arrows indicate the magnetisation orientation of the electrodes 3 and 4. ¢,
Detected non-local spin valve signal at 50 K (/3= 1 mA) where the external magnetic field is applied

parallel to the ferromagnetic electrodes. This figure is modified from [79] and [48].
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Figure 2.6 Spin accumulation in non-local spin valves. a, Electrochemical potential distribution in
non-magnetic material under spin injection from ferromagnetic electrode. The up arrow indicates spin
up electron whereas down arrow indicates spin down electrons. X and d denote the distance from
ferromagnet and non-magnetic material interface and a distance from the ferromagnet/non-magnet
interface that significant spin accumulation is present (much less than the spin diffusion length of the
non-magnetic material), respectively. b, The electrochemical potential in the ferromagnet detector.
Parallel and antiparallel indicate the parallel and antiparallel magnetisation alignment orientation,
respectively. AV represents the non-local voltage difference between parallel and antiparallel

magnetisation configurations. This figure is modified from [80].

2.1.3 Hanle effect

The important litmus test for electrical spin injection in inorganic materials is the measurement
of Hanle effect in perpendicular magnetic field. Hanle effect is based on magnetic field, B
induced spin precession with Larmor frequency, oL where the magnetic field is perpendicular
to the spin as illustrated in Fig 2.7a. Due to the spin precession, the spin accumulation is
suppressed by the perpendicular magnetic field.

w, = %22 (2.8)

where g, uB, h denote g-factor, Bohr magneton and Planck’s constant divided by 2n. Non-
local spin valves provide the ideal platform to study this effect where magnetic field is applied
perpendicular to the ferromagnetic electrodes while performing the standard non-local spin
valve measurement as shown in Fig 2.7b. Fig 2.7c shows the results of a standard Hanle type
measurement using a non-local spin valve based on single layer graphene. The non-local

resistance, RnL is the resistance across the non-local arms of the device. Rnr as a function of
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perpendicular applied field can be fitted using Eq. (2.9) which depends on spin precession, spin
diffusion and spin relaxation [49], [81]. Rnw for ferromagnetic aligned in parallel (antiparallel)
orientation decays (increases) with the applied perpendicular magnetic field due to spin
precession induced by the perpendicular magnetic field (Larmor precession).

_L2 -t

et cos(wt)es dt (2.9

Ry & f \/—

where + (-) sign denotes parallel (antiparallel) magnetisations alignment of the ferromagnetic
electrodes. D, L, s and ¢ denote diffusion constant, distance between the ferromagnetic
electrodes, spin lifetime and diffusion time, respectively. The fitted parameters for D and 7,
allow independent estimation of spin diffusion length based on Einstein relation, Ay = \/D_‘L's
without the need for a gap dependence study of the spin signal. The spin lifetime extracted
using the Hanle measurement should be considered as a lower bound of spin lifetime due to
contact induced spin relaxation [82]. Spin accumulation, Au can be calculated using Eq. (2.10)

by applying a known spin polarisation at interface value, P [83].

AV = PAu/2 (2.10)

where AV indicates the non-local voltage probed in non-local spin valve device as the applied

perpendicular magnetic field is changed.
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Figure 2.7 Hanle effect concept and experiments. a, Schematic illustration of Hanle effect where the
net spin accumulation, Au is suppressed as a result of spin precession in magnetic field, B applied
perpendicular to the electron spins. b, Hanle Measurement using a non-local spin valve with magnetic
field applied perpendicular to the ferromagnetic electrodes. The spin transport material is single layer

graphene. ¢, Non-local resistance as a function of perpendicular applied magnetic field. The arrows
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indicate the relative magnetisation orientation of the ferromagnetic electrodes. This figure is modified

from [83] and [81].
2.2 Dynamical spin injection by spin pumping

2.2.1 Ferromagnetic resonance (FMR)

When an external magnetic is applied to a ferromagnetic material, the magnetisation (M)
precesses around the effective magnetic field (Herr) in the material. This precession motion is
suppressed as magnetisation aligns with H.s. Ferromagnetic resonance occurs when a
microwave is applied with frequency coinciding with the precession frequency. The
magnetisation precession motion can be modelled by the Landau-Lifshitz-Gilbert equation [84],
[85].

aMm(t)

aM(t)
= —VM t) XH +_a M(t) X
dt ( ) eff M ( )

dt

2.11)

where M(?), y, a and M; denote time-dependent magnetisation, gyromagnetic ratio, Gilbert
damping constant and saturation magnetisation, respectively. The first term represents the
precession motion whereas the second term accounts for damping. Hesr for soft ferromagnetic
material such as Permalloy is a combination of external magnetic field H and static
demagnetising field Hwm since the magnetocrystalline anisotropy is negligible (Hest =H +Hm)

[85].

The external magnetic field angle, Oy can be related to the magnetisation angle, Ov [Eq. (2.12)]
by considering the static equilibrium condition, M x Hefr= 0. Fig 2.9 provides a schematic

definition of fy and 6w [85].

2H sin(8y — Oy) + 4M, sin 26y = 0 (2.12)

The external ac field, h(¢) creates a dynamic demagnetisation field Hw(f) and dynamic
magnetisation, m(¢) such that the effective magnetic field is given by Heff(#) = H + Hm + Hi(?)
+ h(?) and the magnetisation is given by M(¢#) = M + m(¢). By neglecting h(¢) and assuming
m(f) = (mxe'®', mye'®, 0) around M as a solution to Eq. (2.11), the ferromagnetic resonance

condition is given as [85],

(w/y)? = [Hpmg cos(8y — Oy) — 4mM cos 20y ][ Hpmr cos(8y — Oy) — 4mM; cos Oy 2]
(2.13)
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where @ and Hrmr are the angular frequency of magnetisation precession and ferromagnetic
resonance external applied field, respectively. Note, @ = 2nf, where f is the microwave
frequency. 4ntM; and w/y can be obtained by substituting Hrmr values at = 0° and 90° into
Eq. (2.13). The 6u dependence of Aw is obtained by substituting 4nMs and experimental Hrvr
values into Eq. (2.12). Kittel’s formula relates the Hrpmr with microwave frequency as shown
in Eq. (2.14) [86].

(w/v)? = Hpmr (Hpmr + 4Ms) (2.14)

Js,back—f[ow

Js,pump
Figure 2.8 Spin pumping induced by FMR. Schematic illustration of pure spin current injection from
ferromagnet (purple) to non-magnetic metal (orange) by FMR. H, M and 0 denote external magnetic
field, dynamic magnetisation and precession angle. js pump and js pack-iow denote the “pumped” spin current
and spin current back flow that depends on the thickness of non-magnetic metal. This figure is modified
from [11].
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Figure 2.9 Schematic illustration of magnetic field and magnetisation angle definition. H, M and
m(?) denote external magnetic field, static magnetisation and dynamic magnetisation, respectively. Gu

is the external magnetic angle and 6y is the magnetisation angle. This figure is taken from [85].
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2.2.2 Spin pumping induced by FMR

When a non-magnetic metal or semiconductor (NM) is in contact with a ferromagnetic material
(FM) under ferromagnetic resonance, a flow of pure spin current is pumped into the non-
magnetic material via exchange interaction at the interface. The dissipation of spin angular
momentum from the ferromagnet to the non-magnetic material causes damping of the
ferromagnetic resonance. This damping process creates a linewidth broadening of the
ferromagnetic resonance line shape which is directly related to the Gilbert damping term in

Eq. (2.11). FMR linewidth broadening is commonly used to measure the efficiency of spin
injection across FM/NM interfaces. Tserkovnyak et al [87], [84] have derived the spin current,

IP""P injected into a normal metal to be

PP = 2 (A x S — 4,5 (2.15)
where h and m represent the Planck’s constant and the magnetisation direction, respectively.
Ar and A; are interface parameters that depends on both the reflection and transmission
coefficient of spin-up and spin-down electrons. The details are provided in ref [88]. Theoretical
ab initio calculations show A: can be approximated to be the real part of spin mixing
conductance. This can be approximated by the number of conducting channels in the diffusive

regime [11].

kp? 1 2
A ~ Re[g"] = ﬁ ~ —(3n?n)3 (2.16)
where kr and n denote the Fermi wave vector and electron density in the normal metal,
respectively. Eq. (2.15) can therefore be further simplified to Eq. (2.17) when the ferromagnetic
layer is thicker than the ferromagnetic coherence length.

h dm
I = — g mx —= (2.17)

where g, indicates the real part of spin mixing conductance. The dc component of spin

current density, js can be expressed as [85]

. 21/ w h d
Js = ﬁfo " ngl 4mM,2 [m X d_r:]z dt (2.18)

where z indicates the direction of magnetisation precession axis. When the normal metal acts

as a perfect spin sink, the spin current injected across the F/NM is governed purely by the spin
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mixing conductance. However, if the thickness of NM is on the order of its spin diffusion length,
a spin accumulation, us = gy — y, is created in the NM due to the injected spin current. This
spin accumulation results in a back-flow of spin current as illustrated in Fig 2.8. The spin

accumulation in the NM is given by Eq. (2.19) along with boundary conditions (a) and (b) [11].

d S S
d—”t = Dd, us — "—f (2.19)
2
(a) y =0: ayﬂs = _4ehpjs,0

(b) y = tam: Oyus =0

where p, 75 and fnm denote resistance, spin flip time and thickness of NM, respectively. y
refers to the direction of spin current (perpendicular to the film plane) as illustrated in Fig 2.8.
The spin accumulation induced spin current back-flow results in an effective reduction in the

spin current injection across the interface by a back-flow factor, f [11].

_ TsfOsdq/h
p= tanh(tnm/Asd) (2.20)

where Agq and §¢q represent spin diffusion length of NM and effective spin-flip scattering

energy, respectively.

The effective spin mixing conductance, geg * takes into account of this back-flow factor and

this represents the actual spin injection efficiency across FM/NM interface [11].

1
1""89rTl

Jest" = g 2.21)

The spin current decays from the FM/NM interface in the NM due to spin diffusion and spin-
flip scattering. The spin current density at a distance away from the FM/NM interface, js can

be derived to be

Sinh[tNM__y]

. Asd
Js = J50 Sinh(enm/Asa) (222)

where js 0 and y denote the spin current density at the FM/NM interface and distance from the

FM/NM interface (perpendicular to the film plane), respectively [85].
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2.2.3 Spin Hall effect (SHE) and Inverse spin Hall effect (ISHE)

The observation of spin hall effect (SHE) enables the generation of pure spin current using
charge current without external magnetic field in non-magnetic materials as shown in Fig 2.10a.
SHE relies on the spin-orbit coupling (SOC) of the material to convert charge current to spin
current where SOC generally scales with atomic number, Z (SOC « Z*) [89]. SHE was first
observed experimentally in GaAs and InGaAs by Kato et al using magnetic optical Kerr effect
(MOKE) [90]. The experimental verification of SHE triggered intense research on both
fundamental study of SHE and application of SHE in novel spintronics devices. SHE can be
classified into two regimes, intrinsic and extrinsic. The intrinsic SHE depends solely on the
spin-orbit coupling effect without any impurity scattering process whereas extrinsic SHE
depends on scattering processes at the impurity sites under spin orbit coupling effect. The in-
depth mechanisms responsible for both intrinsic and extrinsic SHE are beyond the scope of this

thesis but can be found in [11], [91].

In contrast, the inverse spin hall effect (ISHE) is reciprocal of the SHE where spin current is
converted into a charge current via spin-orbit interaction as illustrated in Fig 2.10b. SHE
together with ISHE have enabled the generation and detection of pure spin current using non-
magnetic materials which allows novel non-magnetic materials to be considered for active
elements in high performance spintronics devices. The charge current generated by ISHE, J.

can be EXpPress as

Je = OsueC)Js X © (2.23)

where Osyg 1s spin Hall angle which represents the material specific conversion efficiency
between spin current and charge current. Js and ¢ denote spin current and spin polarisation
vector, respectively. The spatial relationship between J., Js and o is illustrated in Fig 2.10b.
Table 2.1 provides the spin diffusion lengths and spin Hall angles for some commonly used

materials for spintronics research.
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Figure 2.10 Schematic illustrations of spin Hall effect and inverse spin Hall effect. a, Spin Hall

effect-conversion of charge current to spin current. b, Inverse spin Hall effect-conversion of spin current
to charge current. J, Js, 6 and Eisue denote a charge current, a flow of pure spin current, spin
polarisation vector of the spin current and the electric field generated by ISHE. This figure is modified

from [85].

Table 2.1 Spin diffusion length and spin hall angles of commonly used materials in spintronics.

Material Spin diffusion length (nm) Spin Hall angle (%)

Al 705430 0.03240.006 at 4.2 K [92] [93]
Ag 700 0.740.1 at 300 K [94]

Au 35 1.140.3 at 300 K [95]

Cu 500 0.3240.03 at 300 K [94]

Pt 7.3 10+1 at 300 K [94]

Ta 1.9 -7.140.6 at 300 K [94]

2.2.4 Probing spin transport using FMR and ISHE

Saitoh et al reported successful spin current detection using ISHE in Py/Pt bilayer system in
2006 where Py is driven into FMR and the pure spin current injected into Pt is converted into
a measurable charge current by ISHE [56]. The combination of FMR and ISHE has opened up
anew avenue to study spin transport and spin to charge conversion in a wide variety of material
systems. One of the most important advantages for using FMR as a spin injection method is
that there is no net charge current flow associated with spin current injection. Thus, the spin
current injected across FM/NM interface is not limited by the conductance mismatch problem
[60]. As a result, the combination of FMR and ISHE has become a popular approach to study
the spin transport in a range of semiconducting materials that would otherwise be challenging

to study using conventional electrical spin injection techniques.
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Consider a metallic bilayer sample with a ferromagnet film in contact with a non-magnetic
film with strong spin-orbit coupling. When the ferromagnet is excited into FMR, pure spin
current is injected into the non-magnetic material and the ISHE generated current can be
measured as a DC voltage along x axis as defined by ISHE symmetry (Fig 2.8). The FMR
linewidth of ferromagnet can be used to estimate the effective spin mixing conductance across

the FM/NM interface

11 _ 2V3Msydp _
Gett ' = g W —Wr) (2.24)

where dr, Wr and Wg denote thickness of ferromagnet, FMR linewidth of the FM/NM
N

bilayer and FMR linewidth of ferromagnet, respectively [85]. Using Eq. (2.18) and expressions
for dynamic component of magnetisation, an expression for the spin current density at the

FM/NM interface, j© /N can be derived to be

. F/N _ Zett v h*h[4nMsy +/(4TMs) 2y 2 +4w?] (2.25)

Js 8Ta?[(4TMg)2y2 +4w?]

The spin current is converted into a charge current via ISHE, the average charge current
density, (j.) can be obtained by considering Eq. (2.22) [56], [85].
. 1, cdn 2e\ A dan \ :
b = GO Iy ™ je)dy = Osup (D) 32 tanh (S " (2.26)
where dn is the thickness of the non-magnetic material. When the ferromagnet is also

conductive, the ISHE generated charge current flows through the combined resistance circuit

of ferromagnet and non-magnet layers in parallel. The ISHE voltage generated, VisuE is given

by

d
WBSHE)\N tanh(%)

2e. .
Visug = dnon+dror (f)]sF/N (2.27)

where w and dr denote width and thickness of the ferromagnetic material, respectively. The
width of the ferromagnet is defined as the width of the ferromagnet parallel to the Visue. on and

or indicate the conductivity of non-magnet and ferromagnet, respectively [85].

Shikoh et al have taken a step forward to study the spin transport in Silicon in a lateral
direction using a combination of FMR and ISHE as shown in Fig 2.11 [96]. In this experiment,

Py injects pure spin current in p-Si when it is excited into FMR (spin pumping). The injected
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spin current diffuses in p-Si and undergoes spin-flip scattering within the semiconductor (spin
transport). The spin current that arrives at the Pd wire positioned within spin diffusion length
of p-Si next to Py box is converted into a detectable charge current via ISHE (Fig 2.11a). Fig
2.11b shows an optical image of the gap spacing between Py box and Pd wire, this submicron
gap spacing is achieved by two steps e-beam lithography. Fig 2.11¢ shows a typical FMR signal
along with the detected ISHE signal at the Pd wire. In the presence of other voltage
contributions such as anomalous Hall effect in Py in addition to the ISHE generated voltage,
the ISHE contribution in the Pd wire can be extracted by fitting the field dependence of the
electromotive force with both a symmetric Visug and asymmetric Vasym Lorentzian functions as

below

re n —2I' o (H—HFMR)
Uo?(H—HpmRr)?+I? asym ;,,2(H—HpmR)2+I2

V(H) = Visug (2.28)

where I is the full width at half maximum FMR linewidth and goHrwmr is the Py FMR field.
A microwave irradiation induced constant offset voltage was substracted from the measured

voltage [56].

29



Microwave

Magnetization

/ / { Spin pumping 'g
| =
NigoFexo V F
Pd Kk i
T
s 1
Inverse spin-Hall Effect ; T T
15[ 4
o =0
pud
b 1.0 e
> &
Sl &
0.5 J 4

H - Heype (MT)

Figure 2.11 Lateral spin pumping and ISHE detection in p-Si. a, Schematic illustration of spin
pumping in p-Si and ISHE detection in a lateral geometry. Spin pumping generates pure spin current in
p-Si and this spin current diffuses in the semiconductor. Spin current arrives at Pd wire is converted into
a charge current via ISHE. b, Optical micrograph of active region of the device. ¢, Field H dependence
of FMR signals dI(H)/dH measured for bare Py/SiO, (black line) and for Py/p-Si/Pd (red line) (top
figure). / is the microwave absorption intensity and # is the FMR linewidth (defined in the inset). Field
H dependence of voltage across the Pd wire ¥ (bottom figure). The magnetic field is applied parallel to
the Py film (65=0). This figure is modified from [96].

Ohshima et al have demonstrated ISHE signal sign reversal when replacing Pt with Ta (Ta
has opposite spin Hall angle to Pt) for LAO/STO 2DEG system which provides conclusive
evidence for spin transport in the 2DEG material (Fig 2.12a-b) [97]. The lateral spin pumping
technique can be used to study the spin diffusion length of the spin transport material by two
methods. The first method makes use of established spin diffusion model and fundamental spin
pumping theory to estimate the spin diffusion length of the spin transport medium (fixed spin
injector and detector spacing), the details are provided in [96] [97] [98] [99]. The drawbacks
of this approach include uncertainty of spin-mixing conductance at the interface between
FM/NM and spin Hall angle of the detector electrode as well as rough assumption about the
portion of the injected spin current density that arrives at the detector electrode. Hence, it is
difficult to extract an accurate spin diffusion length based on this method. The second method
fits an exponential decay function to the ISHE generated current, /horm as a function of gap

spacing between Py and Pt, Lpy.pc as illustrated in Fig 2.12c. Spin diffusion length, A5 can be
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extracted from the fitting

Inorm (LPy—Pt) = ae try-pi/As (2.29)

where a is a constant. Even though this approach requires fabrication of multiple devices, it
provides a straightforward method for evaluation of spin diffusion length of different materials.
Table 2.2 compares the spin diffusion lengths of various materials extracted using lateral spin
pumping and non-local spin valve experiments. The spin diffusion lengths obtained by the two
methods are generally comparable to each other.
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Figure 2.12 Lateral spin pumping control experiment and spin diffusion length extraction. a, Field
dependence of FMR signal and voltage probed across Pt for Py/(LAO/STO)/Pt device. b, Field
dependence of FMR signal and voltage probed across Ta for Py/(LAO/STO)/Ta. The magnetic field is
applied parallel to Py film for both Pt and Ta devices (u=0). ¢, Gap spacing between Py and Pt L
dependence of ISHE induced current lhorm = Visue/R The black dashed line is an exponential fit. This
figure is modified from [97].

