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ABSTRACT

The study of spin dynamics in organic semiconductors is interesting not only for the exceptionally long
spin lifetimes present in organics, but also because it can act as a probe of charge dynamics. Tools
and techniques developed over the past 15 years aim to probe this connection, focusing on how the
inexorable relationship between charge and spin can be leveraged in device design. Of particular interest
is how quantum spin can be used to enhance or inhibit charge transport, and how spin itself can be
used as a means of information transfer. Tied to all of these ideas is that spin can be altered via its
couplings to the local environment. While this very property is what permits such techniques in the
first place, it also introduces the challenge of preventing unwanted changes in spin. Much research has
gone into understanding the coupling mechanisms that influence spin, and how to tailor molecules for
device-specific goals.

This thesis uses magnetic resonance techniques to explore spin dynamics in detail. Chapter 1 is an
introduction to the topic, while Chapters 2, 3, and 4 provide the theoretical and experimental background
necessary to analyze the data presented. Chapter 5 is the first experimental chapter. The measurements
described within are designed to probe spin relaxation at temperatures between 5 and 300 K, and empha-
size especially those occurring between 150 and 300 K — a regime not currently well modeled. By using
ambipolar semiconductors, the research links the spatial extent of the wavefunction and its position along
the semiconductor backbone to relaxation via nuclear torsion. This is the first experimental evidence for
the relaxation model at ‘high temperatures’ (150 - 300 K) first proposed by our group in 2019. Chapter
6 continues work on ambipolar systems. In this case, electrically detected magnetic resonance is used to
understand how spin affects electrical currents flowing through devices. We sweep through all regimes of
device operation (electron-only, ambipolar, hole-only) to provide evidence for both bipolaron-inhibited
and recombination-assisted currents. Chapter 7 focuses on small-molecule crystalline systems rather
than amorphous polymers. In rubrene — a model system for organic field-effect transistors — we report
microsecond-long relaxation times from 15 K all the way to room temperature. In the framework of
the relaxation theory developed in Chapter 2, we show how such long and stable relaxation times are

possible, and how spin-spin interactions manifest.

Probing Spin in Organic Semiconductors via Magnetic Resonance
Remington Lane Carey
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NOTES

The below notation is used in mathematical expressions. Exceptions occur only in instances where there
is a near-universal acceptance of some other style. (For example, the g-tensor will not be in calligraphic
font.)

* Vectors are represented by boldface, non-italicized letters (e.g., p);

* matrices are represented by Greek letters (e.g., the Pauli spin matrices o;);

* second-rank tensors are represented by boldface, script, Roman letters (e.g., D).

The International System of Units (SI) is used in this report. Constants used are as follows:

Symbol Name Value Units

ge Free electron g-factor 2.00231930436256(35)

h Reduced Planck constant 1.054 x 10734 Js

q Elementary charge 1.602 x 10~ C
Electron mass 9.109 x 10~3! kg

mp Proton mass 1.673 x 10727 kg

c Speed of light 2.998 x 108 ms~!

£ Vacuum permittivity 8.854 x 10712 Fm™!

o Vacuum permeability 1.256 x 107° Hm™!

kg Boltzmann constant 1.381 x 10723 NA—2

ug = gh/2m  Bohr magneton 9.274 x 10724 JT!

% = geMg/h  Free electron gyromagnetic ratio  1.761 x 10'! rads™!'T

uUn = gh/2my, Nuclear magneton 5.051 x 10727 JT!
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CHAPTER 1

INTRODUCTION

For over a century semiconductors have been one of the most basic building blocks of modern develop-
ment. From diodes and transistors to sensors and photocells, these semiconducting devices make up the
bulk of everyday technology, and their use is only expected to grow.! While metals and inorganics domi-
nated the electronics industry for decades, the introduction of a polyacetylene-based semiconducting
switch by Dr. John McGinness in 1974 paved the way for their organic counterparts.” Today, organics
comprise 37% of the display technology market.>

Given their applicability to wide-area, flexible displays and electronics, as well as their comparatively
simple fabrication procedures, it is no surprise that organic semiconductors (OSCs) have exploded in
popularity. With recognition by the 2000 Nobel Prize in Chemistry as well as the 2010 Millennium
Technology Prize,! their relevance to everyday life is clear. As of 2020, photovoltaics alone have a
worth of approximately $55.63 million,* while altogether the organic electronics industry is expected to
reach $145.3 billion by 2026.

