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Περίληψη

Η παρούσα διατριβή ασχολείται με τη διερεύνηση των φυσικών διεργασιών του

σπιν ρεύματος σε solution-processed υλικά μέσω της μεθόδου spin pumping και

αποτελείται από τρεις ανεξάρτητες μελέτες.

Προκειμένου να κατανοήσουμε το σύνθετο θέμα των ιδιοτήτων μεταφοράς σπιν

σε αγώγιμα πολυμερή, παρουσιάζουμε μια συστηματική μελέτη της μεταφοράς σπιν στο

PEDOT:PSS, ένα κοινό solution-processed οργανικό υλικό, σε διαφορετικά χημικά

καθορισμένα επίπεδα doping. Οι κυριότερες παράμετροι που ελέγχουν τις σπιν ιδιότητες

του PEDOT:PSS υπολογίστηκαν ξεχωριστά και έδειξαν ότι η διακύμανση των σπιν

ιδιοτήτων σε διαφορετικά επίπεδα doping μπορεί να αποδοθεί στην αλλαγή ισχύος της

σύζευξης ιδιοστροφορμής-τροχιακής στροφορμής (spin-orbit coupling), που προκαλείται

από την αλλαγή της δομικής διαμόρφωσης του πολυμερούς. Αυτό το αποτέλεσμα

αναμένεται να έχει ευρύτερες δυνατότητες εφαρμογής σε άλλα συστήματα πολυμερών

υλικών.

Στη δεύτερη μελέτη, διερευνούμε τη δυνατότητα μιας solution-processed

οργανικής ρίζας να λειτουργήσει ως εκπομπός σπιν με σκοπό να αντικαταστήσει τους

κοινούς μεταλλικούς σιδηρομαγνήτες στις spintronic συσκευές. Αναφέρουμε την

κατασκευή μιας σταθερής διεπιφάνειας τύπου-Blatter ρίζας/Permalloy και

πραγματοποιούμε ταυτόχρονες μετρήσεις συντονισμού ηλεκτρονικού-σπιν και

σιδηρομαγνητικού συντονισμού. Η εκπομπή σπιν ρεύματος από τη ρίζα επιβεβαιώθηκε

μέσω του αυξημένου εύρους του φάσματος απορρόφησης της ρίζας. Αυτή η αύξηση

εξαφανίζεται όταν θέτουμε προσεκτικά τους δύο συντονισμούς ώστε να συμπίπτουν,

δείχνοντας ότι η αύξηση του εύρους του φάσματος της ρίζας μπορεί να ανατραπεί λόγω

της εκπομπής σπιν ρεύματος από το σιδηρομαγνητικό στρώμα, ακυρώνοντας

αποτελεσματικά την εκπομπή σπιν ρεύματος από τη ρίζα. Αυτή η μελέτη, από όσο
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γνωρίζουμε, είναι η πρώτη στο είδος της και έχει τη δυνατότητα να συνδυάσει

διαφορετικούς ερευνητικούς τομείς και να προκύψει ένα νέο ερευνητικό θέμα.

Τέλος, εξετάζουμε την επίδραση της μορφολογίας ενός σιδηρομαγνητικού

στρώματος, το οποίο αναπτύσσεται πάνω σε solution-processed οργανικό-ανόργανο

υβριδικό περοβσκίτη, στη spin pumping μέθοδο. Παρασκευάστηκε μια σειρά ετεροδομών

CH3NH3PbI3−xClx/NiFe με διαφορετικά πάχη NiFe όπου παρατηρούμε εξέλιξη της

μορφολογίας του σιδηρομαγνητικού υλικού αρχικά από την ανάπτυξη τρισδιάστατων

δομών να καταλήγει σε ένα συνεχές λεπτό υμένιο. Αυτή η εξέλιξη της μορφολογίας

φαίνεται να επηρεάζει την ικανότητα μεταφοράς σπιν στο CH3NH3PbI3−xClx στρώμα

που αποτυπώνεται σαν απότομη αύξηση του spin mixing conductance της διεπαφής. Τα

αποτελέσματά μας έχουν ευρύτερες συνέπειες όσον αφορά την αποδοτικότητα

εισαγωγής σπιν ρεύματος σε περοβσκίτες και γενικότερα σε solution-processed υμένια.
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Abstract

This dissertation deals with the investigation of the physics of spin current

in solution-processed materials via the spin pumping method and consists of three

independent studies.

In order to shed light on the puzzling topic of the spin transport properties

in conducting polymers, we report a systematic study of spin transport in

PEDOT:PSS, a typical solution-processed organic material, at di�erent chemically

de�ned doping levels. The key parameters governing the spin properties of

PEDOT:PSS are estimated separately and reveal that the variation of the spin

properties at di�erent doping level can be attributed to the change of the spin orbit

coupling strength, induced by alteration of the structural conformation in the

polymer. The result has wider applicability in other polymer material systems.

In the second study, we investigate the possibility of a solution-processed

organic radical operating as a spin emitter to replace common metal ferromagnets in

spintronic devices. We report the fabrication of a stable Blatter-type

radical/Permalloy bilayer and carry out simultaneous electron-spin and ferromagnetic

resonance measurements. A signature of spin current emission from the radical is

obtained through its increased linewidth. This increase is vanished when carefully

tuning the two resonances to coincide, demonstrating that the radical linewidth

increase can be reversibly reduced due to emission of a backward spin current from

the ferromagnetic layer, e�ectively canceling the radical's emission. This study, to the

best of our knowledge, is the �rst of its kind and has the potential to bring di�erent

research areas together, and opens up a new research topic.

Finally, we deal with the in�uence on the spin pumping process of the

morphology of a ferromagnetic �lm grown onto a solution-processed organic-inorganic
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hybrid perovskite. A series of CH3NH3PbI3−xClx/NiFe heterostructures is prepared

at various NiFe thicknesses and we observe an evolution of the morphology from

island growth to continuous thin �lm. This evolution seems to a�ect the ability of

spin transfer to the CH3NH3PbI3−xClx layer observed as a sharp increase of the spin

mixing conductance of the interface. Our results have wider implications for the

e�ciency of spin current injection in perovskites and generally in solution-processed

�lms.
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Chapter 1

Introduction

The insatiable need of humanity for faster and smaller devices, leads the

common electronic transistor currently used in conventional electronics to its limits,

imposed by the laws of nature and fabrication techniques. In order to continue the

evolution of technology, there is an urgent need to overcome such obstacles. Spintronics

o�ers one of the most promising methods [4] towards this goal. By exploiting the

internal angular momentum of the electron, which is called spin, for data transfer and

processing, a signi�cant energy saving in reduced time and high speed data processing

is expected [5]. A further understanding of the behavior of the electronic spin in various

materials and the creation of the necessary expertise in order to inject, manipulate and

detect it, could lead to replacement of conventional electronics with spintronic based

electronics.

The discovery of the giant magnetoresistance (GMR) mechanism [6, 7],

which triggered an enormous revolution in information technology paving the way for

some of today's most useful devices, marked a crucial milestone in spintronic

progress. A series of spintronic-based memory applications followed in recent

years [5], where one of its most representative cases is the spin-transfer-torque

magnetic-random-access-memory (STT-MRAM) [8], a type of non-volatile memory

that uses spin current to read data, still maintain the momentum in spintronics

research. However, the development of spintronics is not limited to spin-related

memory applications, since other subsections of spintronics, such as spin

caloritronics [9], semiconductor spintronics [10], antiferromagnetic spintronics [11],
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e.t.c. are in parallel progress, aiming to integrate spintronics with current technology

and enabling unprecedented advances in many other aspects of technology.

Most research in spintronics to date, has predominantly focused on metals

and inorganic semiconductors, since they are traditional materials whose properties

had been extensively investigated, therefore it was easier to study and exploit their

spin properties. However, the emerging �eld of solution-processed organic spintronics is

developing rapidly over the past few years [12,13]. Solution-processed organic materials

present unique electrical, optical and mechanical properties leading to a variety of

applications in many technological sectors such as organic light emitting diodes [14],

solar cells [15] and organic transistors [16, 17]. They also o�er several advantages over

their traditional inorganic ones, as they allow for �exibility and vast parameter space

for tuning their properties by chemical synthesis and also for low cost production and

ease of processing methods. Hence they have the potential to take spintronics in a level

that inorganic materials cannot o�er. In this context, this dissertation aims to study

a series of basic phenomena related to spin physics in this material.

The main objective of the presented research, is to unravel the spin

mechanisms that guide spin current propagation through solution-processed organic

materials and across their interface with inorganic materials, and address some

currently not well understood scienti�c questions in spintronics, opening

opportunities for realizing novel spintronic devices for spin-based information

processing. More speci�cally, this work studies spin current transmission through

ferromagnet/solution-processed organic bilayers by using spin pumping under

ferromagnetic resonance, as the main experimental technique. The work is supported

by supplementary techniques that investigate magnetic, electric, structural and

optical properties.

In this dissertation initially in Chapter 2 some of the most important

concepts of the spintronics �eld are brie�y outlined such as spin current, spin

relaxation, spin-orbit coupling and spin-Hall e�ect. After that, in Chapter 3 a

detailed phenomenological and theoretical description of ferromagnetic resonance is

given together with a calculation of ferromagnetic resonance linewidth lineshape. The

main mechanisms of intrinsic and extrinsic damping are then discussed in Chapter 4,

by giving more emphasis on the spin pumping mechanism, which is the center for our
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projects. Then, in Chapter 5, the fundamental principle of electron spin resonance is

reported in brief, accompanied by selected topics that relate to this thesis. Chapter 6,

is dedicated to brie�y cover the experimental methods used to develop and

characterize the spintronic devices described in this dissertation. Next, in Chapters

7-9, the three main projects that were carried out are presented with the topics

"E�ect of structural conformation of conjucated polymers on spin transport",

"Metal-free organic radical spin source" and "Spin pumping across hybrid

organic-inorganic perovskite/ferromagnet interface: the e�ect of ferromagnet

morphology". Finally, the dissertation closes with concluding remarks in Chapter 10

of the presented projects and future work motivated by the research presented in this

thesis.
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Chapter 2

Spin Current

Spin current is a fundamental concept in the �eld of spintronics. In this

chapter, the fundamentals of spin current are presented and compared with charge

current, together with phenomena related to spin current like spin orbit coupling, spin

relaxation and spin Hall e�ect.

2.1 The concept of spin current

Except of its mass and elementary charge, an electron has an intrinsic angular

momentum, called spin. This is a quantum mechanical quantity and is expressed by

the spin angular momentum operator [18]

−̂→
S =

h̄

2
−→σ , (2.1)

where h̄ is the Planck's constant and −→σ are the Pauli spin matrix.

σx =

 0 1

1 0

 , σy =

 0 i

−i 0

 , σz =

 1 0

0 −1

 . (2.2)

There are only two eigenstates: |1
2
, 1
2
⟩, which is called spin up (↑) and |1

2
,−1

2
⟩ which

is called spin down (↓). By using them as base vectors, the general condition of an

electronic spin can be expressed as a spinor:

|Ψ⟩ =

 a

b

 = a|X+⟩+ b|X−⟩ (2.3)
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with

X+ =

 1

0

X− =

 0

1

 (2.4)

representing spin up and spin down and corresponding to the eigenvalues + h̄
2
and − h̄

2

respectively.

Directional and coherent motion of electron spin in materials of nanometric

dimensions circulates a spin current [19]. In contrast with electric current, that is

directional motion of electron charge, spin current is angular momentum �ow, which

is created through spin injection or spin accumulation and vanished by spin relaxation

or spin di�usion [20].

In order to get an intuitive understanding of spin currents, we consider a

simpli�ed two-channel model system in which conduction electrons are charge carriers

and there is no spin relaxation. Furthermore, in order to de�ne spin current in

analogous way to charge current we set n↑ and n↓, to denote the number of spin-up

and spin-down electrons, respectively [21]. The charge density ρc and the spin density

ρs,ŝ can be de�ned as

ρc = ⟨Ψ|Q|Ψ⟩ , ρs,ŝ = ŝ⟨Ψ|S|Ψ⟩ (2.5)

where Q = −e1 is the charge operator and S is the spin angular momentum operator

(equation 2.1). By introducing Ψ from equations 2.3, 2.4 and ŝ = (0, 0, 1) resulting in,

ρc = −e⟨Ψ|Ψ⟩ = −e(n↑ + n↓) , ρs,ŝ =
h̄

2
⟨Ψ|σz|Ψ⟩ = h̄

2
(n↑ − n↓) (2.6)

By multiplying charge density and spin density with the average electron velocity,

charge current density and spin current density are given as
−→
Jc = ρc

−→v and
−→
Js = ρs,ŝ

−→v

,respectively. Moreover, by setting
−→
J↑ = en↑

−→v↑ and
−→
J↓ = en↓

−→v↓ the charge current

density and spin current density can be expressed as:

−→
Jc = −(

−→
J↑ +

−→
J↓) ,

−→
Js =

h̄

2e
(
−→
J↑ −

−→
J↓) (2.7)

Therefore, by using equation (2.7) we can separate currents in three di�erent categories

[20]. If charge current density for spin-up and spin-down are equal (
−→
J↑ =

−→
J↓), this

corresponds to a net charge transfer without spin transfer and is referred to as a pure

charge current (Figure 2.1.a). When the two charge current densities are unequal

(
−→
J↑ >

−→
J↓) or (

−→
J↑ <

−→
J↓), then a spin polarized current appears where charge and
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𝑱↑𝑱↑ 𝑱↑

𝑱↓ 𝑱↓ 𝑱↓

(a) (b) (c)

Figure 2.1: Illustration of (a) a pure charge current, (b) a spin-polarized current and

(c) a pure spin current. Charge carriers are marked by spheres, while the direction of

the spin is indicated by the arrows.

spin are transferred simultaneously (Figure 2.1.b). Finally, in the third case the two

charge current densities have equal magnitude but propagate in opposite directions

(
−→
J↑ = −

−→
J↓). This results in a spin �ow without the presence of charge current and is

called pure spin current (Figure 2.1.c).

2.2 Spin Relaxation

The fact that non-equilibrium populations of spin, that is spin current, lives

relatively long in some materials (typically of the order of tens of nanoseconds) allow

spin-encoded information to travel macroscopic distances and makes spintronics a

viable option for future technology breakthroughs [22]. Spin relaxation and spin

dephasing are processes that lead to spin equilibration and is the central issue for all

spin phenomena, so it is of great importance to understand the mechanisms governing

them. In general, they can be understood as the result of the action of time

dependent magnetic �elds, which are not real but rather e�ective magnetic �elds,

6

CONSTANTIN
OS N

IC
OLA

ID
ES



(b)

(a)

Figure 2.2: Schematic demonstration of (a) Elliott-Yafet and (b) Dyakonov-Perel spin

relaxation mechanisms.

originating mainly from the spin-orbit coupling (SOC) combined with electron

scattering due to impurities or lattice vibrations across di�erent momentum states

resulting in spin relaxation. The spins can also interact with intrinsic magnetic

moments of the nuclei giving rise to an e�ective magnetic �eld from hyper�ne

interaction, while spin relaxation can also be caused by spin exchange and dipole

interactions respectively.

SOC is a relativistic interaction which was �rst described by Dirac [23].

However, in order to understand its origin lets follow the classical approach.

According to the classical interpretation of the SOC interaction if an observer moves

with a velocity −→u in an external electric �eld
−→
E , he will feel a magnetic �eld

−→
B = 1

c2

−→
E ×−→u , where c is the velocity of light in vacuum. The electric �eld is related

to the electric potential via
−→
E = −

−→
∇V and the momentum is given by −→p = me

−→u . If

the observer is an electron the corresponding SOC e�ective magnetic �eld

BSOC ∼ 1
mc2

−→
∇V × −→p , originates from electron's motion under the in�uence of a

nuclear potential. In turn, the magnetic �eld that the electron feels, interacts with its

spin magnetic moment (−→µs) and tends to be aligned with it (HSOC ∼ −→µs ·
−−−→
BSOC). This

is the physical origin of the SOC, the role of which strongly increases for heavy

atoms [24] (SOC ∼ Z4).
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There are several spin relaxation mechanisms. Most of them act at the same

time in di�erent systems, but in di�erent materials and under di�erent circumstances,

one mechanism predominates over another [22], so it is necessary to study each

material separately. Elliott-Yafet theory describes spin relaxation mainly in

centrosymmetric crystals. In this type of crystals SOC arising from the lattice,

providing an admixture of the spin-up and spin-down Bloch states [22] [25] [26], while

momentum scattering is typically caused by impurities or lattice phonons. Combining

SOC and momentum scattering, the spin-up and spin-down can couple resulting in a

spin-�ip. During scattering the direction and the magnitude of BSOC depends on

geometry of each collision separately. This �eld doesn't apply on electron for a

certain amount of time, since it only exists during a collision and it is zero between

collisions (Figure 2.2.a). For an ensemble of initially totally polarized spin electrons,

after a number of scattering events the initial polarization is relaxed. Therefore, spin

relaxation time due to the Elliott-Yafet mechanism is inversely analogous to the

momentum scattering rate.

On the other hand, in lattices without inversion symmetry, SOC lifts the spin

degeneracy. This splitting is equivalent to an e�ective magnetic �eld. As a result,

the spin is depolarized by a series of random fractional rotations between collisions

(Figure 2.2.b). When the momentum of the electron changes through scattering with

a defect or a phonon, then precession starts again but along a di�erent axis. These

random �uctuations cause a net dephasing of the spin-polarization. This is the well

known Dyakonov-Perel mechanism [27] and in contrast with Elliott-Yafet mechanism

an enhanced rate of scattering events causes a weakened Dyakonov-Perel relaxation.

Another spin relaxation mechanism is hyper�ne interaction, which is

dominant in systems with weak SOC and where charge carriers are strongly localized

in space and have no resultant momentum [28], the so-called quasi-static charge

carriers. In this occasion, the spin relaxation is caused by the e�ective magnetic

�eld [29] generated from the interaction between the electron and the nuclear spin.

The SOC and hyper�ne interaction are considered to be the principal factors

that cause spin relaxation also in organic semiconductors (OSCs) [28] [30]. As it

has already been noted, the SOC strength is proportional to the fourth power of the

atomic number, so the light-weight-element composition of OSCs (consisting mainly
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of C, H, O) was expected to lead to a weak SOC strength. Indeed, extremely long

spin relaxation time up to millisecond level has experimentally been measured [31].

However, not all organic materials follow this trend [32], with some materials like

C60 [33] and Alq3 [34] exhibiting surprisingly high SOC. The answer to this paradox was

given by Yu's theoretical calculations [3,35] which reveal that the SOC strength in OSCs

is not only related to the atomic number of materials but is also strongly a�ected by the

molecular structure. This prediction subsequently was con�rmed also experimentally

[32,36]. An important di�erence between inorganic and organic semiconductors is that

the charge transport for OSCs takes place via spatial charge transfer between donor-

acceptor states driven by intra- and inter-molecular vibrations instead of momentum

scattering between electronic states, resulting in di�erent operation of Elliott-Yafet

and Dyakonov-Perel mechanisms in OSCs. More speci�cally, in an OSC characterized

by hopping charge transport, spatial scattering between mixed spin states works in

direct analogy to Elliott-Yafet relaxation [37]. Spin mixing in these scattering states is

usually weak allowing to treat the SOC operator (ĤSOC) as a �rst order perturbative

correction. The perturbation on the spin-carrying molecular orbital,|Ψo ↑⟩, leads to

the spin mixed eigenstates [3, 35,37,38], |Ψo+⟩,

|Ψo+⟩ = |Ψo ↑⟩ −
∑
k ̸=0σ

⟨Ψkσ|ĤSOC |Ψo ↑⟩
Ek − Eo

|Ψkσ⟩ (2.8)

where ĤSOC =
∑

i ξi
−→
Ii · −→si . The spin-orbit constants ξi provide the nuclear Coulomb

potential scaling of orbital angular momentum
−→
Ii relative to the atomic nuclei for

electron i. Finally, the spin admixture (γ) can then be calculated as a change in the

norm of equation 2.8 from the unperturbed state [3, 35, 37,38],

⟨Ψo + |Ψo+⟩ = ⟨Ψo ↑ |Ψo ↑⟩+ γ2 = 1 + γ2. (2.9)

Therefore, γ2 re�ects the SOC strength, becoming a vital parameter and a central

concept for current experimental [32, 36, 39�41] and theoretical [3, 35, 37, 38] organic

spintronics. As has already been noted in organic solids, the spin admixture except

of the chemical composition is also strongly in�uenced by the materials' structural

conformation by altering the torsion angle between conjucated units. The relation

between γ and the dihedral angle (θ) between two adjacent π orbitals is derived as

[35,37]:

γ2 = γ2
o [1 + tan2(θ)] (2.10)
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where γo is the spin admixture of the planar structure. As θ approaches 90o, and the π

orbitals of the conjucated system are increasingly misaligned, γ2 increases sharply. This

structural conformational dependence of the SOC has been previously used to explain

the abnormally large SOC in Alq3 molecules despite its lack of heavy elements, due to

the nearly orthogonal relationship between aromatic ligands in the molecule [32,35].

SOC in organic materials is often very small, therefore SOC scattering

frequency will be weakened. However, the presence of atoms with half-integer nuclear

spins leads to random magnetic �elds which can indirectly couple to the spins of the

carbon π electrons through the exchange interaction of carbon s electrons [42, 43].

Therefore, an analogue of the Dyakonov-Perel mechanism in organics is driven by

precession under the hyper�ne �elds instead of the spin-orbit �elds [30]. The role of

hyper�ne interaction in spin transport was observed by Nguyen et al. [44] where they

found a suppressed relaxation on deuteration of hydrogen atoms in DOO-PPV

polymers.

Moreover, for organic materials the spin transport is also di�erent compared

to inorganic materials and this consequently a�ects the relaxation pathways. Two

mechanisms have been proposed for spin transport, mediated by spin-orbit coupled

carrier hopping [45, 46] and mediated by exchange coupling between localized carriers

[39,47,48]. The latter is facilitated via a high carrier density where the average distance

between polarons is reduced. Exchange interactions cause two neighboring spins to

exchange their polarity. As a consequence, the overall polarization is conserved under

exchange and contributes to spin transport. Exchange interactions depend on carrier

density and the extent of delocalization of the spin on the molecule and tend to cause

e�cient spin transport [2]. Conclusively, both spin transport mechanisms could be

present in an OSC and they should be taken into account.

2.3 Spin Hall e�ect

As a consequence of the microscopic scattering processes discussed in the

previous section, two phenomena manifest themselves macroscopically, the anomalous

Hall e�ect (AHE) and spin Hall e�ect (SHE). Spin Hall e�ect is maybe the most

important discovery of recent years in the �eld of spintronics since it connects directly
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(a) (b)

𝑱𝒄

𝑱𝒄

𝑱𝒄

𝑱𝒔
𝑱𝒔

Figure 2.3: Schematic demonstration of (a) Anomalous Hall e�ect (AHE) and (b) Spin

Hall e�ect(SHE)

charge current with spin current, thus providing the means for injection and detection

of spin current. It is a generalization of the anomalous Hall e�ect (AHE) [49] which is

observed in ferromagnets and originates from the spin orbit interaction. A

ferromagnet is characterized by its remnant magnetization in zero external magnetic

�eld. If magnetization has up direction usually the majority of free electrons are

spin-up, and minority are spin-down, that is anti-parallel to magnetization vector. By

applying an external electric �eld in a ferromagnet a spin polarized current can be

created due to the imbalance of the spin populations. Spin-orbit coupling causes an

asymmetric scattering on free electrons with respect to their spin. As a result, there

is a greater probability spin-up electrons scatter in a direction transverse to their

initial motion, while spin-down electrons are more likely to scatter at the opposite

direction. Therefore, since the number of electrons with spin-up and spin down is not

equal, an electromotive voltage is created in the direction perpendicular to the charge

current(Figure 2.3.a). In contrast, SHE is observed in non-polarized systems like

non-magnetic materials or semiconductors where the number of spin-up free electrons

is equal with spin-down. By applying an external electric �eld in materials with high

spin-orbit coupling, for example Pt and Pd, a spin-up free electron in the presence of

impurity or boundary scatters preferentially in a certain transverse direction to the

applied electric �eld, while a spin-down electron scatters at the opposite direction. As

a result, SHE converts a charge current (
−→
JC) into a pure spin current (

−→
JS) via the

spin-orbit interaction (Figure 2.3.b). The e�ect had been predicted by Dyakonov and
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Perel in 1971 [50], rediscovered by Hirsch in 1999 [51] and was �rst observed

experimentally by Kato et al in 2004 [52]. The relation among
−→
JS,

−→
JC and the spin

polarization vector (−→σ ) is given by [53]:

−→
JS =

h̄

2e
θSH [

−→
JC ×−→σ ] (2.11)

where θSH , corresponds to the spin Hall angle which quanti�es the spin-charge

conversion e�ciency in the non-magnetic material. In the reverse process, the inverse

spin Hall e�ect (ISHE), two electrons with opposite spin moving in opposite

directions are scattered in the same direction, converting spin current into charge

current.
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Chapter 3

Ferromagnetic Resonance

Ferromagnetic resonance (FMR) is one of the most powerful experimental

techniques for studying ultrathin �lm magnetic properties. By using this method, all

the basic parameters which describe the magnetic properties of these materials can be

measured such as magnetic anisotropy and magnetization relaxation mechanisms.