Table 2.2 Comparison between the spin diffusion lengths of various materials estimated by lateral spin

pumping and conventional four terminal non-local spin valve techniques.

Material Spin diffusion length from Spin diffusion length non-local
lateral spin pumping (nm) spin valve (nm)

n-Ge 6601200 at 300 K [98] 580 at4 K [51]

LAO/STO 2DEG 3374181 at 300 K [97]

p-Si 148 at 300 K [96]

n-GaAs 1090 at 300 K [100] 1600 at 205 K [52]

Cu 270 at 300 K [101] 350 at 300 K [68]

Graphene SLG 1360 at 300 K [99] 1100 at 300 K [50]
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2.3 Spin relaxation mechanisms

When an electron charge is injected into a system, it will remain in the system irrespective of
time. In contrast, when a spin is injected into a non-magnetic material, it will eventually lose
its spin information due to a number of relaxation mechanisms, i.e., spin dephasing is time
dependent. There are two characteristic time scales associated with the spin decoherence
processes, 71 and 7> are spin relaxation time and spin dephasing time, respectively. 71 and 7>
can be defined by relating electronic spin magnetisation, M, in an externally applied magnetic
field, B(z) = BoZ + Bi(f), where By is a static component of B(t) along the z-axis and Bi(?) is a

transverse oscillating magnetic field perpendicular to z-axis, as follows [102], [103],

2 = y(M X B), — 2% + DVM, (2.30)
2
oM. M
S =Y(MXB), — 2+ DV2M, 2.31)
a4 0
"’gz = y(M x B), — === + DV?M, (2.32)
1

where v is the electron gyromagnetic ratio, y = ugg/h, D is the diffusion constant (scalar for
isotropic system and tensor for anisotropic system) and M,°= yBy is the thermal equilibrium
magnetisation, where y denotes the static magnetic susceptibility. 71 is only involved in the
time evolution of M, [Eq. (2.32)] and therefore represents the time for longitudinal
magnetisation to reach equilibrium. This process requires energy dissipation from the spin
system to the lattice via phonons. In contrast, 77 is involved in the time evolution of Mx and My
[Egs. (2.30) and (2.31)] which determines the time for an ensemble transverse spins precessing
in phase to lose their phase coherence due to spatial and temporal fluctuations of the precession
frequencies. In addition, for localised electrons such as donor states in semiconductors, a spatial
inhomogeneity in the field causes a reversible phase loss that is known to affect 72 [104]. A
spin-echo experiment can be used to eliminate reversible phase losses and, in this experiment,
T>" defines the ensemble spin dephasing time and 7> is reserved for ensemble spin dephasing
time due to irreversible processes only where 7> < T» (T>" = T> for conduction electrons) [105].
In isotropic and cubic materials, 71 = T3 if yBo < 1/1c, where 1¢ is the correlation or interaction
time. 1/t¢ 1s the rate of change of effective magnetic field that causes spin dephasing. There is
an on-going debate about the dominant spin relaxation mechanism in organic materials. The
following subsections will provide an overview of different spin relaxation mechanisms in non-
magnetic materials, starting from established Elliot-Yafet, Dyakonov-Perel and hyperfine

interaction, and finish with exchange mediated spin transport proposed by Z. Yu for organic
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materials.

2.3.1 Elliot-Yafet spin relaxation mechanism

The Elliot-Yafet (EY) spin relaxation is based on ordinary momentum scattering at phonons
and impurities where spin-orbit coupling in the electron wave function is induced by the
presence of ion impurities and/or other inversion symmetry breaking sources as illustrated in
Fig 2.13a. The presence of spin-orbit coupling generates a potential Vso in addition to the

periodic lattice potential Vsc [104],

where m, p and 6 denote free-electron mass, linear momentum operator (p = —iAV) and
Pauli spin matrices. Under the influence of spin-orbit interaction, single electron Bloch wave
functions in a solid are not the eigenstates of G, but a combination of Pauli spin up (|T)) and
down (|{)) states. For a solid that possesses a centre of symmetry such as elementary metals
which Elliot-Yafet spin relaxation is considered, the spin-up and spin-down electrons Bloch

states can be express as,

Wit (1) = [@in (D11 + by () [1)] ™ (2.34)

Yo (1) = [@_n (D) = b* e (1) [T)] e (2.35)
where k, r and » denote lattice momentum, radius vector and band index, respectively. a and
b are lattice periodic coefficients, in most cases, |a| is near unity and |b| is close to zero. Using
perturbation theory, Vso is turned on which couples the electron states of opposite Pauli spins

with the same k and different », this gives

|b| & Aso/AE < 1 (2.36)

where AE is the energy difference between the bands and Agq is the spin-orbit coupling
strength. |b| is close to zero since the spin-orbit coupling strength is normally much smaller
than the energy difference between bands. Hence, for EY spin relaxation, spin-orbit coupling
on its own cannot lead to spin relaxation. Spin relaxation occurs when spin-orbit coupling
combines with momentum scattering that couples spin-up and spin-down states. Therefore, the
spin relaxation time, zs is proportional to the momentum scattering time, 7, for EY spin
relaxation [106]. As a result, 7s usually becomes longer at low temperatures due to less frequent

momentum scattering at low temperatures (phonon scattering reduces at low temperatures)
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[106], [107]. Assuming Boltzmann transport, charge carrier mobility, 4 can be related to 7
through u = ez,/m" (m” is the effective mass of the charge carrier). From Einstein relation, zs is
directly proportional to the diffusion constant of charge carriers, D. EY spin relaxation
mechanism has been observed experimentally in a number of metals and inorganic

semiconductors such as Silicon [104], [108], [109], [110].

a Elliott-Yafet b

Dyakonov-Perel

o &

Figure 2.13 Schematic demonstration of Elliot-Yafet and Dyakonov-Perel spin relaxation
mechanisms. a, Elliot-Yafet spin relaxation where electron spin (blue particle with arrow indicating
spin direction) scatters by an impurity (red particle) causes spin flip. Top panel: Spin preserved (electron
spin direction remained the same) after scattering off an impurity site. Bottom panel: Spin relaxed
(electron spin direction flipped) after scattering off an impurity site. b, Dyakonov-Perel spin relaxation
where spin precession angle changes due to change in effective magnetic field due to momentum

scattering. This figure is modified from [82].

2.3.2 Dyakonov-Perel spin relaxation mechanism

Dyakonov-Perel (DP) spin relaxation occurs in systems lacking inversion symmetry such as
GaAs where the inversion symmetry is broken by the presence of two different atoms in the
lattice and other semiconductor heterostructures (two-dimensional electron gas). It is based on
the electron spin precession travelling through fluctuating spin-orbit fields induced by spin-
orbit coupling where its precession angle changes after each momentum scattering event (spin
precession occurs between scattering events) as illustrated in Fig 2.13b [82]. The spin-orbit
field can either be Dresselhaus [111] or Rashba [112] type where in both cases the linear
momentum state of an electron controls the effective magnetic field direction due to electron
spin and linear momentum locking [113]. Based on the concept of motional narrowing, the
spin-orbit fields, in effect, act as randomly fluctuating fields for moving spins. This essentially
translates into increasing the electron scattering events, reduces its spin relaxation [104]. The

correlation time for the fluctuation is given by the momentum scattering time, this gives the
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spin relaxation rate 1/zs = Asozrp where Agg is magnitude of spin-orbit field [expressed in Hz,
Larmor frequency of the spin orbit field (in Tesla)] [82]. The inverse proportional relationship
between spin relaxation time and momentum scattering time results in different temperature
dependence of zs compared to EY spin relaxation. DP spin relaxation has been experimentally
observed in several III-V semiconductors such as GaAs and GaN, and n-doped GaAs/AlGaAs
two-dimensional electron gas [114], [115], [116].

2.3.3 Hyperfine interaction

Hyperfine interaction (HFI) is based on the interaction between magnetic moment of electron
spins and magnetic moment of nuclei which is important for spin relaxation of localised carriers
such as, hopping mediated charge transport between localised states in organic semiconductors
and carriers confined in quantum dots [104], [117]. The effective Hamiltonian for Hyperfine

interaction is given by the Fermi contact potential energy. For an electron, r with spin, S [118],

8
H = =22 gopp X yn, S - 1;6(r — R;) (237)

where 1, go and ug denote the vacuum permeability, free electron g-factor (2.0023) and
Bohr magneton, respectively. I;, R;, y,; denote nuclear spin, the position and nuclear
gyromagnetic ratio, respectively where 1 is the label for nuclei. This results in the spin of

electron with wavefunction Y (r) experiencing an effective magnetic field [104],

2
B, = 22 % vy il (R)) (2.38)

where g is the effective g factor of the electron. The random spatial variation in B, leads to
inhomogeneous dephasing of spin ensemble with spin relaxation rate, 1/7s X wc*zc where e is
the precession frequency of the electron spin in random nuclear fields and 7 is the correlation
time for nuclear field fluctuation. The correlation time is given by the residence time of carrier
on a localised site before moving to the next site [117]. Even though the HPI Hamiltonian is
relatively weak due to the nuclear gyromagnetic ratio is orders of magnitude smaller than the
electron gyromagnetic ratio, the Hyperfine interaction constant can be large for organic
semiconductors due to the presence of many hydrogen nuclei. The Hyperfine interaction
constant reduces when the delocalisation length of charge carrier in organic semiconductor
increases since the delocalisation decreases the spin density at each nucleus [119]. For organic

semiconductors, the Hyperfine model would expect a decrease in spin lifetime at low
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temperatures due to more localised charge transport at low temperatures for thermally activated

hopping conduction.

The effect of Hyperfine interaction becomes negligible when the externally applied magnetic
field exceeds B, [104]. The effect of Hyperfine interaction on the spin physics in organic
semiconductors is explored experimentally by a variety of techniques such as ODMR, OMAR
and two terminal spin valves. Hyperfine interaction induced spin relaxation was observed in
ODMR and two terminal spin valve measurements for standard and deuterated
poly(dioctyloxy)phenylenevinylene (DOO-PPV) [30]. Moreover, the presence of OMAR is
believed to originate mainly from Hyperfine interaction where general correlation between HFI
strength and OMAR line-shape has been reported [120], [121], [122], [123]. However, the
OMAR in Algs was not affected by deuteration which contradicts the HFI induced OMAR
theory [124]. This opens up room for debate about the dominant mechanism for OMAR.

2.3.4 Exchange mediated spin transport

Z.Yu presented a theoretical study on the spin transport in organic semiconductor via exchange
coupling between relatively localised carriers where this exchange coupling enables fast spin
transport decoupled from slow charge transport in organic semiconductors without
conductivity mismatch problem [125]. The exchange coupling between carriers originates from
electron wave function overlap, the coupling constant, ] for s electrons is given by [125]
J=0821 2—5 (?)ge(%) (2.39)
where €, £ and e denote the dielectric constant, the polaron localisation length and electron
charge, respectively. R depends on the carrier density, # (number of carriers per unit volume),
R = n'. In the presence of exchange coupling between carriers, the diffusion constant, D
consists of diffusion constant due to hopping, Dn and diffusion constant due to exchange
coupling, De (D = Dn + De) [125]. Fig 2.14a shows the overall diffusion constant as a function

of carrier concentration for Alq; molecular system.

For carrier concentrations below 10'7 cm™, the diffusion constant comes purely from the
hopping diffusion constant. When the carrier concentration exceeds 10!” cm™, the diffusion
constant increases rapidly due to the contribution from exchange diffusion constant (the higher

the carrier concentration, the stronger the exchange coupling between the carriers due to the

36



effective reduction in the distance between localised carriers).

Dy = *72 (2.40)
JR?
D, = 1—”27 (2.41)

In organic semiconductors, the spin relaxation rate, 75! depends on the spin relaxation rate

1

due to Hyperfine interaction, 7! and spin-orbit coupling, 7' (751 = zan! + 7ss'). The spin

relaxation rate due to Hyperfine interaction is given by [117], [126]

Ton ™t = 0T, (2.42)

where ()}, is the Larmor frequency of the local Hyperfine field and 7. is the correlation time
which corresponds to the dwell time of a spin on a molecule before moving to the next molecule.

The spin relaxation rate due to spin-orbit coupling is given by [127]

Tes 1= 2x%7. 7t (2.43)

where x? is the spin mixing parameter due to spin-orbit coupling, the details are given in
[127], [128]. Yu obtained this relationship by performing a rigorous density-matrix theory for
organic semiconductors with hopping conduction. It is important to note that this spin-orbit
coupling induced spin relaxation in organic semiconductor is in stark contrast to the Elliot-
Yafet spin relaxation where the spin relaxation time decreases with increasing diffusion
constant (opposite to the case of EY). This difference originates from the charge transport
scattered by phonons in crystalline solids with band transport (EY spin relaxation) in contrast
to polaron hopping conduction assisted by phonons. The full details can be found in [127]. The
correlation time depends on both the hopping and exchange rate since both hopping and

exchange lead to spin movement, and it is given by [125]

== hy e (2.44)

Tc az R2

where a is the average inter-molecule distance (lattice constant). The first term comes from
hopping transport while the second term comes from exchange spin transport. This shows
correlation time decreases when exchange is involved (spins move faster). As a result, the spin
relaxation due to HFI will be reduced while the spin relaxation due to spin-orbit coupling will

be enhanced when exchange is involved. At high carrier concentration where exchange spin
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transport is dominant, the spin relaxation due to HFI becomes negligible such that the spin
relaxation is essentially controlled by spin-orbit interaction. Using Einstein relation, spin

diffusion length can be obtained by [129]

R
As = \/DTS = \/D (Tsh_1 + ":ss_l)_1 = W (2.45)

When the exchange spin transport is dominant (high carrier concentration), the spin diffusion
length is no longer sensitive to the diffusion constant but controlled mainly by the spin-orbit

coupling strength (Fig 2.14b).
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Figure 2.14 Exchange mediated spin transport. a, Spin diffusion constant as a function of carrier
concentration for Alqs. The parameters used for simulation are € =2, £ = 1 nm,

T=100K and u = 10 cm? Vs [130]. The solid black line is for exchange spin diffusion constant, D
whereas the solid red line is for (De+Dhw)/Dy where Dy denotes hopping spin diffusion constant. b, Spin
diffusion length as a function of carrier concentration for Alqs. The black and red lines use spin-mixing

parameters, >

= 10* and 107, respectively. Organic material with stronger spin-orbit coupling has a
higher value of %> which results in a lower value of spin diffusion length. The HFI field is Q,/y = 1 mT

and @ is 1.3 nm [127]. This figure is modified from [125].
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Chapter 3

Experimental methods

3.1 Organic materials

Charge carriers in organic conjugated semiconductors are spin-1/2 polarons (holes in HOMO
and electrons in LUMO). There are three main organic semiconductors used in the experiments
described in this thesis: Poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene (PBTTT),
Poly(3-hexylthiophene-2,5-diyl) (P3HT) and Poly[[N,N9-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)] (N2200). PBTTT is a p-type
conjugated polymer with high field effect mobility up to 1 cm?V-!s'. PBTTT was spin coated
using a 10 mg/ml 1,4-dichlorobenzene (DCB) solution at 90 °C. The resulting film was first
dried at 120 °C and then annealed at 180 °C for 30 minutes. This provides a terrace morphology
of PBTTT film with high degree of crystallinity as shown in Fig 3.1.
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Figure 3.1 Surface morphology f PBTTT. 1 x 1
Pt (10 nm). The RMS roughness is 1.539 nm.

P3HT is a p-type organic semiconductor that has relatively short side chains compared to

PBTTT. This in turn results in higher vertical mobility compared to PBTTT. P3HT was spin
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coated using a 10mg/ml 1,4-dichlorobenzene (DCB) solution. The resulting film was first dried
at 100 °C and then annealed at 110 °C for 15 minutes. Both PBTTT and P3HT can be doped
with p-type dopant, 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) via
sequential doping method where films were immersed in 1.5 mg/ml FATCNQ acetonitrile
solution. The doped samples were annealed at 80 °C for 20 minutes to achieve uniform

distribution of dopant molecules.

In contrast, N2200 is a state of art n-type organic semiconductor with high field effect
mobility approaching 1 cm?V-!s!. N2200 was spin coated using a 10 mg/ml chlorobenzene
(CB) solution at room temperature. The resulting film was first dried at 100°C and then
annealed at 200 °C for 15 minutes. N2200 can be doped with n-type dopant
Bis(cyclopentadienyl)cobalt(Il) (CoCp2) by either sequential doping or mixing into the N2200

solution.

F N
W
W

F N

Figure 3.2 Molecular structures of main organic semiconductors studied. Molecular structures of

P3HT (a), PBTTT (b), FATCNQ (c), N2200 (d) and CoCp2 (e).
3.2 Electrical spin injection

3.2.1 Vertical spin valves fabrication

The large area devices were fabricated by evaporations through shadow masks and spin coating
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which formed a cross bar structure with 200 x 200 um active junction size (Fig 4.6a, c). The
thickness of the Py bottom electrode is 30 nm capped with 2 nm Au to prevent oxidation
whereas the top Py electrode is 25 nm. The coercive fields of the bottom and top Py electrodes
are 0.1 and 6 mT, respectively. The difference in coercive field is created by different thickness

and substrate surface.

3.2.2 4T Non-local spin valves fabrication

Non-magnetic Cr (5 nm)/Au (20 nm) electrodes were defined on 1 x 1 cm Si02/Si substrate by
standard optical lithography and deposited by thermal evaporation at a base pressure of

2 x 107 mbar and 1 A/s. Py (25 nm) electrodes were then defined by e-beam lithography and
deposited by e-beam evaporation at a base pressure of 2 x 107" mbar and 2 A/s. The widths of
the Py electrodes were 250 and 600 nm to ensure difference in coercive field. The 250 nm Py
electrode has a coercive field of 14 mT whereas the 600 nm Py electrode has a coercive field
of 8 mT. The AlOx, MgO and Au injection contacts were deposited onto Py in-situ without
breaking the vacuum. PBTTT (~ 50 nm) film was deposited and doped under the conditions as
described in organic materials section. The doped PBTTT film was finally patterned into a dog-

bone structure by optical lithography and oxygen plasma etching (Fig 4.2a, c).

3.2.3 Out of plane spin injection and in plane spin detection spin
valves fabrication

Bottom Py (30 nm) electrodes were defined on 1 x 1 cm SiO/Si substrate by e-beam
lithography and deposited by e-beam evaporation at a base pressure of 2 x 10" mbar and 2 A/s.
Au (2 nm) injection contact was deposited on Py in-situ without breaking the vacuum by
thermal evaporation at a base pressure of 2 x 107" mbar and 1 A/s under 20 rpm substrate stage
rotation. The widths of the three bottom Py electrodes are 500, 2000 and 800 nm, from left to
right (Fig 4.4d). The coercive fields for the 500, 2000 and 800 nm electrodes are 8, 4 and 6 mT,
respectively. PBTTT and P3HT (75 nm) were deposited under the conditions described
previously. The top Py electrode was defined by optical lithography using an orthogonal resist
that does not harm the organic semiconductor underneath. Py (30nm) was then deposited by
thermal evaporation at a base pressure of 2 x 107 mbar and 0.5 A/s (Fig 4.4a, €). The top Py
electrode has a coercive field of around 7 mT. PBTTT (~ 50 nm) film was deposited and doped
with FATCNQ under conditions described previously.
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3.2.4 Electrical spin injection and inverse spin hall effect detection
devices fabrication

Non-magnetic Cr (5 nm)/Au (20 nm) electrodes were defined on 1 x 1 cm Si02/Si substrate by
standard optical lithography and deposited by thermal evaporation at a base pressure of

2x 107" mbar and 1 A/s. Pt (10 nm) electrode was defined by e-beam lithography and deposited
by magnetron sputtering at a base pressure of 5 x 10”7 mbar and 5 A/s. Py (60 nm) electrode
was defined next to the Pt electrode by e-beam lithography and deposited by e-beam
evaporation at a base pressure of 2 x 10”7 mbar and 2 A/s. Au (3 nm) injection contact was
deposited on Py in-situ without breaking the vacuum by thermal evaporation at a base pressure
of 2 x 10”7 mbar and 1 A/s under 20 rpm substrate stage rotation. PBTTT (~ 50 nm) film was
deposited and doped with FATCNQ under conditions described previously. The doped PBTTT
film was finally patterned into a dog-bone structure by optical lithography and oxygen plasma
etching (Fig 4.8a, b).