Undoubtedly the greatest asset of organic semiconductors is their 7-conjugated electronic structure.
Though typically not able to produce electrical currents equaling those of inorganic devices, m-conjugated
systems have two primary advantages: (1) the difference between their highest occupied orbital and
lowest unoccupied orbital overlaps well with the range of visible light (see Figure 1.1 for reference), and
(2) their extended structure allows for chemical tuning to tailor specific molecules to specific functions.
Organic emitters, for example, have undergone three generations of improvement via chemical tuning.’
These types of devices operate by converting injected electrical charges to emitted light, and their first
iteration was limited to only 25% efficiency due to spin statistics. By leveraging spin-orbit coupling and
replacing key molecular components with larger elements from the same column of the periodic table,
second- and third-generation emitters have pushed this limit.® Organic displays, on the other hand, are
appealing because they produce true black color, respond quickly to input, and allow for thin architecture
and design.’ Flexible displays in particular are germane to the use of organic technology since some
classes of polymer possess both the electrical transport properties and low long-range structural order
necessary to realize pliable electronics. (This should be compared to inorganics, where it is extremely

rare to find materials with high disorder and high mobility.)
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Fig. 1.1 Optical gaps of several select organic semiconductors. Data taken from Kim (2017).%

A key challenge to leveraging these advantages while also minimizing the corresponding disadvan-
tages is an understanding of the fundamental charge-transport physics at play. The central figure of
merit for transport properties is the electron (or hole) mobility u, which characterizes how quickly an
electron (or hole)* moves in response to an electric field. Over the course of three decades, the average
mobility of p-type organic field-effect transistors (OFETSs) — the most widely used type of transistor —
has increased from 10~* to over 10 cm?/Vs? (see Figure 1.2). The highest-performing OFETs even
outclass amorphous silicon, which is the most widely used inorganic for similar applications.’
Though various theories exist to explain charge

transport in these systems, their relatively high degree of
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theoretical 25% efficiency of first-generation emitters Fig. 1.2 The mobilities of several select organic

was surpassed by placing moving spins in the presence semiconductors over time compared to amorphous
. L . . .. silicon. Plot reproduced from Himmelberger

of heavy nuclei, which is a leveraging of the spin-orbit (2015).10

interaction. '* As a second example, recent studies have

shown that mobility increases in polymeric systems can be attributed to both faster and farther charge

motion, information gathered by measuring the average lifetime of a spin during electronic transit. '

*For ease of reading and writing, the term "carrier mobility" will be used in discussions in which the difference between a
hole and an electron is irrelevant. When it is relevant, holes are often called p-type carriers while electrons are known as n-type
carriers.



The study of spin in organic semiconductors is not only interesting for its application in charge
transport, but spin-based devices are exceptional in their own right. Perhaps the most prominent example
is magnetic random-access memory storage (MRAM), a spin-based type of computer information
storage that has been used for the past forty years.'® A more recent (and often deemed more exciting)
application is that of quantum computers, which far exceed the capabilities of normal computers in
a variety of algorithms and problem-solving challenges.'” The advantage of spin-based computing
comes from the mutability of spin: because it is not a conserved property in charge transport, spin-based
information transfer makes device design quite flexible. In fact, the boon to MRAM came in the early
2000s, when the first mass-produced, non-volatile®* MRAM chip required less power and a smaller
architecture than its competitors. '® Broadly speaking, information transport based on spin has been
dubbed spintronics in reference to the charge-based electronics. Equivalently, a spin current refers to
the spatial propagation of spin, which can be accomplished by producing an electric current that is
spin-polarized, propagating a spin-flip down a line of immobile electrons, or by forcing spin-up and
spin-down electrons to move in opposite directions.

There are two central hurdles to the production of spin transistors and spintronic devices using
conventional metal and inorganic materials: low spin injection and short spin lifetimes. In other
words, although spin-based circuits are advantageous because spin is not a conserved quantity, the
ease with which it can be changed presents a challenge in ensuring information is preserved during
transit. Fortunately, organics again offer a potential solution: due to their carbon- and hydrogen-based
structure, these systems have orders-of-magnitude longer lifetimes than their inorganic counterparts.
Their electronic structure offers a unique blend of charge-spin interactions, giving rise to the spin-Hall
effect, inverse spin-Hall effect, '” magnetoresistance in the absence of magnetic order,”’ and long spin
diffusion lengths.”!

Although the charge-transport and electronic properties of organic semiconductors have been
extensively studied — revealing intricate relationships between device structure, molecular geometry,

external stresses, and local morphologies '>>%~2¢

— similar studies of spin dynamics in organics are rarer.
Far less is known about the unique spin physics these systems have to offer compared to charge physics.
While it is well-documented that two key interactions drive spin relaxation — hyperfine fields due to
nuclear magnetic moments and spin-orbit coupling due to electrons moving at relativistic speeds in
electric fields — the connection between these, device and molecular properties, and charge transport
still has much to be revealed.