The most important advantages of this experimental technique are the high

sensitivity, since the FMR signal of 1010 − 1014 ferromagnetically ordered magnetic

moments can be measured [54] and high resolution, since shifts in the resonance �elds

of a few Oersted are easily detected. Furthermore, there is a huge body of literature

for the interpretation of resonance spectra and easy set-up, since all equipment is

standard and readily available. At the following sections, �rstly a phenomenological

description of ferromagnetic resonance is given. Then, there is a brief introduction for

magnetic anisotropy which is followed by a theoretical description of FMR condition

and a calculation of FMR lineshape.

3.1 Phenomenological description of Ferromagnetic

Resonance

Magnetic �lms whose thickness is of the order of ten nanometers are referred

to as ultrathin. In ultrathin magnetic �lms with high exchange strength in saturated

conditions the macrospin approximation can be used where all spins are assumed to
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FERROMAGNET

𝑯𝒆𝒇𝒇

𝑴×𝑴×𝑯𝒆𝒇𝒇

𝑴

𝑴×𝑯𝒆𝒇𝒇

Figure 3.1: Schematic illustration of Landau-Lifhitz-Gilbert equation

precess with the same amplitude and phase. This approximation assumes that the

magnitude of magnetization vector of a magnetic �lm is spatially uniform during its

precession as a single macroscopic spin. Since there is no spatial variation of its

magnitude, the investigation of magnetization vector motion is much more accessible.

In a ferromagnet whose magnetization vector space (macrospin), points in a

random direction, by applying an external magnetic �eld the magnetization will start

precessing around the e�ective magnetic �eld and simultaneously the angle between

the magnetization and the e�ective magnetic �eld vectors will be decreasing slowly.

The e�ective magnetic �eld corresponds to the vector sum of external magnetic �eld

(
−→
H ), the magnetocrystalline anisotropy �eld (

−−→
Han) and the magnetostatic anisotropy

�eld (
−−→
HM).

−−→
Heff =

−→
H +

−−→
Han +

−−→
HM (3.1)

Eventually, the magnetization vector is aligned with the external magnetic �eld and

this is the lowest energy position of the system. The motion of the magnetization
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vector (Figure 3.1) is given by the Landau-Lifhitz-Gilbert equation [55], [56].

d
−→
M

dt
= −γe

−→
M ×

−−→
Heff +

αo

Ms

−→
M × (

−→
M ×

−−→
Heff ) (3.2)

The �rst part corresponds to the precession of the vector and the second is the damping

term. In order to stop the descending motion of the magnetization, an alternating

magnetic �eld is applied perpendicular to the external magnetic �eld. If its frequency

is equal to the precession natural frequency the resonance condition is ful�lled and

the magnetization precesses at maximum angle. This is called ferromagnetic resonance

(FMR). The usual way to produce this alternating magnetic �eld is through microwave

irradiation with the appropriate frequency. In order to set the ferromagnetic system in

resonance, a frequency of the order of some Gigahertz is most often used.

3.2 Magnetic anisotropy

The magnetization in a ferromagnetic material is frequently not aligned in

an arbitrary direction. It is not energetically equivalent to set the magnetization

vector in any direction, so magnetization tends to align in certain energetically

favorable directions, termed easy axes. The magnetic anisotropy of a ferromagnetic

material depends mainly on two factors, the crystal structure of the ferromagnet,

namely magnetocrystalline anisotropy and the shape of the material, which is called

magnetostatic anisotropy or shape anisotropy [57].

In order to explain how a ferromagnet's shape a�ects the magnetic

anisotropy, we have to understand �rst of all the concept of demagnetization �eld. A

qualitative explanation will be given here by using the simplest example of a

ferromagnetic ellipsoid. By applying an appropriate external magnetic �eld strength,

a uniform magnetization can be created in a direction parallel to the external

magnetic �eld. As a result, surface magnetic poles (or charges) appear, which in turn

create a demagnetization �eld antiparallel with magnetization vector. The intensity

of demagnetization �eld is proportional to the density of surface magnetic poles and

inversely proportional with the distance between the surfaces. Therefore, the

demagnetization �eld is stronger along the short axis of an ellipsoid rather than

parallel to the long axis (Figure 3.2.a). Speci�cally, for a homogeneously magnetized
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Figure 3.2: Schematic representation of shape anisotropy of (a) an ellipsoid, (b)a thin

�lm

ellipsoid, the demagnetization �eld is given by [57],

−−−→
Hdem = −N̂ ·

−→
M (3.3)

where the dimensionless N̂ tensor can be diagonalized, when magnetization vector is

aligned with one of the basic axis of the ellipsoid x̂, ŷ, ẑ. Moreover, the sum of diagonal

elements of the N̂ tensor has to ful�l the condition Nx +Ny +Nz = 1 and for the case

of a sphere Nx = Ny = Nz = 1
3
. For an ellipsoid, if the direction of magnetization

�eld is aligned along x̂ axis, as well as ellipsoid's long axis Nx < 1
3
, while when it is

aligned along the short axis Nx > 1
3
. Correspondingly, we can generalize the case of

ellipsoid to calculate the demagnetization �eld in ultrathin �lms. In this case, we can

suppose that x̂ and ŷ dimensions tend to in�nity, while ẑ dimension is �nite. Then, the

elements of demagnetization tensor Nx and Ny are zero and Nz = 1. As a result, if the

external magnetic �eld is parallel to the �lm plane then demagnetization �eld doesn't

exist and this case corresponds to the easy axis. When the external magnetic �eld is

perpendicular to the �lm plane, then the maximum demagnetizating �eld is obtained

equal with
−→
Hd = −

−→
M and this is thin �lm's hard axis. (Figure 3.2.b).
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Magnetocrystalline anisotropy originates from the interaction between

electronic spin and neighbouring atoms in a ferromagnet (spin-orbit coupling). The

ferromagnet's crystal structure symmetry a�ects the magnetocrystalline anisotropy,

resulting in di�erent energetically favourable directions inside the ferromagnet (easy

axes). The simplest form of magnetic anisotropy is uniaxial anisotropy, when there is

only a single easy axis. The uniaxial anisotropy energy density is given by

εu ∝ Kusin
2θ where Ku is called the uniaxial magnetocrystalline anisotropy constant

and θ is the angle between x-y plane and magnetization vector. Another important

form of magnetocrystalline anisotropy is the cubic anisotropy. This corresponds to an

anisotropy with three vertical easy axes and an energy density analogous to

εc ∝ Kcsin
4θ where Kc is the cubic magnetocrystalline constant.

3.3 Theoretical description of ferromagnetic

resonance condition

By taking into consideration all the previous, we can calculate the

ferromagnetic resonance condition for each ferromagnetic material case. There are

two ways to achieve this. The �rst is by solving the Landau-Lifhitz-Gilbert equation

by setting as a solution the appropriate ansatz [58], [59], [60] while the second is by

determining the second derivative of the free energy with respect to the spherical

angles of the magnetization [61], [62]:(
ω

γ

)2

=
1

M2sin2θM

[
∂2ϵ

∂θ2M

∂2ϵ

∂ϕ2
−
(

∂2ϵ

∂ϕ∂θM

)]
(3.4)

In what follows, both of them will be used in order to �nd the ferromagnetic resonance

condition for a uniform magnetized ultrathin magnetic �lm (i.e. NiFe) for an in-plane

and out of plane orientation respectively.

If external bias magnetic �eld
−→
Ho is applied in plane along z-axis, then the

magnetization vector is aligned in the same direction, while the driving radio frequency

magnetic �eld hrf (t) is applied perpendicularly in the out of plane direction (�gure 3.3).

By assuming that the precession angle is small, then magnetization in the z-direction

remains constant in time, equal with Ms. Consequently the time dependent vector of
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Figure 3.3: Schematic illustration of magnetization precession in a NiFe thin �lm. The

demagnetizing �eld Hd exists only in the y direction and opposes my magnetization.

magnetization is expressed as:

−−−→
M(t) =


mx(t)

my(t)

Ms

 (3.5)

Since NiFe does not have magnetocrystalline anisotropy, then the only anisotropic �eld

applied to the system is demagnetization �eld, which appears to the y direction due to

the precessing magnetization vector. Then, by summing up external and alternating

magnetic �eld and demagnetization �eld, the e�ective magnetic �eld appears to be

equal with

−−→
Heff (t) =


0

hrf (t)−my(t)

Ho

 (3.6)

It is convenient to solve the LLG equation in terms of complex amplitudes. For those we

assume the circular polarization of the driving radio frequency �eld hrf (t) = hoe
iωt and

the ansatz solution for the LLG equation (3.2) will be mx,y(t) = mx,y(t)e
iωt resulting

in:
d
dt
mxe

iωt

d
dt
mye

iωt

0

 = −γ


0

hrfe
iωt −mye

iωt

Ho

×


mxe

iωt

mye
iωt

Ms

+
αo

Ms


mxe

iωt

mye
iωt

Ms

×


d
dt
mxe

iωt

d
dt
mye

iωt

0


(3.7)

Afterwards, the cross product calculations are carried out leading to the following
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system of algebraic linear equations:

iωmx = −γ(Ho +Ms)my + γMshrf − iαoωmy (3.8)

iωmy = γHomx + iαoωmx (3.9)

Finally, by ignoring the damping term and by �nding the eigenvalue of ω the in-plane

ferromagnetic resonance condition is given as:

ω

γ
=
√
Ho(Ho +Ms) (3.10)

which is the famous Kittel's equation.

In order to extract the ferromagnetic resonance condition for the general out

of plane case, the second way will be used. The free energy density for an ultrathin

uniformly magnetized �lm includes the following terms:

ϵ = −
−→
M ·

−→
H + 2πM2

s cos
2θM +Kssin

2θM (3.11)

Here, θM is the angle of the magnetization vector in spherical coordinates with

respect to the �lm normal. The �rst term is the Zeemann energy, the second is the

demagnetization energy, while the third term corresponds to the axial anisotropy

energy. The out of plane ferromagnetic resonance condition is obtained by using

equations 3.4 and 3.11.(
ω

γ

)2

= [HFMRcos(θH−θM)−4πMeffcos2θM ]× [HFMRcos(θH−θM)−4πMeffcos
2θM ]

(3.12)

where 4πMeff = 4πMs− 2Ks

Ms
and θH is the angle of external magnetic �eld with respect

to the �lm normal.

3.4 Calculation of FMR lineshape

In this subsection FMR lineshape will be examined. The lineshape of the

absorption curve is theoretically analogous to the imaginary part of the microwave

magnetic susceptibility [59]. Microwave magnetic susceptibility (χy) is de�ned as the

quotient of the magnetization component induced parallel to the microwave irradiation

direction and the microwave alternating magnetic �eld [59]. By using equations 3.8 &
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3.9 one obtains,

χy ≡
my

hrf

=
Ms(Ho +

iωα
γ
)

((Ho +Ms) +
iωα
γ
)(Ho +

iωα
γ
)− ω2

γ2

(3.13)

Then by setting the external magnetic �eld equal with the ferromagnetic resonance

�eld plus the di�erence between external magnetic �eld and ferromagnetic resonance

�eld (Ho = HFMR + δH), neglecting the terms which are not analogous to (δH + iωα
γ
)

and �nally by multiplying and dividing with the complex conjugate, the imaginary

part of microwave magnetic susceptibility can be expressed as,

Imχy =
MsHFMR

HFMR(HFMR +Ms)

ωα
γ

δH2 + (ωα
γ
)2
. (3.14)

The Lorentzian function is given by

L(x) = A
∆HHWHM

(x− xo)2 + (∆HHWHM)2
(3.15)

where A corresponds to the amplitude of Lorentzian curve and ∆HHWHM is the half

width at half maximum. Hence, by comparing the equations 3.14 & 3.15 we conclude

that the expected FMR lineshape corresponds to the Lorentzian distribution with

A =
MsHFMR

HFMR(HFMR +Ms)
and ∆HWHM =

ωα

γ
(3.16)
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Chapter 4

Magnetic damping in thin

ferromagnetics layers

As already mentioned above the tilting of the magnetization vector towards

the equilibrium direction is given by the second part of LLG equation (eq.3.2), while

the e�ciency of that motion is determined by the magnetic damping parameter, which

is in general sample dependent. The magnetization relaxation process is induced by

a variety of factors, like the interaction with magnons, phonons, itinerant electrons,

structural defects or sample impurities. Some damping mechanisms are inevitable

and these are referred to as intrinsic, while interactions which are not inherent to the

material are called extrinsic damping mechanisms.

4.1 Intrinsic damping mechanisms

The main representatives of intrinsic damping relaxation processes are

itinerant electron-magnon interaction, magnon-phonon and eddy current mechanisms.

In the following subsections they will be brie�y examined with respect to their

relevance to thin ferromagnetic layers.
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4.1.1 Magnon-itinerant electron interaction mechanism

The most important intrinsic damping mechanism is based on the interaction

between s-p like itinerant electrons with localized d-electron spins (magnon). There

are two types of magnon-itinerant electron scattering, one involves spin-�ips and the

other involves no spin-�ips but is associated with Fermi surface breathing.

The �rst model is introduced by Heinrich and he proposed that the s-d

exchange interaction can be obtained by integrating the s-d exchange energy density

functional [63, 64]

Hsd =
∑
j

∫
V

J(−→r j −−→r )
−→
Sj,d · −→ss (−→r )dr3 (4.1)

where J(−→r − −→r ′) is the s-d exchange interaction between the spin density −→ss of s-p

like itinerant electrons and the localized spins of d-electrons
−→
Sj,d, and j is the lattice

site. The particle representation of the s-d exchange interaction Hamiltonian for the rf

components of the magnetization is given by three particle collision terms [64].

Hsd =

√
2S

N

∑
k

J(q)ak,↑a
+
k+q,↓bq + (h.c.) (4.2)

where S is the spin, N is the number of atomic sites, a and a+ respectively annihilate

and create electrons and b and b+ annihilate and create magnons. The ↑ and ↓ signs

in the subscripts correspond to majority and minority spin electrons, respectively.

Itinerant electrons and magnons are coherently scattered by the s-d exchange

interaction resulting in the creation and annihilation of electron-hole pairs. Due to

conservation of the angular momentum, the itinerant electron has to �ip its spin

when it is scattered by magnons. Nevertheless this scattering does not lead to

magnetic damping for uniform mode magnons (q ∼ 0). The s-d exchange interaction

on its own only leads to a renormalized spectroscopic splitting factor, γ [63]. The

coherent scattering of magnons with itinerant electrons has to be disrupted by

incoherent scattering with thermally excited phonons or magnons. That results in a

fast �uctuating torque resulting in magnetic relaxation. Finally the expression of the

s-d interaction damping is given by [64]:

αs−d =
µ2
BN(EF )

Msγ

1

τsf
(4.3)

where N(EF ) is the density of states at Fermi level and τsf corresponds to the

spin-�ip time of electron-hole pair. Therefore a reduced spin-�ip time leads to a more
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e�cient magnetic relaxation. Someone can approach this process in a classical way.

The s-d exchange interaction can be viewed as two precessing magnetic moments

corresponding to the d-localized and itinerant electrons which are mutually coupled

by the s-d exchange �eld. In the absence of damping the FMR excitation corresponds

to a parallel alignment of the magnetic moments precessing together in phase.

However, due to a �nite spin free path of the itinerant electrons, the equation of

motion for itinerant electrons has to include spin relaxation towards the

instantaneous e�ective �eld. That results in a phase lag between the two precessing

magnetic moments and consequently in magnetic damping.

Kambersky showed that the intrinsic damping in ferromagnets can be

treated more generally by using the spin-orbit interaction [65�67]. As a consequence

of spin-orbit coupling the energies of the Bloch states depend on the direction of

magnetization. Hence, as the magnetization precess, the spin-orbit interaction

changes the energy of the electronic states, pushing some occupied states above the

Fermi level and unoccupied states below the Fermi level resulting in a generation of

electron-hole pairs near the Fermi level. This is often referred to as a breathing Fermi

surface. The e�ort of the electrons to repopulate the changing Fermi surface is

delayed by a �nite relaxation time of the electrons and this results in a phase lag

between the Fermi surface distortions and the precessing magnetization. The phase

lag for the breathing Fermi surface and the s-d exchange interaction is proportional

to the microwave frequency ω. Clearly, in both cases one gets a typical situation for

'friction' like damping which is described in magnetism by the Gilbert relaxation

term.

4.1.2 Phonon scattering mechanism

The second process of intrinsic damping is caused by magnon-phonon

coupling. This mechanism describes the uniform precession mode (magnon with

q = 0) degradation by scattering of those magnons with phonons (lattice vibration

modes) resulting in spin decoherence and eventually causing damping of

magnetization. This phenomenon is called phonon-drag [68]. Experiments have

shown that although the phonon scattering mechanism occurs in most magnetic

materials it is relative weak in comparison with the itinerant electron
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mechanisms [64].

4.1.3 Eddy current mechanism

Another source of intrinsic damping can arise from eddy currents in the case

of metallic ferromagnetic �lms. When a conductive material experiences a

time-varying magnetic �eld, eddy currents are generated in the conductor [69].

Accordingly, in ferromagnetic materials under resonance conditions the interaction

between the conduction electrons and the microwave excitation �eld can induce eddy

currents resulting in an e�ective �eld which can cause damping of magnetization.

Eddy current damping, αeddy, is proportional to [70]:

αeddy ∝ γeMsσt
2
FM (4.4)

where σ is the electrical conductivity and tFM is the ferromagnetic �lm thickness. This

mechanism is highly dependent on the material and becomes important for thick �lms

(αeff ∝ t2FM). The metallic ferromagnetic material that we are focusing on in this

thesis is permalloy, where damping due to Eddy currents only need to be taken into

account when the thickness surpasses 100nm [64]. Hence, in our case, the Eddy current

mechanism contributes only a very small proportion of the total damping.

4.2 Extrinsic damping mechanisms

Until now, we have been examined relaxation processes that refer to

phenomena due to intrinsic structural characteristics of magnetic crystals. These

processes correspond to the magnetic relaxation of a perfect magnetic crystal.

However, the presence of defects in the crystal, interface roughness, boundary grains

and inhomogeneities can induce enhancement of magnetic relaxation or spectral

width broadening. The main representatives of these non-Gilbert damping processes

are two-magnon scattering and inhomogeneity.
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Figure 4.1: Graphical representation of the two-magnon scattering process from a

uniform mode q ∼ 0 to a mode degenerate with wavevector q ̸= 0.

4.2.1 Two-magnon scattering

Two-magnon scattering (TMS) appears on magnetic systems characterized

by strong exchange and dipolar interactions [71]. According to this process bulk or

interface defects and imperfections on the surface of magnetic �lm can act as scattering

centers and scatter uniform magnetization precession (q ∼ 0 where q corresponds

to the magnon's wavevector) into q ̸= 0 magnons. Due to energy conservation the

resonant mode (q ∼ 0) can only scatter into spin waves oscillating at the same frequency

i.e. ω(0) = ω(q). Furthermore, due to the loss of translation invariance, momentum

conservation is not required. During the last �ve decades the TMS mechanism has

been extensively explored under di�erent theoretical approaches [72�75]. The most

widely used theory has been introduced by Arias and Mills and is applied to ultrathin

ferromagnetic �lms with morphological surface inhomogeneities (islands and pits) [75].

For an in-plane magnetization oriented along the external �eld direction and neglecting
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magnetocrystalline anisotropies, the spin wave dispersion can be written in the form:(
ω

γ

)2

=

(
ωFMR

γ

)2

− 2πMsγ
2qtFM{[sin2θM − cos2θMcos2ϕq][Hocos(θH − θM)

−4πMeffsin
2θM ]− sin2ϕq[Hocos(θH − θM)− 4πMeffcos2θM ]}

+Dq2[2Hocos(θH − θM) + 4πMeff (1− 3cos2θM)]

(4.5)

where q is the wavevector of the scattered magnon, ϕq is the angle between the magnon

propagation direction and the in-plane projection of the static magnetization and D =

2A
Ms

is the spin-wave sti�ness.
(

ωFMR

γ

)2
corresponds to the homogeneous ferromagnetic

resonance frequency of the magnetization precession (Eq.3.12).

The second term on the right side of eq.4.5 represents the dipolar interaction.

It is negative and proportional to q resulting in a reduction of resonance frequency

for magnons with q > 0. The third term is analogous to q2 so it is positive and

corresponds to exchange interaction. Therefore for small q, the magnon resonance

frequency initially decreases with increasing q, while for further enhancement of q,

the exchange interaction term begins to dominate, increasing the magnon resonance

frequency. Eventually for a speci�c magnon q(ϕq), the magnon resonance frequency

will be equal to the FMR mode (q ∼ 0) frequency and as a result the two modes are

degenerate and two-magnon scattering can occur. The magnitude of q(ϕq) reduces with

increasing ϕq and m degenerate modes are available for an angle ϕq larger than

ϕqmax = arcsin

(
HFMR

HFMR + 4πMeff

)1/2

(4.6)

The main result of Arias and Mills theory is that by assuming the presence of

rectangular -surface or interface- defects on ultrathin ferromagnetic �lms, a dephasing

contribution to the linewidth and a frequency shift of the resonant �eld is produced.

If a and c are the lateral defect's dimensions and b is the average defect height the

two-magnon contribution to the FMR linewidth can be written as:

∆HTMS =
8H2

s b
2p

πD(2Ho + 4πMeff )2
× sin−1

(
H

1/2
o

(Ho + 4πMeff )1/2

)
[
H2

o + (2Ho + 4πMeff )
2 ×

(〈a
c

〉
− 1
)
+ (Ho + 4πMeff )

2
(〈 c

a
− 1
〉)] (4.7)

where p is the fraction of the surface area covered by defects and Hs is the uniaxial out

of plane anisotropy �eld. Correspondingly, the ferromagnetic resonance shift is given
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by

∆HTMS
R =

8H2
s b

2p

πD(2Ho + 4πMeff )2
×

ln

(qM||

qo
− sin2ϕ−→q max

)1/2

+

(
qM||

qo
+ cos2ϕ−→q max

)1/2
[

H2
o + (2Ho + 4πMeff )

2 ×
(〈a

c

〉
− 1
)
+ (Ho + 4πMef )

2
(〈 c

a
− 1
〉)]
(4.8)

where qo ≡ 2πMstFM (Ho+4πMeff )

(2Ho+4πMeff )D
and qM|| = 1

<a>
. Finally a more general theory which

includes out of plane orientations of the magnetization can be found in references [76,77]

and shows that there are no degenerate modes when the �lm magnetization is oriented

with an angle larger than π
4
from the �lm plane. Therefore, the two-magnon scattering

mechanism is absent in out-of-plane FMR geometry.