3.2.5 Electrical spin injection measurements

For DC measurements, current was applied by a KEITHLEY 2400 Source meter while voltage
is measured by a KEITHLEY 2182A Nanovoltmeter. For AC measurements, standard lock-
in technique was used. All electrical spin injection measurements were performed in a
Helium flow cryostat. The measurement configuration details for each device structure are

given in results and discussion section.

3.3 Dynamical spin injection

3.3.1 Tri-layer spin pumping devices fabrication

Tri-layer spin pumping devices were prepared to study the vertical spin transport in organic
semiconductors. Purified glass substrates were cut into 5 x 3 mm dimensions to enable
measurements using both ESR cavity and coplanar waveguide. A 10 nm Pt electrode was
deposited on the glass substrate by magnetron sputtering at a base pressure of 5 x 10”7 mbar
and 5 A/s. Organic conjugated polymers were then spin coated on the Pt electrode inside a
Nitrogen glovebox. The thickness of the polymer films between 50 to 250 nm was controlled
by varying the spin coating speed. For thicker polymer films, film thickness was controlled by
drop casting with different solution concentrations. Py (15 nm) was thermally evaporated

through a shadow mask with 1 x 3 mm dimensions on top of the organic semiconductor at a
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base pressure of 2 x 10”7 mbar and 0.5 A/s. The Py stripe was capped with 5 nm Al to protect
it from oxidation. The device was then patterned by oxygen plasma to remove the organic

polymer outside the active area.

3.3.2 Lateral spin pumping devices fabrication

The devices were prepared using multiple step e-beam lithography and metal deposition on 5
x 3 mm SiO»/Si substrates. Pt wire (10 nm) was deposited by magnetron sputtering at a base
pressure of 5 x 10”7 mbar and 5 A/s. Py box (25 nm) was deposited by e-beam evaporation at a
base pressure of 2 x 10”7 mbar and 2 A/s. The organic semiconductors were then spin coated
from solution onto the devices. PBTTT and P3HT (80 nm) were deposited and doped with
FATCNQ under the conditions described previously. The organic semiconductor films were
then patterned mechanically, and contact was made to the Pt wire using Ag paste. For PBTTT
based LSP devices doped to 100 S/cm, the device resistance was 3.1 kOhm. When de-doped to
17 S/cm, the device resistance was 12.5 kOhm. For P3HT based LSP devices at 3.2 S/cm, the
device resistance was 17.5 kOhm, at 0.3 S/cm it changed to 25.3 kOhm.

3.3.3 Spin pumping measurements

Ferromagnetic resonance (FMR) of Py was excited in both an electron spin resonance (ESR)
system and a coplanar waveguide setup. For measurements in ESR setup (Bruker E500 X-
band spectrometer), the sample was placed in the centre of a Bruker ER 4122SHQE cavity at
a microwave frequency of 9.38 GHz. Two ends of the Pt wire were connected to a
KEITHLEY 2182A Nanovoltmeter with Ag paste attached Cu wires to detect the voltage of
the device. For measurements with coplanar waveguide, the sample is flipped onto the
coplanar waveguide where a layer of polyamide isolated the sample from the waveguide.
Both ends of the Pt wire are connected to a KEITHLEY 2182A Nanovoltmeter by Ag paste.
Low temperature spin pumping measurements were performed by positioning a coplanar

waveguide into a Helium flow cryostat with microwave access.
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Chapter 4

Electrical spin injection into organic semiconductors

4.1 Motivation

The observation of GMR in Algs based vertical spin valve in 2004 triggered intense research
into spin transport in a variety of organic semiconductors using two terminal spin valve
approach. However, much scepticism arises in recent years as to whether this measurement
approach is an adequate method to probe spin transport in organic semiconductors since such
magnetoresistance response may originate from pin-holes, tunnelling through hot spots and
tunnelling anisotropic magnetoresistance associated with LSMO ferromagnetic contacts [39],
[131], [132], [74], [40]. Therefore, it is necessary to find an artefact-free technique to probe
spin transport in organic semiconductors. Standard four terminal non-local spin valve is the
most widely accepted method to study spin dynamics in inorganic semiconductors and metals.
This chapter begins with optimising the charge injection properties at the ferromagnet and
organic semiconductor interface to maximise magnetoresistance in lateral spin valve devices
using established theoretical work, follows by a systematic study of non-local organic spin
valve devices based on doped high mobility organic semiconductors. Evolution from
conventional non-local organic spin valve device to novel out of plane spin injection and in
plane spin detection and electrical spin injection and ISHE detection devices will be discussed.
The fundamental challenge of non-local spin injection and detection in organic semiconductors
is identified through this exploratory work. In addition, the effect of shrinking junction size of
vertical organic spin valve based on 3d metallic ferromagnetic electrodes without tunnelling

barrier is investigated.

Note: This project was conducted jointly with Dr. Deepak Venkateshvaran and Dr. Murat
Cubukcu. The Co/Al>0Os3 film was deposited in SPINTEC by Dr. Laurent Vila and Dr. Stephane
Auffret.
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4.2 Electrical spin injection and detection experiments

4.2.1 Charge injection properties across ferromagnet/organic
semiconductor interfaces

Fig 4.1a shows a simulated magnetoresistance for doped PBTTT under different resistance area
product. The simulation was completed using parameters for doped PBTTT [the carrier
concentration, n = 10%° cm™ (estimated using Hall effect and ESR measurement), the carrier
mobility, u = 1 cm?/Vs, the conductivity, ¢ = 100 S/cm, spin lifetime, s = 100 ns (estimated
using ESR measurement), the spin diffusion length, A3 = 500 nm (estimated using Einstein
relation with optimistic parameters) and the distance between ferromagnetic electrodes, Lim =

100 nm] in the model developed by Fert et al as described in Chapter 2.1.1.

Fig 4.1b shows the bias dependent resistance area product for spin injection into doped
PBTTT from a variety of contacts. The injection properties have been optimised such that the
resistance area product falls within the range where magnetoresistance is expected to be
maximised. Here, the MgO tunnel barriers were prepared in-situ following the Py evaporation
by either magnetron sputtering or e-beam evaporation. The AlO3 tunnel barrier was prepared
in-situ following the Py evaporation by magnetron sputtering of aluminium and followed by
exposure to oxygen plasma without breaking the vacuum. Note, non-local magnetoresistance
and/or tunnel magnetoresistance can be observed in metal and graphene-based spin valves
using the MgO and Al>Os tunnel barriers prepared which indicates the quality of the tunnel
barriers is high. The Au capping layer is thermally evaporated onto Py electrodes without
breaking vacuum under continuous sample stage rotation to improve the uniformity of the film.
The bias dependence of the resistance area product originates from the non-linear current
voltage relationship of the doped PBTTT for the Py injector capped with 3 nm Au. Whereas,
the bias dependence of the resistance area product for Py injectors capped with oxide barriers
comes from both the doped PBTTT and the oxide barrier (combined effect) and hence resulted
a stronger dependence on the bias applied compared to devices with Py injectors capped with

3 nm Au.

45


https://en.wiktionary.org/wiki/%CE%BB

o 102 . . T r ;
* Py (25 nm)/MgO (1.5 nm) — 1.5 nm MgO 1 nm MgO
025 * Py (25 nm)/MgO (1 nm) 10°F 2nm AI203 3nm Au
Py (30 nm)/Au (2 nm)
0.20 * Py (60 nm)/Au (3 nm) o 104 3 E
A * Co/Al,O3 (2 nm) g: =
= 0.15 ~ 10°F E
= <
< \q
-6
&b 107 1
- 107 L -/\\ B
) i o
ogpt——r e S ] -15 10 -05 00 05 10 15
10 10 10" 10*" 10 10 10 10 107 10° 10 10 10"
RA (Qm?) V (V)

Figure 4.1 Electrical spin injection interface properties. a, Simulated magnetoresistance for a typical
organic semiconductor vertical spin valve as a function of Resistance-Area product under the
assumptions of Boltzmann transport theory. The star symbols locate the experimental Resistance-Area
product values on the plot. b, Experimental Resistance-Area product of various injection contacts as a

function of applied bias.

4.2.2 Non-local spin valves

An unambiguous solid state device-based approach to measure spin diffusion in inorganic
semiconductors is to use nonlocal lateral architectures where spin diffusion is decoupled from
spin drift within the same device. Pure diffusive spin transport is then probed by measuring the
spin accumulation above a ferromagnetic detector electrode in relation to that at the
ferromagnetic injector. Such nonlocal spin valve measurements have successfully quantified
spin diffusion lengths in inorganic materials such as graphene, Ge, GaAs and various metals

[48], [49], [50], [51], [52], [53], [76].

Fig 4.2a shows a schematic illustration of an organic non-local spin valve device that consists
of two permalloy electrodes in close proximity with each other situated in between two non-
magnetic gold electrodes where patterned organic semiconductor bridged on top of all
electrodes. The measurement involves sending a current from one ferromagnetic electrode to a
non-magnetic electrode (Au pad) and probing the voltage between the other ferromagnetic
electrode and non-magnetic electrode while sweeping the magnetic field applied in plane. The
drift spin polarised current follows the current direction while diffusive pure spin current
diffuse to the adjacent ferromagnetic electrode. This results in a change in resistance dependent

on the relative magnetisation alignment of the ferromagnetic electrodes (Fig 4.2b). Fig 4.2c
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shows an optical micrograph of the completed device where the organic semiconductor is
patterned into a “dog-bone” structure (dark blue) using optical lithography. The organic
semiconductor is 10 pm wide in the narrowest segment that overlaps the ferromagnets. With
the patterning process for organic semiconductors used here, one is limited to minimum feature
sizes of 3 um [133]. The gap between Py electrodes is well-resolved down to around 100 nm

as confirmed by SEM image (Fig 4.2d).

The two ferromagnetic electrodes need to have different coercive fields to achieve the
antiparallel magnetisation state. The difference in coercive fields can be obtained by using
different widths of Py electrodes due to magnetic anisotropy. The coercive field can be
measured using anisotropic magnetoresistance measurement where external magnetic field is
sweep along the Py electrode when a current is applied along the Py electrode (Fig 4.2¢). The
600 nm wide Py electrode has a coercive field of 8 mT while the 250 nm narrow Py electrode
has a coercive field of 14 mT. Note, the 600 nm wide Co electrode has a coercive field of 20
mT and the 250 nm narrow Co electrode has a coercive field of 40 mT. Fig 4.2f shows the
current-voltage measurement of doped PBTTT across the Au pads at room temperature, this
provides an estimate of conductivity of around 50 S/cm. Even though the current-voltage
characteristics for doped PBTTT looks linear, but the slight curvature in differential

conductance characteristics indicate the slight non-linearity in the current-voltage relationship.

Fig 4.3a shows a typical field dependence of the non-local voltage with 10 pA injection
current for a doped PBTTT based lateral spin valve device with 1 nm MgO tunnel barrier
deposited on top of Py to enhance spin injection [134]. The noise level is hundreds of pV when
the measurement is performed in DC (representing around 20 % the value of the offset).
Furthermore, non-local organic spin valve with 2 nm aluminium oxide (AlOx) tunnel barrier
was attempted since AlOx is known to be more stable in ambient environment. However, the
noise fluctuation in this case only shows a slight improvement over the MgO barrier case. The
noise level can be reduced to a few pV when MgO tunnel barrier is replaced with a thin gold
capping layer (representing around 5-10 % the value of the offset) (Fig 4.3c). Thin gold capping
layer is used to prevent Py from oxidation in air which is known to supress spin injection
properties [76]. Large noise levels in the case of devices with MgO tunnel barriers are believed
to be caused by moisture absorption upon exposure to ambient conditions before the deposition
of an organic semiconductor film, and/or an un-optimum packing of the organic semiconductor

over Py/MgO electrodes. These two effects lead to charge carrier scattering and limited carrier
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injection at the interface [135].

It is of essence to note that the necessity of having a tunnel barrier such as MgO or Al>O3 in
organic spin valves to overcome conductance mismatch at the interface between the organic
and the ferromagnet is currently under debate. The charge injection in organic semiconductors
is often mediated by variable range hopping which tunnelling transport is involved. Therefore,
a natural tunnelling barrier is formed between the metallic ferromagnet and organic
semiconductor interface that overcomes the inherent conductivity mismatch problem [72],
[136]. In addition, from the resistance area product analysis, it is shown that the resistance area
product for 3 nm gold capped Py is within the range to give a strong magnetoresistance signal.
Thus, 3 nm gold capped Py is used as the spin injector for spin valve devices. By doing an AC
lock-in measurement, the noise level can be further reduced to a few hundred nV in the case of
gold capped device (representing under 1 % the value of the offset) (Fig 4.3d). However, no

non-local spin signal can be measured.

In addition, the junction area over which spin polarised carriers are injected into the active layer
of the non-local spin valve from a ferromagnet is known to affect the strength of the measured
spin signal [137]. For this reason, the junction area for injection in typical non-local spin valves
is around a few hundred square nanometers, much smaller than the square of the spin diffusion
length of the active layer. The patterning process of the organic semiconductor has its
limitations in achieving such small junction areas to ensure that the square of the spin diffusion
length is far larger than the injection area. This poses an additional roadblock in the successful
working of organic non-local spin valves and is among the many reasons that make this

experiment challenging.

To summarise, a nonlocal spin valve signal has never been successfully measured despite
multiple diligent attempts in conjugated organic semiconductors [138], [139]. This is primarily
because the noise fluctuations on the measured nonlocal voltage are induced by the
fundamental nature of stochastic hopping transport in these disordered materials
(comprehensive study in Chapter 4.2.5) [54] and outsizes the spin accumulation on the detector
electrode rendering such a measurement extremely challenging if not impossible. Spin
injection into doped organic semiconductors using other novel device architectures and
measurement techniques shown in Chapter 4.2.3 and 4.2.5 were attempted following the failure

of conventional nonlocal spin valves at successfully probing spin transport in organic
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Figure 4.2 Non-local spin valves based on organic semiconductors. a, Schematic non-local spin
valve measurement configuration. b, Expected measurement outcome for non-local voltage as a
function of applied magnetic field. The black arrows indicate the relative magnetisation orientation of
the Py electrodes. ¢, Optical image of a typical non-local spin valve device. The dark blue ‘dog-bone’
structure is the patterned organic semiconductor. d, SEM image of the gap between Py electrodes. The
scale bar is 100 nm. e, Anisotropic magnetoresistance (AMR) of 600 nm wide (top) and 250 nm narrow
(bottom) Py electrodes. The dashed black lines indicate the coercive field for wide (8 mT) and narrow
(14 mT) Py electrodes. The solid black and red lines represent the forward and reverse field sweep
direction, respectively. f, I-V characteristics across the Au pads at 300 K (black line). The blue line is
the differential conductance of the black line. The organic semiconductor is FATCNQ doped PBTTT

with a conductivity of around 50 S/cm.
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Figure 4.3 Organic non-local spin valves measurements. a, DC field dependence of the non-local
voltage, Vi for device with 1 nm MgO tunnel barrier on top of Py. The injected current is 10 pA from
narrow FM electrode to NM Au pad. b, Lock-in field dependence of non-local voltage for device with
2 nm AlOy tunnel barrier on top of Co. The lock-in frequency is set at 79 Hz and the AC voltage applied
is 0.1 V. ¢, DC field dependence of the non-local voltage, Vni for device with 3 nm Au capping layer
on top of Py. The injected current is 10 pA from narrow FM electrode to NM Au pad. d, Lock-in field
dependence of non-local voltage for device with 3 nm Au capping layer on top of Py. The lock-in
frequency is set at 79 Hz and the AC voltage applied is 0.2 V. The green and blue dashed lines indicate

the coercive fields for narrow and broad FM electrodes, respectively. The measurement temperature is

300 K.
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4.2.3 Out of plane spin injection and in plane spin detection spin
valves

The out of plane spin injection non-local spin valve aimed at increasing the spin accumulation
by increasing current density in the device that can be achieved by vertical spin injection. This
is achieved by increasing the electric field across a film thickness of circa 50 nanometers (rather
than laterally across a film of a few micrometres as in the case of non-local spin valves). The
vertical drift current from the central ferromagnetic electrode to the top electrode created a
lateral diffusive pure spin current as such the non-local voltage probed by the outer electrodes
will depend on the relative magnetisation of the bottom electrodes as illustrated in Fig 4.4a, b
and c. This symmetric architecture automatically reduces the offset voltage on the nonlocal
arm. The top permalloy electrode enables this device architecture to simultaneously measure

vertical spin transport in the organic semiconductor via vertical spin valve measurements.

Fig 4.4d shows a typical SEM image of the bottom Py electrodes with well-resolved gap
between electrodes. Patterning top Py electrode on top of organic semiconductors is
challenging as conjugated organic polymers can be damaged easily by exposure to chemical
solvents such as the developer solution for optical lithography or solvent solution for lift-off
process. As a result, a special processing procedure is developed using orthogonal resist that
does not harm the organic polymers. The organic semiconductor film is first coated with this
resist and another layer of S1813 resist is then spin coated on top of the orthogonal resist. The
bilayer resist is then patterned using optical lithography and then developed in developer
solution for S1813 where the orthogonal resist protects the organic semiconductor from
exposure to S1813 developer solution. The structure is then placed in the developer solution
for the orthogonal resist which does harm the organic semiconductors. This creates the desired
pattern on top of the organic semiconductor with an “undercut” which makes lift-off process
straightforward as illustrated in Fig 4.4e. The device structure is then placed in the solvent
solution for lift-off after Py evaporation, note this solvent solution for lift-off is orthogonal to

the organic semiconductors. The final completed device is illustrated in Fig 4.4f.