It is the goal of this thesis to explore this connection in detail. The main characterization techniques
employed are field-induced electron spin resonance (FI-ESR) and electrically detected magnetic res-
onance (EDMR), two methods which marry probes of charge transport with those of paramagnetic
resonance. Chapter 2 will begin by introducing electron spin resonance (EPR)" with particular emphasis

on theory, detection mechanisms, instrumentation, and best practices for the goals at hand. Starting with

*In this context, non-volatile means that information can be stored without the need for applied power.
"The terms electron paramagnetic resonance (EPR) and electron spin resonance (ESR) are used interchangeably in this
work.
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the Dirac equation, the Hamiltonian relevant to spin processes will be derived in detail, and particular
focus will be given to terms that most often manifest in organic seminconductors. The types of signals
commonly observed in organic EPR will be derived and discussed, especially in regards to how fitting
parameters reveal information about electronic motion. The chapter will conclude by making a con-
nection between coupling parameters in the spin Hamiltonian and observable features in the resonance
signals, thus showing how a measurement can probe material microstructure and electronic environment.

Chapter 3 will introduce organic field-effect transitions, the devices used throughout this thesis to
characterize the materials therein. It will then introduce field-induced electron spin resonance (FI-ESR),
a powerful technique combining OFET and ESR principles to probe polaron dynamics in organics.
Various applications of the technique in charge transport, molecular microstructure, electronic structure,
and molecular crystallinity will be discussed to show the versatility of the technique, and the chapter
will conclude with recent advancements and open questions.

Chapter 4 is an experimental chapter describing (1) the device fabrication methods used to design the
samples reported here, and (2) experimental design and interpretation intricacies important to properly
understanding the data presented. It will focus on measurement parameters, fitting strategies, and device
variables that must be carefully considered to make accurate conclusions about the physics in question.
Examples will be shown of many of the topics discussed in order to demonstrate how experimental
artifacts manifest and may be avoided.

Previous work using FI-ESR has experimentally linked spin relaxation to charge transport at
temperatures of 150 K and below. In this regime, decoherence between spins is governed by an interplay
between local variations in hyperfine fields and hopping rates: as temperature increases, hopping rates
also increase, thus more easily averaging local field differences. However, at higher temperatures (> 150
K) coherence is again lost. The reason behind this is still not understood fully, and so the experiments
described in Chapter 5 attempt to elucidate this mechanism. They feature measurements performed on
ambipolar molecules in order to link wavefunction delocalization with spin relaxation while avoiding a
change in molecular microstructure. We show that high-temperature spin relaxation is driven by the
spatial extent and location of the molecular wavefunction, whereby nuclear torsional modes relax spins
by shuttling electrons back-and-forth across the polymer backbone. The conclusions reached provide an
improved understanding of spin relaxation from 5 K to room temperature.

Chapter 6 further delves into spin-transport physics by probing only those polarons that contribute
to charge transport. By again selecting a representative ambipolar system, we show that bipolaron
formation inhibits charge transport in organic semiconducting devices. The chapter begins by describing
electrically detected magnetic resonance (EDMR) — the characterization technique central to the
experiments — then shows how it can be used to detect signatures of bipolaron-inhibited transport in
organics. Not only does this observation clarify the origin of previously observed (and disputed) signals
in EDMR, but also reveals the effect of bipolaron fype on resonance signals. In particular, we observe
that charge mobility and FET operational parameters can influence the strength of the EDMR signal by
increasing or decreasing percolation paths through which polarons may travel. We thus conclude that



material electronic structure and device operational regimes are influential factors in such spin-dependent
processes.

Chapter 7 moves focus from relatively disordered polymers to small-molecule, semi-crystalline
systems. Rubrene, the inimitable organic in terms of mobility, is used in a capacitance architecture
to probe spin dynamics in high-mobility systems. What is observed is that spins in rubrene have
exceptionally long lifetimes even at room temperature, whereas those of amorphous systems are
hundreds or even thousands of times shorter. This behavior is explained via the Redfield theory of
spin relaxation, in which spins move between local environments faster than they decohere at each site.
Finally, we conclude by reporting an observation of the spin-spin dipolar interaction at injection values
greater than approximately 3x 10'? charges/cm?, indicating that typically neglected spin-spin physics

may be present even in model systems.