4.2.2 Inhomogeneity

Another source of spectral width enhancement is the sample's

inhomogeneity. It arises from a wide variety of micro-structural �lm origins including

the angular spread of the crystallographic axis between di�erent magnetic grains,

magnetocrystalline anisotropy in a polycrystalline sample and surface anisotropy with

�lm thickness variations [78, 79]. At this regime the �lm's inhomogeneities dominate

the exchange and dipolar interactions between di�erent parts of the �lm [71] and the

whole ferromagnetic sample behaves as multiple non-interacting nanomagnets. As a

result, the measured FMR pro�le is the superposition of local FMR pro�les generated

by di�erent sample regions. Normally each local FMR pro�le has Lorentzian shape,

which contains intrinsic and two-magnon scattering contribution, resulting in a

Gaussian shape for inhomogeneity linewidth broadening.

4.3 Spin Pumping

Another damping category is non-local damping, which is caused due to the

contact of the ferromagnetic �lm with a non-magnetic layer and its main representative

is spin pumping. In the following subsections, phenomenological and theoretical spin

pumping approach will be given.
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4.3.1 Phenomenological description of spin pumping

The injection and detection of spin current in solid state systems was, from the

outset, the most important issue for the development of spintronics and for this purpose

a number of methods such as non-local spin current injection [80], optical spin current

injection [81] and spin pumping have been developed. By using spin pumping, the

method primarily used in this study, spin current injection will be achieved when a non-

magnetic material is in contact with a ferromagnetic material and the whole system is in

FMR conditions. In FMR conditions, a ferromagnet absorbs the maximum energy and

the vector of magnetization, M, rotates at the maximum precession angle around the

vector of the e�ective magnetic �eld He�, so the projection of the magnetization vector

to the equilibrium direction is decreased. Due to angular momentum conservation,

this change of magnetization has to be balanced by spin motion. The magnetization

of the material is due to the localized spins. The free electrons which move into

the ferromagnet feel the other aligned spins through the exchange interaction, whose

Hamiltonian is expressed by H=-J
∑−→si ·

−→
Sj , where

−→
Sj is the spin of each atom −→si is the

spin of each free electron and J is a constant which parameterizes the strength of the

interaction. The system, in order to minimize the energy, makes the two spins parallel

and as a result the free carriers are polarized. Additionally, electrons that locate into

the non-magnetic material near the interface feel this polarization also through the

exchange interaction and a proportion of these electrons are polarized, in the direction

of the external magnetic �eld. Moreover, the interface allows the �ow of electrons which

has as a consequence polarized electrons to be transferred from the ferromagnet into

the non-magnetic material and non-polarized electrons entering into the ferromagnet.

Finally, an excess of polarized electrons is observed at the non-magnetic layer near

the interface with spin parallel to the precession axis. This process can be viewed as

a source of pure spin current. The spin current is decreased into the non-magnetic

material due to spin relaxation and di�usion, in a length scale associated with the

spin di�usion length of the non-magnetic material. A schematic representation of this

phenomenological description of spin pumping is depicted in Figure 4.2.
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Figure 4.2: Schematic illustration of spin pumping model.

4.3.2 Theoretical description of spin pumping

In 2001, Mizukami et al observed an enhancement of Gilbert damping

parameter of NiFe when in contact with a non-magnetic metal [82]. In order to

explain this behaviour Tserkovnyak et al [83] showed that an interface enhancement

in the Gilbert damping can be created when spin current �owing away from a

ferromagnet into an adjacent normal metal reservoir. The spin-pumping theory is

based on the peristaltic charge pumping theory developed by Brouwer et al [84] who

derived a formula describing that a DC current can be pumped through a quantum

dot by periodical varying two independent parameters X1 and X2. The general

expression of current in spin space is given by,

Î = 1̂
Ic
2
− −̂→σ ·

−→
Is

e

h̄
(4.9)

where Ic and
−→
Is correspond to the charge and spin �ow from the ferromagnetic layer

into the adjacent non-magnetic layer, and 1̂ and −̂→σ correspond to the unit matrix and

the unit vector of Pauli spin matrices. By following the Brouwer's notation [84, 233]

the pumped current is given by

Îpump(t) = e
∂n̂(l)

∂X

dX(t)

dt
(4.10)
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where X(t) is a parameter that modulates the scattering matrix ŝ and the matrix

emissivity into the lead l is given by

∂n̂(l)

∂X
=

1

4πi

∑
mnl′

∂ŝmn,ll′

∂X
ŝ†mn,ll′ +H.c. (4.11)

where m and n label the transverse modes at the Fermi energy in the normal metal.

For the case of spin pumping mechanism, the pumped current is obtained due to the

magnetization precession therefore X(t) = ϕ(t), where ϕ is the azimuthal angle of the

magnetization direction in the plane perpendicular to the precession axis. Finally, by

following Tserkovnyak's reasoning [233] the resulting pumped current is

Îpump = −−̂→σ ·
−→
Is

e

h̄
(4.12)

proving that the magnetization precession resulted in spin current without any charge

current which was expected due to the absence of any applied voltage. In the following,

only the basic principle of spin pumping theory will be given, so for a complete overview

of the theory the reader is kindly recommended to follow references [83,86,87].

The spin current
−→
Is pumped by the precession of the magnetization into the

adjacent non-magnetic reservoir connected to the ferromagnet by a ballistic lead, with a

�xed number of transport channels [86] and calculated in an adiabatic approximation,

since the period of magnetization precession (10−10s) is typically much larger than

electronic transit time (10−14s). The spin current,
−→
Is , �ows from the magnetic layer

into the non-magnetic layer, perpendicularly to the interface and is given by [83]:

−→
Is =

h̄

4π

(
Ar

(
−→m × d−→m

dt

)
− Ai

d−→m
dt

)
(4.13)

where −→m is the unit vector of the magnetization and Ar, Ai are the interface scattering

parameters de�ned by:

Ar =
1

2

∑
m,n

[| r↑mn − r↓mn |2 + | t↑mn − t↓mn |2] (4.14)

and

Ai = Im
∑
m,n

[r↑mn(r
↓
mn)

∗ + t↑mn(t
↓
mn)

∗] (4.15)

r↑mn, r
↓
mn, t

↑
mn and t↓mn are the re�ection and transmission matrix elements of spin-up

and spin-down electrons at the interface. Here, m and n, denote the transverse modes

at the Fermi energy before and after the scattering process. By using eq.(4.14) and
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eq.(4.15) can be obtained:

Ar − iAi =
∑
m,n

[δnm − r↑mn(r
↓
mn)

∗]−
∑
m,n

t↑mn(t
↓
mn)

∗ = G↑↓ − T ↑↓ (4.16)

where G↑↓ is the interface spin mixing conductance and T ↑↓ is the transmission

coe�cient. The transmission coe�cient vanishes for ferromagnetic �lms which are

thicker than the coherence length [86], while the imaginary part of interface spin

mixing conductance (Im(G↑↓)) vanishes for di�usive and ballistic contacts [88].

Therefore, in the present work spin current induced by spin pumping is given by:

−→
I s =

h̄

4π
ReG↑↓

(
−→m × d−→m

dt

)
(4.17)

As already mentioned the injection of spin current from the ferromagnetic layer to the

non-magnetic material, provokes additional damping contribution to the magnetization

precession. By comparing equation 4.17 and the damping term of LLG equation (3.2)

one may notice that they have similar structure. Therefore, by requiring conservation of

angular momentum the spin pumping damping term can be derived [89]. The temporal

decay of the total spin
−→
S in the ferromagnetic layer equals with the pumped spin

current
−→
Is :

d
−→
S

dt
=

−→
Is (4.18)

Moreover the total spin
−→
S is related to the total magnetization

−→
M of the �lm via:

−→
S =

−→
M tot

γe
=

Mtot
−→m

γe
, with γe =

gµB

h̄
(4.19)

where g is the g-factor and µB the Bohr magneton. Hence,

d−→m
dt

=
gµB

h̄Mtot

d
−→
S

dt
=

gµB

h̄Mtot

−→
Is (4.20)

Using eq.4.17 and eq.4.20 yields:

d−→m
dt

=
gµBReG↑↓

4πMtot

(
−→m × d−→m

dt

)
. (4.21)

As a result, the spin pumping damping term is derived as,

∆α =
gµBReG↑↓

4πMtot

. (4.22)

By introducing g↑↓ = G↑↓

Y
, where Y is the interface area then yields:

∆α =
gµBg

↑↓

4πMstFM

. (4.23)
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Therefore e�ective Gilbert damping parameter is given by:

αeff = αo +
gµBg

↑↓

4πMstFM

(4.24)

and the spin mixing conductance is derived as:

g↑↓ =
4πMstFM

gµB

(αeff − αo) (4.25)

which represents the number of spin transmission channels per unit surface area in the

interface between ferromagnet and non-magnet. The second term of equation 4.24 can

be viewed as an additional damping in the LLG equation.

4.4 Probing spin current transport through spin

pumping under FMR conditions

Con�rming experimentally the theoretical approach of spin pumping

presented in the previous section and developing easily accessible experimental

techniques for detecting the injected spin current was of great importance in order to

have the ability to create a database of spin current "conductive" materials.

Obviously, the �rst approach was to exploit the generative cause of spin pumping, the

change of Gilbert damping constant, when the ferromagnetic layer is in contact with

the non-magnetic layer (αFM/NM) in comparison with the pristine ferromagnet

(αFM). In a perfect spin sink situation, where there is no back�ow of spin current,

the enhanced Gilbert damping constant can be expressed in terms of FMR linewidth

increment [90,91]:

∆α = αFM/NM − αFM =

√
3

2

γ

ω
(∆HFM/NM −∆HFM) (4.26)

which can reformulate eq.4.25 as [92]:

g↑↓ =
2
√
3πMsγtFM

gµBω
(∆HFM/NM −∆HFM) (4.27)

Therefore, the linewidth enhancement can be an evidence of spin current injection

due to spin pumping. Moreover, by recording precisely the linewidth broadening a

straightforward estimation of the spin mixing conductance can be carried out, giving

a simple and sensitive way to quantify the spin pumping e�ciency across each
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ferromagnet(FM)/non-magnet(NM) interface and it has been used in various studies

in the literature to investigate spin injection from a FM into a NM [93�97]. However,

as has already been mentioned in section 4.2, extrinsic damping mechanisms can

provoke spectral width broadening, a�ecting the proper calculation of g↑↓.

Saitoh et al [98] reported an alternative way to detect spin current due to

spin pumping under FMR conditions using the ISHE. More precisely, in a NiFe/Pt

bilayer when the NiFe is driven into FMR, a measurable electric voltage di�erence

was detected, transverse to the spin current spatial direction and the spin

polarization vector (
−→
J ISHE ∝

−→
J S ×−→σ ) providing clear evidence of spin pumped spin

current detection. The combination of FMR and ISHE has opened up a new avenue

to study spin transport and spin to charge conversion in a series of di�erent material

systems [99�102]. One of the most important advantages for using spin pumping as a

spin injection method is that there is pure spin current injection with no net charge

current �ow. Thus, the spin current injected across FM/NM interfaces avoids the

conductance mismatch problem making the spin pumping method in combination

with ISHE a popular approach to study spin transport that would otherwise be

challenging using conventional electrical spin injection techniques [103]. A thorough

examination of the phenomenon was made some years later by Ando et al [92, 104],

by examining di�erent parameters that a�ect the ISHE voltage induced by spin

pumping such as microwave power, magnetic �eld angle and �lm size, and they

develop the phenomenological formalism of the spin pumping in a thin �lm system

which is derived using the spin pumping model and the LLG equation. According to

the spin pumping model (eq. 4.17) the dc component of the spin current density, js,

can be expressed as,

js =
ω

4π

∫ 2π
ω

0

g↑↓
h̄

4πM2
s

[
−→m × d−→m

dt

]
z

dt (4.28)

where z indicates the direction of magnetization precession axis. Using eq. 4.28 and

expressions for dynamic component of magnetization [92], an expression for the spin

current density at the FM/NM interface, jFM/NM
s , can be derived to be:

jFM/NM
s =

g↑↓γ2
eh

2h̄
[
4πMsγe sin

2 θM +
√

(4πMs)2γ2
esin

4θM + 4ω2
]

8πα2 [(4πMs)2γ2
esin

4θM + 4ω2]
(4.29)

where h is the microwave magnetic �eld and α is the Gilbert damping constant.

Moreover, the spin current injected into the NM layer will undergo exponential decay
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as a result of spin relaxation, the magnitude of which is proportional to the materials

spin orbit coupling and spin di�usion length. Thus, the fractional spin current

density present at any point in the NM layer is a function of the layer thickness. If

the spin current decays along the x-direction, the spin current density present in the

NM layer can be expressed as:

jc(x) =
sinh

[
dN−x
λN

]
sinh

(
dN
λN

) jos (4.30)

where dN is the NM layer thickness, λN is the spin di�usion length of the NM material

and jos is the spin current density at the interface where x = 0. The spin current is

converted into a charge current via ISHE and the average charge current density, ⟨jc⟩,

can be obtained by considering eq.4.30 as,

⟨jc⟩ =
(

1

dN

)∫ dN

0

jc(x)dx = θSHE

(
2e

h̄

)(
λN

dN

)
tanh

(
dN
2λN

)
jos . (4.31)

Furthermore, if the bilayer system is assumed to operate based on an equivalent parallel

circuit model, the relation between charge current and ISHE voltage is simply expressed

as VISHE = [RFRN/(RF +RN)]IC = w[σN + (dF/dN)σF ]
−1 ⟨jc⟩, where RF and RN are

the electrical resistance of the respective ferromagnetic and non-magnetic layers, IC is

the generated charge current, w is the width of the ferromagnet, σF and σN are the

electrical conductivities of the ferromagnetic and non-magnetic layers and dF and dN

are the respective layer thicknesses. Combining this with eq. 4.31 the �nal relation

between observed VISHE and �lm thickness can be derived as:

VISHE =
wθSHEλN tanh

(
dN
2λN

)
dNσN + dFσF

(
2e

h̄

)
jos (4.32)

enabling the extraction of the spin Hall angle (θSHE) and the spin di�usion length (λN)

from measurements of the ISHE voltage as a function of NM �lm thickness using the

spin pumping method [33,105].

The validity of the spin pumping theory has also be tested in FM1/NM/FM2

trilayer systems in terms of dynamic exchange coupling [106]. In this case, the LLG

equation in order to take into account the e�ect from the second magnetic �lm is

expanded to [106]:

d−→m1

dt
= −γ−→m1 ×

−−→
H1

eff + αo
−→m1 ×

d−→m1

dt
+ α

′

1

[
−→m1 ×

d−→m1

dt
−−→m2 ×

d−→m2

dt

]
(4.33)
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For well separated resonances of FM1 and FM2, only one layer will precess with large

amplitude at a given frequency and spin current is pumped from a precessing FM1

into a static FM2 with a total spin pumping damping constant, αsp = α
′
1. In

contrast, if both layers precess symmetrically, with the same amplitude and phase,

equal and opposite spin currents are pumped into and out of each layer, causing no

net e�ect on damping, αsp = 0. However, if the magnetizations excited in

antisymmetric precession, the coupled mode should be doubly damped, αsp = 2α
′
1.

Various studies in the literature investigated the dynamic exchange coupling spin

pumping in trilayer systems through the in-plane angular dependence of the applied

magnetic �eld of trilayers containing slightly modi�ed FMs [106, 107] or by means of

broadband ferromagnetic resonance for two identical FMs [108, 109] proving the

validity of the spin pumping model.
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Chapter 5

Electron Spin Resonance

5.1 Fundamental principle of ESR

ESR technique is used to study the properties of unpaired electrons in

paramagnetic species. As already mentioned above (Section 2.1), a free electron is

quantised into two electronic states spin-up, ms =
1
2
, and spin-down, ms = −1

2
, which

are degenerate in the absence of external stimuli. The degeneracy is lifted in the

presence of an applied external magnetic �eld (Bo), due to the interaction with the

electron's magnetic moment, −→µ . This is termed the Zeeman e�ect. The unpaired

electron will have a state of lowest energy when the moment of the electron is aligned

with the magnetic �eld (ms = −1
2
) and a highest energy state (ms = 1

2
) when −→µ is

antiparallel with magnetic �eld, Bo . The energy of each orientation is the product of

µ and Bo. For an electron µ = msgeµB, where µB is the Bohr magneton and

ge ≈ 2.0023 is the g-factor of the free electron. Therefore, the relative energy, E, of

the two electronic ms states, the Zeeman levels, is then given by: E = msgeµBBo.

Irradiation by microwave photons of energy hfMW will result in absorption when the

energy di�erence between states matches that of the photon which results in a

transition between the electronic states: ∆E = hfMW = geµBBo (Figure 5.1).

However, the description of an unpaired free electron almost always does not

correspond to a realistic context, since a common sample includes a large ensemble of

spins interacting among themselves and with their environment. Thus, the collective

behavior becomes quite di�erent. The electron spins are statistically distributed in
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మ
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E=- భ

మ
ge μB Bo

Figure 5.1: Removal of degeneracy for a simple S=1/2 system in the presence of an

applied external magnetic �eld (Bo) due to the Zeeman e�ect.

the spin-up and spin-down states. At zero static magnetic �eld Bo = 0 these states

are equally occupied. Once the magnetic �eld is applied Bo ̸= 0 at high temperature

approximation (room temperature) ,which is valid for the experiments described

through this thesis, the relative populations of the two energy states spin-up and

spin-down are given by the Boltzmann distribution: n↑
n↓

= exp(− ∆E
kBT

).

5.2 g-factor

An unpaired electron in a real system, except of the external magnetic �eld,

feels additional e�ective magnetic �elds which originate primarily from the e�ective

SOC. By e�ective SOC, we mean the overlap between the orbital and spin angular

momentum distributions, which respectively depend on the molecular composition and

geometry and the spin density in the charged molecule [40] (Section 2.2). This has as

a consequence a shift (∆g) for the g-factor from its free electron value, the magnitude

of which depends on the e�ective SOC intensity [40, 110]. So the knowledge of the

g-factor can be taken as a �ngerprint of the molecule. Measurement of the g-factor

is easily accessible and with high accuracy through the ESR technique, since the only

experimental parameters we need to know are the microwave frequency and the exact

magnetic resonance �eld.
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Figure 5.2: Energy level diagram for an unpaired electron interacting with a magnetic

nucleus with nuclear spin I = 1
2

5.3 Nuclear Hyper�ne Interaction

An e�ective magnetic �eld can be induced also by the interaction between an

unpaired electron spin and a nuclear spin, which is termed nuclear hyper�ne interaction.

Analogous to the case of an electron spin, nuclei of paramagnetic atoms with an odd

number of protons and/or neutrons also have a magnetic moment (I) which produces

an extra magnetic �eld in the vicinity of an unpaired electron. Nuclear hyper�ne

interaction usually prevails over other possible contributions in solution samples. In

this case, the fast molecular motion causes an averaging over the anisotropic terms [40]

so the resulting resonances arise from the Hamiltonian: H = gµB
−→
S ·

−→
B +

∑
n αn

−→
S ·

−→
In

where the �rst term corresponds to the Zeeman splitting, g = ge+∆g and the latter to

the hyper�ne splitting for n neighboring nuclei where αn corresponds to the hyper�ne

coupling constant of the nth nucleus. The nuclear �elds do not displace the spectrum

but produce a further small splitting of the energy levels. For example, for the simple

case of interaction of one unpaired electron (S = 1
2
) with one nucleus with I = 1

2
, the

coupling between the electron and nuclear spin results in a splitting of each electron

spin state into 2 levels (2I + 1) for mI = 1
2
, mI = −1

2
(Figure 5.2). The two allowed

transitions are shown in the energy level diagram.
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Figure 5.3: EPR spectra of the di-t-butyl nitroxide radical, in ethanol at room

temperature at various radical concentrations: (a) 0.1 mM, (b) 10 mM, (c) 100 mM,

and (d) pure liquid nitroxide. Spectra taken from ref [1] (p. 323, Figure 10.8)

5.4 Electron-Spin Exchange

According to the Pauli principle each molecular orbital can be occupied by two

electrons with opposite magnetic spin quantum number, ms, while the orbital occupied

by the unpaired electron is called singly occupied molecular orbital (SOMO). If two

unpaired electrons occupy SOMOs in the same molecule or in spatially close molecules,

their wavefunctions may overlap, and interact via the exchange interaction de�ned by

the following spin Hamiltonian: Hexc = J
−→
Si ·

−→
Sj . J parameterizes the strength of

the interaction and becomes signi�cant only when the radicals approach to a van der

Waals distance. At this situation exchange interaction strongly a�ects the �nal ESR

spectrum obtained.

Figure 5.3 demonstrates the e�ect of the electron-spin exchange for the case of

di-t-butyl nitroxide at various radical concentrations [1, 111]. The �rst ESR spectrum

at Figure 5.3.a corresponds to the low concentration solution with a negligible e�ect

of spin exchange and consists of three lines due to hyper�ne interaction of unpaired

electron with the nuclear magnetic moment of nitrogen (In = 1). An increase in the

rate of spin exchange (ωe) at larger radical concentration results in line broadening and
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a small shift of the outer lines toward the center of the spectrum Figure 5.3.b. The line

broadening, occurs as a result of decreasing of the spin lifetime due to the increase of

spin exchange frequency [111]. Further, increase in radical concentration results in the

spectrum coalescence in a single broad line Figure 5.3.c when exchange frequency is

close to the di�erence in the ESR frequencies (ωe ≈ γα) [111]. At even higher radical

concentrations, the width of this single line becomes exchange-narrowed (Figure 5.3.d)

since the electron spins are exchanging so rapidly that the time-averaged hyper�ne �eld

is close to zero [1].

5.5 Relaxation and Lineshape

The linewidth and lineshape are important sources of information in ESR

spectroscopy. The knowledge of these spectrum characteristics can de�ne the dynamic

properties and distributions of sites for a variety of solution and solid-state systems,

giving information about the spin relaxation pathways and relative magnitudes of the

Hamiltonian terms. More speci�cally, basic characteristic values that correspond to

the nature of the spin-lattice relaxation time (T1) and spin-spin relaxation time (T2)

can be distinguished from the power saturation behavior of the ESR resonances and

the unsaturated linewidth [112]. The spin-lattice relaxation process depends upon

�uctuating magnetic �elds close to the unpaired electron and corresponds to the decay

of the sample magnetization parallel to external magnetic �eld
−→
B . Such �elds may,

for example, be due to lattice vibrations causing the oscillation of local electrically

charged particles. Such �uctuating �elds can couple with the spin magnetic moment of

the electron and hence induce transitions. On the other hand, the spin-spin relaxation

process depends on local magnetic nuclei or unpaired electrons a�ecting the �eld at

the unpaired electron and corresponds to the decay of the transverse magnetization

with characteristic coherence time T2. A random distribution of such �elds will blur

the energy levels of the unpaired electron resulting in spin dephasing. [40] A long T2

enables the coherent manipulation of spins while a large T1 is crucial to maintain a

spin polarization along a preferred axis.

T1 and T2 spin lifetimes can be de�ned when the decay of spin polarization

is an exponential process by using the continuous wave saturation method [112].
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More precisely, when the ESR spectra can be �tted by a Lorentzian function, the

coherence time T2 can be determined by the linewidth using the equation [113]

T2 = 2/(γe∆HFWHM) where γe = gµB/h̄ is the gyromagnetic ratio. Moreover, the

intensity of the ESR signal should correspond to the absorption of microwaves caused

by excitation of the electrons between the energy level split by the Zeeman e�ect.

The number of electrons at each level obeys a Boltzmann distribution at equilibrium.