The process of Py metal layer lift-off in orthogonal solvent leads to de-doping of FATCNQ
dopants from PBTTT. Nevertheless, the current scales accordingly with the junction area which
indicates defect-free device has been fabricated (Fig 4.5a, b). The completed device can be

doped by immersing it in solution of FATCNQ and acetonitrile (Fig 4.5¢). Fig 4.5d shows the
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field dependence of the voltage between left and right FM electrodes when a 1 pA current is
injected from the middle FM electrode to the top electrode. Once again, relatively high noise
level around few hundred pV is observed. Even though AC lock-in measurement reduces the
noise level up to a factor of ten, no spin signal can be probed in this configuration. The AC
lock-in measurement technique reduces measurement noise primarily by limiting the
bandwidth which reduces Johnson noise. In addition, the measurement frequency also affects
the 1/f flicker noise generated via hopping conduction in organic semiconductors (please refer
to Chapter 4.2.5 for more in-depth discussion). This said, such an out-of-plane spin drift with
in-plane diffusion device architecture is a new concept device that could be implemented with

other organic or inorganic materials in the future.
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Figure 4.4 Two in one organic spin valve device. a, Schematic out of plane spin injection and in plane
spin detection measurement configuration. b, Side view of the measurement configuration. ¢, Expected
measurement outcome for the non-local voltage between the two outer Py electrodes as a function of
applied magnetic field. The black arrows indicate the magnetisation direction of the bottom three Py
electrodes. d, SEM image of the bottom three Py electrodes. e, Optical image of the top Py electrode

pattern on top of organic semiconductor before Py evaporation. f, Optical image of a typical two in one
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organic spin valve device.
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Figure 4.5 Out of plane spin injection and in plane spin detection measurement. a, /-J/
characteristics of the device with different junction areas (current applied across the top electrode and
bottom electrodes with different widths). b, Resistance of the junction, Rjuncion as a function of junction
area, A. The voltage applied is 1 V. ¢, I-V characteristics of the 2 pm x 5 um junction directly after
fabrication and after doping with FATCNQ in acetonitrile. d, Field dependence of the voltage across the
left and right FM electrodes, V1r. The current injected from the middle FM electrode to top electrode
is 1 pA. The blue, green and purple dashed lines indicate the coercive fields for middle, right and left

bottom FM electrodes, respectively. The measurement temperature is 300 K.
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4.2.4 Vertical spin valves

Until now, the field of organic spintronics has mainly used two terminal vertical spin valves to
understand spin transport in organic materials. Most of the work used manganite LSMO as the
spin injector. This material however has both in plane and out of plane magnetisation which
could generate a tunnelling anisotropic magnetoresistance (TAMR) signal if it is used as a
ferromagnetic electrode in vertical spin valve devices. In addition, the formation of pinholes in
organic spin valve with tunnelling barrier could give rise to magnetoresistance originating from

simple tunnel magnetoresistance (Top Ferromagnet/Tunnel barrier/Bottom Ferromagnet).

In this work, we have attempted to understand spin injection in doped PBTTT by studying
vertical spin valve structures with 3d metallic ferromagnetic electrodes in the absence of tunnel
barrier. Figure below shows the device structure and measurement configuration along with
expected measurement outcome. The large area devices were fabricated by evaporations
through shadow masks and spin coating which formed a cross bar structure with 200 x 200 um
active junction size (Fig 4.6a, c). The thickness of the Py bottom electrode is 30 nm capped
with 2 nm Au to prevent oxidation whereas the top Py electrode is 25 nm. The coercive fields
of the bottom and top Py electrodes are 0.1 and 6 mT, respectively. The difference in coercive
field is created by different thickness and substrate surface. The spin valve measurements were
performed by quasi-four points method with in plane applied magnetic field. Depending on the
relative alignment of magnetisation between top and bottom electrode, one should observe a

difference in resistance due to spin dependent scattering in the organic spin transport layer (Fig

4.6b).

Fig 4.6d, e show a comparison between a shorted spin valve and a non-shorted spin valve
distinguished by a current spreading control experiment. This measurement involves sending
a current through either the top or bottom electrode and probing the voltage of the other
electrode. In the case of shorted device, clear anisotropic magnetoresistance (AMR) signal was
observed in both electrodes while AMR signal can only be observed in the electrode with
current flowing through for non-shorted device. An attempt has been made to measure spin
valve response of the shorted device. However, only AMR signal can be observed in both local
and quasi-four points measurements (Fig 4.6f). This is consistent with other published work

that ferromagnetic electrodes in direct contact does not generate a spin valve signal [140], [141].
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Figure 4.6 Large area (200 x 200 pm) vertical organic spin valve device. a, Schematic vertical spin

valve measurement configuration. b, Expected measurement outcome for the quasi-four points device

resistance as a function of applied magnetic field. The black arrows indicate the relative magnetisation

direction between the top and bottom Py electrodes. ¢, Optical image of the vertical spin valve device.

The organic semiconductor is patterned under the top Py electrode by oxygen plasma. d-e, Current

spreading control experiment for both a shorted (d) and a non-shorted (e) vertical organic spin valve

device. A 100 pA current was send through one Py electrode while probing the voltage of the

corresponding Py electrode. f, Spin valve measurement for the shorted device. The injected current is

100 pA and the voltage is measured using two points, Vapp and quasi-four points, Vi, geometry. The

measurement temperature is 90 K and the thickness of FATCNQ-PBTTT is 75 nm.
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Fig 4.7a shows a magnetoresistance measurement for the non-shorted device at room
temperature and 90 K, a clear spin valve signal that depends on the relative alignment of
ferromagnetic electrode magnetisation can be observed. By capping the bottom Py electrode 2
nm Au capping layer, the spin valve signal improves by a factor three compared with the
uncapped devices. This improvement is due to the oxidation prevention of the Py electrode by
Au capping layer [140]. The magnetoresistance increases with decreasing temperature. The
junction resistance however depends weakly on temperature as observed in many organic spin
valve work (Fig 4.7b) [32], [33], [74], [142], [143]. The charge transport in organic
semiconductor is via thermally activated hopping which means junction resistance should
increase significantly with decreasing temperature. This implies charge transport in these spin
valve devices is dominated by hot-spots or other defects. Nevertheless, the measured
magnetoresistance is caused by the presence of the organic semiconductor although meaningful
spin dependent parameters cannot be extracted by this approach. The weak out of plane angular
and bias dependence of spin valve signal suggests the measured signal is not a manifesto of

TAMR (Fig 4.7c¢, d).

Patterning on top of organic semiconductors by optical lithography is very challenging as
organic materials are prone to damage by patterning and lift-off processes. Micro-fabricated
vertical organic spin valves were fabricated using the procedure discussed in Chapter 4.2.3.
The junction resistance increases drastically with temperature as expected with hopping
conduction (Fig 4.7e). The magnetoresistance measurement has suffered from significant noise
fluctuation on the order of 2 % (Fig 4.7f). The presence of this noise is due to the nature of the
hopping transport [54]. With the present level noise, it is impossible to resolve the signal
observed in large area vertical spin valves. This measurement hints at there being pin holes in

large area organic spin valves that are absent in small area junctions.
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Figure 4.7 Magnetoresistance of vertical organic spin valve. a-d, Large area (200 x 200 pum) vertical

organic spin valves. a, Spin valve effect observed for a non-shorted device at 300 K and 90 K. b,

Temperature dependence of spin valve signal and four-point junction resistance. ¢, Out of plane angular

dependence of the measured spin valve signal at 90 K. d, Bias dependence of the measured spin valve

signal at 90 K. The thickness of FATCNQ-PBTTT is 75 nm and the applied current for the spin valve

measurement is 100 pA. e-f, Microfabricated (2 x 5 um) vertical organic spin valve measurement. e,

Temperature dependence of the charge transport for microfabricated vertical spin valve device. f, Spin

valve measurement at 300 K with 1 pA applied current. The thickness of FATCNQ-PBTTT is 75 nm.
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4.2.5 Electrical spin injection and ISHE detection devices

Fig 4.8a and b show the schematic and an optical micrograph of a nonlocal spintronic device
architecture inspired by conventional dual-ferromagnet nonlocal spin valves, but with a
difference in the detector scheme. In this device, an electrical current is injected at a
ferromagnetic electrode (Py) and drifts towards the right gold electrode (Ohmic contact) under
an applied bias. The detector constitutes a stripe of platinum nanofabricated a few hundred
nanometres away from the ferromagnetic injector, with a Keithley 2182A nanovoltmeter
connected across it. Current injected through the ferromagnet is expected to generate a non-
equilibrium spin polarisation in the organic semiconductor that diffuses isotropically, part of

which is absorbed in the platinum detector.

The organic semiconductor used in this device is PBTTT doped with FATCNQ to a
conductivity of approximately 100 Scm™'. Patterning of the organic semiconductor by optical
lithography (shown as a dog bone pattern in Fig 4.8b) tends to reduce the conductivity value
by a factor of two from the maximum doping concentration owing to the harsh processing that
the patterning steps entail. Within the platinum, the absorbed spin current is converted into a
transverse voltage measured across it due to a strong spin-orbit coupling induced inverse spin
Hall effect within the platinum stripe. Such a non-local device architecture in which a spin
polarised current is electrically injected into the active layer and detected using the inverse spin
hall effect (ISHE) in a heavy metal was used previously to unambiguously probe spin diffusion

in metal based nonlocal spin valves.

Fig 4.8c shows the expected measurement outcome for this measurement assuming
successful spin current transmission in the spin transport material and the spin current absorbed
by heavy metal strip. The ISHE signal changes sign with the magnetisation of the Py electrode
due to ISHE symmetry which results in a 2ARisue difference between positive and negative
magnetisation direction. The idea of using this architecture for probing spin transport in organic
semiconductors originates from the possible advantage of spin current detection over spin
accumulation detection in conventional non-local spin valves. PBTTT has a highest occupied
molecular orbital (HOMO) of 5.1 eV whereas Au has a work function of 5.1 eV. This band
alignment makes Au an ideal charge injection material for PBTTT. Fig 4.8d-f compare the
charge injection into doped PBTTT using various contact electrodes (Pt, 3 nm Au capped Py

and Au). It is important to note that 3 nm Au capped Py electrode injects carriers into PBTTT
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as effectively as the Au electrode. This means the Au capping layer is conformal on top of Py

and no native Py oxide is formed between Au capped Py electrode and doped PBTTT.
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Figure 4.8 Electrical spin injection into organic semiconductor and ISHE detection. a, Schematic
electrical spin injection and ISHE detection measurement configuration. Diffusive spin current is

generated by electrical spin injection from ferromagnetic electrode. The transmitted pure spin current
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in organic semiconductor is detected by ISHE of Pt in close proximity with the ferromagnetic electrode.
b, Optical image of the electrical spin injection and ISHE detection device. The bottom panel shows an
enlarged image of the active device region. ¢, Expected measurement outcome for the voltage across
the Pt wire as a function of applied magnetic field. d-f, Current-voltage (I-V) characteristics of the Pt-
FATCNQ doped PBTTT-Au (d), 3 nm Au capped Py-FATCNQ doped PBTTT-Au (e), Au-FATCNQ

doped PBTTT-Au (f). The insets show the measurement configurations for the /-J measurements.

Fig 4.9a shows a typical measurement where the voltage is probed across the Pt detector
while sweeping the magnetic field on three different devices with an injector (Py) to detector
(Pt) spacing of 100 nm, 200 nm and 400 nm. The gap spacing was chosen to be on the order of
magnitude of the reported spin diffusion length from tri-layer organic spin valves. No signature
of a generated inverse spin hall effect signal is observed in any of these devices. In addition,
the offset voltage across the detector electrode depends on how close it is to the injector. As
shown in Fig 4.9b for a fixed injected current of 1 pA, both the offset and measured noise
fluctuations reduce when the Pt detector is moved further away from the Py injector. This
indicates there being an electrical cross-talk between the Py injector and Pt detector. In other
words, the injected current from the ferromagnetic injector spreads into the platinum detector

via the patterned conductive organic semiconductor.

The voltage noise fluctuations on the offset (shown as error bars) also increase for smaller
distances between the Pt detector and the Py injector, and is attributed to the charge transport
in the organic semiconductor. The very nature of hopping conduction in the organic
semiconductor generates flicker noise as the current spreads into it before being picked up by
the detector causing the noise to be superimposed on the detected voltage across platinum.
Furthermore, when the measurement is performed in AC, the noise of the measurement is very
sensitive to the measurement frequency (noise decrease with increasing frequency) which is a
clear indication of 1/f noise that originates from stochastic hopping transport. To further
validate the effect of electrical cross-talk, we send a current through the ferromagnetic electrode
and probe the voltage across the Pt detector (thermal spin injection and inverse spin hall effect
detection geometry). The results of this are shown in Fig 4.9¢ and d for a device with a channel
length of 100 nm. Here, as the electrical current is increased through the ferromagnet, both the

offset voltage and the superimposed voltage noise fluctuations increase.

In both a non-local spin valve geometry as well as in our electrical spin injection with ISHE
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detection geometry, a larger spin accumulation at the injection electrode is achieved by
increasing the current through it. If, however, this causes noise fluctuations at the detector that
is on the order of tens to a hundred microvolts as is often the case, a chance of measuring a
spin accumulation at the detector electrode on the order of a ten to a hundred peV is completely
ruled out. This clearly reinforces our claim that as the current travels through the ferromagnet,
part of it spreads into the nonlocal platinum detector mediated by a conductive pathway in the
organic semiconductor where it picks up noise fluctuations due to the nature of hopping
conduction. Such a current spreading phenomena in nanofabricated nonlocal spin injection
architectures using hopping conductors is an intrinsic roadblock towards the successful

implementation of electrical injection with nonlocal detection in organic semiconductors.
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Figure 4.9 Electrical spin injection and ISHE detection measurement-current spreading effect. a,
Electrical spin injection and ISHE detection measurements with different gap spacing between Py and
Pt. The injected current is 1 pA. b, Gap spacing between Py and Pt dependence of the non-local voltage
across Pt. The measurement noise is superimposed on the voltage magnitude as error bar. ¢, Thermal
spin injection and ISHE detection. Thermal spin injection into the organic semiconductor is achieved
via applying a DC current through Py electrode. This current generates a temperature difference at the
interface between Py and OSC which leads to thermal spin injection. d, Current through Py dependence

of non-local voltage across Pt. The gap spacing between Py and Pt is 100 nm.
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4.3 Conclusions

Non-local spin valves based on high mobility organic semiconductors have been studied
systematically through tuning the interface charge injection properties and moving to novel
device architectures specific to organic conjugated polymers. Both the enhancement in spin
accumulation in out of plane spin injection non-local spin valves and the pure spin current
detection method in electrical spin injection and ISHE detection devices did not lead to
successful measurement of lateral spin transport in organic semiconductors. However, the
current spreading effect and the hopping conduction in organic semiconductors were
experimentally verified as the intrinsic roadblocks in electrical spin injection and detection
measurement for organic semiconductors. Even though a magnetoresistance signal has been
detected in large area (200 x 200 um) doped PBTTT/F4TCNQ vertical spin valve with 3d
ferromagnetic electrodes in the absence of tunnel barrier, the magnetoresistance signal
vanished with reduced junction area (2 x 5 um) which indicates the signal does not originates

from coherent spin transport [131].

Despite the intrinsic roadblocks for electrical spin injection and detection in organic
semiconductors, it may not be possible to detect spin transport in organic semiconductors using
electrical spin injection and detection. There are some possible ways to achieve this for
example, use high mobility rubrene single crystal/PFPE with “band-like” charge transport that
shows ultra-low noise in Hall effect measurement [144] (Fig 4.10a and b) and/or design novel
non-local spin transport architecture that the current spreading effect is minimised through

device design.
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Chapter 5

Vertical spin pumping into organic semiconductors

5.1 Motivation

The combination of FMR induced spin pumping and ISHE is becoming a popular experimental
technique to study spin dynamics in a wide variety of materials from metals to inorganic
semiconductors due to the ease of fabrication and measurement as well as the ability to
circumvent conductivity mismatch problem by spin pumping. The field of organic spintronics
has been primarily limited to vertical spin valves for understanding spin transport in organic
semiconductors. The on-going debate about the potential artefacts in conventional vertical
organic spin valves such as TAMR can be avoided in spin pumping experiment. The
observation of spin to charge conversion in PEDOT: PSS by FMR spin pumping and the more
recent observation of spin transport in PBTTT by spin pumping and ISHE of a heavy metal
detector have opened up a new avenue to probe spin dynamics in organic materials by using
spin pumping technique [61], [62], [145], [146], [147], [148], [149]. This chapter explores the
spin transport in a variety of organic semiconductors using tri-layer spin pumping architecture
where the organic semiconductor is sandwiched between a ferromagnetic layer under
ferromagnetic resonance and a heavy metal detector layer. The pure spin current injected into
the organic semiconductor by spin pumping is converted into a charge current via ISHE of the
heavy metal layer. In particular, the spin transport properties of organic semiconductors are
correlated with the molecular structure and charge transport properties of the organic

semiconductors.

66



5.2 Pure spin current transport in organic semiconductors using
tri-layer spin pumping architecture at room temperature

Fig 5.1a shows a schematic illustration of the tri-layer spin pumping structure and the
measurement geometry. The Py layer is driven into FMR by the applied microwave which
injects a flow of pure spin current into the organic semiconductor in contact with Py by spin
pumping. The spin current diffuses through the organic semiconductor in the vertical direction
and the spin current that reaches the Pt detector is converted into charge current via ISHE of
Pt. This ISHE induced current is probed as electrical voltage. FMR linewidth broadening is
often used to quantify the amount of spin current injection from the ferromagnet into the non-
magnet in contact where FMR spectra of the ferromagnet in proximity with the non-magnet is
compared with the FMR spectra of the ferromagnet. However, much care is required for such
analysis since there could be other origins that causes FMR linewidth broadening other than
spin current injection. Py/Pt device is often taken as the reference for FMR linewidth
broadening measurement due to Pt being a strong spin sink that allows efficient spin current
injection into Pt and hence significant FMR linewidth broadening. The FMR linewidth for the
Py/PBTTT/Pt device is even broader than the Py/Pt device (Fig 5.1b). However, this may not
necessarily mean the spin current injection into organic semiconductor is more efficient than
the case of Py/Pt since the surface roughness of the polymer leads to significant inhomogeneous
broadening of linewidth for Py layer deposited on top of the polymer. As a consequence, an
accurate estimation of the spin current injection cannot be obtained by using the FMR linewidth
broadening when the surface morphologies of the non-magnetic materials beneath the

ferromagnetic layer are different.
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Charge transport in the vertical direction of the organic semiconductor can be examined by a
vertical diode geometry where organic semiconductor is sandwiched between top and bottom
electrodes in a cross-bar geometry. Under low bias, the conduction is mediated by the residual
carriers in the polymer film which shows a linear current-voltage characteristics (Ohmic). As
the bias increases beyond a threshold voltage, the current-voltage characteristics follows the
Mott-Gurney relationship [Eq. (5.1)] due to the formation of space charge limited current in
organic polymer [150], [151].