When the microwave power is too high, there should be no population di�erence

between the spin-up and spin-down states, which results in saturation of the ESR

signal [114]. The double integral over the recorded derivative spectrum, scales with

the microwave magnetic �eld B1 as [115, 116], DI(B1) ∝ B1√
1+γ2

eT1T2B2
1

. Therefore, T1

can be estimated by using the above relationship and by �nding the magnitude of the

microwave magnetic �eld that the signal is saturated.
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Chapter 6

Experimental Methods

6.1 Technique of Ferromagnetic Resonance (FMR)

and Electron Spin Resonance (ESR)

measurement

6.1.1 FMR and ESR experimental setup

A schematic representation of ADANI CMS-8400 set-up which is used for

our FMR and ESR measurements, is depicted in Figure 6.1.a . In this experimental

set-up, a Gunn diode produces microwave radiation with frequency equal with f=9.43

GHz and maximum power 200 mW [117]. Then, the radiation is transferred through

waveguides and a circulator to a TE102 microwave cavity. At the center of this cavity,

which is a closed system in which microwave standing waves are created, the sample

is placed during the measurement. For a known microwave frequency, the wavelength

is also known, so it is possible to fabricate a cavity in such dimensions that in the

center of the cavity the maximum microwave magnetic �eld and the minimum electric

�eld is applied. As a result, FMR and ESR measurement is achieved with maximum

power, providing as much sensitivity as possible to the system. Another reason of high

sensitivity for such systems, is the use of extremely monochromatic microwaves. This is

achieved by using waveguides, which are designed to allow a speci�c frequency to pass

through them. Moreover, there is an electronic system with feedback which measures
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Figure 6.1: (a)Schematic representation of FMR and ESR measurement, (b)

Representation of the sample holder for ISHE measurement

the frequency produced in the Gunn diode and at the waveguide near the cavity and

controls it in order to maintain it constant.

It is possible to achieve a ferromagnetic resonance measurement by

maintaining the external magnetic �eld constant and vary the electromagnetic

radiation frequency which is applied to the sample linearly or maintaining the

electromagnetic radiation frequency constant and vary the external magnetic �eld. In

this case, however, the sample is placed in a cavity of speci�c dimensions for each

frequency, so in order to change the frequency, cavity must be changed, that is

impossible for a continuous frequency range. In contrast, it is much easier to control

the magnetic �eld, that an electromagnet generates and so the second way is used.

Therefore, by varying the external magnetic �eld and keeping constant a speci�c

microwave frequency, the spectrum of the absorption signal is recorded and is

expected to have the shape of a Lorentzian distribution. The signal, however, usually

is weak and overlaid by noise. For this purpose, additional coils are used to modulate

the external magnetic �eld at a frequency of 100KHz and by measuring the

modulated signal using a lock-in ampli�er the spectrum is represented by the �rst

derivative of a Lorentzian distribution. The point that the spectrum is zero
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corresponds to the exact resonance magnetic �eld and is called HFMR, while the

magnetic �eld di�erence between the maximum and the minimum of the spectrum

corresponds to the linewidth, ∆Hpp. The relation between half width half maximum

and linewidth is given as:

∆Hpp =
2√
3
∆HHWHM (6.1)

The linewidth, ∆Hpp, and resonance magnetic �eld, HFMR, were extracted by �tting

a Lorentzian derivative to the obtained data by using the following function:

dL

dx
= A

H −HFMR

(∆Hpp)3

[
1 +

4

3

(
H −HFMR

∆Hpp

)2
]−2

(6.2)

where A is a multiplying factor corresponding to the signal intensity and H corresponds

to the external magnetic �eld.

6.1.2 Measurement of FMR and ESR spectra

For the purpose of this thesis, FMR measurements were carried out mainly

for NiFe layers for di�erent thicknesses as monolayers, or as bilayers in contact with

organic semiconductor layers. In order to achieve this, the experimental setup was

modi�ed to accommodate substrates. We developed a 3D printed sample holder,

giving special attention to its design to minimize microwave absorption and to allow

easy wire installation for ISHE voltage measurement (Figure 6.1.b). The sample

holder, in turn, was adjusted in a calibrated rotated ESR tube, allowing for

measurements for di�erent angle between the substrate plane and the external

magnetic �eld (θH angle). A typical FMR spectra for a 7nm NiFe thin �lm at

θH = 0o (in-plane direction) is observed in Figure 6.2.a accompanied by its �tting

curve used to obtain the �tting parameters HFMR and ∆Hpp which are depicted at

Figure 6.2.a. Furthermore, we carried out also ESR measurements for a series of

Blatter derivatives diluted in dichloromethane (DCM) for identi�cation purposes.

The spectra was �tted using EasySpin software [118] in order to �nd the g-factor, the

hyper�ne interactions and spectral broadening of each Blatter derivative [119], [120]

(Figure 6.2.b). The ESR technique was further used in this thesis for the estimation

of spin concentration for di�erent organic semiconductors [41], [121] and in order to

con�rm the successful synthesis of a Blatter triradical, by comparing the normalized

integrated signal of a Blatter triradical and a common Blatter radical (normalized
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Figure 6.2: (a)A typical measurement of FMR spectra of 7nm NiFe thin �lm along

the �lm plane, where HFMR and ∆Hpp parameters are de�ned through the �tting.

(b)Typical example of ESR measurement of a Blatter derivative diluted in DCM

solution (CF3 Blatter derivative) accompanied by its �tting curve which gives the

�tting parameters: g-factor, hyper�ne interactions and spectral broadening, con�rmed

by the 2nd derivative curve. (c)Blatter radical and triradical ESR spectra accompanied

by the normalized integrated signal which con�rm the triradical state.
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with respect to the latter). The signal per molecule for the triradical Blatter is three

times greater which corresponds to three spins per molecule supporting its triradical

nature [122] (Figure 6.2.c).

6.1.3 Experimental setup of ISHE voltage VISHE measurement

under ferromagnetic resonance

In order to carry out ISHE voltage measurements under FMR we prepared

the experimental setup depicted at Figure 6.3.a. Our goal to perform this measurement

is the simultaneous recording of the FMR spectra, given by the ferromagnetic layer,

and the ISHE voltage VISHE, which is created at the non-magnetic layer, due to the

injected spin current under FMR conditions. We applied contacts -Cu wires, by using

silver dag- at the edges of the non-magnetic layer in a direction transverse to spin

current spatial direction,
−→
Js , and the spin polarization vector −→σ , VISHE ∝

−→
Js × −→σ .

The voltage di�erence signal, which is of the order of hundreds of nanovolts is detected

by using a Keithley 2182A Nanovoltmeter, it is ampli�cated and �nally is tracked by

using an oscilloscope. The FMR spectra can be converted also to a voltage signal which

is provided directly from the CMS-8400 spectrometer and tracked simultaneously with

the VISHE at the oscilloscope. By knowing the time duration of the FMR measurement,

since we de�ne it, it is easy to convert it to the magnetic �eld range of the measurement.

An example of ISHE voltage measurement, that we carried out for a NiFe/p-Ge bilayer

[123], is presented at Figure 6.3.b.

6.2 Molecular Beam Epitaxy (MBE)

The deposition of ferromagnetic thin �lms in our samples is performed by

using molecular beam epitaxy (MBE). This technique is advantageous over others,

as the deposition is made in ultra high vacuum conditions, o�ering uniformity in the

development of heterostructures and precise control of the deposition rate, resulting in

high quality epitaxial thin �lms without vacancies and impurities and with controllable

thickness. Our MBE experimental setup consists of two chambers, the supporting

chamber, where the substrate is introduced initially, and the growth chamber which
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Figure 6.3: (a)Schematic representation of ISHE voltage measurement under FMR

conditions. (b)Normalized FMR signal as a function of the in-plane external magnetic

�eld for the NiFe/p-Ge bilayer and simultaneous measurement of ISHE voltage detected

at the edges of p-Ge.

never come in contact with the environment, in order to maintain the high vacuum

conditions. Four Knudsen e�usion cells in which the products are placed in solid form,

are located at the bottom of the growth chamber and aligned towards the center of the

main chamber where a sample holder is located. They consist of a crucible where the

material for sublimation is placed. Sublimation is achieved through e-beam heating by

electrons ejected from a �lament which is wrapped around the crucible. The beam of

sublimated atoms are directed to a substrate which is placed at some distance above

the e-beam cells so that it is not heated and a�ected the deposition process, while

due to the prevailing vacuum conditions the scattering possibility is very small. Then

the beams from the sublimated material interact onto the substrate resulting in the

creation of the respective material. The composition of the developed thin �lm depends

on the relative arrival rates of the product atoms on the substrate and on the relative

sublimation rates of the sources. The deposition rate was monitored by a water-cooled
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quartz micro-balance and was constant around 0.32Å/min, while the base and growth

pressure was approximately ∼ 9× 10−9 mbar and 3× 10−8 mbar, respectively.

6.3 Magneto-optic Kerr e�ect (MOKE)

In order to perform a qualitative investigation of the magnetic properties of

our magnetic thin �lm samples, an optical characterization method called

Magneto-optic Kerr e�ect (MOKE) was used. By using MOKE, the rotation of the

light polarization direction and the introduction of ellipticity in the re�ected beam is

described, due to the re�ection from the surface of a magnetic thin �lm. More

speci�cally, the linearly polarized light can be de�ned as the superposition of

equivalent intensity of a right- and a left-circularly polarized beam. A magnetic

sample has di�erent refractive index for right- and left-circularly polarized light.

Consequently, the two components of linearly polarized light 'travel' with di�erent

velocity within the magnetic material and are also absorbed to varying degree.

Therefore, a phase di�erence between right- and left-polarized beam appears, causing

an ellipticity in the re�ected beam and a small rotation in the polarization direction,

which is called Kerr angle [124] [125]. By passing the re�ected light through an

analyser, the component that is perpendicular to the direction of the incident light

can be isolated which is analogous to the sample's magnetization, making MOKE

technique particularly useful in the study of surface magnetization.

The longitudinal MOKE geometry is used in order to perform our

measurements, where the magnetization vector is parallel to the incident beam and

its schematic representation is illustrated at Figure 6.4.a. A monochromatic light

beam of 633nm wavelength is emitted by a He-Ne laser and then is polarized linearly

in one direction by using a polariser. In the following, the light beam is re�ected onto

the sample, which is under the in�uence of a slowly changing magnetic �eld generated

by a Helmholtz coil and then, the re�ected light beam passes through an analyser.

The re�ected signal is analogous to sample's magnetization and is detected by using a

photodiode as voltage. By recording this voltage signal (MOKE signal) as a function

of the external magnetic �eld, the hysteresis loop diagram of the ferromagnetic

sample is presented. A typical hysteresis loop diagram for a 20nm NiFe thin �lm by
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Figure 6.4: (a)Schematic representation of MOKE measurement. (b)Typical MOKE

measurement for a 20nm NiFe thin �lm, where coercivity and remanence parameters

are indicated.

using our longitudinal MOKE geometry is observed at Figure 6.4.b. The main

experimental quantities that can be extracted from a MOKE measurement are

coercivity, that refers to the magnetic �eld that needs to be applied to erase the

magnetization or equivalently the MOKE signal and remanence, which corresponds to

the remanent magnetization at zero external magnetic �eld.

6.4 Atomic Force Microscopy (AFM)

In order to visualize the topography of our samples atomic force microscopy

(AFM) technique [126], [127] has been used. The main parts of the AFM device

are a cantilever with a sharp tip mounted at its free end, a quadrant photodiode,

a laser and piezoelectric ceramics Figure 6.5.a. In an AFM set-up, a laser beam is

pointed onto the back side of the cantilever and re�ected to a photodiode. As the

sample's surface, which is controlled by a piezo scanner, is scanned over the cantilever,

the presence of roughness on the surface bends the cantilever and simultaneously the

light beam is moved on the quadrant photodiode. By knowing the relation between

the torsional force of the cantilever and the position of the beam on the photodiode,

the three-dimensional morphological representation of the sample is generated. There

are two operation modes for the AFM devices. In contact mode, the cantilever is

in full contact with the surface. Strong repulsive interaction force and friction are
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Figure 6.5: (a)Schematic representation of AFM measurement. (b-e)Examples of AFM

images that we have carried out for di�erent purposes

present between tip and surface and this technique is usually harsh for the sample. In

contrast, by using vibrating mode the measurement can be more sensitive by vibrating

the cantilever by using a small piezoelectric ceramic and modulating the light. When

the vibrating mode interacts with the surface, the amplitude of vibration may be

monitored and used to control the probe's force on the surface. By using the second

method, we carried out a series of auxiliary measurements that supports the main

�ndings of published articles, such as the roughness of Blatter radical derivative thin

�lm [121] Figure 6.5.b, the thickness of PEDOT:PSS thin layer [41] Figure 6.5.c, the

morphology of a CH3NH2PbI3−xClx thin �lm [128] Figure 6.5.d and the certi�cation

of formation of nanowires in sintered formamidinium lead iodide perovskite (FAPbI3)

nanocrystal �lms [129] Figure 6.5.e.

6.5 Hall e�ect measurement

The estimation of spin di�usion length for organic semiconductors through

the classical Einstein relation requires the calculation of mobility and the carrier

concentration. These parameters were obtained through Hall e�ect measurements

using the van der Pauw geometry. Conventional van der Pauw geometry has four

contact points usually with distances in the millimeter scale. However, this method

cannot be utilized for high resistivity materials such as organic semiconductors
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because of lower currents and lower detection sensitivity for the generated Hall

voltages. Therefore, in order to maximize the sensitivity we built a homemade

experimental setup (Figure 6.6.a, Figure 6.6.b) with microscale (100μm) four-�nger

electrode gap pattern [130] and high DC magnetic �eld (1.85 T) as shown in the

schematic of Figure 6.6.c and the microscope �gure of the device that we built to

measure the PEDOT:PSS �lm's Hall e�ect Figure 6.6.d. More precisely, we have used

two ways to carry out the Hall e�ect measurements, using AC or DC current

(referred to as AC and DC method respectively). In the presence of a positive DC

magnetic �eld (B+) a sinusoidally modulated current (IAC) (Keithley 6221 Current

Source) with amplitude 0.2μA and +0.1μA o�set is applied (AC method) (a constant

current IAC=5nA, is applied (DC method)) between opposite contacts, e.g. A and C

and the voltage di�erence is measured between the other pair of contacts e.g. B and

D (VBD) using a Lock-in ampli�er (Ametek 7230) (AC method) (using a Keithley

2182A Nanovoltmeter for DC method). In order to calculate the Hall voltage, the

same procedure is repeated by reversing the magnetic �eld and the current �ow in

order to subtract undesirable extrinsic e�ects like thermoelectric and

magnetoresistance e�ect [130]. Therefore, the mean Hall voltage between contacts B

and D is given by, VBD = VBD(B+,I+)−VBD(B−,I+)+VBD(B+,I−)−VBD(B−,I−)
4

. The whole

process is repeated after interchanging the voltage and current pairs of contacts and

the average Hall coe�cient can be calculated as RH = ts(VBD+VAC)
2BI

where ts is the

sample's thickness. Finally, the carrier concentration is given by N = 1
RH∗e , where e is

the elementary charge and the carrier mobility can be calculated as, µ = RH ∗ σ,

where σ is the conductivity. An example of our Hall voltage measurements is

presented in Figure 6.6.e and Figure 6.6.f for PEDOT:PSS [41].

6.6 Substrate cleaning procedure

Three types of substrates have been used to complete the research contained

in this thesis: Si/SiO2, Quartz and microscope slide-glass. It is important to properly

clean the substrate's surface before spin-coating the organic material or deposition

of the magnetic layer to allow coupling across the interface and ensure full and even

coverage and simultaneously good quality of the prepared �lm. The common cleaning

procedure that we followed was:
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1. 10 minutes sonication in hot Hellmanex III with concentration 1% by volume.

2. Rinse twice in hot de-ionised water.

3. 10 minutes sonication in IPA.

4. Rinse twice in hot de-ionised water.

5. Dry with N2.

6. 10 minutes in UV-ozone cleaner.

6.7 Materials

This section is devoted to the main materials used in the development of the

bilayers used in our projects: the ferromagnetic permalloy, in contact with the non-

magnetic organics PEDOT:PSS or Blatter radical derivative or the hybrid organic-

inorganic CH3NH3PbI3−xClx.

6.7.1 Permalloy(NiFe)

There are several magnetic materials, that are widely used in spin pumping

experiments. However, in organic spin pumping measurements permalloy (NiFe) as

the spin injection layer is very commonly used [39] [33] [31]. The vanishingly small

magnetocrystalline anisotropy [131] and the small intrinsic damping are some key

features that give an advantage over other ferromagnets, and as a consequence spin

pumping from NiFe has proven to be more e�cient [94]. The SOC for organic

materials is expected to be small due to their chemical structure which mainly consist

of H, C and O, so is crucial to use the most e�cient ferromagnet. Nevertheless, it

should be noted that at the �rst ever measurement of FMR spin pumping into an

organic material the insulating Yttrium Iron Garnet (YIG) has been used [132], but

then a series of articles questioned the validity of the measurement [133] [134] [135].

It has been shown, that YIG in contact with an organic material in FMR conditions

can produce thermovoltages whose symmetry is indistinguishable from that of the
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Figure 6.7: (a)A schematic illustration of the measurement setup for the out-of-plane

and in-plane magnetic �eld angle dependence of the FMR signal. (b)The out-of-

plane magnetic �eld angle θH dependence of the ferromagnetic resonance �eld, HFMR,

measured for the NiFe �lm. (c) The in-plane magnetic �eld angle, ϕ, dependence of

the HFMR (for θH = 0o) measured for the NiFe �lm.

ISHE voltage, due to the spin wave heat conveyor e�ect [136], making YIG

inappropriate ferromagnetic material for organic spin pumping measurements.

For all the above reasons, we decided to use NiFe (Ni 80%, Fe 20%) as the

spin injector material in our spin pumping studies. In order to have reproducible and

comparable magnetic properties for di�erent samples and batches of deposition, we

used Molecular Beam Epitaxy as the evaporation technique, while the lateral

dimensions were determined by using metal shadow masks (3.00mm × 1.50mm) and

the thickness was monitored by a calibrated quartz thin �lm controller. A full

detailed angular examination of the ferromagnetic resonance �eld, HFMR, for out of

plane and in-plane direction has been carried out for a 7nm NiFe thin �lm layer and

the results are depicted at Figure 6.7.b and Figure 6.7.c, respectively. The out of

plane angular dependent characterization of the NiFe �lm, allows us to extract the

saturation magnetization [92], Ms a crucial parameter useful to calculate a variety of

spintronic quantities, while the nearly invariant HFMR at the in-plane direction
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(Figure 6.7.c) con�rming the vanishingly small magnetocrystalline anisotropy of our

NiFe �lm.

6.7.2 PEDOT:PSS

We aim to elucidate how the structural conformation of a conjucated

polymer a�ects the spin transport through it, Chapter 7 by using

poly(3,4-ethylenedioxythiophene):polystyrenesulfonate, most commonly refer to as

PEDOT:PSS as a testbed material to carry out our investigations. PEDOT:PSS is

the most usual choice among di�erent conducting polymers due to its excellent

optical, mechanical and electrical properties, outstanding stability at environmental

conditions, well established low-cost synthesis process and excellent thermoelectric

abilities [137] [138] [139]. Because of these properties, PEDOT:PSS is the choice for

many proposed applications such as wearable supercapacitors [140] and sensors [141],

electrochemical transistors [142], electrode materials in photovoltaics [143], neutral

probes [144] and many others. Although the most properties are due to the PEDOT

almost always is blended with PSS counter-ion. PSS functions both as a dispersant to

form a stable dispersion in an aqueous solution in the presence of the hydrophobic

PEDOT [138] [145] and as dopant to compensate charges of the PEDOT

cations [138] [145], allowing for wide tunability of carrier concentration through

electrochemical or chemical doping. However, as for other organic semiconductors, a

common problem is the small ionization fraction of the PSS, requiring a large amount

of the dopant to generate a high carrier concentration. As a result, there is a large

amount of non-ionized dopants that can signi�cantly increase the tunneling distance

between PEDOT chains and hence reduce the rate of carrier hopping and the overall

conductivity of pristine PEDOT:PSS [146]. This obstacle can be overcome by

introducing an organic solvent with high solubility in water and high hydrophilicity,

such as DMSO, which isolates uncoupled PSS, changes the �lm morphology and

improves the crystallinity resulting in a signi�cant increase of carrier concentration

and conductivity [146] [147] [148]. The opposite outcome is achieved by the insertion

of a dedopant, such as NaOH, that neutralizes PEDOT:PSS and disrupts the

π-conjugation of the PEDOT structure [149] [150]. In order to have di�erent degrees

of doping for PEDOT:PSS we employed di�erent amounts of DMSO or NaOH to
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Sample ID P1 P2 P3 P4 P5 P6

Additive DMSO - NaOH NaOH NaOH NaOH

Conc.(Vol%) 1 - 0.5 0.5 0.5 1

[NaOH] (M) - - 0.5 4 5 4

Table 6.1: Labeling of the PEDOT:PSS samples in descending doping order with

additive concentrations.

respectively adjust the doping or dedoping of the polymer. The series of samples with

di�erent doping levels, labelled P1 to P6 is presented in Table 6.1.

Experiments were carried out at room temperature using solution-processed

PEDOT:PSS (PH1000, PEDOT:PSS ratio=1:2.5) �ltered using a 0.45 µm PVDF

syringe �lter as the starting material. The substrates were cleaned with deionized

water and isopropanol in an ultrasonic bath and dried with nitrogen gas followed by

UV-ozone treatment for 10 minutes before use. For Hall, spin pumping, conductivity,

optical absorbance and Seebeck measurements a volume of 20 µL of PEDOT:PSS

solution was spin coated at 4000 rpm in ambient conditions and the resulting �lms

were then annealed at 120oC for 15 minutes. For ESR and Raman measurements the

samples were prepared by drop-casting 5 µL and 20 µL of PEDOT:PSS solution,

respectively, and dried at 120oC for 20 minutes.

6.7.3 Blatter (derivative) radicals

Chapter 8 is focused on investigating the possibility of spin current emission

from an organic paramagnet in order to achieve a fully organic spintronic device. By

exploiting the inherent property of organic radicals, as open shell systems that

contains one unpaired electron, in combination with the excellent chemical stability of

Blatter radical types compared with other organic radical structures, guides us to the

ideal choice of a metal-free organic radical spin source candidate material. The basic

structure of Blatter radical (Figure 6.8), the 1,2,4-benzotriazin-4-yl radical was �rst

reported in 1968 [151] and consists of a triazine core and three functional aromatic

sites. The unpaired electron mainly locates at the triazine core and the aromatic site

2, while aromatic site 3 characterized as spin isolated [152]. By changing the
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Aromatic site 1

Aromatic site 2

Aromatic site 3

Spin isolate

Spin delocalize

Blatter radical : R = H
EBR                   : R = OEt

Figure 6.8: Structures of the parent Blatter radical along with the 1-(2-ethoxyphenyl)

analogues (EBR).

substituents at the aromatic sites a variety of properties can be provided.

Modi�cation of the substituents will signi�cantly a�ect the molecular packing in the

solid state [152], leading to a change in the magnetic [153] [154], electrical and

thermoelectrical [155] properties and the stability [156]. This easy transformability of

Blatter radical, makes it a candidate material for a number of applications as

rechargeable batteries [157], pH sensors [158], anti-cancer activity [159], dynamic

nuclear polarization (DNP) reagent [120] and most important for us it is

exceptionally promising in spintronic applications, ranging from quantum

computing [160] to organic spintronics [161].

Koutentis's group, has pioneered the synthesis of high quality Blatter radical

derivatives [162] [163] [119]. They have provided us with 1-(2-thoxyphenyl)-3-phenyl-

1,4-dihydro-1,2,4-benzotriazin-4yl radical (EBR) which has great stability, as a suitable

candidate to form thin radical �lms. The EBR thin �lm was fabricated by spin coating

a toluene solution of EBR (5mg/mL) on a Si/SiOx substrate at 2000rpm in ambient

conditions, after a 10 minutes UV-ozone treatment of the substrate forming �nally

compact thin �lms with high uniformity and low roughness.
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Figure 6.9: (a)Perovskite structure (generic form ABX3). (b)AFM image of

perovskite's surface morphology for an area of 40µm × 40µm. (c)Normalized intensity

of PL spectrum focused at 760nm.

6.7.4 Perovskite

Perovskite is a type of mineral named after the mineralogist Lev Perovski

and composed of calcium, titanium and oxygen (chemical formula CaTiO3).

However, this name is also applied for any type of crystal structure which has the

generic form, ABX3, depicted in Figure 6.9.a. Depending on which atoms are used in

this structure, perovskites demonstrate physical properties ranging from

magnetoresistance [164], ferroelectrism [165] and superconductivity [166]. In recent

years a form of hybrid organic-inorganic halide perovskite has been attracting

particular interest [167] [168], as an exceptional next generation solar cell material ,

due to a tremendous increase in the power conversion e�ciency within few years,

reaching a certi�ed value of 25.7% [169] until today. A controllable band gap near 1.6

eV, broad absorption range, high absorption coe�cient and long carrier di�usion

lengths are some of the organic-inorganic hybrid perovskite's (OIHP's) unique

properties, which are responsible for this incredibly high solar cell e�ciency [170�173].

OIHPs are typically made using an organic/inorganic cation (A=methylammonium

(MA) CH3NH+
3 , formamidinium (FA) CH(NH2)

+
2 or cesium), a divalent cation
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(B=Pb2+ or Sn2+), and an anion (X=Cl−, Br−, or I−) [144].

Recently, OIHPs have also attracted great interest in the �eld of spintronics.

The presence of heavy elements in the chemical composition of these compounds,

suggests possible existence of large SOC and a number of theoretical and

experimental articles prove this hypothesis [174] [175]. Therefore, OIHP in

combination with other exceptional properties becomes a candidate material for

spintronic applications [28] such as spin-optoelectronic devices [176], spin polarized

light-emitting diodes at room temperature [177] and perovskite based spin-FET [178].

In this context, in Chapter 9 we demonstrate spin pumping measurements in OIHP

in contact with di�erent thicknesses of NiFe layers. More speci�cally, we used a

perovskite with chemical type CH3NH3PbI3−xClx. The perovskite �lm was

fabricated on a glass substrate using a solution of MAI : PbCl2 (3:1 molar ratio)

which was purchased from Ossila. The CH3NH3PbI3−xClx layer was spin coated

using 40 µL perovskite solution at 3000rpm for 30 s followed by annealing at 90 oC for

90 minutes. A �lm with average grain size diameter 5 µm and average height 300 nm

was obtained (Figure 6.9.b) with a photo-luminescence (PL) spectrum having a peak

at 760 nm (Figure 6.9.c) indicating the desired CH3NH3PbI3−xClx formation [179].
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Chapter 7

E�ect of structural conformation of

conjucated polymers on spin transport

7.1 Introduction

In this chapter, which is based on ref [41], we aim to elucidate the link

between a polymer's backbone conformation and SOC using

poly(3,4-ethylenedioxythiophene): poly(4-styrenesulfonate), most commonly referred

to as PEDOT:PSS, as a model material and using chemical doping or dedoping, to

alter the polymer's structural conformation. Recently, there has been an emergence

of organic spintronic studies, aiming to understand the spin relaxation and spin

transport mechanisms in organic materials and to exploit their particular properties

to invent new spintronic functionalities and devices [30,180].

The spin relaxation time, spin di�usion length (SDL) and spin Hall angle

(θSHE) are interconnected crucial �gures of merit which determine the spin

'conductivity' of a material and whether it is more suitable as a conveyor or detector

of spin. The spin relaxation time is controlled by two principal factors, the spin-orbit

coupling (SOC) and the hyper�ne interaction [30], as already discussed in section 2.2.

Since organic materials mainly consist of elements with small atomic numbers (e.g.

H, C, O), very long spin di�usion lengths and spin relaxation times are expected,

with associated small spin-Hall angles [39, 114]. Many experimental reports, however,

demonstrated spin di�usion lengths ranging from about 1 nm to approximately 1 µm
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in organic structures with similar light elements, which implies that in some cases the

SOC strength is higher than expected [31�33,39].

The origin of such unexpected results is still under investigation and a

detailed understanding of the mechanism of spin transport in these systems remains a

very active research area both theoretically and experimentally [30, 45, 47]. The

prominent candidate mechanisms proposed are spin transport mediated by spin-orbit

coupled carrier hopping [45, 46], or, at higher concentrations, exchange coupling

between localized carriers (polarons) [47, 48]. There may not be a single valid

mechanism for a speci�c OSC or even for the same OSC under di�erent conditions,

but rather a combination of the di�erent mechanisms with one prevailing over the

other in di�erent circumstances [2, 39].

Understanding a closely related property, the relaxation of spin in OSCs,

is also crucial to enable spintronic applications of these materials. Recently, it has

been proposed that at room (high) temperature in systems with incoherent charge

transport, spin relaxation is governed by an Elliot-Yafet like mechanism [181]. The

main characteristic is that instead of taking place during momentum scattering as

in inorganic materials, the spin decay is caused by spatial scattering during charge

hopping between mixed spin states with the admixture induced by the SOC [37,38,181].

The strength of the SOC is re�ected in the spin-admixture parameter, γ, (eq.2.9)

which is a measure of the spin-�ip probability during a hopping event. Theoretical

calculations of γ have been performed by Yu [3,35] and more recently an accurate and

more general formalism was introduced by Chopra et al [37, 38]. The conformation of

the polymer structure is believed to a�ect γ since it depends on the relative orientation

of neighboring π-orbitals. More speci�cally, higher SOC is obtained for greater torsional

angles along the polymer backbone of an OSC [32].

Based on this framework, we estimate the spin di�usion length of PEDOT:PSS

for various degrees of doping by combining electron spin resonance (ESR) and Hall

techniques and these results are compared via independent inverse spin Hall e�ect

(ISHE) measurements induced by spin pumping from which θSHE is determined at

corresponding doping levels. The observed trends are attributed to the variation of the

degree of torsion between conjugated units along the polymer backbone of PEDOT,

with the structural conformation and associated change in planarity monitored via
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Figure 7.1: (a)Conductivity and carrier concentration for studied samples. Data

arranged in increasing degree of dedoping. (b)Optical absorption spectra, recorded

for all studied samples.

Raman spectroscopy.

7.2 Experimental Details

A detailed description of PEDOT:PSS properties and PEDOT:PSS's �lm

development procedure has already been discussed at section 6.7.2. The ability to

tune the doping level is achieved by using di�erent amounts of DMSO or NaOH in

order to dope or dedope the polymer, respectively and the labeling of the

PEDOT:PSS samples in descending doping order with additive concentrations is

presented in Table 6.1. The doping order is con�rmed via conductivity and carrier

concentration measurements presented in Figure 7.1.a since both quantities decreased

from P1 to P6 and further supported by optical absorbance measurements performed

over a wide spectral range in UV-vis-NIR displayed in Figure 7.1.b. The distinct band

at ∼ 950nm, more prominent in the sample with the lower doping, i.e. P6, is related

to polymer polaronic states [182�184]. The spectra contain also a weaker feature at ∼

800nm and a broad band extended to infrared with an apparent peak at ∼ 1700nm,

that are both attributed to bipolaron absorption [182]. It can be observed that as the

concentration of NaOH increases, the bipolaron features quench at the expense of the

polaron absorption at ∼ 950nm, evidencing the doping reduction [149,150,185].
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Additionally, for spin pumping and ESR measurements the samples were

placed at the center of a TE102 rectangular cavity with an operational frequency of

9.43 GHz, while conductivity measurements were carried out through a four-probe

method. Optical absorption data were recorded by employing a Perkin Elmer Lamda

1050 spectrophotometer equipped with a three-detector module covering the

300-3000nm spectral range. Finally, the detailed experimental procedures for the

Seebeck and Raman measurements can be found in the Appendix A.5 and A.7,

respectively.

7.3 Estimation of spin di�usion length

Spin transport in organic materials di�ers from inorganic structures, since

spin carriers in an organic disordered �lm (polarons), although mobile, are usually

localized, while transport in inorganic structures proceeds via delocalized Bloch

waves. Consequently, in a regime with a large localized polaron concentration,

exchange coupling is favored and as a result spin transport can be realized without

charge transfer [47, 48]. This exchange induced spin �ow is not the only possible

mechanism of spin transport. Polarons can also move through hopping which results

in simultaneous spin and charge transport. Both of the above mechanisms in�uence

the spin di�usion length (SDL) λN of an OSC and the spin relaxation time (T1) can

be related via the spin di�usion coe�cient (D) through the classical Einstein relation

λN =
√
DT1, the validity of which has already been investigated in disordered OSCs

theoretically [35] and experimentally [186]. The spin di�usion coe�cient has two

major contributions given by the relation,

D = Dhop +Dexc = µkBT/e+ 1.6J(R)R2/h̄ (7.1)

The �rst term corresponds to the hopping contribution, where µ is the mobility, kB is

the Boltzmann constant and e the elementary charge. The second is the

exchange-mediated contribution and is a function of the exchange interaction between

neighboring polarons, J(R), and the average interpolaron distance, R, which is

related to polaron density (n) as R = 1/ 3
√
n. The exchange coupling can be estimated

by a hydrogenic exchange interaction expression [2, 39]

J(R) = 0.821
1

4πϵϵo

(
e2

ξ

)(
R

ξ

)5/2

e−
2R
ξ (7.2)
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Figure 7.2: (a)Mobility (µ) measurements plotted in increasing degree of dedoping

from P1-P6. (b)ESR spectra of the PEDOT:PSS samples at di�erent levels of chemical

doping. The inset shows the microwave magnetic �eld dependence of the ESR intensity

of the drop-casted pristine PEDOT:PSS �lm (P2) at room temperature. (c)Extracted

spin relaxation time (T1) and polaron concentration (n). (d)Estimated spin di�usion

length (λN) for each sample obtained from ESR, Hall, and conductivity data.

where ϵ = 2 is the dielectric constant, and ξ is the polaron localization length along

the π − π stacking direction, which was experimentally obtained in a previous report

to be equal to 11nm for PEDOT:PSS [46]. Evaluating the SDL for every doping

level, the mobility (µ), spin relaxation time (T1) and polaron density (n) have to be

experimentally estimated.

The usage of the conventional Hall-e�ect measurement method to obtain

mobility and carrier concentration is often very challenging, since PEDOT:PSS is a

disordered organic material with amorphous microstructure and high doping level
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and it is expected to produce small Hall voltage [187,188]. We surpassed this obstacle

by utilizing a van den Pauw geometry with microscale four-�nger electrode gap

patterns and high DC magnetic �eld [130] by using AC method (further details for

the experimental procedure can be found in section 6.5 and a typical example of our

Hall voltage measurements is presented in Appendix.A.1 for sample P5). The carrier

concentration and mobility results are depicted in �gures 7.1.a and 7.2.a, respectively.

During dedoping the carrier concentration is gradually decreased by approximately

two orders of magnitude from 1.4× 1020 to 6.7× 1017cm−3. The mobility presents the

opposite behavior, decreasing for DMSO-treated PEDOT:PSS �lm and increasing for

the NaOH-treated samples, in agreement with previous experimental

reports [189,190].

The spin nature of charge carriers in PEDOT and other

polythiophene-based organic materials under variable doping level can be determined

through continuous wave ESR spectroscopy [181, 191�193]. The ESR signal allows

investigation of the spin dynamics of polarons, while at the same time acting as a

spin counter for the determination of the polaron concentration in the sample under

investigation. Figure 7.2.b shows the ESR spectra for all samples at room

temperature at constant microwave power. Every spectrum can be �tted by a single

Lorentzian indicating that all the spins are in a homogeneous magnetic

situation [46, 114]. This fact means that the spin-spin relaxation (dephasing) time,

T2, can be experimentally determined from the linewidth (∆HFWHM) by

T2 = 2/γe∆HFWHM , where γe is the gyromagnetic ratio [113]. Furthermore, the

doubly integrated spectra give the relative number of spins and by calibrating with

the standard DPPH spin-1/2 radical we can obtain the polaron density (n) (Figure

7.2.c). A considerable enhancement of the linewidth is observed as the doping

increases and this broadening of the ESR linewidth is in agreement with previous

experimental studies with electrochemical doping in thiophene-based organic

materials [192, 193]. In contrast, for dedoped PEDOT:PSS, polarons are more

localized resulting in a narrowed ESR spectrum. There is also a gradual decrease of

polaron concentration as a function of doping (Figure 7.2.c) which contradicts the

behavior observed in charge carrier concentration obtained via electrical

measurements in Figure 7.1.a. The polaron concentration is 1-2 orders greater than

the charge concentration for the sample treated with DMSO. The di�erence between
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polaron and charge concentration can be interpreted by the presence of a 'trapped

polaron' population [194, 195], which does contribute to the ESR intensity signal but

not to the electrical measurements. Addition of DMSO causes a signi�cant reduction

of trapped polaron population while simultaneously leading to spinless bipolaron

formation [192,193]. Consequently, trapped polarons, polarons and bipolarons coexist

in PEDOT:PSS, the populations of which are modi�ed during doping.

As already mentioned, by calculating the ∆HFWHM from the ESR lineshape,

the transverse spin relaxation or spin dephasing time T2 can be estimated; however, for

the calculation of the SDL the parameter of interest is the longitudinal spin relaxation

or spin lattice relaxation time, T1. This can be determined by measuring the saturation

behavior of the ESR intensity as the microwave magnetic �eld is varied [40,114] (section

5.5). The inset of Figure 7.2.b shows the ESR intensity dependence as a function of

microwave magnetic �eld for sample P2. A linear dependence is observed even for

the highest microwave magnetic �eld used and this corresponds to the case where

T1 ≈ T2 [46, 114]. Similar behavior is observed for all studied samples that indicates a

universal relationship of T1 ≈ T2 across all the doping range probed (see Appendix.A.2).

The estimated spin lattice relaxation time is plotted in Figure 7.2.c. With all relevant

parameters determined, the spin di�usion length can be estimated(Figure 7.2.d). A

gradual increase of SDL is observed from higher to lower doping level, varying from

∼ 154 nm to ∼ 275 nm. The obtained values are in good agreement with previously

reported measurements for PEDOT:PSS [46,135].

7.4 Estimation of spin Hall angle through ISHE

measurements

In order to further probe the in�uence of doping on spin transport we have

performed ISHE measurements, induced by spin pumping driven by ferromagnetic

resonance (FMR) in a microwave cavity. We used a series of NiFe/PEDOT:PSS

heterostructures with the same PEDOT:PSS doping levels, P1 - P6. Figure 7.3.a

shows a schematic illustration of the device structure used for the ISHE experiments.

A NiFe layer (7nm) was deposited onto a Si/Si0x substrate by MBE followed by a

spin coated thin layer of PEDOT:PSS of approximately 80-90 nm (Appendix.A.3)
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The deposition sequence (NiFe and then spin coated PEDOT:PSS) was chosen in

order to avoid the deposition of NiFe on the rough surface of PEDOT:PSS and

therefore the increment of the damping term by extrinsic factors like inhomogeneity.

The e�ect of inhomogeneity can nevertheless be determined from microwave

frequency dependence measurements of linewidth for NiFe/PEDOT:PSS samples.

Figure 7.3.b shows a typical measurement for a NiFe/P2 bilayer. The linewidth

follows the expected linear behavior as a function of microwave frequency with

negligible vertical intercept, indicating that it is independent from other extrinsic

damping factors like inhomogeneity. Therefore, we can proceed with the spin

pumping damping through the change in the linewidth calculated from one

microwave frequency (cavity). During FMR, strong spin accumulation is induced by

the precessing ferromagnet at the interface with the OSC and a pure spin current can

be e�ciently injected into the PEDOT:PSS layer. This excess of aligned spin-1/2

polarons along the magnetic �eld direction, which can be interpreted equivalently as

spin angular momentum transfer from the ferromagnetic to the organic layer, can be

detected as an electrical voltage utilizing the ISHE [132](section 4.4). More

speci�cally, in an organic material environment, the ISHE arises when (in the

presence of SOC) in addition to hopping between pairs of sites, the hopping in triad

via an intermediate site gives rise to a nonzero phase shift for non-aligned molecular

orientations of organic materials. This results in a charge imbalance in the direction

perpendicular to the spin current and a corresponding induced electric �eld
−−−−→
EISHE

that can be detected electrically [135, 196]. This process is phenomenologically

described by the relation
−−−−→
EISHE ∝ θSHE

−→
JS ×−→σ , where

−→
JS and −→σ are the spin current

density and spin polarization, respectively. The parameter θSHE, termed the spin

Hall angle, describes the e�ciency of the spin- to charge-current conversion process.

Figure 7.3.c shows the voltage signal measured in the NiFe/P2 bilayer device

under 62.8 mW microwave excitation power. The detected voltage can be �tted using

the relation [98]:

V (H) = VSym
∆H2

FWHM

(H −HFMR)2 +∆H2
FWHM

+ VAsym
−2∆HFWHM(H −HFMR)

(H −HFMR)2 +∆H2
FWHM

(7.3)

The �rst term describes the symmetric contribution to the voltage signal from the

ISHE, while the second term corresponds to the asymmetric contribution, which is

the result of di�erent e�ects including the anomalous Hall e�ect and the anisotropic

magnetoresistance [197, 198]. The ISHE voltage exhibits a polarity change when

67

CONSTANTIN
OS N

IC
OLA

ID
ES



P1 P2 P3 P4 P5 P6
0.0

0.2

0.4

0.6

0.8

1.0

|V
IS

H
E
|

 Power=79.06 mW

 Power=49.88 mW

 Power=39.62 mW

P1 P2 P3 P4 P5 P6
0.0

0.2

0.4

0.6

0.8

1.0

|V
A

s
y
m

|

 Power=79.06 mW

 Power=49.88 mW

 Power=39.62 mW

60 80 100 120 140 160 180

-1

0

1

2
 θH=90ο

 θH=270ο

V
o
lt
a
g

e
 (

μ
V

)

Magnetic Field (mT)

 Experimental data

 Symmetric part

 Asymmetric part

0 20 40 60 80
-1.0

-0.5

0.0

0.5

1.0

V
S

y
m

 (
μ

V
)

Microwave Power (mW)

0 2 4 6 8 10
0

1

2

3

4

5
 NiFe/P2 Bilayer

Δ
H

p
p
(m

T
)

Frequency (GHz)

(a) (b)

(c) (d)

Figure 7.3: (a)Schematic of the inverse spin-Hall e�ect induced by the spin pumping in

a NiFe/PEDOT:PSS bilayer device. H and θH denote the external magnetic �eld and

the angle of H from sample plane, respectively. IISHE, js, σ denote the ISHE current

due to spin-charge conversion, the �ow direction of the spin current and the spin-

polarization vector, respectively.(b)Broadband frequency dependence of the peak-to-

peak FMR linewidth of the NiFe/P2 sample. (c)Voltage signal detected in the NiFe/P2

bilayer, at θH = 90o (black line) and the �tted symmetric (red line) and asymmetric

part (blue line). The inset shows the microwave power dependence of the peak height of

the symmetric voltage for opposing in-plane orientations of the external magnetic �eld,

θH = 90o and θH = 270o. (d)|VISHE| measurements for each sample, for three di�erent

microwave powers, where |VISHE| stands for the average of the symmetric voltage for

opposing in-plane orientations of the external magnetic �eld, divided by the absorbed

microwave intensity at FMR and normalized by the magnitude of P1. The inset shows

the corresponding measurements for the asymmetric part of the voltage.
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measured at two opposite in-plane magnetic �eld directions, θH = 90o and θH = 270o,

in combination with a linear dependence of its magnitude on microwave power (inset

of Figure 7.3.c), indicating the successful creation of ISHE voltage induced by spin

pumping [92]. The results of the above SHE analysis for all samples are shown in

Figure 7.3.d, while the raw data voltage data detected at di�erent microwave power,

for the two in-plane external magnetic �eld directions θH = 90o and θH = 270o are

shown in Appendix.A.4. |VISHE| stands for the average of VISHE for opposing

in-plane orientations of the external magnetic �eld, divided by the absorbed

microwave intensity at FMR, Pabs, and normalized by the magnitude of P1. There is

a clear gradual reduction of the |VISHE| from the higher doped level P1 to the lower

doped level P6. This tendency concerns only the symmetric part of voltage since the

asymmetric part presents a di�erent trend for the same doping levels (inset of Figure

7.3.d).

As has been discussed widely in the literature the symmetric voltage can be

a�ected by thermoelectric e�ects [135, 198]. In order to exclude this contribution to

|VISHE| we measured the Seebeck coe�cient (see Appendix.A.5 for results and

experimental details). The introduction of NaOH results in an increase of the Seebeck

coe�cient (Figure A.5.b) in agreement with other experimental studies [190, 199]

whereas the change in the symmetric contribution of the voltage decreases

monotonically. After clarifying that the symmetric contribution of the voltage

corresponds to the VISHE induced by the spin pumping process, we can estimate the

spin Hall angle (θSHE) for every doping level of PEDOT:PSS layer by equation

4.28 [92]. By following the model presented in section 4.4 θSHE can be estimated (see

detailed description in Appendix.A.6) for every doping level and the results are

presented in Figure 7.4.a. A gradual enhancement of spin Hall angle by one order

(10−7 − 10−6) is observed during doping. The magnitude of the θSHE is comparable

with other reported work for PEDOT:PSS [132, 135, 196]. The change in θSHE with

doping is consistent with the variation of the SDL measured in Figure 7.4.a as the

θSHE should be inversely proportional to SDL [92].

Furthermore, spin pumping method can give us an alternative approach to

derive the spin relaxation time (T1), through the angular dependence of VISHE(θH)

[31, 100, 200]. Figure 7.4.b shows a typical measurement for VISHE as a function of
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Figure 7.4: (a)Estimation of spin Hall angle (θSH) from ISHE measurements. (b)VISHE

plotted as a function of θH . Fit curves with seven di�erent spin relaxation times (T1)

are shown using equation 7.4 and the solid stars represent the experimental data.

θH for a NiFe/P1 sample. In the presence of Hanle spin precession, ISHE voltage is

analogous to [100]:

VISHE ∝ js

[
sinθHcos(θH −θM)

∫ dN

0

e−x/λNdx−cosθHsin(θH −θM)

∫ dN

0

Re[e−x/λω ]dx
]

(7.4)

where λω = λN√
1+iωLT1

, and ωL is the Larmor frequency and θM the out of plane angle of

the magnetization. The above equation is plotted in Figure 7.4.b for a series of values of

T1 spanning six orders of magnitudes (solid lines). If ωLT1 << 1, the above expression

is simpli�ed to VISHE ∝ jssinθM
∫ dN
0

e−x/λNdx which is valid for materials with short

SDL or equivalently small spin relaxation time, in the order of ps (plotted as black

solid line in Figure 7.4.b). However, for organic materials with long SDL, as is the case

for PEDOT:PSS, this assumption is not valid. We can see from the theoretical solid

curves of Figure 7.4.b that the alteration of T1 from ∼ 1ns to ∼ 1µs results in very

small changes in VISHE(θH). Nevertheless, our experimental results for the NiFe/P1

bilayer (starred dots in Figure 7.4.b) reproduce this model well, proving the validation

of spin pumping model and the Hanle spin precession of polarons into PEDOT:PSS.

Furthermore, the value of T1 is determined to be a few ns which agrees very closely to

the value determined using the power dependence ESR method.
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7.5 Estimation of γ2 and qualitative con�rmation of

PEDOT:PSS backbone conformation through

resonance Raman measurements

There are two key �ndings from the above results from ESR and ISHE

measurements; the increase of SDL during chemical dedoping of PEDOT:PSS and the

associated reduction of θSHE, both indicating, that the degree of doping is associated

with changes in the SOC strength. Since the doping procedure does not a�ect the

atomic composition we expect that the variation of the SOC originates in a possible

alteration of the PEDOT's structural conformation upon doping. Indeed, the

interplay between changes of the polymer's backbone conformation and chemical

doping has been widely reported for OSCs [201�203]. In such situations, the strength

of the SOC can be conveniently parameterized via the spin-admixture parameter,

which is directly proportional to the ratio of spin �ipping to spin-conserving hopping

events [35, 37, 38]. The magnitude of γ2 is expected to be maximized for large

thiophene-thiophene dihedral angles (orthogonal π-orbitals) and minimized for a

planar backbone PEDOT [3]. We can estimate γ2 for every PEDOT:PSS doping level

by using the theory proposed by Wang et al [39]. The spin-lattice relaxation time, T1,

that is already obtained is a�ected by two principal contributions, SOC and hyper�ne

interaction (HFI), and is given by the relation

T1 = (ωHFI + ωSOC)
−1 = (2Ω2

HFIτ/3 + 8γ2/3τ)−1. (7.5)

The spin relaxation rate due to the local HFI corresponds to the �rst term and ΩHFI =

2×108Hz is the Larmor frequency of the local hyper�ne magnetic �eld, while the second

corresponds to the spin relaxation rate due to the SOC. The dwell time, τ , of a spin

on a molecule is given by τ = (2Dhop/α
2 +2Dexc/R

2)−1 where α = 0.37nm [148] is the

average hopping distance between polarons along the π − π stacking direction. Figure

7.5.a shows the estimation of γ2 for every sample. A clear gradual reduction of the spin

admixture is observed during dedoping with an overall decline of approximately one

order of magnitude (10−6−10−5), indicating that the PEDOT backbone becomes more

planar with the insertion of NaOH. Furthermore, the absolute values of γ2 obtained,

are in good agreement with the theoretical estimation for sexithiophene (T6), shown

in Figure 7.5.a as a blue dashed line for comparison, whose structure is similar with
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PEDOT:PSS [3, 196].