JscLe = Zeoeruz—z (5.1)

where &y, &, ¢ and d denote the free space permittivity, relative permittivity, organic
semiconductor out of plane mobility and the thickness of the polymer film, respectively. Fig
5.1c shows the current density dependence on the electric field for PBTTT with different
thickness using Py and Pt as contact electrodes. Due to the well alignment between the HOMO
level of PBTTT and metal electrodes work functions, this diode transports holes only.
Following the SCLC analysis with holes injection from Py electrode, out of plane mobilities of
PBTTT and P3HT are estimated to be 1 x 10° cm?V-!s and 2 x 10 cm?V-!s!, respectively.
In particular, the current density scales accordingly with the thickness of the PBTTT (Fig 5.1c)
for ideal SCLC charge transport confirming the formation of space charge in PBTTT. In
contrast, despite the HOMO level of DPP-BTZ aligning well with the work functions of the
contact electrodes [152], the J-V characteristics for hole-only DPP-BTZ diodes with different
thicknesses essentially follow the same curve when normalising the V with the thickness of
DPP-BTZ. This provides clear evidence that the charge transport in DPP-BTZ is injection
(contact) limited [153]. Considering the well alignment of the HOMO level of DPP-BTZ with
the charge injection Py electrode, the presence of contact limited charge transport is most likely
caused by high trap density present in the DPP-BTZ film which results in high contact

resistance [154].
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Figure 5.1 Tri-layer spin pumping measurements. a, Schematic illustration of the tri-layer spin
pumping architecture and measurement configuration. Py stripe is excited into FMR by the microwave
which injects pure spin current into the adjacent organic semiconductor film. The spin current that
arrives at the Pt layer is converted into a charge current via ISHE. b, Field (uo/{) dependence of the
FMR signals dI(H)/dH measured for Py/Pt (blue line), Py/PBTTT/Pt (green line) and Py/doped
PBTTT/Pt (orange line) at 100 mW microwave excitation and 9.38 GHz microwave frequency inside
an ESR cavity where / is the microwave absorption intensity. The external magnetic field is applied
parallel to the Py film, but perpendicular to the long axis of the platinum detector. ¢, The current density,
J dependence of the electric field, £ for Py/PBTTT/Pt diodes with different PBTTT thicknesses. d, The
current density, J dependence of the electric field, £ for Py/DPP-BTZ/Pt diodes with different DPP-
BTZ thicknesses. The active junction area is 200 x 200 um and holes are injected into the organic
semiconductor from Py contact. The inset shows the band alignment between the HOMO level of the

organic semiconductor and work functions of the injection metals.
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Fig 5.2a shows the field dependence of the ISHE induced current for reference Py/Pt bilayer
and tri-layer Py/PBTTT/Pt and Py/doped PBTTT/Pt devices. Clearly, the ISHE signal is the
highest for the Py/Pt device (around 260 nA) while the signal reduces by a factor of ten by
insertion of a 50 nm PBTTT layer between Py and Pt electrodes. The ISHE signal increases by
a factor of two upon doping PBTTT fully with FATCNQ (Fig 5.2a). Fig 5.2b shows the vertical
conductivity of PBTTT as a function of doping level using a cross-bar geometry with Au
injector and detector electrodes (the doping level increases from 1 to 3). Py/P3HT/Pt device
shows a similar ISHE current signal compared to the case of Py/PBTTT/Pt device (Fig 5.2c¢).
In contrast, no such signal can be measured for Py/DPP-BTZ/Pt device (Fig 5.2d). From a
charge transport point of view, DPP-BTZ possesses higher charge carrier mobility than both
PBTTT and P3HT in the in-plane direction. In addition, DPP-BTZ orientates face-on with
respect to the substrate plane which provides high mobility in the out of plane direction. The
reason for DPP-BTZ device not showing a ISHE signal is hence most likely to be caused by
the high trap density present in the film that originates from film processing conditions, top
electrode deposition (formation of thermally induced traps) and the intrinsic trap density in
DPP-BTZ. In comparison, it is known that both PBTTT and P3HT have low trap density on
the order of 103 cm™ [155], [156].

In addition, the ability to deposit heavy metal such as Pt on top of organic semiconductor
without damaging the organic semiconductor is essential for a number of spintronics
measurements such as optical spin injection and ISHE detection where high quality optical spin
source needs to be prepared before deposition of organic semiconductor. Due to the extremely
high boiling points of heavy metal elements, it is very challenging to thermally evaporate these
materials without burning the organic semiconductors. Moreover, e-beam evaporation of heavy
metals on top of organic semiconductors tends to thermally damage organic semiconductors
due to high energy electron beam. To mitigate the thermal damage imposed by evaporation
methods, magnetron sputtering based on momentum transfer to “sputter” the target material
potentially offers a solution to this obstacle. However, the energy of sputtered atoms depends
strongly on sputtering pressure. The lower the sputtering pressure, the higher the energy of the
sputtered atoms which tends to penetrate the soft organic semiconductors. As such, the
sputtering parameters have been optimised (sputtering pressure = 1 x 10"! mbar with pure argon
flow of 3.6 sccm, sputtering power = 100 W with rf sputtering) to successfully deposit Pt on
PBTTT without damage PBTTT as confirmed by efficient charge injection from Pt electrode
in Pt/PBTTT/Au diode measurements. However, due to the morphology of Pt prepared under
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these conditions (less dense than normal sputtering conditions), the ISHE signal is reduced by

a factor of five compared to Pt prepared under normal sputtering conditions as confirmed by

Py/Pt bilayer spin pumping measurements.
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Figure 5.2 Pure spin current transport in organic conjugated polymers at room temperature. a,
Field (uoH) dependence of the ISHE induced current, [orm measured for Py/Pt (blue line), Py/PBTTT/Pt
(green line) and Py/doped PBTTT/Pt (orange line). b, I-V characteristics of Au/PBTTT/Au diodes with

different levels of doping. The level of doping increases from 1 to 3 and the active junction area is 200

x 200 pm. c-d, Field («oH) dependence of the /nom measured for Py/P3HT/Pt (¢) and Py/DPP-BTZ/Pt

(d). For spin pumping measurement, the microwave power applied is 1 W and the microwave frequency

is 4 GHz. The thickness of the organic conjugated polymers is around 50 nm.
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The ISHE induced current increases weakly with the out of plane conductivity of PBTTT
where the ISHE signal increases by a factor of two when the conductivity increases by orders
of magnitude (Fig 5.3a). This is a surprising result since high conductivity corresponds to high
carrier density at the interface between the ferromagnet and organic semiconductor that
mediates the spin current transmission across the organic semiconductor. This result implies
the possibility of efficient exchange interaction between the polarons in the out of plane
direction where polymer chains are stacked edge-on to the substrate plane. In the edge-on
molecular stacking, the polymer chains are isolated from each other by the insulating alkyl side
chains in the out of plane direction. This is the reason why P3HT have a higher carrier mobility
than PBTTT in the out of plane direction due to the shorter side chain (C¢ for P3HT and Ci4
for PBTTT). Fig 5.3b shows a thickness dependence of the ISHE current for P3HT devices.
The spin diffusion length of P3HT in the out of plane direction is estimated to be
596 + 61 nm by fitting an exponential function is fitted to the data. Spin diffusion lengths for
PBTTT with different levels of doping can be extracted using the same method (Fig 5.3¢c). The
spin diffusion length for PBTTT clearly increases with the doping level (Fig 5.3d) from around
130 nm to 600 nm. This four-fold increase in spin diffusion length implies an exchange-based
spin transport in doped PBTTT where the high carrier concentration allows greater overlap
between the delocalised polarons leading to enhancement in spin diffusion length. The longer
spin diffusion length of P3HT compared to PBTTT could be due to either the higher out of
plane mobility for P3HT than PBTTT and/or enhanced exchange interaction between the

polarons as a result of side chain length reduction (polymer cores closer to each other).

Two control experiments were performed to verify tri-layer spin pumping experiments. First,
an organic insulator, Poly(methyl methacrylate) (PMMA) was inserted between Py and Pt
instead of organic semiconductor to block spin current transmission between Py and Pt. No
ISHE signal can be observed for Py/PMMA (50 nm)/Pt (10 nm) device (Fig 5.4a) which
confirms the ISHE signal is due to spin current transport across Py and Pt mediated by charge
transport. Second, the Pt detector was replaced by Al layer with negligible spin-orbit coupling
to confirm the ISHE signal is generated by the Pt detector via its high spin-orbit interaction.
Similarly, no ISHE signal can be observed for Py/P3HT (50 nm)/Al (10 nm) device (Fig 5.4b)
which verified the ISHE signal is generated by the Pt detector.
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Figure 5.3 Spin current transmission in conjugated organic polymers at room temperature. a,
Conductivity, o dependence of the ISHE induced current, lorm for doped PBTTT. b-¢, Thickness, d
dependence of lyorm for P3HT (b) and PBTTT with different levels of doping (c). The level of doping
increases from 1 to 3 [the conductivity increases from 1.7 x 107> S/cm (doping level 1) to 0.07 S/cm
(doping level 3)] and the solid lines are exponential fits to experimental data. d, Conductivity
dependence of spin diffusion length extracted from exponential fits for PBTTT. The error bars indicate

the fit uncertainty.
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Figure 5.4 Tri-layer spin pumping control experiments. a-b, Field dependence (uoH) of the
electromotive force, /' measured for Py/PMMA (50 nm)/Pt (10 nm) (a), Py/P3HT (50 nm)/Al (10 nm)
(b). The microwave power applied is 1 W and the microwave frequency is 4 GHz. All measurements

were performed at room temperature.

Out of plane angular dependence of the ISHE signal measurements were performed to
understand the spin dynamics in these organic semiconductor systems. Fig 5.5a shows the
measurement configuration and the relationship between the external field angle and the
magnetisation angle where the magnetisation angle ¢ is calculated from the # dependence of
FMR resonance field, Hrmr using Landau—Lifshitz—Gilbert (LLG) equation. Clearly, the ISHE
voltage signal, Visug vanishes at @ =90° and inverts in sign at § =180°, in good agreement with
ISHE symmetry (Fig 5.5b). Following the theoretical work developed by Watanabe et al for
Py/PBTTT/Pt system, the Visug as a function of 8 for Py/PBTTT (50 nm)/Pt (10 nm) was
simulated theoretically for different spin lifetimes from ps to ps. There are essentially two
distinct regimes, for long spin lifetime greater than 1 ps, the angular dependence is more
“gradual” while for short spin lifetime less than 1 ps, the angular dependence is more “‘step-
like”. The former is often regarded as the “Hanle” type angular dependence which resolves the
spin precession in an out of plane magnetic field. The more “gradual” angular dependence for
pristine PBTTT and pristine P3HT (Fig 5.5d) evolves to a more “step-like” angular dependence
for doped PBTTT implies the suppression of Hanle effect due to enhanced exchange interaction
between polarons consistent with recent proposed theory and experiment. It is important to
note that the observed gradual angular dependence may be caused by factor other than Hanle
effect such as non-uniform microwave magnetic field [145]. Therefore, one needs to be careful
about using the out of plane angular dependence as the proof of Hanle effect in organic

semiconductors (discussed in more details in Chapter 6).
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Figure 5.5 Out of plane angular dependence of the ISHE signal in the tri-layer spin pumping
devices at room temperature. a, Schematic illustration of the angular dependence measurement
configuration and the relationship between the external field angle and the magnetisation angle. b, The
ISHE voltage, Visue measured as a function of out of plane magnetic field angle, 6. The green, blue and
orange solid circles are the experimental data for Py/PBTTT (50 nm)/Pt (10 nm), Py/intermediate doped
PBTTT (50 nm)/Pt (10 nm) and Py/full doped PBTTT (50 nm)/Pt (10 nm), respectively. ¢, Simulated
Visue as a function of & for Py/PBTTT (50 nm)/Pt (10 nm) for different spin lifetimes. d, The Visue
measured as a function 6 for Py/P3HT (50 nm)/Pt (10 nm).
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5.3 Conclusions

Tri-layer spin pumping experiment has been used to study the spin transport in a range of
organic semiconductors with different molecular structure and charge transport properties. In
particular, the doping dependence of the spin pumping signal was investigated for
FATCNQ/PBTTT system. The spin diffusion length of PBTTT was found to increase with
doping concentration. Furthermore, the out of plane angular dependence measurement for
doped PBTTT implies the suppression of Hanle effect in highly doped organic semiconductors
consistent with recent theoretical work [125]. In addition, charge transport properties of organic
semiconductors such as the trap density was found to play a crucial role in spin current
transmission in organic semiconductors where no spin signal can be observed for organic

semiconductor with high trap density.

The vertical spin pumping measurement geometry can be also used to study interesting
interfacial effect in organic-metal interfaces. Fig 5.6a shows the field dependence of the voltage
for Py/Au (6 nm) and Py/PFBT/Au (6 nm). PFBT is a self-assembled monolayer (SAM)
molecule that can be functionalised on Au metal by immersing Au layer into a solution with
PFBT and ethanol solution (10 mMol) for 30 minutes. Clearly, the spin pumping signal
increases when PFBT layer is inserted between Py and Au. This may be due to the recently
proposed Rashba-Edelstein effect at SAM and metal interface (Fig 5.6b) where the charge
transfer between the metal layer and SAM creates a 2D dipole layer with varying interfacial
electric field depending on the charge transfer. A systematic study on the potential Rashba-
Edelstein effect at SAM and metal interface is obviously essential to understand the underlying

physics.
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Figure 5.6 Molecular-metal Rashba spin to charge converter. a, Field dependence (uoH) of the
electromotive force, ' measured for Py/Au (6 nm) (green line) and Py/PFBT/Au (6 nm) (blue line) at
room temperature. The inset shows the chemical structure of 2,3,4,5,6-pentafluorothiophenol (PFBT).
b, 2D dipole layer formed between PFDT molecule and Bi due to charge transfer. The Rashba-Edelstein
effect is enhanced as a result of the charge transfer enhanced interfacial electric field as illustrated in

the Fermi contour plot. Fig 5.6b is taken from [157].
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Chapter 6

Lateral spin transport in organic semiconductors
probed by spin pumping and ISHE

6.1 Motivation

As discussed in Chapter 4, the current spreading effect in electrical spin injection and detection
device together with the stochastic noise generated by hopping conduction in organic
semiconductors are identified as the intrinsic roadblocks to successfully probe spin transport
in organic semiconductors using electrical spin injection techniques. Therefore, spin injection
based on current-free technique potentially offers a solution to the intrinsic roadblocks. Spin
pumping is a charge current-free spin injection technique based on dissipation of angular
momentum via FMR. Coupling spin pumping with non-local spin detection technique is clearly
a potential measurement architecture for probing spin transport in organic semiconductors. In
this chapter, long range lateral spin transport was successfully observed in electrochemical
doped organic semiconductors using a combination of spin pumping and ISHE in
nanofabricated devices with spin diffusion lengths range from few hundred nanometres up to
a micrometre. The experimental results are in quantitative agreement with theoretical work on
spin transport mediated by exchange interaction in organic semiconductor systems using

refined material specific parameters calculated from first principle*.

*The theoretical modelling results were calculated by INSPIRE group at Johannes Gutenberg
Universitidt, Mainz. Note: Lateral spin pumping devices were fabricated together with Dr.

Deepak Venkateshvaran.
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6.2 Observation of lateral spin transport in organic
semiconductors at room temperature

To circumvent these roadblocks associated with electrical spin injection, transport, and
detection in organic semiconductors using trilayer and nonlocal architectures, it becomes
necessary to use experimental techniques that achieve spin injection without charge injection
across an interface. One implementation of such a protocol is based on spin pumping involving
the dissipation of angular momentum at a ferromagnetic injector and into a non-magnetic metal
or semiconductor layer [158], [159], [62], [145], [146], [160]. Fig 6.1a shows a schematic of a
lateral spin pumping architecture and measurement configuration that achieves this. Such a
lateral spin pumping architecture was never previously demonstrated in organic
semiconductors, but was successfully shown in p-Si [96], n-GaAs [100], Graphene [99], n-Ge
[98],Cu[101], and a 2DEG [97]. The device consists of an island of a ferromagnetic permalloy
(Py) layer fabricated next to a narrow, 1 um wide platinum (Pt) wire running parallel to an edge
of the Py island, both of which are in contact with an organic semiconductor. The Py layer is
driven into ferromagnetic resonance (FMR) by an applied microwave field in the presence of
an external magnetic field and dissipates spin angular momentum into the adjacent organic
semiconductor in the form of a spin current [11], [160], [159], [62], [87], [161]. This injected
pure spin current propagates through the organic semiconductor and is absorbed in the Pt wire
situated within a few hundred nanometres of the Py island. The absorbed spin current in the Pt
detector is finally converted into an electromotive force via the inverse spin Hall effect (ISHE)

in Pt and is measured as a voltage Visug across the platinum detector [11], [59], [56].

The conjugated polymer in our experiments is poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
b]thiophene) (PBTTT) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ), a widely investigated model system. PBTTT is a semicrystalline conjugated
polymer with a highly ordered lamellar microstructure, in which the polymer chains and the
direction of m—n stacking are oriented in the plane of the film and the aliphatic side chains
approximately normal to the film plane giving rise to relatively high, in-plane charge carrier
mobilities. The p-type molecular dopant, FATCNQ, can be incorporated by a solid-state
diffusion process or a sequential doping method that preserves the lamellar ordering and allows
reproducible control of the carrier and spin concentration [162]. The dimensions of the device
are illustrated in the optical image (Fig 6.1b) with the well resolved sub-micron gap (300 nm

in this case) between Py and Pt shown in the SEM image (Fig 6.1c¢). Initial measurements were
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performed inside an ESR cavity, where it was possible to measure the microwave absorption
in Py and the ISHE voltage signal in Pt simultaneously. Fig 6.1d shows the microwave
absorption signal of the 400 x 600 um? Py island on a complete device measured at 9.38 GHz
inside the electron spin resonance (ESR) cavity. Fig 6.1¢ is the corresponding voltage response
measured across the Pt stripe when the Py island is brought into FMR within the ESR cavity.
A clean ISHE signal is observed that peaks at the FMR resonance.
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Figure 6.1 Lateral spin pumping device architecture and measurement scheme. a, Schematic
illustration of lateral spin pumping and ISHE detection within the nanofabricated device. poH, M, J; and
Visue denote the external magnetic field, dynamic magnetisation, pure spin current and voltage due to
ISHE, respectively. b, Optical image of the lateral spin pumping and ISHE device. ¢, SEM image of
300 nm gap between Py and Pt electrodes. d, Field (uoH) dependence of FMR signal dI(H)/dH measured
for Py/OSC/Pt at 100 mW microwave excitation and 9.38 GHz microwave frequency inside an ESR
cavity. / is the microwave absorption intensity. The external magnetic field was applied in a plane
parallel to the film plane, but perpendicular to the long axis of the platinum detector. The FMR field is
100 mT. e, Voltage response picked up by the platinum stripe when the Py island is driven into FMR.
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Fig 6.2a shows the voltage signal detected with an incident microwave power of 1 W and a
frequency of 4 GHz for a device with a gap of 300 nm between Py and Pt. These measurements,
as all subsequent ones, were performed with the sample placed on top of a microwave strip line
that provided the FMR excitation. The signal is measured over a long Pt stripe (slightly longer
than 600 um) since the voltage signal scales linearly with length. The measured Visue signal
was observed to invert in sign upon reversing the applied in-plane magnetic field direction,
consistent with the characteristic symmetry of the inverse spin Hall effect, i.e., Eigyg X Js X 0
[56]. Here, Eisyg, Js and o denote the electric field generated by ISHE in the detector, flow of
pure spin current, and spin polarisation vector of the spin current, respectively. The latter is
aligned with the applied magnetic field. When o was polarised along the direction of the long
axis of the Pt detector, Ejsyg was found to vanish (Fig 6.7¢). In a lateral spin pumping device,
although there is an electrical contact between the ferromagnetic Py injector and the Pt detector
through the doped organic semiconductor, the antisymmetric part of the measured signal due
to the anomalous Hall effect (AHE) is reduced in comparison with vertical spin pumping

devices on account of the lateral offset between the platinum detector and the permalloy injector.