We experimentally verify the above conclusion via resonance Raman

spectroscopy since the backbone conformation in these systems can be conveniently

and directly monitored via resonant Raman (RR) spectroscopy. This kind of

measurements were carried out by Prof. Hayes group. In Raman spectroscopy, the

sample is irradiated by intense laser beams in the UV-visible region (Eo), and the

scattered light consists of two types: Rayleigh scattering (elastic), which is strong and

has the same energy as the incident beam (Eo) and Raman scattering (inelastic),

which is very weak and it is due to the light interaction with vibrating

molecules [204]. The di�erence in energy between the incident photons and the

scattered photons is called Raman shift. RR spectroscopy in contrast to the

o�-resonance technique, which excites a molecule to a virtual state, exploits an

excitation energy that coincides with an electronic transition of the investigated

molecule, in order to selectively enhance the vibrational Raman signatures that are

coupled to the speci�c electronic transition which results in the high sensitivity of RR

spectroscopy. It has been extensively used by the organic semiconductor community

for the establishment of structure correlations in π-conjucated molecules [205].

Therefore, one can obtain structural information for example for the neutral polymer

or the charged species depending on the selection of excitation wavelength [206].

In a typical RR spectrum of PEDOT:PSS, four main peaks are

distinguished [189, 207, 208]. Two of them are ascribed to the stretching modes of

inter and intra-ring C−C single bonds of thiophene, centered at ∼ 1250 and

∼ 1360 cm−1, and the other two to the symmetric and asymmetric stretches of C=C

double bonds at ∼ 1430 and ∼ 1520 cm−1, respectively. The most signi�cant changes

observed during the dedoping process are identi�ed in the Raman band between 1400

and 1500 cm−1, which is mainly due to C=C symmetric stretching. This band

includes contributions from the symmetric stretching modes of Cα− Cβ(-O) bond in

the quinoid structure and Cα = Cβ(-O) bond in the benzoid structure at ∼ 1430 and

∼ 1450 cm−1, respectively, and the asymmetric Cα = Cβ(-O) stretching at

∼ 1400 cm−1 [189]. The quinoid structure represents a more linear backbone with

enhanced planarity, stemming from the double bond Cα = Cα′ between the thiophene

units, which locks the backbone dihedral angle to 180o, while the benzoid structure
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Figure 7.5: (a)Estimation of the spin admixture parameter, γ2, for P1 to P6. For

comparison, we plot the theoretical value of sexithiophene (T6) (blue dashed line)

a material with linear conformation and very similar structure with PEDOT [2, 3].

(b) Normalized RR spectra of the PEDOT:PSS samples at di�erent doping levels

with excitation at 532nm. (c)Percentage of the quinoid and benzoid band within

our di�erent samples obtained from Raman data deconvolution together with the

corresponding structures.

has a favored coil conformation, as the single bond Cα− Cα′ facilitates inter-ring

twisting (Figure7.5.c) [201]. Consequently, Raman spectroscopy gives the opportunity

for an in-depth understanding of PEDOT's structural change during chemical doping,

by tracking the quinoid/benzoid ratio for every sample. Figure 7.5.b shows the

Raman spectra with 532 nm excitation for every doping level. At high doping levels

the C=C symmetric stretch band is broader, re�ecting the conformational disorder of

the polymer in mixed charge states (neutral, polaron and bipolaron). The shorter

conjugation length of the neutral benzoid segments at these doping levels shifts the
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benzoid bands to higher wavenumbers with enhanced contribution [209, 210] (see

Appendix A.7). A clear shift of the position of the C=C symmetric stretch band to

lower wavenumbers is observed upon dedoping. This is more prominent in the Raman

spectrum of P6, with a downshift of 7 cm−1 of the quinoid C=C stretch band, which

in combination with the pronounced narrowing of the C=C linewidth (FWHM),

constitutes a distinct signature of the increased planarity of PEDOT's backbone

expected for the quinoid conformation [209, 211]. This tendency of the resonance

Raman spectra is in agreement with the corresponding behavior of Raman spectra

during electrochemical and chemical doping or dedoping reported

previously [185,209]. Moreover, the appropriate deconvolution of the C=C symmetric

stretch peak shown in Figure 7.5.c (see Appendix A.7 for analysis) further con�rms

the gradual enhancement of the quinoid, more planar, structure when dedoped and

especially its predominance in the case of P6, which along with its narrower linewidth

indicates a smaller distribution of PEDOT structural conformations (Figure

7.5.c) [209].

To sum up, the spin admixture parameter, γ2, was obtained after taking

into consideration the e�ect of the doping/dedoping process on all relevant parameters

a�ecting it, i.e. spin relaxation time, mobility and polaron concentrations. A decrease

by one order of magnitude in γ2 during dedoping suggests weaker SOC strength. This

is consistent with the experimental con�rmation of increased planarity for lower doping

through Raman measurements. The resulting reduction in SOC and therefore, lower

probability for spin-�ip during hopping is consistent with the longer spin di�usion

length or smaller spin Hall angle observed. Consequently, chemical doping becomes

a control factor of spin di�usion length, while Raman spectroscopy can be a sensitive

detection tool to trace it indirectly.
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Chapter 8

Metal-free Organic Radical Spin

Source

8.1 Introduction

In the previous chapter we study the regulation of the SOC strength via the

manipulation of the PEDOT's structural conformation. In that case, PEDOT layer

operates as a spin sink material and the inorganic ferromagnetic layer NiFe, as an

emitter of spin. It is a common practice for organic spintronic device concepts to use

inorganic ferromagnets as an emitter or detector of spin [31, 33, 212, 213]. Therefore,

a major shift in the �eld of organic spintronics will take place if the ferromagnets

(FMs) can be replaced by metal-free organic equivalents, since organic synthesis can

enable easy spintronic device design at the molecular level, e.g., via integration with

semiconducting polymers. The search for such organic magnetic materials at room

temperature has been the focus of various investigations [214�216] and recently the

existence of room temperature ferromagnetism in oxidized perylene diimide powder

was reported [217]. Despite the recent rapid progress in this �eld, the question whether

a radical can act as a spin source in an organic spintronic device remains unanswered.

In this chapter, which is based to ref [121], we show that such a radical �lm can ful�ll

the role of a source of spin current in a way that is analogous to spin pumping from a

ferromagnet.

The ability to create pure spin currents via spin pumping [87] from a
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paramagnet was recently reported, demonstrating that long-range magnetic order is

not a prerequisite for a spin emitter material [218]. The double-perovskite oxide

paramagnetic insulator, La2NiMnO6, provides paramagnetic spin pumping of a pure

spin current at room temperature with comparable e�ciency to that of typical spin

pumping devices involving ferromagnets [218]. Even though paramagnets are

relatively understudied spintronic materials, initial studies show that they can

support spin current injection, transport [219�221] and spin Seebeck e�ect [222, 223],

setting the basis for future paramagnetic spintronic applications.

The use of an organic paramagnet as a spin current source is a promising

route to achieve a fully organic spintronic device. Stable organic radicals, a class of

molecules containing one or more unpaired electrons, are an obvious choice for such a

paramagnet. Since every radical molecule contains at least one free electron, a

solid-state radical layer ensures high spin concentration. The shortest intermolecular

interactions between organic radicals, often o�er the pathways to propagate the

magnetic exchange interactions between the unpaired electrons located on the

SOMOs of the nearest neighbor molecules. This could be the cause of short range

magnetic correlation in radical layers [214]. A particular class of organic radicals,

1,2,4-benzotriazinyls, named after Blatter who �rst reported them [151], has

remarkable stability in ambient conditions but was underexplored owing to limited

availability. Recent improvements in the synthesis of Blatter

radicals [119, 162,163, 224] enabled access to structurally diverse analogues tailored to

di�erent applications and increased the general interest for these molecules [152]. For

example, a pyrene-Blatter type radical derivative has been proposed as a potential

quantum bit [225], while a polymeric Blatter radical was investigated as a cathode

material in organic batteries [157]. Moreover, a F3C substituent Blatter type radical

showed an important Seebeck enhancement in comparison to an analogous

closed-shell molecule making it a candidate organic thermoelectric material [155]

while a high-spin diradical, comprised of two Blatter-type radical moieties, displayed

electrical conductivity and remarkable metal-like behavior at low temperatures [226].

The nature of the unpaired electron, combined with their inherent stability,

makes Blatter-type radicals ideal candidates on which to develop spintronics and

recently, their use as building blocks for organic magnets was widely
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suggested [152, 154]. It would be bene�cial, for both spintronic studies and future

devices, to be able to fabricate robust thin radical layers, ideally in contact with other

materials with known properties, e.g., metallic �lms, without alteration of the radical

characteristics. The stability of Blatter-type radical monolayers or thin layers under

ambient conditions is still a challenge and is the focus of several studies [160, 161]

with some initial steps towards successful fabrication of radical thin layers with

robust stability already realized. Of particular importance to spintronics is the

possibility of engineering Blatter-type radical materials with strong magnetic

exchange interactions to reveal, and subsequently harness, the correlation between

structure and magnetism in these systems [153,156,227,228].

In this context, we present the synthesis and the thin �lm preparation of a

Blatter-type radical with outstanding stability and low roughness. These features

enable the fabrication of a Blatter-type radical/NiFe bilayer in which the spin current

emission from the organic radical layer can be reversibly reduced when the

ferromagnetic �lm is brought into simultaneous resonance with the radical. The

results provide an experimental demonstration of a metal-free organic radical layer

operating as a spin source indicating the potential of radicals as an alternative to

conventional metallic ferromagnets in spintronics.

8.2 Development of Blatter-type radical thin �lm

We carefully selected a Blatter-type radical, 1-(2-ethoxyphenyl)-3-phenyl-1,4-

dihydro-1,2,4-benzotriazin-4-yl (EBR) to enable easy formation of thin �lms. In a

recent study, we reported a 1-(2-methoxyphenyl) (MBR) equivalent radical (Figure

8.1.a) the orthogonal structure of which suppresses the known propensity of the radical

to crystallize in 1D columns [228]. In this study, to encourage the formation of uniform

thin �lms, we introduced a subtle structural modi�cation by exchanging the 1-(2-

methoxyphenyl) with a more lipophilic and solubilizing 1-(2-ethoxyphenyl) substituent.

The 2-ethoxyphenyl Blatter-type radical thin �lm was fabricated by spin coating a

toluene solution of EBR (5 mg/mL) on a Si/Si0x substrate at 2000 rpm in ambient

conditions. A uniform radical �lm was obtained with a noteworthily low roughness, 250

± 30 pm, measured by atomic force microscopy (AFM) (details in Figure B.4.a) which
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Figure 8.1: (a) Structures of the parent Blatter radical (BR) along with the 1-(2-

methoxyphenyl) (MBR) and the 1-(2-ethoxyphenyl) (EBR) analogues. (b) Electron

spin resonance (ESR) spectrum of the EBR in solution and in a thin �lm form with

application of the magnetic �eld in the �lm plane. (c) Normalized ESR intensity as a

function of time for a period of one month.

is at least one order of magnitude lower compared to a previous report [160] and much

better than the corresponding MBR �lm (see Figure B.4.b). The ESR spectrum of the

EBR in solution (Figure 8.1.b) shows hyper�ne coupling of the unpaired electron with

three neighboring nitrogen nuclei, with a measured g-factor 2.0040 (see Figure B.1).

The ESR spectra of the solution and the thin �lm is presented in Figure 8.1.b. The g-

factor remains una�ected in the thin �lm and the hyper�ne interaction splitting pattern

disappears as expected in the solid state [1, 111], since at high spin concentration the

spin-spin exchange dominates the hyper�ne interaction. The ESR spectra of the �lm

resemble a single Lorentzian function (see Figure B.6), demonstrating that the EBR

molecules in the �lm behave as a homogeneous broadening system [229] without any

78

CONSTANTIN
OS N

IC
OLA

ID
ES



inhomogeneous contribution arising by their possible alteration at the interface. The

EBR �lm, was subsequently monitored by ESR spectroscopy over a period of one month

in ambient conditions at room temperature. Figure 8.1.c shows the normalized ESR

intensity as a function of time in logarithmic scale from day 0 to day 30 which practically

remains constant, indicating outstanding stability under ambient conditions.

8.3 Results

Following the creation of a stable Blatter-type radical �lm with low

roughness, we fabricated a Blatter-type radical �lm/ferromagnetic bilayer to

investigate spin current transport and spin interactions through the interface between

the two layers. A NiFe ferromagnetic thin �lm (7 nm) was deposited onto a Si/SiOx

substrate by molecular beam epitaxy followed by a spin coated EBR thin layer of ∼

25 nm (measured by AFM). This bilayer as well as the previous ESR samples were

placed at the centre of a TE102 rectangular microwave cavity with an operational

frequency of 9.43 GHz in which the angle θH of the external magnetic �eld with

respect to the sample normal can be controlled. Figure 8.2.a presents typical

ESR/FMR spectra of the EBR/NiFe bilayer at θH = 0o (external applied magnetic

�eld in the sample's plane). The observation of FMR and ESR spectra indicates the

successful deposition of the EBR onto the NiFe layer without alteration of the spin or

magnetic dynamics, respectively [230]. This is further con�rmed by comparing the

g-factor of the radical for all three sample cases, in solution, as a single-layer and as a

bilayer which are approximately the same g ≈ 2.004 (Figures 8.1.b and 8.3.b).

Similarly, the ESR spectrum is a single Lorentzian distribution indicating a

homogeneous system (see Figure B.6).

The change in the applied magnetic �eld angle, θH , during the resonance

measurements, causes a variation in the FMR resonance �eld, HFMR, (Figure 8.2.b)

which is typical for an ultra-thin ferromagnetic �lm [92]. In contrast, there is no

measurable in�uence on the radical resonance �eld, HESR, as a function of θH (Figure

8.2.b) ruling out the possibility of long-range spontaneous magnetization in the EBR

�lm [231]. By setting θH = 0o as the in-plane direction, we focus on a range of θH ,

around ±68o, where the resonance of the FMR and the ESR spectra coincide, that is,
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Figure 8.2: (a) Typical ESR/FMR spectra for an EBR/NiFe bilayer for θH = 0o. (b)

The magnetic �eld angle, θH , dependence of the resonance �elds HFMR and HESR for

the EBR/NiFe bilayer. (c) Detailed measurements of the ESR/FMR spectra close to

the coincidence angle.

the two systems can be driven in resonance simultaneously. Detailed measurements

of the ESR/FMR spectra close to this coincidence angle are presented in Figure 8.2.c.

The g-factor and ESR linewidth, ∆Hpp, were determined from the spectra at di�erent

θH and are plotted in Figures 8.3.a and 8.3.b, respectively. A clear reduction of the

g-factor and the linewidth was observed around the angle where the NiFe and the

EBR �lms were driven in resonance simultaneously. This is more pronounced in an

alternative representation of the same data, in Figure B.2.b and B.3, where the g-factor

and ∆Hpp are plotted as a function of the �eld separation of the two resonances and

a decrease was observed in both when HESR −HFMR ≈ 0. A comparison of the ESR

linewidth of the bilayer with the single EBR �lm (Figure 8.4.a), shows an increase
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Figure 8.3: The radical ESR linewidth ∆Hpp (a) and g-factor (b) in the EBR/NiFe

bilayer. The bottom row presents the same data for the cases of simultaneous ESR

and FMR resonance (θH ≈ ±68o).

in ∆Hpp for the former for all θH angles except in the regions of simultaneous FMR

and ESR (θH ≈ ±68o). In this angle range, ∆Hpp decreases down to the value of the

single radical �lm. This observation is the most important result of the present study.

It clearly demonstrates that the e�ect observed was dynamic, only occurring when

the two resonances were brought together and that it was reversible. This excluded

any possibility of a "permanent" increase of the ESR linewidth in the bilayer due to

alteration of the radical nature through interaction with the NiFe layer, for example a

linewidth increase which could result from a higher intermolecular distance [230,232].

8.4 Discussion

We attribute the ESR linewidth increase in the bilayer to spin pumping [87,

233] from the radical into the FM which acts as a perfect spin sink. In general, the term

spin pumping refers to the transport of spin angular momentum from a material which
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experiences magnetic resonance to an adjacent spin sink layer [233]. Such spin angular

momentum transfer causes an increase in magnetization damping, attributed to angular

momentum conservation, which is re�ected in practice as a broadening of the absorption

spectrum, expressed as a linewidth increase [92,233]. The mechanism of spin pumping

has been proposed by Tserkovnyak et al. [83,86,233] and is widely used in conducting,

e.g., NiFe, Fe, [92, 98, 234] and insulating, e.g., YIG [235], ferromagnetic materials.

More recently, it has been demonstrated also in the absence of ferromagnetic order,

from the paramagnetic insulator La2NiMnO6 [218]. Conventionally spin pumping from

ferromagnetic metals and insulators is described through a macrospin approach using a

Landau-Lifshitz-Gilbert (LLG) equation. However, such an approach cannot be applied

to paramagnets, such as organic radicals at room temperature [218,219,221] since the

so called spin mixing conductance, controlling the spin current through an interface,

cannot be de�ned in the absence of magnetization. A macrospin description can,

however, o�er a qualitative understanding of the linewidth increase as spin pumping

from the radical layer into the FM which acts as a perfect spin sink. Such a description

has previously been useful to describe the spin dynamics for systems with high spin

concentration [236].

The realization of spin angular momentum transfer from the radical �lm to

NiFe requires interaction of radical's localized interface spins with the corresponding

neighboring NiFe free electrons which could proceed via interface exchange between

the two materials [218, 219, 223]. When a magnetic �eld, B, is applied the energy

levels of up- and down- spin states are non-degenerate, di�ering by the Zeeman energy

of gµBB, where µB is the Bohr magneton. In the presence of interfacial exchange

coupling an up (down) spin itinerant electron in NiFe interacts with a localized down

(up) spin in the radical �lm causing a spin-�ip equivalent to a transfer of spin angular

momentum of ±h̄ and energy of ±gµBB [219,223]. As a result, the spin relaxation time

during ESR is decreased with a corresponding broadening of the spectral linewidth, in

a manner that is analogous to the broadening of FMR linewidth in conventional spin

pumping from ferromagnets [92, 233]. This increase in the linewidth applies for the

whole EBR �lm since no deviation from a uniform Lorentzian is observed indicating

a homogeneous broadening system. Spin transport enabling the transfer of angular

momentum throughout the EBR could proceed via two mechanisms as in other organic

materials. It can be mediated through carrier hopping, which results in simultaneous
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spin and charge transport [45,46], and in an environment with a large spin concentration

via exchange coupling between localized spins [39, 47]. In our case, the EBR �lm

exhibits remarkable conductivity σ ≈ 5 × 10−4 Scm−1 (measurement details in the

Figure B.5), of the same order with the highest conductivity Blatter radical derivative

measured to date, indicating the possibility of hopping transport. This is in contrast to

most neutral π radicals which are insulators or poorly conducting semiconductors with

σ < 10−10 Scm−1 [237]. Furthermore, using the doubly integrated ESR spectra of the

EBR calibrated against the standard DPPH S = 1/2 radical we obtain the spin density

in the EBR �lm and consequently a mean distance between the radical spin centers of ∼

0.4nm for which a strong exchange interaction is expected [153,228]. This is consistent

with the ESR spectrum having a single Lorentzian shape, a feature characteristic of

high spin density radical systems with strong exchange between neighboring molecules

[238,239]. Therefore, a contribution to spin transport within the radical �lm from both

mechanisms cannot be rule out.

A contribution to the observed increase of ∆Hpp can also arise from factors

unrelated to spin pumping, for example, due to a permanent alteration of the nature

of the radical molecule itself when deposited on a metallic surface, resulting in the

increase of ∆Hpp [161, 232]. This possibility, however, can be ruled out by careful

consideration of the linewidth measurements of Figure 8.4.a for simultaneous FMR

and ESR, where the increase of the linewidth is quenched and ∆Hpp reduces to the

value of the single radical layer. This observation is inextricably linked with spin

pumping. Analogous linewidth reduction due to spin pumping, was previously

observed for FM1/normal metal(NM)/FM2 trilayers when the resonant �elds of two

ferromagnetic layers coincide [106] (Section 4.4). More thorough investigations of this

e�ect followed, both theoretically [240] and experimentally for trilayers

FM1/NM/FM2 or bilayers FM1/FM2 for the same [108, 109] and for di�erent

FMs [241�243]. More recently, the magnetization coupling in a paramagnetic/FM

bilayer has also been reported [244]. The simultaneous resonance of the two FM

layers results in coherent precession and simultaneous pumping of spin currents in

opposite directions from one layer into the other. The case where the precession of

the two layers is in-phase results in no linewidth increase, e�ectively the spin current

emitted by one layer is matched by equivalent absorption of spin current received

from the other FM layer [106, 240]. The observed vanishing of the increase in ∆Hpp
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Figure 8.4: (a) The magnetic �eld angle, θH , dependence of the ESR linewidth, ∆Hpp,

for the EBR thin �lm the EBR/SiOx/NiFe trilayer and the EBR/NiFe bilayer. (b)

Normalized ESR spectra at θH = 0o, of the pristine EBR �lm, the EBR/SiOx/NiFe

trilayer and the EBR/NiFe bilayer. The �gure below shows the magni�ed region of the

experimental results around the peak clarifying the shift due to the increase in linewidth

while the solid lines are �ts to the data, given by a Lorentzian function.(c) Schematic

of spin pumping procedure in a radical/ferromagnet (Rad/FM) bilayer. When the

EBR layer is at resonance it pumps a spin current, Is−pump, into the NiFe layer which

is detuned from its FMR (left). For simultaneous resonance of the radical and the

ferromagnet the magnitude of Is−pump is cancelled by an opposite spin current from

the FM layer(right).
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can be attributed to an in-phase coherent precession of the radical and the NiFe

(Figure 8.4.c) and a consequent emission of counter-propagating in-phase spin

currents. When the EBR �lm is in resonance alone it emits a spin current via spin

pumping into the NiFe and its linewidth is enhanced (Figure 8.4.c, left). For

simultaneous resonance the EBR �lm emits and simultaneously receives the spin

current emitted by the NiFe layer through their interface. The former is causing an

increase of ∆Hpp while the latter a decrease, eliminating the enhancement in the

linewidth due to spin pumping (Figure 8.4.c, right). In order to support the

explanation of spin pumping a control measurement was carried out by inserting a

SiOx layer between the EBR and the NiFe layer, to act as a spin blocker. The results

in Fig.8.4.c, show no enhancement in the linewidth when the ESR and FMR

resonances do not coincide. Furthermore, there is no linewidth decrease when the two

resonances coincide. Figure 8.4.b shows typical ESR spectra of the EBR spectra of

the EBR, EBR/SiOx/NiFe and EBR/NiFe samples. The linewidth of the latter is

clearly di�erent from the others as expected for the organic radical acting as spin

source into the NiFe spin sink.

Another consequence of the simultaneous ESR and FMR resonance is the

observed decrease of the g-factor (Figure B.2) associated with a corresponding shift of

the resonance �eld in the ESR spectra. A similar shift in the resonance �eld near

simultaneous resonance is reported for coupled ferromagnetic bilayers [241, 243] due

to a �eldlike torque acting along or against the Larmor precession, with possible

contributions from both interfacial exchange coupling [241, 243] and spin current

transport [243]. Accordingly, the g-factor decrease at θH ≈ ±68o can be qualitatively

understood in the context of a similar macrospin model where the incoming spin

current from the NiFe layer, can cause the resulting �eldlike term which acts as an

e�ective �eld or equivalently a shift in the g-factor.