To fully rule out the AHE contribution from the ferromagnetic layer, as well as potential
artefacts due to the anomalous Nernst effect (ANE), and the Nernst effect (NE) of the doped
organic semiconductor in the interpretation of the measured signal, a series of careful control
experiments were performed. First, the Py island was capped with a 10 nm AlOx layer to block
spin injection into the organic semiconductor. As shown in the top sub-panel of Fig 6.2b, a spin
signal at ferromagnetic resonance could not be measured in the presence of this blocking layer.
Second, the platinum detector electrode was replaced with metals having a weaker spin-orbit
coupling. When the detector electrode was replaced with Cu, no observable signal was
measured (Fig 6.2b bottom sub-panel), consistent with the very weak spin Hall angle of Cu
[11]. When the detector electrode was replaced with Au, the signal was strongly suppressed,
though still detectable, (Fig 6.2c top sub-panel) as expected from the spin Hall angle of Au
being significantly smaller than that of Pt [11]. Third, the platinum detector adjacent to the Py
island was removed in the region next to the injector as shown in the bottom sub-panel of Fig
6.2c. A strong signal could not be observed in this configuration, convincingly ruling out
spurious voltage contributions due to the ISHE and the Nernst effect of the doped organic
semiconductor itself as contributions to our measured signal. These experimental results

indicate successful spin transmission in the plane of the FATCNQ-doped PBTTT film along
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the polymer backbone and the high mobility n—mn stacking direction. The normalised ISHE
induced current, I,orm = Visug/R, where R is the measured resistance across the Pt wire, is
observed to reduce exponentially with gap spacing between Py and Pt, Lpy_p¢, as expected for
spin decoherence with distance in the spin transport material (Fig 6.2d). The spin diffusion
length, A, for this sample of FATCNQ doped PBTTT is estimated to be 1.2 + 0.1 pum by fitting

Lyorm (Lpy—pt) = I,e~LPy-Pt/2s to the experimental data.
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Figure 6.2 Observation of long range spin transport in F4TCNQ doped PBTTT. Field dependence

of the electromotive force V' measured across the platinum detector for a, Py (25 nm)/FATCNQ-
PBTTT/Pt (10 nm), b, top sub-panel Py (25 nm)/AlOx (10 nm)/FATCNQ-PBTTT/Pt (10 nm), bottom
sub-panel Py (25 nm)/F4TCNQ-PBTTT/Cu (10 nm) ¢, top sub-panel Py (25 nm)/FATCNQ-
PBTTT/Au (5 nm), bottom sub-panel Py (25 nm)/F4ATCNQ-PBTTT/nano-fabricated broken Pt (10nm).
The gap spacing between the Py island and platinum wire was 300 nm for all devices. The microwave
power applied was 1 W (the microwave power absorbed by the device was around 160 pW) and the
microwave frequency was 4 GHz. The FMR field (Hrmr) was close to 20 mT under the given excitation
conditions. d, Gap (between Py and Pt) dependence of ISHE induced current /nom = Visue/R. The
conductivity of the FATCNQ-doped PBTTT film was around 100 S/cm. The blue sold line is an

exponential fit.
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To better understand the nature of spin transport in FATCNQ doped PBTTT, the spin signal
measured at the platinum detector was studied as a function of carrier density in the organic
semiconductor. The carrier density was varied by thermally annealing the fully doped, highly
conductive film whereupon the dopant FATCNQ molecules out-diffuse from PBTTT and the
conductivity as well as carrier/spin concentration reduce [162]. Inorm Was found to decrease very
strongly when reducing the carrier concentration (Fig 6.3a). The extracted spin diffusion length
within the film at various conductivities is shown in Fig 6.3b and is clearly seen to decrease
with conductivity, influenced by carrier density. Fig 6.3c shows the amplitude of the measured
spin signal as a function of temperature in a lateral spin pumping device with a 300 nm channel
and a fully doped PBTTT film. The spin signal at 50 K is a factor of three smaller than that at
300 K. The conductivity over this temperature range reduces by a factor of four, accompanied
by a reduction in both carrier density and mobility by a factor of approximately two each [162].
In comparison with the reduction in the spin signal strength due to de-doping (more than a
factor of ten upon reduction of the conductivity by a factor of four), the reduction with
temperature is weaker. This indicates that the drop in mobility, which occurs at low temperature,
affects the signal less strongly than the reduction in carrier concentration and highlights the key

role that the carrier/spin density plays in mediating spin transport within the polymer.

We have observed similar spin signals in other conjugated polymers. Fig 6.3d shows a
decaying spin signal with channel length between a Py injector and a Pt detector of a lateral
spin pumping device with an active layer of FATCNQ doped Poly(3-hexylthiophene-2,5-diyl)
(P3HT). The spin diffusion length extracted for doped P3HT from this data was 635 + 174 nm,
several hundred nm shorter than that measured in PBTTT. At its maximum doping
concentration, P3HT has a conductivity of only 3.2 S/cm as opposed to 100 S/cm in PBTTT.
Despite this, P3HT shows a strong spin signal that reduces with conductivity (Fig 6.3e). It is
instructive to note here that the spin density in doped films of PBTTT and P3HT measured
using ESR are very similar, with PBTTT having a slightly lower value of 1.6 X 102° cm™ in
comparison to P3HT having 2.7 x 102° cm?. In addition, it is known that on account of a
higher crystalline ordering, PBTTT has a higher mobility than P3HT by up to an order of
magnitude [163]. Thus, the observation, that both P3HT and PBTTT show a pronounced spin
signal despite having a significant difference in their conductivities, points again to the key role
that the mobile carrier density and the inter-polaron distance play in spin diffusion. Fig 6.3f
shows a plot of the strength of the measured spin signal as a function of measured conductivity
for PBTTT, P3HT and another doped conjugated polymer based on cyclopentadithiophene-
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benzothiadiazole (CDT-BTZ) for a fixed Lpy_p; = 300 nm and provides further confirmation

that spin information can be efficiently transported only in polymers with a large carrier density.

Similar spin signals could not be measured in devices using undoped polymers.

a b c
2.0 ’ v 1600 . 0.006
® 100 S/em 1400 | 4 [ ]
® 386 S/cm + 0.005 . e
15+ 63S/icm 1 1200 1s °
< 46 S/lcm _ 1000 | &;_ 0.004 + ° ®
£ ® 37 S/kcm E = .
e 1.0 e 22S/cm 1 £ 800 =, 0.003}
g q ] .
= $ 600 L
+ Te0.002} .
0.5} 400 | <3 ]
200 ¢ | o001}
0.0 S - . =—a) 0 ' . . . . 0.000 T Ty
0 1000 2000 3000 4000 5000 0 20 40 60 80 100 0 50 100 150 200 250 300
d L, o (NM) e o (Sfem) f T(K)
0.18 ———————— 15
0.16 i 3l ——3.28/cm | ® PBTTT L
0.14 CHa(CHz)4CH3 2.6 S/cm 12| ® P3HT
0.12 i\ — 2.1 Sfcm CDT-BTZ
=9 5 s 1.98fkm | _
€ 010 32 —o0680m] E0° .
w —_—
0.08} & —— 0.3 Sfcm E
-_E > 206
0.06 -
0.04 - 03l .
0.02f N
0.00 : : : : ‘ 0.0 a .'." y ..
0 500 1000 1500 2000 2500 3000 0.01 0.1 1 10 100 1000
L, 5 (nm) H-Hpyy (MT) o (Slem)

Figure 6.3 Carrier density dependence of spin current transport. a, Gap spacing between Py and
Pt dependence of ISHE induced current with different conductivities of doped FATCNQ-
PBTTT film controlled by thermal annealing. The solid lines are exponential fits to
experimental data. b, Conductivity dependence of spin diffusion length extracted from
exponential fits. The error bars indicate the fit uncertainty. ¢, Temperature dependence of the
spin signal in doped PBTTT. d, Spin diffusion length extracted from lateral spin pumping in
P3HT. e, Conductivity dependence of the measured spin signal in P3HT. f, Plot of the measured
spin signal as a function of conductivity of PBTTT in comparison with P3HT and CDT-BTZ.

6.3 Out of plane angular, temperature and frequency dependence
measurements

We have also investigated the angular dependence of the voltage signal, when tilting the applied
magnetic field out-of-plane (Fig 6.4a). As the applied magnetic field is rotated out-of-plane by
an angle 0, the orientation of magnetisation of the Py island lags by an angle 8 — ¢ owing to
the shape anisotropy within the film. Using the Landau—Lifshitz—Gilbert (LLG) equation, the
magnetisation angle ¢ is calculated from the 8 dependence of the resonance field (Hrmr)

shown in Fig 6.4b. The plot of ¢ (0) in Fig 6.4c demonstrates how the magnetisation of Py
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remains relatively in-plane up to 8~60°, i.e. magnetisation and field are not collinear, but then
reorients quickly as 8 approaches 90°. From this we expect, first of all, the measured ISHE
voltage to go through zero and change sign at 8 = ¢ = 90°. This is cleanly observed in both
PBTTT and P3HT (Fig 6.4d and 6.4e, respectively) and provides further validation of the
interpretation of the experiment. The angular dependence also provides interesting information
about how the orientation of the injected spin polarisation evolves while the spins diffuse
through the polymer. Because the FMR-induced polarisation of the spins injected into the
organic layer is along the magnetisation direction and the applied field is not collinear with the
magnetisation, any reorientation of the spin polarisation due to Hanle-type precession around
the applied magnetic field in the polymer, would change the x-polarised component of the spin
current that reaches the Pt detector (Fig 6.1a) and manifest itself in an angular dependence that
is significantly more gradual than the simple step-like, Visue & cos(¢) angular dependence that
would be expected if the spin polarisation remained aligned with the magnetisation direction
(Appendix B.II). In related tri-layer spin pumping experiments on undoped PBTTT [62], silicon
[59], and pentacene [148], such a gradual angular dependence was claimed to have been
observed, but not in Alq3 [145]. In our experiments, we observe a step-like angular dependence
of Visug in both PBTTT and P3HT. Fig 6.4d shows the observed angle dependence of Visug in
PBTTT for various device channel lengths, and a conductivity of 100 S/cm. It can be well
explained by a simple cos(¢) dependence (dashed line). The deviations seen in some of the
samples are not systematic and are likely due to limited alignment accuracy in the experiments.
Fig 6.4e shows a similar step-like angle dependence of Visue in P3HT for various conductivities
but a fixed channel length of L =700 nm. This result suggests that during diffusion of the spins
through the polymer the spin polarisation remains robustly aligned with the direction in which

the injected spin current was polarised.
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Figure 6.4 Angular dependence of the ISHE signal. a, Schematic geometry of Hanle measurements
in lateral spin pumping devices. b, FMR resonance field at 4 GHz as a function of the out-of-plane
rotation of external magnetic field. ¢, Difference in angle between the ferromagnet’s magnetization and
the direction of applied field during rotation. d, Angle dependent measurements of Visug in PBTTT for

various channel lengths. e, Angle dependent measurements of Visye in P3HT for various conductivities.

Fig 6.5 shows the VisuE signal as a function of temperature for both magnetic field directions
for 300 nm gap spacing lateral spin pumping device with doped PBTTT with FATCNQ. The
ISHE induced current normalised by device microwave absorption decreases with decreasing
temperature (Fig 6.3c). The conductivity of FATCNQ-PBTTT correspondingly reduces by a

factor of four when the temperature is reduced from room temperature to 50 K. At 50 K, the

a(°)

a(°)

86



conductivity of doped PBTTT is around 25 Scm™ and the measured ISHE signal normalised
by the ISHE signal measured at 300 K (100 Scm™) is 0.325. For conductivity dependent
measurements at room temperature, the ISHE signal measured at 22 Scm™' normalised by the
ISHE signal measured at 100 Scm™ is only 0.018. This indicates that the ISHE signal is affected
more strongly by a reduction in conductivity that is caused mainly by a reduction in carrier
concentration (as in the case of sample annealing leading to a loss of F4ATCNQ dopant) than by
similar reduction in conductivity caused at least partly by a reduction in carrier mobility (as is

the case when cooling the samples to low temperature).

Visue (0V)

Ho(H-Heye) (

mT)
Figure 6.5 Temperature dependence of the ISHE signal. Temperature dependence of the ISHE
voltage for both positive and negative in-plane magnetic field for lateral spin pumping device with 300

nm gap spacing. The spin transport material is doped PBTTT with F4ATCNQ.

Microwave frequency dependence of the FMR of Py can be used to extract a few important
parameters for gaining more insights in spin pumping processes. The frequency dependence of
the resonance field, Hrmr can be fitted to the Kittel’s formula (w/y)? = Heyr (Hpyr + 47TMs)
[86]. The fit provides an estimation of the saturation magnetisation, 4rMg= 0.9535 T in good
agreement with literature values. This indicates that the Py film is stoichiometric and is of high
quality. The Gilbert damping constant is a parameter that quantifies the spin dissipation when
a material is in contact with the ferromagnet. High spin-orbit coupling materials such as Pt
cause a significant increase in the Gilbert damping constant when brought in contact with the
ferromagnet since Pt dissipates spin effectively (spin sink). The Gilbert damping constant, «
and the inhomogeneous broadening, AH, can be extracted by fitting Eq. (6.1) to the frequency
dependence of FMR linewidth. We observe a small enhancement of the Gilbert damping
constant of Py after the deposition of doped organic semiconductors which could be a
manifestation of efficient spin injection into the organic semiconductors. However, other

factors that can influence linewidth broadening, such as potential modification of the surface

87



of Py during the solution deposition of the conjugated polymer need to be considered carefully

as well.
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Figure 6.6 Frequency dependence of FMR of Py. a, Frequency dependence of the FMR field. The
solid circles are the experimental data and the red curve is the fit based on Kittel’s formula. b, Frequency
dependence of the FMR linewidth. The solid circles are the experimental data and the solid lines are fit
based on the equation above the figures. The legend shows the Gilbert damping constant « for different

heterostructures.

6.4 Electrical characterisation and additional control experiments

A bias voltage was applied between the Py island and Pt wire to measure a current-voltage (/)
characteristic (Fig 6.7a). Before the deposition of doped PBTTT, there was no electrical
connection between the Py island and Pt wire. This means the Py island does not overlap the
Pt wire. An Ohmic IV characteristic is established between the Py island and Pt wire after the

deposition of doped PBTTT.

For spin pumping, the density of spin current generated is proportional to the applied
microwave power P. Thus, Vigyg « P. The Visue signal increases linearly with microwave
power (Fig 6.7b) which is consistent with the prediction of spin pumping theory. Fig 6.7¢ shows
the field dependence of the voltage for Py-doped PBTTT-Pt (300 nm spacing) when the
magnetic field is rotated 90° in-plane. In this geometry, the Pt wire is parallel to the external
magnetic field. No VisHe signal can be measured in this configuration. This is consistent with
the ISHE geometry Vigyg &« Js X o, where the spin polarisation of the spin current is defined

88



by the external magnetic field direction.

Fig 6.7d shows the field dependence of the voltage for the Py island when contact is made
directly to it. The measurement geometry is identical to the lateral spin pumping and ISHE
measurements. The signal is highly asymmetric and a fitting was performed to deconvolute the
signal into symmetric and asymmetric parts. For the Py island, the symmetric part Vsym was
2.431 pV and the asymmetric part Vasym was 1.945 uV (Vsym/Vasym = 1.25). Vsym originates from
the ISHE in Py and Vasym comes from anomalous hall effect of Py. The Vasym component can be
used to quantify the spurious voltage contribution from Py to the Visur in lateral spin pumping
and ISHE detection measurements. The Vsym/Vasymratio for the measured Visue signal for lateral
spin pumping was 24.5 or greater which indicates that spurious signals in Py have minimal

contribution to the measured signal.
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Figure 6.7 Electrical characterisation of the lateral spin pumping device and additional control
experiments. a, [V characteristics of Py-SiO-Pt (black) and Py-doped-PBTTT-Pt (blue). The gap
spacing between Py and Pt is 300 nm. The inset shows the measurement configuration. b, Microwave
power P dependence of the ISHE voltage signal. The solid circles are experimental data and the solid
line is a linear fit to the data. ¢, in-plane field dependence of the measurement when the field is applied
parallel to the platinum stripe, thus ensuring that the cross product in Vigyg X Js X o is zero. d, Field
dependence of the electromotive force for Py island. The applied microwave power and frequency is 1

W and 4 GHz respectively.

6.5 Theoretical modelling of the results

To explain the relatively long spin diffusion length (4) and the strong dependence of the ISHE
voltage on carrier density we refer to a recently proposed theoretical framework based on
exchange-mediated spin transport in organic semiconductors [127], [129], [132], [125]. The
spin diffusion length is a function of the diffusion coefficient D and the spin relaxation time T,
through the relation A5 = \/D_Tl . Within the exchange-mediated spin transport model, the
diffusion coefficient D is assumed to have additive contributions from charge/spin hopping

(Dhop) and also from exchange mediated coupling between spins on adjacent molecules (Dey),

90



i.e., D = Dypop + Dexc. The latter can propagate spin information without requiring charge
motion and is expected to be important only at sufficiently high carrier/spin concentration at
which the typical inter-polaron/inter-spin distance R approaches intermolecular distances but
can lead to a large enhancement of the diffusion constant by several orders of magnitude. The
total spin relaxation time T; includes contributions from spin relaxation due to local hyperfine
interactions (HFI) and spin-orbit coupling (SOC) fields, i.e., Ty = (wyp + wsoc) L. The
hopping contribution to the diffusion coefficient depends on the carrier mobility u through the
Einstein relationship, Dp,p, = ukgT /e. We use here a one-dimensional (1D) formulation of the
originally 3D model because of the specific microstructure of PBTTT, in which polarons are
most likely to come close to each other along the n—n stacking direction, i.e., we have made
explicit modifications to the original 3D expressions for D,,. and 7 used in (Appendix A.I)
[125]. The exchange contribution to the diffusion coefficient bears the form for an isotropic
Heisenberg chain in 1D, D, = 1.6J(R)R?, where J(R) is the exchange interaction [164] and
may be approximated by a spatially isotropic, hydrogenic exchange interaction of the form
J(R) = 0.821(e?/£&)(R/§)5/?e 2R/ a5 a function of the polaron localisation length & and R
[125], which gains in strength as the distance between the carriers is reduced. We have
computed the polaron localization length along the n—mn stacking direction to be ¢ = 0.4 nm
for PBTTT from first principles. The spin relaxation rate due to the local HFI [125], [126] is
wypy = 20%5,7/3 where Qyp; is the Larmor frequency of the local hyperfine magnetic field
and the time T = (2Dp0p/a* + 2Deyxc/R*) ™" is a measure of the dwell time of a spin on a
molecule as it propagates in 1D along the n—n stacking direction. a = 0.45 nm is the average
hopping distance between polarons along the n—n stacking direction. The spin relaxation rate
due to SOC is wgpc = 2yt~ ! where y? = (4/3)y? is the spin-mixing parameter due to the

SOC and y? is calculated from first principles.

Within this model a long spin diffusion length is explained in terms of a large exchange
dominated diffusion coefficient. Because the spatial decay length of the exchange interaction
is short, a small separation between polarons/spins is necessary for this mechanism to become
prominent, i.e., a path of occupied electronic states separated by sufficiently short distances is
a prerequisite. This scenario is achieved at large doping concentrations (large n and small R,
where R = 1/3/n). A second requirement for a long spin diffusion length is that the T is
sufficiently long. Density-functional theory calculations of the hyperfine field strength in the

polymer units revealed weak fields of < 10 gauss, indicating a dominance of the SOC spin
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relaxation mechanism over HFI (Appendix A.III). The electronic states in a semiconductor are
a mix of spin up and spin down states on account of which an electron hopping through a
polymer network loses spin polarization through the Elliott-Yafet (EY) mechanism [106], [107].

A long spin relaxation time T; therefore requires a weak SOC, in particular a small value of y2.

Although the polymers chosen in this study have relatively large mobilities between 0.1 (for
P3HT) and 1 cm?/Vs (for PBTTT), at large carrier concentrations the exchange diffusion
coefficient D,,. dominates the overall diffusion coefficient D by two orders of magnitude as
shown in Fig 6.8a. In the model both n and y? impact the spin relaxation time T;, while n
impacts D through the exchange integral J(R). Fig 6.8b shows the calculated spin diffusion
length Ag plotted as a function of carrier density n under the assumption of constant carrier
mobility. In the regime where the diffusion constant is dominated by the exchange mechanism,
the theoretically predicted spin diffusion length achieves values of over 1 um. This prediction
is matched by the experimentally determined values of Ag shown in Fig 6.8b. The experimental
value of the carrier density for the highest conductivity in PBTTT and P3HT were measured
using ESR and taken together with the measured conductivity of 100 S/cm for PBTTT, the
mobility was extracted to be ~4 cm?/Vs using ¢ = neu. This carrier mobility, although high,
is not unwarranted seeing as the distance between the injector and the detector is a few hundred
nanometres, thus potentially reflecting intra-grain transport. The carrier densities of the other
measured data points shown in Fig 6.8b were estimated from the measured conductivities that
depend on doping concentration using the mobility determined by ESR at the highest carrier
density. The experimental data of Fig 6.8b clearly tracks the decline in the spin diffusion length
as the exchange interaction is weakened due to increasing distances between polarons/spins on
de-doping the film, providing strong evidence for exchange-mediated spin diffusion being the
mechanism responsible for the long spin diffusion length observed here. We also find that the

predicted exchange diffusion coefficient is consistent with the measured Ag and the value of T

determined independently by ESR (Appendix B.III) according to Ag = /DTj.

To explain the difference in spin diffusion length between P3HT and PBTTT, which have
similar carrier densities and m—mn stacking distances, we consider differences in the SOC
strength [127], [128]. The parameter y? in a conjugated molecule increases when the adjacent
units are not coplanar but exhibit finite torsion angles between each other [128]. In PBTTT, we

expect maximal spin diffusion lengths to be determined by virtually flat polymer chains,
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correspondingly to a low y2. In P3HT, literature suggests a variation of thiophene — thiophene
dihedral angles between 20 — 30 degrees, and 40 — 60 degrees in comparable polymer samples
[165],[163], [166]. We consequentially calculate y 2 for representative geometries in these two
limits. Fig 6.8c shows the joint dependence of the spin diffusion length A5 on n and on the up-
down spin admixture parameter y2 that reflects the strength of SOC. Ag is nearly inversely

proportional to y, and increases with increasing n.

At this point, we emphasize that the accuracy of our theoretical spin diffusion length
predictions far exceeds reasonable expectations on the model used. While all model parameters
have been taken either directly from experiments or calculated from electronic structure theory
and adapted to (effectively) 1D transport corresponding to our understanding of the actual spin
dynamics in the polymer samples, our predictions sensitively depend on the balance between
parameters, as well as between parameters and the model itself. The simplicity of the model
therefore suggests errors cancelling to a significant degree. In particular, test calculations
indicate that charge motion at intermediate polaron concentrations may significantly contribute
to spin diffusion. This effect is neglected in a static spin diffusion model, therefore
underestimating the predicted spin diffusion lengths. On the other hand, the exchange coupling
expression derived in — [125] even with a polaron delocalization length estimated from first-
principles as used here — is significantly stronger than frequently used expressions [167] at
precisely the same intermediate spin concentrations, which appears to cancel the error due to

lack of dynamic effects.

Finally, we would like to discuss possible reasons why the spin polarization remains robustly
aligned with the magnetization direction and does not appear to precess around the external
magnetic field, as the spins diffuse through the organic layer over micrometer distances. One
possible interpretation of this result is that the spins transit through the polymer on a timescale
T that is faster than the timescale 7, for precession in the external magnetic field. It is tempting
to interpret this as a characteristic feature of rapid exchange-enhanced spin diffusion as it was

in fact claimed theoretically [ 125] to explain the absence of a Hanle signature in vertical organic

2
spin valves [40], [168]. In our system, the exchange-enhanced spin transit time 7 = L / D
exc

is indeed very fast, on the order of 10 ns. However, it remains comparable to 7; = 27T/ BL >
eHext

where ¥, is the electron gyromagnetic ratio and B2, is the component of the external field

perpendicular to the magnetization. Using a simplified model of the experiment discussed in
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Appendix B.II, we argue that spin precession should have manifested itself in a more gradual
angular dependence than what is observed experimentally, unless D, was in fact even higher
than predicted by the exchange-based spin diffusion model. This seems unlikely because the
relationship Ag = \/D_Tl puts a bound on D, values to be compatible with the measured
values of Ag and T;. A second, more likely, interpretation is that it is in fact an inherent feature
of the lateral spin pumping architecture. It is worth noting that also in very carefully performed
experiments on Si and Graphene, where it has been possible to perform both lateral spin
pumping and non-local electrical spin injection and detection measurements and establish that
both experiments yield consistent and reliable values for the spin diffusion length, a Hanle
signature was observed only in the nonlocal spin valve but not in the lateral spin pumping
architecture [96], [99]. In fact, none of the lateral spin pumping experiments reported to date
have shown a gradual angular dependence (Table 2.2). In the simplified model of Appendix
B.II we have neglected the fact that in the lateral spin pumping experiment the injected spin
polarization has not just a DC component but also an AC component, which is driven by the
AC microwave field and is precessing around the magnetization direction. It is possible that in
the rotating frame of reference of the precessing spins a DC applied magnetic field is very
ineffective in re-orientating the axis of this spin precession and that the axis of precession is
kept aligned by the AC microwave field. In fact, theoretical considerations have argued that
the driving AC microwave can even cause a spin rectification effect that enhances the DC
component of the spin polarization along the magnetization direction [169]. To observe a
signature of Hanle precession in the lateral spin pumping architecture may require more
challenging AC measurements, which go beyond the scope of the present work, whose focus
is on explaining the exceptionally long spin diffusion lengths observed in doped conjugated

polymers.
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Figure 6.8 Theoretical modelling of spin transport in an exchange mediated regime. a, Total
diffusion coefficient that includes contributions from hopping and exchange as a function of
carrier density for PBTTT and P3HT. b, Spin diffusion length as a function of carrier density
for PBTTT and P3HT. The maximum spin diffusion length for PBTTT is 1.102 um at a
theoretically predicted n = 1.91x10* cm™. For P3HT with low value of spin-mixing parameter
y? =127 x 107°, it is 0.72 um and with a high value of y? = 2.42 X 1079, it is 0.52 um at
a theoretically predicted n = 1.01x10?° cm™. ¢, The spin diffusion length for PBTTT and P3HT
shown as a function of both 2 and n. A variation in y?2 is caused by different dihedral angles

in the molecule.

6.6 Conclusions

In order to overcome the intrinsic roadblocks presented in the electrical spin injection
measurement scheme, spin pumping, a charge-free spin injection technique together with ISHE
spin detection method was used to measure lateral spin transport in organic semiconductors
using a nanofabricated device architecture. This approach successfully overcomes both the
conductivity mismatch problem and the measurement noise caused by current spreading and
hopping transport and enables spin transport in organic semiconductors to be probed

electrically.

Long range lateral spin transport of up to a micrometer in doped conjugated organic
semiconductors have been measured experimentally. The necessity to enter a regime of high
carrier density to access the spin transport mechanism based on exchange coupling between
polarons that enables efficient spin transport was demonstrated. The experimental results are
in good agreement with the results modelled theoretically based on spin transport mediated by
exchange interaction between polarons model and materials specific parameters obtained from
first principle. This finding opens up new avenues to tune the chemical and electrical properties

of organic semiconductors to turn them into useful and highly effective spintronic materials.
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Chapter 7

Conclusions and Outlook

This thesis explored the spin transport in organic semiconductors using a variety of
experimental techniques from all electrical spin injection and detection to ferromagnetic
resonance spin pumping and ISHE spin detection. This chapter summarises the main
conclusions of this dissertation and discusses potential future research directions and

technological applications.

Despite diligent attempts to study non-local spin transport in organic semiconductors using a
number of novel electrical spin injection and detection techniques from conventional four
terminal organic spin valve to electrical spin injection and ISHE spin detection method, no
convincing spin signal can be observed in these device architectures. The intrinsic roadblocks
for electrical spin injection-based measurements were identified as the current spreading effect
and the hopping conduction in organic semiconductors which makes all electrical non-local
spin injection and detection measurements extremely challenging if not impossible for organic

semiconductors.

The out of plane spin transport in a range of organic semiconductors was studied by tri-layer
spin pumping architecture. The spin current transmission in organic semiconductors depends
strongly on the molecular structure and the charge transport properties of the polymers. The
spin diffusion length for PBTTT was found to increase with the carrier concentration where the
carrier density is controlled by electrochemical doping with FATCNQ. Moreover, no spin signal
can be observed for organic conjugated polymer with high trap density. As a side project,
deposition of heavy metal layer on top of organic semiconductor without damaging the organic
semiconductor layer was optimised by tuning the magnetron sputter deposition parameters.
The optimised deposition conditions can be used to deposit heavy metal electrodes on top of
organic polymers for a number of organic spintronics applications such as optical spin injection

and ISHE detection measurements.
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Lateral spin diffusion length of up to a micrometre was observed in doped conjugated
polymers using a microfabricated device architecture where spin current is injected by spin
pumping and detected by ISHE. The experimental results are supported by theoretical
calculations based on exchange mediated spin diffusion model and parameters obtained from
first principle. This non-local spin transport device architecture provides a platform for
studying spin transport in a wide range of organic semiconductors where the spin current

propagates along the high mobility direction.

There are several future research questions and challenges waiting to be solved. First, no
“Hanle” type angular dependence was observed in lateral spin pumping experiments based on
electrochemically doped conjugated polymers. This might arise due to suppression of Hanle
effect in these systems where the spin transport is mediated by exchange coupling between
polarons at high enough carrier (spin) concentration. Clearly, it would be interesting to study
the angular dependence of spin pumping signal in organic semiconductors (small molecules
single crystal and conjugated polymer) with very high mobility exceeding 10 cm?V-!s! [170],
[171],[172], [173], [174] at relatively low carrier concentration where exchange interaction
between polarons is expected to be negligible. Preliminary lateral spin pumping measurements
with high mobility donor-acceptor organic semiconductor (3.3 cm?V-!'s’ OFET mobility),
CDT-BTZ show a more “gradual” out of plane angular dependence at low carrier concentration
(Fig 7.1b). Even though this may be an indication of the Hanle effect, more measurements are

required to fully understand and confirm the angular dependence measurements.
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Figure 7.1 Lateral spin pumping and ISHE detection for different materials at room temperature.
a, Plot of the measured spin signals as a function of conductivity of various polymers. b, Visug measured
as a function of out of plane magnetic field angle, § for FATCNQ doped CDT-BTZ with different

conductivity values.

Second, for practical applications, it is necessary to modulate the spin signal with external
stimuli for high performance computing applications [78], [77], [175], [176]. The initial
proposal of spin transistor concept was based on a 2DEG lateral spin valve where a gate voltage
can be applied to modulate the spin valve signal [177]. Extending from this concept, the lateral
spin pumping device architecture can be modified slightly to enable external control. In
particular, a gate electrode together with a layer of dielectric material can be placed on top or
bottom of the spin transport channel analogous to conventional organic field-effect transistor.
Based on the exchange mediated spin transport framework, in this geometry, the spin transport
channel can be switched on and off by an externally applied gate voltage where the spin channel
is switched on when a gate voltage is applied to induce charge accumulation (exchange
interaction switched on) and vice versa. Preliminary gated lateral spin pumping measurement
based on Rubrene single crystal (organic small molecules with very high mobility of greater
than 10 cm?V-'s™") was attempted. However, no spin signal can be observed both with and
without the gate voltage of -60 V where the gate voltage is applied via the silicon substrate
bottom gate and the SiO- on top of silicon substrate acts as the dielectric layer (Fig 7.2a). There
could be a number of reasons as to why this measurement didn’t showed a spin signal, first,
the Rubrene single crystal is not freshly made and the mobility value has dropped to around
0.1-0.2 cm?V-!s! as confirmed from OFET measurements due to degradation over time.
Second, the transfer curve of rubrene single crystal measured using the lateral spin pumping

device showed significant hysteresis which may be caused by the instability of Rubrene single
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crystal in ambient conditions such as moisture in air. Finally, there are some air gaps formed
near the active Py-Pt region during the lamination of Rubrene single crystal on the lateral spin
pumping device which could reduce the spin signal. Therefore, this measurement requires some
optimisations for obtaining reliable results. It is important to note that a low leakage current is
required for this measurement to work since high leakage current will translate into high noise
in the voltage measurement across the Pt detector as confirmed by lateral spin pumping

measurement with ion-gel gating where the leakage current is high.
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Figure 7.2 Lateral spin pumping and ISHE detection for Rubrene single crystal device at room
temperature. a, Field dependence of the electromotive force, }’ measured across the platinum detector
for Rubrene single crystal device. The gap spacing between Py and Pt is 300 nm and the gate voltage
of -60 V is applied via the silicon substrate bottom gate. The microwave power applied is 1 W and
microwave frequency is 4 GHz. The inset shows an optical image of the lateral spin pumping device
with Rubrene single crystal laminated. b, Transfer curve for Rubrene single crystal measured on the
lateral spin pumping device (drain voltage, V4 = -60 V) where the silicon substrate is the bottom gate

and the SiO; is the dielectric layer.

Finally, to complete the full circle of the lateral spin transport in organic semiconductors
exploration, a non-local spin valve measurement operated by spin pumping can be attempted
with organic semiconductor spin channel. In this measurement, spin injection is achieved via
spin pumping but spin accumulation is used as the detection method. This will not only be an
additional experimental approach to study spin transport in organic semiconductors but can
also provide further insights to the spin injection and transport physics in organic
semiconductors using well established non-local spin valve theory. This approach has
successfully demonstrated spin transport in all metallic lateral spin valve with silver spin

transport channel as shown in Fig 7.3.
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Figure 7.3 Lateral spin valve operated by spin pumping. a, Schematic illustration of lateral spin
valve with spin pumping spin injection measurement. b, Non-local spin signal, Vs, for silver based
lateral spin valve operated by spin pumping. The voltage due to heating at injector electrode at FMR,
Vo and the offset voltage due to inductive voltage generation in the measurement, Vo contributions to

the measured signal are illustrated in the figure. This figure is modified from [178].
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Appendix A

Theoretical modelling details

. Modelling

In order to calculate the Spin diffusion length (SDL) for PBTTT, we adopt the model in Ref
[125] to a morphology with quasi one-dimensional transport properties. The SD is calculated

from
/15 = 1/DT1 """"" (Al)

where D = Dyqp + Dexc is the diffusion constant due to hopping (Dy,op) and exchange (Deyc),

and T; = (wyp + wsoc) ™! is the spin relaxation (SR) time originated from hyperfine

interaction (HFI) and spin-orbit coupling (SOC).

2
The hopping diffusion constant, Dy, = “kefBT, 1s calculated based on the mobility u = 1 %

2
for PBTTT and u = 0.1 % for P3HT taken from experiments at 300 K [179]. The exchange

contribution to the spin diffusion constant for isotropic Heisenberg chain [164] is Deye =
1.6J(R)R?, where J(R) is the exchange interaction and R is the average distance between the

spins.

We use the expression for J(R) = 0.821(e?/e&)(R/§)%/?e2R/% given in Ref [125], where
e and € = 2 are the fundamental charge and dielectric constant, respectively, and the polaron

localization length, § = 0.4 nm, calculated from our first principles calculations.

As an electron hops between neighbouring molecules, it experiences a local HF field pointing
in a random direction, which causes spin relaxation (SR). The SR rate due to the local HFI
[125], [126] is wyp; = 2Q%57/3 where Qpp; = 2 X 108Hz is the Larmor frequency of the
local HF field (the hyperfine fields for PBTTT and P3HT are approximately 10 gauss, see
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Appendix AIII), the time T = (2Dpop/a* + 2D,y /R?) ™7, is a measure of the dwell time of a
spin on a molecule in 1D and a = 0.45 nm is the average hopping distance between polarons

along the m—n stacking direction.

The SR rate due to the SOC is wgoc = 2?11, where y% = (4/3)y? is the spin-mixing
parameter due to the SOC. We calculate y? from electronic structure calculations from first

principles theory (Appendix A.II).

According to Fig 6.8a in the main text, at high carrier concentrations, the exchange-induced
diffusion constant is roughly two orders of magnitude higher than hopping diffusion constant.
At this concentration, the spins move much faster and therefore the dwell time decreases. A
decrease in the dwell time reduces the SR rate due to HFI. Our calculations show that replacing
the HF field with a value which is two orders of magnitude larger, would only decrease the
SDL by 2%. On the other hand, as spins move faster, the spin flip rate due to SOC increases,
which makes the SOC the dominant SR mechanism. However, a very small y2 for PBTTT and

P3HT, increases the SR time caused by SOC and allows for a long SDL.

II. Calculation of y?and polaron-localization length

The up-down spin-admixture parameter y2 describes the mixing of opposite spin states due to
SOC and determines the rate of spin-flipping at charge hops in a semiconductor [128], [127].
Consequentially, an accurate determination of y? is crucially important for theoretical
predictions of SR rates in OSCs. y? is the first order perturbation theory correction to the spin-

orbit free Hamiltonian.

We estimate y 2 using the approach suggested by Yu [128], but with two main improvements.
While y? was originally derived within the restricted open-shell Hartree-Fock (ROHF)
approximation to the density-functional theory (DFT) wave-function, we generalize its
formulation to the unrestricted HF (UHF) approximation. This significant reduction in
variational constraints on the wave-function used to obtain y? correspondingly raises its

predictive quality.

We further improve the quality of y? by calculating SOC matrix elements from first-
principles, within the Zeroth Order Regular Approximation (ZORA) [180] as implemented in
the NWChem computational chemistry package [181]. The original formulation of ¥ uses
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SOC constants (SOC matrix element prefactors) from experimental literature, i.e. observable
‘orbitals’. Since this set of elements is only complete for the same number of orbitals in the
theoretical treatment, the DFT calculations are restricted to very poor, minimal basis sets. Using
SOC matrix elements from first-principles theory allows us to use basis sets of any quality. The
single-zeta, polarized SARC basis set (ma-zora-def2-svp), which has been recontracted for
ZORA, was found sufficient for the properties studied here. In order to remove linear
dependencies carbon diffuse (minimal augmentation) functions were removed from the basis

set, which was otherwise unmodified.

Finally, we choose a hybrid exchange-correlation functional specifically designed to improve
the description of magnetic properties, PBEO [182]. We approximate the charge to be
delocalized over 4 monomeric units of PBTTT consistent with recent ESR characterisation

[183].
Our estimates of y? are summarized in Table A.1.

Table A.1 y? calculated from DFT for PBTTT and P3HT.

Material 2

14
PBITL 3.154x 107
P3HT (dihedral ~ 20-30°) 1.268 x 10
P3HT (dihedral ~ 40-60°) 2.416x 10°

The polaron localization length along the n—n stacking direction, &, was determined using
constrained-DFT calculations in NWChem using a def2-svp basis set and PBEO [182]
functional. Our system consists of three PBTTT chains in a n—n stacking arrangement with a
separation of 3.8 A with a charge constrained on the middle chain. However, as we’re only
interested in the m-electron density along the polymer backbone, we omit the alkyl chains to
make our calculations faster. The spin-density is then averaged and plotted as a function of
distance along the stacking direction in Fig A.1. From the figure, it is apparent that the polaron

extent (£) on the middle backbone (centered at 0) is about 4 A in the direction of transport.
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Figure A.1 Polaron (hole) density along m-stacking direction.