The successful emission of spin current from the EBR indicates the possibility

of realizing spin pumping even in the absence of long range ferromagnetic order.Further

evidence towards this possibility is the successful observation of spin pumping from

a crystalline inorganic paramagnet, showing the same relative change in linewidth

(∼ 10%) as in the present study [218], together with a theoretical description for spin

pumping from a �uctuating ferromagnet near Tc [221]. A generalization of the spin
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pumping theory is required beyond systems with long range ferromagnetic order and

in particular for the case of organic radicals.

In conclusion, we have demonstrated spin current creation via spin pumping

from a purely organic radical following the successful fabrication of stable radical

�lms at room temperature. The spin resonance linewidth and the g-factor can be

dynamically controlled via absorption by the radical �lm of a spin current emitted

from a nearby ferromagnet. The present study illustrates the potential of organic

radicals to act as spin sources in future spintronic devices.
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Chapter 9

Spin pumping across hybrid

organic-inorganic perovskite /

ferromagnet interface: the e�ect of

ferromagnet morphology

9.1 Introduction

In this chapter, which is based to ref [128] , we aim to elucidate the in�uence

of the morphology of a ferromagnetic �lm on the spin pumping process. By preparing

a series of CH3NH3PbI3−xClx/NiFe heterostructure where the NiFe is grown at

various thickness directly on the perovskite material we observe di�erentiation of the

morphology which a�ect the ability of spin transfer to the CH3NH3PbI3−xClx layer.

Organic-inorganic hybrid perovskites (OIHPs), such as CH3NH3PbI3−xClx,

have been heavily studied recently as exceptional next generation solar cell candidate

materials, reaching certi�ed power conversion e�ciency above 25 % in only a few years

[169]. Recently, OIHPs have drawn great attention also from the �eld of spintronics.

The presence of heavy elements (Pb, I) in the chemical composition of these compounds,

suggests possible existence of large spin-orbit coupling (SOC). Indeed, this assumption

was examined through theoretical calculations which predicted the dramatic change of
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the band structure for OIHPs due to strong SOC [174,245]. This prediction was veri�ed

through circular pump-probe measurements which demonstrate highly spin polarized

electrons with an initial degree of polarization ∼ 90% [175]. As a semiconductor with

excellent optoelectronic and spin dependent optical selection rules comparable with

the most famous direct gap inorganic semiconductor, GaAs, OIHPs are very promising

materials for future spintronics applications.

One of the most prominent method to study spin dependent phenomena in

OIHPs, as well as solution processed organic materials has been via their contact

with a ferromagnet, e.g. in OIHP/ferromagnet interfaces. The presence of the

ferromagnetic material enables the e�cient injection of spin currents through FMR

spin pumping [92, 200]. Orbital hybridization at an interface of a ferromagnet and a

non-magnetic semiconductor [246], forming the so-called spinterface, plays a decisive

role in spin dependent measurements in OIHP/ferromagnet bilayers [246]. The

formation of spinterfaces in CH3NH3PbI3−xClx/Ni and CH3NH3PbI3−xClx/Co

heterostructures were shown to greatly in�uence magnetoresistance [247, 248] and

magnetodielectric response [249], respectively. In addition, the presence of strong

SOC in OIHPs coupled with inversion symmetry breaking in these materials, leads to

other interface e�ects such as Rashba coupling [178, 250, 251], which a�ects the spin

properties of OIHPs by causing outstanding spin transport [252], enhanced spin

current to charge current conversion e�ciency [253] and long spin relaxation time at

room temperature [200]. Hence, the presence of a ferromagnetic layer together with

an OIHP layer is of great interest, in terms of understanding spin dependent

phenomena and the interaction between the two and the e�ect of interface properties

remains elusive and needs further investigation.

A common way to inject spin current into a non-magnetic layer is through

spin pumping under ferromagnetic resonance (FMR) which requires the presence of a

ferromagnetic �lm. The e�ciency of the process is determined through the spin

mixing parameter, g↑↓, and it is quite sensitive on the interface quality. Especially,

when a ferromagnet is evaporated onto an OIHP layer, the ferromagnet morphology

could have an in�uence on the spin pumping process. In this context, we present an

experimental demonstration of spin transport at room temperature in solution

processed CH3NH3PbI3−xClx �lms by spin pumping in a microwave cavity for a
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series of CH3NH3PbI3−xClx/NiFe heterostructures with varying NiFe thicknesses.

By systematically increasing its thickness, the deposited NiFe layer transitions from

island growth to percolation and �nally to the formation of a uniform �lm of lower

roughness. By taking into account the di�erent contributions to the observed

linewidth broadening due to the evolution of the magnetic �lm morphology we isolate

the spin absorption contribution, which is parameterized by the g↑↓, which shows a

signi�cant increase as the NiFe tends to a continuous �lm. This result demonstrates

the importance of interface properties on spin dependent phenomena and could have

wider implications in the �eld of spintronics in solution processed materials.

9.2 Experimental procedure

The experiments presented in this study were performed on a series of

SiOx/CH3NH3PbI3−xClx/NiFe bilayer samples. The perovskite �lm was fabricated

on a glass substrate using a solution of MAI : PbCl2 (3:1 molar ratio) by using a

procedure which is already described at section 6.7.4. A Ni81Fe19 layer was

subsequently deposited using e-beam evaporation in a molecular beam epitaxy system

with a base pressure of 8 × 10−8mbar and a deposition rate of 0.3Å/min at room

temperature. A series of NiFe layers was created with nominal deposition thicknesses

of 4, 5, 6, 8, 10, 13, 20 nm (labeled as PN1, PN2, PN3, PN4, PN5, PN6 and PN7,

respectively) in a single growth run. The layers were patterned using metal shadow

masks to result in 3.0× 1.5mm2 samples for each NiFe thickness. For comparison, we

fabricated identical NiFe samples without the OIHP on SiOx substrates.

9.3 Spin pumping in a CH3NH3PbI3−xClx/NiFe

heterostructure

As already has been noted, CH3NH3PbI3−xClx is a material characterized by

strong SOC which makes it a good candidate for spintronic applications. The creation

of pure spin currents in such materials in order to study spin dependent phenomena

can be achieved via di�erent methods [28, 175,176, 252]. In the present study we have
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Figure 9.1: Schematic representation of spin pumping method for the

CH3NH3PbI3−xClx/NiFe interface.

used spin pumping via FMR, which enables creation of spin currents by a precessing

magnetization at resonance (for more info see Section 4.3). It can be viewed as a

source of pure spin current which decreases away from the interface into the non-

magnetic material due to spin relaxation and di�usion. In the scattering theory of spin

pumping [86, 233] the magnetization precession causes a spin current �owing through

the interface to a nearby material given by

−−−−→
Js,pump =

h̄

4π
g↑↓−→m × d−→m

dt
, (9.1)

where h̄, g↑↓, −→m are the Planck constant, the real part of the spin mixing conductance

and the unit vector of the magnetization. The ability to transmit spin angular

momentum through an interface is expressed by the spin mixing conductance and its

value depends on the materials and is sensitive to interface properties. It represents

the number of spin transmission channels per unit surface area in the interface

between ferromagnet and non-magnet and is given by the expression [86,254]

g↑↓ =
4πMeff tF

gµB

(αNM/FM − αFM). (9.2)

Here g corresponds to the g-factor, µB to the Bohr magneton, Meff to the saturation

magnetization, tF to the ferromagnet's thickness and αNM/FM , αFM are the damping

terms for the nonmagnet (NM)/ ferromagnet(FM) bilayer and the single FM layer,

respectively.

The FMR measurements are carried out by placing each of the

CH3NH3PbI3−xClx/NiFe heterostructures at the center of a rectangular TE102
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Figure 9.2: (a)FMR spectra of CH3NH3PbI3−xClx/NiFe and NiFe single layer

�lms spectra at θH = 90o for seven di�erent NiFe deposition thicknesses (tNiFe =

4nm, 5nm, 6nm, 8nm, 10nm, 13nm, 20nm). (b) Linewidth (∆Hpp) as a function of NiFe

thickness. (c) Ferromagnetic resonance magnetic �eld (HFMR) as a function of NiFe

thickness.

microwave cavity with a frequency f = 9.43 GHz (Section 6.1.1). An external

magnetic �eld, H, is applied at an angle θH to the normal of the ferromagnetic �lm

plane (Figure 9.1). θM denotes the angle between the magnetization of the NiFe layer

and the �lm normal. When H and f ful�ll the FMR condition a pure spin current

with a spin-polarization −→σ parallel to θM is injected into the perovskite layer by spin

pumping, which results in an additional broadening of the spectral width of the

ferromagnet [82].

Figure 9.2.a shows a comparison of the in plane (θH = 90o) FMR spectra for

CH3NH3PbI3−xClx/NiFe and single NiFe structures for seven di�erent NiFe

deposition thicknesses (tNiFe = 4, 5, 6, 8, 10, 13, 20nm). It is clear that the spectral

width, ∆Hpp, is enhanced in the bilayers for all ferromagnet deposition thicknesses.
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As illustrated in Figure 9.2.b , the linewidth of CH3NH3PbI3−xClx/NiFe

heterostructures decreases with NiFe thickness up to 8nm and then it increases for

higher thicknesses. On the contrary, ∆Hpp corresponding to NiFe layer shows a

monotonic reduction as a function of ferromagnetic deposition thickness. As a result,

the linewidth enhancement between the bilayer and the single layer structures is seen

to decrease for small thicknesses and then follows a three-fold increment up to 20nm

(Figure 9.2.b). Furthermore, a rapid monotonic reduction is observed in the

ferromagnetic resonance �eld (HFMR) as a function of tNiFe for both bilayers and

single layers (Figure 9.2.c). Note that the resonance �eld di�erence is also decreasing,

e�ectively approaching zero for large thicknesses where the resonance �elds tend to

the same value.

9.4 AFM and MOKE measurements

In order to understand the above behavior in the FMR spectra and its

implications on spin pumping, we have further investigated possible contributions to

the linewidth due to morphology and interfacial e�ects by carrying out atomic force

microscopy (AFM) (Section 6.4) and magneto-optical Kerr e�ect (MOKE)

measurements (Section 6.3). Figures 9.3a-9.3g display AFM images of the evolution

of the NiFe �lm morphology, as a function of the nominal �lm thickness, taken at the

top of a typical perovskite's grain. We can identify three distinguishable regimes.

Initially, for 4nm ≤ tNiFe < 8nm (Figures 9.3a, 9.3b), an island growth regime, where

the �lm morphology consists of compact isolated islands. Then, for

8nm ≤ tNiFe ≤ 13nm (Figures 9.3c-9.3f) the island coalescence regime, where islands

merge, resulting in elongated structures. As the tNiFe increases the lateral dimensions

of these structures are getting bigger and some them are linked, forming worm-like

grains. Eventually a thin continuous �lm is formed at the island's base while the

island's height is reduced (Figure 9.3h). Finally, for tNiFe ≤ 20nm (Figure 9.3g) a

continuous �lm regime is obtained, where the island structure is shrank and

perovskite layer is completely covered by NiFe �lm with thickness almost equal with

the expected NiFe deposition thickness (Figure 9.3h).

The MOKE measurements for each sample are shown in Figure 9.4a with
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Figure 9.3: AFM images of the evolution of NiFe �lm morphology as a function of the

�lm thickness (a) tNiFe = 4nm, (b) tNiFe = 5nm, (c) tNiFe = 6nm, (d) tNiFe = 8nm,

(e) tNiFe = 10nm, (f) tNiFe = 13nm, (g) tNiFe = 20nm. (h) Calculation of island

covered area, island mean height and thin �lm mean height as a function of tNiFe

through which the evolution of NiFe �lm morphology has been divided into three

regimes, island growth (R1), island coalescence (R2) and the continuous �lm regime

(R3).

the extracted coercivity, Hc, in Figure 9.4b. A sharp increase is observed in the

coercivity for 4nm ≤ tNiFe ≤ 10nm followed by a gradual reduction above 10nm.

These results are consistent with the topography information obtained by
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Figure 9.4: (a) MOKE measurement of CH3NH3PbI3−xClx/NiFe interface for

every tNiFe, (b) Coercivity (Hc) as a function of tNiFe.(c-d) MOKE hysteresis loops

measured at room temperature for 20 nm thick (c) pristine NiFe thin �lm and (d)

CH3NH3PbI3−xClx/NiFe bilayer.

AFM [255, 256]. We suggest that compact and elongated islands

(4nm ≤ tNiFe ≤ 8nm) of sizes in the range 70 − 100nm behave as single domain

particles and their coercivity depends on the single domain island's diameter, D, and

follows a power law, Hc ∝ Dn, where n depends on the mechanism of magnetization

reversal [257] (n ∼ 3− 6). This explains the sharp increase of the coercivity for small

thicknesses. For larger elongated islands (8nm ≤ tNiFe ≤ 13nm) we expect te

formation of domain walls. Their movement by the applied external magnetic �eld is

impeded by pinning at the contact points between the elongated islands resulting in a

further increase in coercivity as we can see at tNiFe = 10nm. When tNiFe = 13nm the

contact area between islands increases e�ectively presenting weaker pinning sites for
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domain walls and therefore a small reduction of coercivity [258]. Finally, in the

continuous �lm regime (tNiFe = 20nm), a multidomain �lm is formed and the

coercivity is expected to decrease rapidly as tNiFe increases [255, 256, 259] as seen in

our measurement. It is worth noting the remarkable enhancement in coercivity of the

CH3NH3PbI3−xClx/NiFe(20nm) bilayer (Hc = 44Oe) in comparison with the bare

NiFe (20 nm) �lm (Hc = 2.1Oe) (Figures 9.4c, 9.4d) which in combination with

reduced magnetic moment (Figures 9.4c, 9.4d) demonstrates magnetic hardening

indicating the creation of a spinterface [247, 260]. Similar interactions at the interface

between ferromagnet and perovskite layers have already been reported [247, 249].

Especially in the case where the ferromagnet is deposited on top of a spin coated

perovskite �lm the e�ect of the interaction is maximized [247, 249], resulting in

substantial coercivity enhancement.

9.5 Discussion

The AFM data indicates a typical thickness dependent surface morphology

evolution during deposition of thin-metal �lms on non-metallic substrates [261�263].

Together with the MOKE results, they demonstrate the transition from island growth

to percolation and �nally formation of a multidomain NiFe thin �lm. The evolution of

the NiFe �lm morphology is also re�ected in FMRmeasurements through the associated

change in the ferromagnetic resonance �eld, HFMR. The island growth during the

NiFe deposition on the perovskite layer causes a shift in the HFMR (Figure 9.2.c),

compared to that of a NiFe thin �lm due to weak inter-island dipolar interaction

[264] contributing to the local e�ective �eld. As the island's �lling factor grows the

inter-island spacing is diminished resulting in an enhancement of magnetic dipolar

interaction [264, 265]. For the case of tNiFe = 20nm the creation of multidomain

continuous NiFe thin �lm is con�rmed, since the ferromagnetic resonance �eld of the

CH3NH3PbI3−xClx/NiFe(20nm) �lm and NiFe(20nm) are almost equal. Figure 9.5

shows the HFMR dependence on the out-of-plane angle (θH) of the external magnetic

�eld for all CH3NH3PbI3−xClx/NiFe samples. We observe that they display the same

behavior as thin �lms. If the distance between the magnetic islands is comparable

with their sizes, the dipole-dipole interaction couples the magnetization of di�erent

islands and as a result the whole granular ferromagnetic sample behaves as a continuous
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Figure 9.5: Dependence of ferromagnetic resonance �eld HFMR on the applied �eld

angle, θH , with increasing tNiFe. The solid lines are �tted curves to the experimental

data (solid points).

�lm even without direct contact between the islands [264, 266]. Consequently, for

ferromagnetic resonance of our granular system we use the common resonance condition

of continuous thin �lms [92,267](
ω

γ

)2

= [HFMRcos(θH−θM)−4πMeffcos2θM ]×[HFMRcos(θH−θM)−4πMeffcos
2θM ],

(9.3)

where Meff corresponds to the e�ective saturation magnetization for each

morphology estimated by �tting equation, which �ts HFMR as a function of θH for

each sample (inset of Figure 9.5). In order to interpret the behavior of

CH3NH3PbI3−xClx/NiFe heterostructure linewidth, ∆Hpp, as a function of NiFe

deposition thickness and calculate the spin pumping contribution, we have to take

into consideration the possible contribution of di�erent magnetic relaxation

mechanisms. In general, it is well known that except of intrinsic Gilbert-type

mechanisms, linewidth may be broadened by extrinsic non-Gilbert-type mechanisms

which have as main representatives two-magnon scattering (Section 4.2.1) and

inhomogeneity (Section 4.2.2). Two-magnon scattering appears on magnetic systems

characterized by strong exchange and dipolar interactions and it is a process where a

uniform magnon with q = 0 scatters into degenerate states of magnons with q ̸= 0 due

to defects or imperfections on the surface of magnetic �lms which act as scattering

centers [64, 71, 75, 76, 268]. On the other hand, the inhomogeneity contribution to the

linewidth arises from a wide variety of microstructural �lm origins, most importantly,
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tNiFe(nm) 4πMeff (mT ) αPer/NiFe αNiFe ∆θH g↑↓(m−2)

4 679.8 0.0193 0.0147 0.0217 4.84×1018

5 770.1 0.0150 0.0119 0.0106 3.62×1018

6 813.3 0.0143 0.0114 0.0082 5.99×1018

8 869.9 0.0135 0.0088 0.0093 1.22×1019

10 886.6 0.0154 0.0091 0.0087 2.03×1019

13 906 0.0173 0.0085 0.0096 4.74×1019

20 943.7 0.0235 0.0081 0.0147 1.48×1020

Table 9.1: Parameters obtained from theoretical �tting.

the non-homogeneous distribution of the demagnetizing �eld due to the �lm

morphology and the spread in the alignment of crystallographic axes leading to a

distribution in the magnetocrystalline anisotropy [268�273]. Consequently, the total

linewidth is the sum of the three magnetic relaxation mechanisms,

∆Htot = ∆Hintr +∆H2mag +∆Hinhom. (9.4)

The �rst term represents the intrinsic linewidth due to Gilbert damping and its out-

of-plane external magnetic �eld angle dependence can be written as [54,268,274]

∆Hintr =
2α√
3Ξ

ω

γ
, (9.5)

where α represents the damping parameter. The parameter Ξ corresponds to the

dragging function (de�ned at equation C.3 in Appendix C.1) re�ecting the

enhancement in the Gilbert damping when the applied �eld direction is not aligned

with the equilibrium magnetization direction, de�ned by θM [268]. ∆H2mag,

corresponds to the linewidth contribution arising from the two-magnon scattering

mechanism induced by surface defects, and its speci�c formula is given in the

Appendix C.1 (Equations C.1, C.2). Finally, the inhomogeneous linewidth

enhancement, ∆Hinhom, can be expressed as [82,275]

∆Hinhom =

∣∣∣∣∂HFMR

∂θH

∣∣∣∣∆θH +

∣∣∣∣ ∂HFMR

∂4πMeff

∣∣∣∣∆4πMeff
, (9.6)

where ∆θH represents the angular spread of the crystallographic axis between di�erent

magnetic grains and ∆4πMeff
the distribution of the local demagnetization �eld.

Figures 9.6.a-9.6.g show the dependence of the FMR linewidth on the

external magnetic �eld angle, θH , for increasing NiFe deposition thickness
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Figure 9.6: (a)-(g) Angular dependence of di�erent linewidth contributions on the out-

of plane orientation θH with increasing tNiFe. (h) Spin mixing conductance parameter

as a function of tNiFe

accompanied by the �tting curves of equations 9.4-9.6 (for further details about the

�tting procedure see Appendix C.1). For all samples, the main linewidth contribution

is attributed to the intrinsic linewidth part, ∆Hintr, (note the overall shape of the

experimental data is very close to that of the intrinsic contribution). We observe that

∆H2mag is seen to decreases monotonically as a function of NiFe deposition thickness,

as expected for a process arising at interface (edge defect induced scattering) and also

from the corresponding suppression of the surface magnetic �eld, (Hs) (Eqs. C.1,

C.2). Furthermore, according to our �tting results the ∆4πMeff
term is negligible for
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all samples and the inhomogeneity linewidth is due to the �rst term of equation 9.6.

∆θH is shown in Table 9.1 and we note that for 4nm ≤ tNiFe ≤ 10nm, it decreases

and remains roughly constant for higher thicknesses. Considering the morphology

evolution with thickness in our samples, we expect a gradual decrease of the

inhomogeneity contribution during the transition from island growth to a formation

of a thin �lm which is associated with suppression of inhomogeneous regions. After

accounting for all di�erent contributions to the linewidth, we concentrate on the

�tted ∆Hintr curve and extract the damping term, αPer/NiFe, for all

CH3NH3PbI3−xClx/NiFe heterostructures together with αNiFe for NiFe single layers

(Table 9.1). We can then calculate the spin mixing conductance parameter, g↑↓, using

equation 9.2 for every NiFe deposition thickness. As shown in Figure 9.6.h, g↑↓ is

roughly constant for 4nm ≤ tNiFe ≤ 6nm then, followed by rapid increase as a

function of tNiFe. For tNiFe = 20nm the spin mixing conductance is estimated

g↑↓ = 1.48× 1020m−2, a relatively large value, proving the e�cient spin transport into

the perovskite and its suitability as a high spin sink spintronic material. This is

indicative of the expected presence of a strong spin to charge conversion process

caused by the simultaneous existence of a surface-dominated component due to

Rashba splitting and a traditional bulk spin to charge conversion due to

SOC [200, 253]. Since the spin mixing conductance refers to the e�ciency of spin

current generation that depends on interface properties, the dramatic change of g↑↓

illustrates the importance of taking into account the properties of such interfaces

both for the interpretation of spin dependent phenomena and the design of future

spintronic devices.
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Chapter 10

Conclusions - Future Work

Understanding the physics of spin current has always been one of the

fundamental purposes for the �eld of spintronics. Accordingly, the studies that have

been presented in this thesis share as a common goal, the investigation of injection,

manipulation and detection from and to solution processed materials and the

revealing of the factors that a�ect the propagation of spin information. This was

accomplished by using solution-processed-material / metallic-ferromagnet bilayers by

exploiting spin pumping. The �ndings of this thesis motivate us for further studies

with an ulterior purpose to create purely organic spintronic devices.

� Chapter 7:E�ect of structural conformation of conjugated polymers on

spin transport.

Spin transport in organic semiconductors has long been a subject of

discussion, since there were experimental reports with unexpectedly high SOC

strength, followed by measurements with widely varying values of spin di�usion

length in materials with similar chemical structure [32, 39]. The link between the

conformation of the polymer and the strength of its SOC has been suggested as a

possible explanation. In this context, we estimate the spin di�usion length and the

spin admixture parameter, γ2, of the prototype system PEDOT:PSS at di�erent

polymer backbone conformations induced by chemical doping. The spin di�usion

length obtained, varies from 154 nm to 275 nm with increasing dedoping while by

taking into account the contributions of hopping as well as exchange on spin
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Figure 10.1: (a)Schematic illustration of a top contact side-gate geometry for

electrolyte-gating with an ion-gel on a spin coated �lm of OSC (top view).

(b)Normalized resonance Raman spectra of PEDOT:PSS upon electrochemical

reduction (dedoping) by using di�erent electrochemical voltage di�erence, VG, and

with excitation at 532 nm.

transport, we estimated a gradual reduction of the γ2 by one order of magnitude and

therefore an associated SOC strength reduction. A similar trend is observed in a

separate set of experiments in the spin Hall angle, θSH , estimated via ISHE

measurements induced by FMR spin pumping. Since the chemical composition of the

organic semiconductor remains the same during the doping procedure, we attribute

the change of the SOC strength to the alteration of the structural conformation of

the polymer. This is con�rmed through resonance Raman spectroscopy with the

predominance of the more planar quinoid structure at lower doping levels, indicating

that enhanced planarity is associated with SOC strength reduction. Our results o�er

a new way to manipulate spin phenomena via controlling the structural conformation

in conjucated polymers through chemical doping, and it can be used for future spin

transport studies in these materials as well as to enhance functionality in spintronic

devices.