I11. Calculation of hyperfine fields

Local hyperfine couplings in PBTTT and P3HT were calculated using the DFT package ORCA
[184]. We used the PBEO [182] exchange-correlation functional and IGLO-II basis set for all
our calculations. The hyperfine fields are estimated using the following approximation from

Ref [126]:
By = 2|2 (42 + 3T T) g(Ug + 1)), —mm (A2)

where y is the gyromagnetic coupling ratio, a is the atom index, Aais the isotropic Fermi
contact term, T* is the anisotropic contribution to the hyperfine tensor and |l are the scalar

nuclear spins of relevant isotopes.

Using this we estimate the hyperfine fields for PBTTT and P3HT to be 6.1 Gauss and 6.7

Gauss respectively.

V. Effect of Spin Dipole Interactions on Diffusion Constants

While the theoretical framework mentioned above [ Appendix A.I] treats spin-spin interactions
due to exchange, it completely neglects dipole-dipole interactions between spins [129]. At the
same time, the latter have been shown to play an important role in organic spintronic devices

[185]. Accordingly, it is necessary to estimate the contribution of spin-spin dipole interactions
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to the spin diffusion coefficient in PBTTT. In this brief report we provide such an estimate.

First spin diffusion theory was developed nearly 70 years ago by Bloembergen to explain his
experiments on spin-lattice relaxation in various insulating salts [186]. This theory gives a

simple expression for the spin-diffusion coefficient Ds:

where W is the spin flip-flop rate (which Bloembergen assumed to be due to the spin-spin
dipole interaction) and a is the average distance between spins. Using the well-known
expression for Wy available in the literature [ 187], one readily obtains the following result for

the spin diffusion coefficient:

2h

Dy = ntY ezt (A.4)

To To
where Lo is the vacuum permeability, y is the gyromagnetic ratio, 1o is the lattice constant,

¢ = ngro’ is the dimensionless concentration of spin carriers, and 1) is a dimensionless factor of

order unity, which is determined by the morphology. The average distance between spins a can

be related to the spin concentration as follows:

1

Substituting a = roc* into Eq. (A.4), one obtains the following result for Ds:

2
D, = 1Yt s/6 (A.5)
To
which predicts the scaling of D, with the concentration of spin carriers as Dg ~ ¢”%. This
scaling prediction is in excellent agreement with the simulation results for Dg available in the
literature [188], thereby confirming the general validity of the theoretical approach outlined

above.

Taking a typical value of the concentration of spin carriers employed in PBTTT experiments
and a value for ro from PBTTT morphology and substituting these values into Eq. (A.5) yields
a value of Dy which is roughly 3 orders of magnitude smaller than the corresponding
contribution to D, due to spin-spin exchange interaction (at the same value of ¢). Accordingly,
the spin-spin dipole interactions can be safely neglected in the theoretical treatment of spin

diffusion in PBTTT.
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Appendix B

Spin precession simulations (Hanle Effect) and
measured spin lifetimes in organic semiconductors

. Introduction

If one simplifies the experimental measurement and considers just the DC component of the
spin polarisation injected into the conjugated polymer due to spin pumping, i.e., one neglects
the effect of the AC microwave field and the associated AC spin polarisation, the expected
angular dependence of the ISHE voltage and the suppression of non-equilibrium spin
polarisation due to spin precession under a varying external magnetic field B, can intuitively
be understood by decomposing the injected spin polarization into components parallel and

perpendicular to B.

We assume here that after diffusion through the conjugated polymer it is the projection of the
remaining DC-component of the spin polarisation onto the z-axis, which generates the ISHE
voltage Vigyg in the Pt wire oriented along the x-axis (Fig B.1). At the Py/OSC interface, the
DC-component is injected parallel to the equilibrium magnetization of Py, Meq, with an angle
¢ relative to the z-axis. The latter generally does not equal the angle 6 of the external field.
The ensemble spin polarization will therefore initially be tilted away from B at an angle 6 —
¢, causing a precession at the Larmor frequency w; = y,|B| where y, denotes the charge’s
gyromagnetic ratio. This is depicted in Fig B.1 for a simplified 1D geometry where the Py and

Pt interfaces are parallel and there is a single, well-defined channel length L.
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Figure B.1 Spin pumping geometry. Schematic of a simplified 1D spin-pumping geometry

demonstrating the Hanle effect.

Only the component Sz of the ensemble spin-polarization which gets injected into Pt produces
a detectable voltage along the x-axis and V§yg will therefore depend on the precession angle

of S at the Pt interface.

There are three effects acting on the spin-components S" and S+ parallel and perpendicular to
B respectively, that determine the magnitude of Sz at the Pt interface: (1) Spin-lattice
relaxation with a characteristic time T1 will cause a decay of S!, (2) homogeneous and
inhomogeneous dephasing will result in the decay of S* within a time T2 < T1, and (3) the
distribution of diffusion pathways and different injection times will cause a distribution of

phases that on average will reduce S+.

This results in the Hanle effect, which has been treated in literature initially by Johnson and
Silsbee for non-local spin valves, both phenomenologically by tracking and summing over the
time evolution of all injected spins [189], and analytically by solving the resulting Bloch-
diffusion equation for the ensemble spin in the steady state [ 190]. The resulting expressions for
the detectable spin signal have been widely and successfully applied to analyse the Hanle effect

in non-local inorganic spin valves [191].
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II. A phenomenological approach

Here, we will adapt the phenomenological approach from [189] to our FMR spin-pumping
architecture which introduces a few key differences compared to literature: (1) The external
field is no longer perpendicular to S and its magnitude is determined by the FMR resonance
condition. (2) Organic semiconductors often exhibit different spin lifetimes T1 # T2 which
can result in S decaying faster than S'. We accordingly treat parallel and perpendicular

components of the injected spin SO separately with the decompositions shown in Fig B.2.

1 . .
Sl = cos(6) cos(8 — ¢)|So| S = cos(wrt) sin(f) sin(6 — ¢)|So|
Figure B.2 Schematic illustration of injected spin polarization. a, Decomposition of the injected
spin polarization into components parallel and b, perpendicular to the external field which exhibit

different spin lifetimes.

The remaining spin-polarization for a spin injected at time ¢ = 0 after a diffusion length L is

given by the product of the distribution of arrival times for three-dimensional 3D diffusion

L2

1 —_—
- - 4Dgt
P Gmp.t)sz € (B.1)
an exponential decay term e ~¢/T1.2, a precession term cos(w,t), and the initial spin polarization.

D¢ denotes the spin diffusion constant.

With the components S! and S as given in Fig B.2, one obtains for the respective

contributions to the ISHE voltage after integrating over all times:
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where the integrals in Egs. (B.2) and (B.3) have been evaluated with Mathematica.

The resulting expressions are intuitive: The parallel spin polarization decays exponentially with

the spin diffusion length

The perpendicular polarization on the other hand decays with the ‘dephasing length’ 1, =
\/ﬁ and for small w;L?/Ds <« 1 oscillates with the number of Larmor precessions during
the mean transit time t, = L?/Ds. When either the Larmor frequency or the channel length are
increased, this oscillation becomes a decay since the distribution of arrival times causes an
averaging over different angles in the precession. The contribution from S! is therefore

destroyed both by dephasing and averaging over diffusion pathways.

We note that the same result for FMR spin-pumping has been derived by Ando and Saitoh by
analytically solving a 3D Bloch-diffusion equation for the spin current in the steady state [59].

The total ISHE voltage then is the sum over longitudinal and transverse components
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where the absolute value of the injected spin current at the Py/OSC interface j, depends on the
FMR resonance conditions and the spin mixing conductance [85]. It therefore varies when

sweeping 8 as shown in Fig B.3.
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Figure B.3 Magnetisation dynamics. a, Angular dependence of the magnetization angle ¢ b, the FMR
resonance field B = |B] ¢, the injected spin current j, at the Py/OSC interface.

It is clear from Eq. (B.5) that a step-like profile resembling the experimental data is achieved
when the in-phase contribution V5, remains significant. In the limit of rapid spin diffusion
across the channel and a long dephasing time T2 ~ T1 a cos( ¢) angular dependence would
be expected. Otherwise, “Hanle precession” will manifest itself as a more gradual,

cos(8) cos(8 — ¢) angular dependence of V;gyg.

Using the experimentally determined magnetization angle ¢(8) and the magnitude of the
external field B(0) from Fig B.3, one can predict the expected angular dependence of V{$yg.
The resulting plots are shown in Fig B.4 for different channel lengths. We fix the spin diffusion
length at the experimental value for PBTTT of As = 1 pm and use the diffusion constant Ds =
1 cm?s™! for exchange-based spin diffusion. This implies a spin lattice relaxation time of T1 =
10 ns. From the negligible angular dependence of As, we conclude that T'1 remains constant
over the experimental range of magnetic fields between 100 mT — 1200 mT. Furthermore,
consistent with the step-like angular dependence of Vigyg and Elliott-Yafet-like spin relaxation,

we assume T2 = T1.
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Figure B.4 LSP Hanle simulation. Predicted Hanle curves from a Bloch-diffusion model in the
simplified geometry of Fig B.1 for experimentally determined parameters for channel lengths between

100 nm — 1000 nm.

It is evident from Fig B.4 that even for such rapid exchange-mediated spin diffusion, the model
predicts a more gradual angular dependence than experimentally observed starting at L = 100
nm, even when neglecting the increase of the Larmor precession frequency for 8 — /2.
Assuming a shorter dephasing time T2 < T1 further reduces the contribution of in-phase

spins which lies at the origin of the step-like angular dependence.

Furthermore, the actual lateral experimental geometry with widths of 1 um and 400 um for the
Pt detector and the Py injector, respectively, does not have a well-defined channel length.
Instead, all possible ‘channel lengths’ within the spin-diffusion length can contribute to Vigyg,
resulting in an averaged signal with effective channel lengths up to 1000 nm even for a Py/Pt

separation of 100 nm.

The model presented in this section suggests that although the exchange-enhanced spin
diffusion is indeed significantly more rapid than charge-based spin diffusion the absence of a
Hanle precession signature in the angular dependence of the ISHE voltage in our lateral spin
pumping experiment cannot simply be explained by spin diffusion through the conjugated
polymer occurring on a faster time scale than that of the spin precession around the applied

magnetic field, as was suggested in Ref [125].
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I1l. Verification of ESR measured spin lifetimes for doped
PBTTT

We have attempted to measure independently the spin relaxation times Ti and T> in our
F4TCNQ doped PBTTT films using electron spin resonance spectroscopy (ESR). However,
the overlapping ESR signals of FATCNQ anions and doped PBTTT prevent an accurate
estimation of spin relaxation times of doped PBTTT. To circumvent this problem, we have used
an ion exchange method, in which the dopant radical anion is replaced by a closed shell anion
that does not generate an ESR signature. The process involves first sequentially doping a
PBTTT film with another strong oxidative, radialene-based dopant (CN6-CP) in an acetonitrile
solution, followed by the exchange of the CN6-CP radical anions with
bis(trifluoromethylsulfonyl)-imide (TFSI) anions using a concentrated lithium TFSI/DMSO
solution. For the ESR measurements shown below, PBTTT:TFSI films were fabricated by
exposing PBTTT:CN6-CP films to a 1M solution of Li TFSI (Sigma Aldrich) in
dimethylsulfoxide for 60 seconds, then spinning at 5000 rpm. Fig B.5a shows the UV-vis-NIR
spectra of films before and after ion exchange. The strong CN6 — CP*~ absorption bands at 600
nm and 700 nm are no longer visible after exposure to the ion exchange solution, indicating
that nearly all CN6 — CP*~ ions have been replaced with TFSI [192]. After ion exchange, the
films exhibit a similarly high conductivity as our FATCNQ/PBTTT films (c = 130 S/cm) and
we therefore consider the TFSI-ion exchanged films to provide a representative measure of the

spin relaxation times of doped PBTTT.
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Figure B.5 Ion-exchanged PBTTT ESR and UV-vis spectrum. a, UV-vis-NIR spectra of a
PBTTT:CN6-CP film before and after ion exchange with Li TFSI b, X-band ESR spectrum of a

PBTTT:TFSI film, along with fit obtained from a simultaneous fit to power saturation data. Spectrum
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shown was taken at 20 mW microwave power.

Because TFSI is a closed shell anion, the ESR spectrum of PBTTT:TFSI should originate
purely from the PBTTT polarons, permitting us a clear measurement of their spin relaxation
times. Fig B.5b shows a representative spectrum taken from a power saturation experiment.
The ESR signal shows significant asymmetry, which can be well fit at all microwave powers
by two overlapping signals. The broader of these signals at g =2.0038 contains the majority of
the spin density population (Nspin = 1.02 £ 0.08 x 10?° cm™) and shows shorter relaxation times
(T1=22.9£3.7ns; 15.37 £ 0.08 ns). These values nicely match with those obtained from spin
diffusion length measurements. The second signal at g = 2.0033 corresponds to a lower spin
density (2.64 £ 0.22 x 10" cm™) and shows considerably longer relaxation times (T; = 209.3
+ 4.0 ns; 45.0 + 1.0 ns). This second signal is too strong to originate from residual CN6 — CP*~
or impurities, and therefore is tentatively assigned to a second polaron species, that is

potentially more localised.
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Appendix C

Lithography processes details

E-beam lithography

Undiluted PMMA A4 solution was spin coated on the substrate at 6000 rpm for 30 s to deposit
around 300 nm PMMA resist layer on the substrate. The resist was then baked at 180°C for 5
minutes. The e-beam lithography writing was achieved by exposing the resist to electron beam
with the following parameters: beam current = 100 pA-5 nA depending on the feature size
resolution, dose time = 1 ps. The device pattern was designed using CAD software. The
patterned resist was developed by immersing the sample in a developer solution consists of one
part of methyl isobutyl ketone to three parts of isoproponal for 45 s. Following the metal layer
deposition, the lift-off was performed by immersing the sample in acetone which dissolves the

PMMA resist.

Patterned OSC Hall bar fabrication

The bottom contact electrodes for the Hall bar structure was fabricated by optical lithography
patterning, followed by Cr (5nm)/Au (25nm) metal deposition and finally lift-off. Organic
semiconductor such as PBTTT was then spin coated on top of the electrodes. CYTOP was spin
coated on top of PBTTT from CYTOP:Solvent solution (1:2) at 2000 rpm for 20 s to protect
PBTTT from subsequent processing. CYTOP layer was annealed at 80°C for 20 minutes. 1.5
nm thick Al was evaporated using thermal evaporation on top of the structure at a rate of 0.5
A/s. The Al film was then exposed to atmosphere to oxidise Al. A layer of Photoresist, S1813
was spin coated on top of the structure at 6000 rpm and 30 s. The resist was baked at 120°C
for 2 minutes. The resist was then patterned by optical lithography to establish the Hall bar
pattern. The resist was then developed in developer, MF319 for 30 s. Finally, the structure was

rinsed with deionised water.
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The device was then placed in an oxygen plasma asher under 300 W applied power for 15
minutes to etch away the organic semiconductor that is not protected by the photoresist. A
scotch tape was used to remove photoresist and CYTOP on top of the organic semiconductor.
This process works well since the adhesion between CYTOP and organic semiconductor is

weak.

Orthogonal resist patterning

After the deposition of organic semiconductor such as PBTTT, orthogonal resist, OsCoR 4000
was spin coated at 2000 rpm for 30 s. The resist was vacuum annealed by placing the sample
in a vacuum chamber with pressure below 10> mbar for 30 minutes. Optical resist, S1813 was
then spin coated on top of the orthogonal resist at 5000 rpm for 30 s. The optical resist was
again vacuum annealed for 30 minutes as done previously for the orthogonal resist. The optical
resist was exposed to UV light through a lithography mask with desired pattern for 12 s. The
resist was then developed in MF319 for 40 s, followed by 40 s immersion in deionised water.
The exposed orthogonal resist beneath the developed optical resist was dissolved away by
gently agitating the sample in HFE solution for 90 s. The sample was then blow dried by N>
gas. Following the metal layer deposition, the lift-off was performed by immersing the sample

in HFE for at least 2 hours which dissolves the orthogonal resist.
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Publications and Presentations

Publications

Long range lateral spin transport in conjugated organic polymers measured at room
temperature

Shu-Jen Wang, Deepak Venkateshvaran, M. R. Mahani, Uday Chopra, Erik R. McNellis,
Riccardo Di Pietro, Angela Wittmann, Guillaume Schweicher, Keehoon Kang, Murat Cubukcu,
Remington Carey, Sebastian Miiller, Sergei A. Egorov, Janis N. M. Siebrecht, Thomas J.
Wagner, Cameron Jellett, Mark Little, lain McCulloch, Joerg Wunderlich, Jairo Sinova, and
Henning Sirringhaus,

to be submitted (2018).

Thermo-electrical detection of topological protected magnetic textures on the track

M. Cubukcu, D. Venkateshvaran, A. Wittmann, S-J. Wang, P.E. Roy, S. Auffret, L. Vila, H.
Sirringhaus, and J. Wunderlich,

Applied Physics Letters (2018).

Presentations

Spin transport in chemically doped conjugated organic polymers (Oral talk)

S.-J. Wang, D. Venkateshvaran, R. Mahani, E. R. McNellis, R. Di Pietro, G. Schweicher, M.
Cubukcu, K. Kang, A. Wittmann, T. J. Wagner, C. Jellett, J. N. M. Siebrecht, U. Chopra, M.
Little, I. McCulloch, J. Wunderlich, J. Sinova, H. Sirringhaus,

9th Joint European Magnetic Symposia (JEMS) Conference, Mainz, Germany (2018).
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Long range lateral spin transport in conjugated organic polymers (Invited talk)

Shu-Jen Wang, Deepak Venkateshvaran, Erik McNellis, Uday Chopra, Reza Mahani, Angela
Wittmann, Riccardo Di Pietro, Guillaume Schweicher, Keehoon Kang, Murat Cubukcu,
Thomas J. Wagner, Cameron Jellet, Mark Little, lain McCulloch, Joerg Wunderlich, Jairo
Sinova, and Henning Sirringhaus,

7th International Meeting on Spin in Organic Semiconductors (SpinOS), Halle, Germany (2018)

Spin Current Transmission in Conjugated Organic Polymers (Oral talk)

Shu-Jen Wang, Deepak Venkateshvaran, Reza Mahani, Erik R. McNellis, Riccardo Di Pietro,
Murat Cubukcu, Thomas J. Wagner, Angela Wittmann, Guillaume Schweicher, Keehoon Kang,
Cameron Jellet, Mark Little, lain McCulloch, Joerg Wunderlich, Jairo Sinova, and Henning
Sirringhaus,
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Shu-Jen Wang, Deepak Venkateshvaran, Riccardo Di Pietro, Murat Cubukcu, Thomas J.
Wagner, Erik R. McNellis, Angela Wittmann, Guillaume Schweicher, Keehoon Kang,
Cameron Jellet, Mark Little, lain McCulloch, Joerg Wunderlich, Jairo Sinova, and Henning
Sirringhaus,

21st International Conference on Magnetism (ICM), San Francisco, USA (2018)

Spin transport in organic semiconductors (Oral talk)

S-J. Wang, A. Wittmann, K. Kang, S. Schott, G. Schweicher, R. Di Pietro, J. Wunderlich, D.
Venkateshvaran, M. Cubukcu and H. Sirringhaus,

4th International Symposium on Advanced Magnetic Materials and Applications (ISAMMA),
Phy Quoc, Vietnam (2017)

Spin transport in organic semiconductors.: From spin pumping by ferromagnetic resonance to
lateral spin-valves (Poster)

S-J. Wang, A. Wittmann, K. Kang, S. Schott, G. Schweicher, R. Di Pietro, J. Wunderlich, D.
Venkateshvaran, M. Cubukcu and H. Sirringhaus,
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