We plan to extent this project by examining systematically the e�ect of

conjugated polymer backbone conformation on SOC strength. We are going to use

electrochemical doping of a series of polythiophene based OSCs ( PEDOT, P3HT or
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PBTTT ) to induce a systematic degree of control of the conformation and study the

e�ect of the latter on spin transport. Electrochemical doping provides the advantage

of easily accessing larger range of doping levels on a single polymer �lm, avoiding

thus any sample-to-sample variation present with other means of doping such as,

chemical or molecular doping. A side-gate arrangement will be used for the

electrolyte-gated transistor (Figure 10.1.a) where the electrolyte ion-gel will be spin

coated out of a solution over the active area, while the doping procedure is controlled

via the electrochemical voltage di�erence (VG). The relevant transistor devices have

already been fabricated and some preliminary resonance Raman electrochemical

measurements of a spin-coated PEDOT:PSS �lm were carried out (Figure 10.1.b)

with excitation at 532 nm. The results agree with the corresponding behavior of

Raman spectra during chemical doping and/or dedoping (Section 7.5). We can then

proceed with the proposed project which combines a number of spin and electrical

measurements such as ESR, ISHE e.t.c at various doping levels with direct structural

characterization of the conjucated polymers using resonance Raman spectroscopy.

Our ultimate goal is to establish a pathway for electrically controlled spin phenomena

in these systems.

� Chapter 8:Metal-free organic radical spin source.

In this study the emission of spin current from an all-organic radical that

can act as a spin source has been reported. The majority of spintronic studies in

organic materials rely on conventional metallic or insulating ferromagnets as a source

or detector of spin. The search for an all-organic replacement and for organic magnets

in general, is a particularly active research area, while organic radicals have long been

suggested as candidates for organic magnets and components in organic spintronic

devices.

Here, we demonstrated that a metal-free all organic radical can ful�ll the role

of spin emitter without the need to be in a ferromagnetic state. More speci�cally, we

fabricated a stable Blatter-type radical/NiFe bilayer and carried out simultaneous ESR

and FMR measurements. A signature of spin current emission from the radical was

obtained through its increased linewidth. By carefully tuning the two resonances to

coincide we demonstrated that the radical linewidth increase can be reversibly reduced

due to emission of a backward spin current from the FM layer, e�ectively canceling the
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radical's emission. We used a standard Blatter radical in this work, slightly modi�ed

to improve its �lm forming ability.

In principle, the work reported could be applicable to other organic radicals

and enable their use as spin sources for a variety of future spintronics studies and device

concepts. The results are also important from a fundamental perspective, related to the

spin pumping mechanism and its versatility as a tool for creating spin currents. Spin

pumping is shown to be applicable to yet another wide class of materials, organic radical

systems, beyond the conventional ferromagnets. This could spark further interest in

the spintronics community to expand spin pumping theory to include radical systems.

More generally, the results of this study will signi�cantly impact several

scienti�c areas from the community studying radicals - synthesis and physical

properties - since it opens a new application area for these molecules, to the

community studying organic spintronics as a new source of spin current has been

opening a new avenue for the development of purely organic spintronic devices. This

simultaneously raises questions regarding the spin pumping mechanism in the absence

of ferromagnetic order and the dominant spin transport mechanisms into these

radical systems. In this context, we intend to be actively involved in the formation of

this new �eld. As a �rst step, we plan to extent our published research via the

fabrication of a series of Blatter-radical / non-magnetic (NM) bilayers, where the

NM's SOC strength will be varied. The radical's linewidth enhancement will be

recorded and if the variation in the spectral broadening corresponds to that of the

NM's SOC strength, this will be another proof that radical layer can operate as a

source of spin current via spin pumping. Another evidence of successful spin current

injection from Blatter radical layer can be derived by the ISHE voltage measurement

under ESR condition. More speci�cally, we plan to build a Blatter radical/Pt bilayer

and detect an ISHE votage under ESR conditions. Moreover, we would like to

investigate fundamental properties for a variety of di�erent Blatter radical structures

and classify them in terms of the SOC strength, the conductivity and the �lm

forming ability. This would guide us to the appropriate choice in order to investigate

the possibility of using Blatter radical as a spin sink layer, where spin injection will

be carried out through a common FM. Finally, the accomplishment of the previous

studies will enable us to examine the mechanism that mediates spin transport in
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Blatter radical via a common FM/Blatter radical/Pt trilayer. Ideally, ISHE voltage

measurement will be detected under FMR and ESR conditions separately. By

carefully tuning the two resonances to coincide, the ISHE voltage that we will receive,

will give us important information about the spin transport mechanism.

� Chapter 9:Spin pumping across hybrid organic-inorganic perovskite /

ferromagnet interface: the e�ect of ferromagnetic morphology.

In the present study we focus on the in�uence of the ferromagnet's

morphology on the spin pumping process and out of plane angular dependent FMR

was used to study the spin pumping in a CH3NH3PbI3−xClx/NiFe heterostructure.

More speci�cally, the magnetic damping parameters were obtained from the θH

dependence of both the peak-to-peak FMR linewidth and the resonance �eld for

di�erent thicknesses of NiFe �lm, by taking into consideration the extrinsic

contribution of the two-magnon scattering and the inhomogeneity. The growth of

NiFe �lm on CH3NH3PbI3−xClx has been studied also by AFM and MOKE

techniques. The combined analysis reveals that the growth of the NiFe �lm begins via

island formation, where small isolated islands grow larger to coalesce with other

islands and eventually form a continuous �lm. This evolution of NiFe morphology

seems to a�ect the ability of spin angular momentum transfer to the

CH3NH3PbI3−xClx layer re�ected as an intense enhancement of g↑↓ until the

formation of a continuous thin �lm, illustrating the importance of interface properties

on the spin dependent phenomena. Our result could also have wider implications for

other material systems, especially organic semiconductors where a similar growth of

ferromagnets takes place onto solution processed �lms.

By taking advantage of the spin properties of OIHPs that we have already

discussed in sections 6.7.4 and 9.1 as a following project we plan to inject and detect

spin polarized electrons on CH3NH3PbI3−xClx by using the optical spin orientation

technique [276]. More speci�cally, a CH3NH3PbI3−xClx Hall-bar device is going to

be illuminated by circular polarized light at speci�c wavelength and simultaneously a

voltage di�erence (V||) is applied in one direction of the Hall-bar device (Figure 10.2.a).

The generated spin polarized electrons drift through perovskite Hall-bar and experience

spin dependent transverse de�ection generated via the ISHE. As a consequence, charge

accumulation occurs, which can be measured as voltage di�erence (V⊥) (Figure 10.2.a).
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Figure 10.2: (a)Schematic representation of optical spin orientation method in a

CH3NH3PbI3−xClx Hall-bar. (b)Normalized transverse voltage di�erence (V⊥σ+−σ−)

of right and left circularly polarized light as a function of longitudinal continuous, (c)

alternating voltage.
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This project is already in progress in a very early stage, so we will present some

preliminary results along with some di�culties we have already faced.

The �rst obstacle that we had to overcome was the need for sample

morphology improvement. By following the typical fabrication method, OIHP �lms

always su�er from non-uniform coverage with grains and voids [277], which are

provoked by the formation of the rough solvent containing the intermediate phase of

the DMF − PbI2 − MAI bulk structure during the slow evaporation of the

solvent [278]. The improvement of the �lm uniformity has been realized by the

addition of a post treatment step by the spontaneous insertion of CH3NH2(MA)

gas [279]. This extra step provokes the acceleration of the solvent removal and

therefore the rate of nucleation and spatial distribution is increased and has resulted

in a continuous disordered crystal of the order of a centimeter which can be

manageable for our goal. By following this method, a compact CH3NH3PbI3−xClx

�lm with an approximate thickness of 0.5 µm was obtained. Then we selectively

scratched the �lm to pattern the desired Hall-bar and four Cu contacts were

deposited by thermal evaporation. We also observed a �rst indication of successful

injection and detection of spin information in the CH3NH3PbI3−xClx Hall-bar by

using two measurement methods. The �rst involves a continuous voltage di�erence

(V||) applied at one direction of the Hall-bar device while simultaneously a right/left

circularly polarized light (σ+/σ−, hv = 1.7eV ) was incident at the center of the

Hall-bar. At the same time the transverse voltage, V⊥, was measured by a

nanovoltmeter as a function of longitudinal voltage. Figure 10.2.b shows the

normalized transverse voltage di�erence (V⊥σ+−σ−) between right and left circularly

polarized light. The change in the sign of V⊥σ+−σ− upon reversing the longitudinal

current indicates the successful detection of the ISHE transverse voltage.

Furthermore, for the second measurement method we followed the same procedure,

but this time an alternating square wave voltage, with frequency 2 KHz, was applied

and the detection of the transverse voltage carried out by a lock-in ampli�er. The

V⊥σ+−σ− had again the same behavior as before (Figure 10.2.c) which con�rm the

indication of spin current injection and detection. However, the existence of a series

of other e�ects like thermal gradients and the dember e�ect [280, 281], result in a

noisy signal which very often masks the ISHE. In order to con�rm the e�ect we plan

to repeat the procedure for di�erent temperatures and at the presence of an external
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magnetic �eld. We will also try to improve further the experimental setup and

develop perovskite Hall-bars with better quality and smaller dimensions, in order to

achieve smaller resistance and greater stability over time at ambient conditions.
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Appendix A

Supplementary data for Chapter 7
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A.1 Hall e�ect results
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Figure A.1: Hall voltage measurements for opposite directions of the applied magnetic

�eld for sample P5. (a) VBD for IAC=0.2 µA , (b) VBD for IAC=-0.2 µA, (c) VAC for

IBD=0.2 µA and (d) VAC for IBD=-0.2 µA
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A.2 ESR results
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Figure A.2: ESR intensities as a function of the microwave magnetic �eld at room

temperature for (a) P1, (b) P2, (c) P3, (d) P4, (e) P5 and (f) P6. The dashed line is

a linear �t to the data.
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A.3 PEDOT:PSS �lm thickness measurement
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Figure A.3: (a)AFM thickness measurements for all samples. (b) A typical surface

morphology of a step created by scratching with a stainless-steel needle for sample P4

in order to determine sample's thickness. (c) Thickness distribution of sample P4.
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A.4 Microwave power dependence of voltage signal
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Figure A.4: (a) Voltage signal detected at di�erent microwave power, from the sample

NiFe/P2 for the two in-plane external magnetic �eld directions θH = 90o and θH = 270o,

(b) FMR spectrum and measured voltage V for the NiFe/P2 sample.
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A.5 Measurement of Seebeck coe�cient

The Seebeck coe�cient was determined with the experimental setup shown in

Figure A.5.a consisting of a heater to induce a temperature gradient in the PEDOT:PSS

sample. In order to measure the thermal voltage, two Cu electrodes with a spacing

L = 300µm, 400µm were thermally evaporated on the �lm and were connected to

a Keithley 2181A nanovoltmeter through spring-loaded Be-Cu probes. Two K-type

micro-thermocouples (µTCs) were connected on the sample with a spacing K which was

much larger than both the µTC diameter and the electrodes spacing. The temperature

di�erence ( ∆T ) across the electrode spacing was given as ∆T = ∆TTCL/K. (∆TTC

is the temperature di�erence between the µTCs) [146]. Finally, the thermal voltage

was measured as a function of the temperature di�erence and the Seebeck coe�cient,

S, obtained from the slope of the linear relationship between thermal voltage and

temperature di�erence. The results for all samples are plotted in Figure A.5.b. We

note that the Seebeck coe�cient shows an opposite trend to the spin Hall voltage with

increasing dedoping (P1 → P6). Seebeck coe�cient increases with dedoping, while the

spin Hall voltage decreases approximately by one order of magnitude.

HOT COLD
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PEDOT: PSS
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L

Voltage 

Probes

Cu electrodes

Thermocouples

(a) (b)

P1 P2 P3 P4 P5 P6
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0.08

S
 (

m
V

/K
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Figure A.5: (a)Schematic of the experimental setup used for determining the Seebeck

coe�cient. (b) Seebeck coe�cient measurement for all doping levels from P1 to P6.

113

CONSTANTIN
OS N

IC
OLA

ID
ES



A.6 Estimation of spin Hall angle, θSHE

The estimation of the spin Hall angle, θSHE, was carried out throughthe

ISHE voltage and the calculation of the parameters that characterize the

NiFe/PEDOT:PSS interface and we relied on the spin pumping theory used by Saitoh

et al (section 4.4) as applied to inorganic [92] and organic [135] materials. More

precisely, at FMR of the NiFe layer in our NiFe/PEDOT:PSS structure, a pure spin

current is injected into the PEDOT:PSS layer via spin pumping. The spin current

density at the interface and with in-plane external magnetic �eld is given by

jos =
g↑↓γ2h2h̄

[
4πMsγ+

√
(4πMs)2γ2+4ω2

]
8πα2[(4πMs)2γ2+4ω2]

. The spin mixing parameter, g↑↓, in turn can be

calculation as g↑↓ = 2
√
3πMsγtFM

gµBω
(WFM/NM − WFM) , where WFM/NM and WFM are

the FMR spectral width of the NiFe/PEDOT:PSS bilayer and NiFe layer,

respectively. The θSHE can then be expressed as θSHE = VISHE(dF σF+dNσN )
joswλN tanh(dN/2λN )

(
h̄
2e

)
, where

w is the width of the NiFe layer between the contacts, dN , σN and dF , σF are the

thickness and the conductivity of the PEDOT:PSS layer and the NiFe layer,

respectively. Some of the most signi�cant parameters obtained are presented in Table

A.1.

Table A.1: Estimation of θSHE through experimental parameters derived from

FMR/ISHE measurements.

Sample WFM/OSC −WFM (mT ) 4πMs(mT ) g↑↓(m−2) jos (Jm
−2) VISHE(µV ) θSHE

P1 1.163 760.4 8.54E+18 9.75E-08 1.415 1.28E-06

P2 1.002 762.2 7.38E+18 8.95E-08 0.580 5.38E-07

P3 1.142 727.1 8.02E+18 9.29E-08 0.332 2.94E-07

P4 1.107 699.8 7.49E+18 8.82E-08 0.195 1.99E-07

P5 0.902 759.3 6.62E+18 8.35E-08 0.259 2.55E-07

P6 1.141 708.6 7.81E+18 9.07E-08 0.171 1.68E-07
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A.7 Raman Spectroscopy

Resonance Raman (RR) experiments were conducted with excitation at 532

nm using a custom-made Raman microscope (Raman AlphaSource RLS4032,

NanoBioAnalytics). A 20x objective was used to focus 35 mW of the laser light onto

the �lm surface. The Raman scattered light was collected through an optical �ber

and delivered to a 0.30 m focal-length Czerny-Turner spectrograph (SpectraPro,

SP2300i, Princeton Instruments), equipped with a 1200 grooves/mm classically-ruled

grating. The slit width was set to 30 µm providing 2 cm−1 spectral resolution at 532

nm. The scattered light was detected by a LN2-cooled 1340 × 100 pixel,

back-illuminated CCD detector (Spec10:100B/LN, Princeton Instruments). Each

spectrum is the accumulation of 5 × 10 min spectra. Frequency calibration of the

spectra was accomplished with the use of cyclohexane. The area, linewidth (FWHM)

and the position of all Raman bands (see Table A.2, A.3), including quinoid and

benzoid bands were determined by deconvolution of Resonance Raman spectra (see

Figure A.6.a and Table A.3, as an example corresponding to P1 and Figure A.6.b for

P6), which were modeled using Voigt peaks (distribution of Lorentzian and Gaussian

pro�les).
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Model Voigt

Equation y = nlf_voigt(x,y0,xc,A,wG,wL);

Plot Peak1(V) Peak2(V)

y0 48.98944 ± 3.77387 48.98944 ± 3.77387

xc 1234.99999 ± 17.48335 1258 ± 1.19033

A 7499.14997 ± 8639.21666 24836.56139 ± 8751.59842

wG 4.05063 ± 325.32507 3.14039E-5 ± 2205386.36318

wL 42.15246 ± 49.13933 22.44001 ± 24.2166

Reduced Chi-Sqr 7033.26984

R-Square (COD) 0.97115

Adj. R-Square 0.97027
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Figure A.6: Deconvolution of RR spectra for (a) P1 and (b) P6 with excitation at 532

nm.
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Table A.2: Comparison of the frequencies (cm−1) of Raman bands of P1-P6 extracted

from deconvolution of resonance Raman spectra.

Frequency(cm−1)
Assignment

P1 P2 P3 P4 P5 P6

1235 1235 1238 1240 1236 1209 Ca − Ca inter-ring stretching

1258 1258 1255 1255 1255 1268 Ca − Ca inter-ring stretching

1321 1321 1324 1320 1324 1332 Cb − Cb stretching

1366 1366 1363 1363 1364 1367 Cb − Cb stretching

1403 1403 1400 1400 1399 1402 Asymmetric Ca = Cb(−O) stretching

1436 1436 1432 1431 1432 1429 Quinoid symmetric Ca − Cb(−O) stretching

1456 1456 1453 1452 1453 1452 Benzoid symmetric Ca = Cb(−O) stretching

1495 1495 1492 1494 1497 1505 Asymmetric C = C stretching

1535 1533 1529 1529 1533 1519 Asymmetric C = C stretching

1565 1565 1562 1560 1562 1550 Asymmetric C = C stretching

Table A.3: Comparison of the frequencies (cm−1) of Raman bands of P1-P6 extracted

from deconvolution of resonance Raman spectra.

Frequency (cm−1) Width Gaussian (cm−1) Width Lorentzian (cm−1) Area

1235 4 42 7499

1258 - 22 24837

1321 - 47 8793

1366 - 37 43532

1403 34 - 33852

1436 36 - 111758

1456 16 11 19802

1495 51 - 40586

1535 27 - 6740

1565 50 - 27164
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Appendix B

Supplementary data for Chapter 8
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B.1 ESR spectroscopy
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g-factor = 2.00402, 𝑎𝑁 = 7.251G, 𝑎𝑁 = 4.555G, 𝑎𝑁 = 4.684G, ΔH𝑝𝑝 = 3.96G

g-factor = 2.00403, 𝑎𝑁 = 7.249G, 𝑎𝑁 = 4.453G, 𝑎𝑁 = 4.767G, ΔH𝑝𝑝 = 3.84G

Figure B.1: Experimental (CH2Cl2, ca. 20 °C) and simulated �rst (a) and second (b)

order ESR spectra of ESR along with their simulation parameters. Simulations of the

solution spectra were performed using EasySpin.
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Figure B.2: The g-factor of the EBR layer and the EBR/NiFe bilayer as a function of

θH angle (b) as a function of the �eld separation of the two resonances, HESR−HFMR.
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Figure B.3: The linewidth, ∆Hpp, of the EBR/NiFe bilayer and the EBR/SiOx/NiFe

trilayer as a function of the �eld separation of the two resonances, HESR −HFMR.
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B.2 AFM measurement

1μm

1μm

(a)

(b)

Figure B.4: Typical 6 µm x 6 µm AFM images for the (a) EBR and (b) MBR thin

�lm from which a root mean square (rms) roughness 250 ± 30 pm and 11 ± 3 nm was

calculated, respectively.
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B.3 Conductivity measurement

The conductivity of EBR thin �lms was measured using two-probe method.

Two Au electrodes with a spacing of 40 µm were thermally evaporated on the �lm

and were connected to Keithley 2450 sourcemeter. The IV curve was measured and

combined with the thickness obtained by AFM the conductivity was estimated σ ≈

5× 10−4Scm−1 .
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Figure B.5: (a) Device used for the measurement of EBR �lm's conductivity. (b)

Typical I-V curve of an EBR �lm.
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B.4 ESR �tting procedure
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Figure B.6: Detailed presentation of the �tting procedure of ESR spectra for the

EBR/NiFe bilayer at (a) θH = 0o, (b) θH = 68.25o, (c) θH = 69o and the EBR single

layer (d) at θH = 0o.

122

CONSTANTIN
OS N

IC
OLA

ID
ES



Appendix C

Supplementary data for Chapter 9
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C.1 Estimation of magnetic damping parameters.

The θH dependence of both the FMR linewidth (∆Hpp) and the FMR

resonance �eld (HFMR) have been used to obtain the magnetic damping parameters

of the CH3NH3PbI3−xClx/NiFe bilayers (αPer/NiFe) and the pristine NiFe layers

(αNiFe). In addition to the intrinsic damping contribution to the linewidth (Eq. 9.5),

∆Hintr, we took into consideration extrinsic contributions arising from inhomogeneity

(Eq. 9.6), ∆Hinhom, and due to two-magnon scattering, ∆H2mag. The last term,

∆H2mag, corresponds to surface defect induced two-magnon scattering mechanism

and can be written as [268,282]

∆H2mag =
2√
3
Γ(HFMR, θH) sin

−1

√
Hx

Hx + 4πMeff

cos(2θM)

cos2 θM
. (C.1)

The term Γ(HFMR, θH) re�ects the magnitude of two-magnon scattering and is related

to the surface magnetic �eld (HS) and the characteristics of defects in the samples and

is given by

Γ(HFMR, θH) =
8H2

Sb
2p

πD(Hx +Hy)2Ξ

{(〈 c
α

〉
− 1

)
H2

y +

(〈α
c

〉
− 1

)
×[

Hx cos(2θM) +Hy cos
2 θM

]2
+

[
Hx cos(2θM)−Hy sin

2 θM

]2} (C.2)

where Ξ, Hx, Hy are de�ned as

Ξ ≡ cos(θH − θM)− 3Hx +Hy

Hy(Hx +Hy)
HFMR sin2(θH − θM) (C.3)

Hx ≡ HFMR cos(θH − θM)− 4πMs cos
2 θM (C.4)

Hy ≡ HFMR cos(θH − θM)− 4πMs cos 2θM (C.5)

D = 20000mTnm2 [78] and p corresponds to the exchange sti�ness of the ferromagnet

and the percentage coverage of the ferromagnetic surface by defects which we assume

to have a rectangular shape with lateral dimensions α and c and height b. By assuming

that there is no anisotropy between both lateral directions
〈

c
α

〉
=
〈

α
c

〉
and by setting

typical geometrical parameters b = 1nm, < α >= 1nm and p = 0.5 [75, 268] and by

using the relations [78]

r =
16s

πD
ln

[(
qm
qo

) 1
2

+

(
1 +

qm
qo

) 1
2
]

(C.6)

where r = 0.00008mT−1 ( [78]) corresponds to renormalization factor with

s = pb2
(〈

α
c

〉
− 1

)
being a geometrical factor characteristic of the surface roughness,
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qo = 2πMst
D

a characteristic volume-mode wavenumber and qm = 1
<α>

a cut-o�

wavenumber determined by the transverse length scale of the surface defects, we

calculate the
〈

α
c

〉
geometrical parameter.

Using the ferromagnetic resonance �eld, HFMR, measured as a function of

applied �eld angle, θH , the corresponding θM can be obtained by using the static

equation [92]

2HFMR sin(θH − θM) + 4πMeff sin 2θM = 0. (C.7)

Employing the ferromagnetic resonance condition, Eq. 9.3, the e�ective saturation

magnetization, 4πMeff , can be estimated for each tNiFe. Moreover, the surface

magnetic anisotropic �eld, Hs, can be calculated via

4πMeff = 4πMs −Hs = 4πMs −
2Ks

MstNiFe

(C.8)

and combined with the use of typical geometrical parameters [75, 268] for the defects

the two-magnon scattering linewidth contribution, ∆H2mag, can be estimated. We can

then proceed with the �tting of the data using all three contributions to the linewidth

the Eqs. 9.4-9.6, C.1 with α, ∆θH and ∆4πMeff
as �tting parameters. In this way

the magnetic damping parameters, αPer/NiFe and αNiFe were calculated for every NiFe

deposition thickness.
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