CHAPTER 2

ELECTRON SPIN RESONANCE

This chapter will cover the theoretical background necessary to understand the experiments reported in
this thesis. We begin with a basic overview of electron paramagnetic resonance experiments, then use
the Dirac equation to derive the fundamental equations describing magnetic resonance in detail. We then
develop a systematic framework in which to link the observables measured in electron spin resonance
spectroscopy to physical, microscopic phenomena, with particular emphasis on electron-electron and
electron-nucleon interactions. Next, we cover the various signals that might be observed in paramagnetic
resonance experiments and how they are altered by physical characteristics of the system. Finally, we
derive how the individual terms of the spin Hamiltonian manifest themselves as observable features in
resonance spectra, and how different regimes of charge transport can affect both spectral shapes and

intensities.

2.1 Foundations of Electron Spin Resonance

Before deriving ESR theory in detail, it is useful to give an overview of the process. Measurements can,
in principle, be taken on any system with non-zero spin that is not restricted in changing its spin state,”
though in practice this normally amounts to the study of radical molecules and polarons.” For simplicity,
we shall always take the magnetic species to be an electron or pair of electrons, unless otherwise stated.

A typical experiment begins by applying a static field Bz to the paramagnetic species. While the
two spin states are degenerate in energy in the absence of a field, the Zeeman interaction H = upgS-B
lifts this degeneracy, each spin state then possessing an energy :t% gupB. An oscillating magnetic field
Bj cos wt is then applied to the sample, and the energy of the inidividual photons swept by modulating
the frequency w. When the energy of a photon of this field matches the energy gap of the split states,

i.e.,

ho = AE = upgB, @.1)

*Such a restriction would likely be imposed by the Pauli exclusion principle.
"The difference between the two will be discussed in more detail in Chapter 3.
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1
3 77 B /))

Fig. 2.1 A diagram depicting the lifting of degenerate spin states in a magnetic field due to the Zeeman interaction,
as well as the resonance condition (2.1). The black lines indicate the energies of the two spin states as a function
of B. When the gap between them (black double-sided arrow) matches the energy of the resonance field (red
squiggly line; energy hw), a transition is induced. The teal curve is a Lorentzian distribution and represents the
EPR signal observed upon resonance. The cause of the shape of the signal will be discussed in Subsection 2.1.3.

an absorption signal — typically a Lorentzian lineshape — is observed. This is depicted in Figure 2.1.

In this expression /& and pp are the reduced Planck’s constant and Bohr magneton, respectively,
while g is a material-dependent parameter; it is not the free-electron g-factor. The reason is that, while
the energy of the spin states are primarily split by the Zeeman interaction, there are small, perturbative
interactions that also affect the magnitude of this splitting. These interactions are usually dependent on
the microscopic details of the system under study. We can therefore gain insight into the specifics of
the material under study by measuring g, which is typically done by either fixing @ and sweeping B or
fixing B and sweeping ®. Values of g are normally reported as a shift from that of a completely free
electron, g. = 2.00231930436256(35).%’

2.1.1 The Breit equation

The fundamental process behind electron spin resonance is the lifting of the energetic degeneracy of
spin states. Because the Dirac equation introduces spin as an inherent property of electrons, it makes
a nice starting place to understand this phenomenon. The Schrodinger equation can be used if the
appropriate spin interactions are included in the Hamiltonian, but not only does this approach assume
that all such interactions are known, it also gives predictions that differ from experiment by a factor of
two. Quantum field theory may also be used, and, at first glance, is tempting because it gives the most
accurate predictions known, but its corrections to Dirac theory are negligibly small for the purposes here

and make the conceptual framework more cumbersome.
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The Dirac equation for a single electron in an electric potential ¢ and a magnetic potential A is

Dy = ihaatl// (cha- (p+qA) —q¢ —l—ﬁmcz), 2.2)

which is identical to the Schrodinger equation after replacing the Hamiltonian J{ with the Dirac
Hamiltonian 2.'° This equation was designed to incorporate special relativity into quantum mechanics,
so the quantities & and 8 must be chosen such that this expression remains Lorentz invariant. Since
there are no scalars satisfying this condition, matrices must be used, and 4-by-4 matrices are the smallest

possible. It is standard to use the Pauli basis:

0 o 1 0
Oz = . 2.3)

O ye =
’ Gy: O 0 -1

Accordingly, the Dirac equation yields a four-component solution for a single charged particle. Two
components are identical to those of the Schrodinger equation for a spin-1/2 electron while the other two
are commonly known as the positron solutions. At energies of magnitude far greater than the particle’s
rest energy, the components of the electron and of the positron are both significant and electron-positron
pairs may be created.’® In this report, however, we will be considering only energies of order rest energy,
meaning only the electronic wavefunctions will be significant.?” It is therefore desirable to rewrite the
Dirac Hamiltonian such that the positron solutions make no contribution to the expectation values of
observables. One such procedure, known as the Foldy-Wouthuysen Transformation, achieves this by
expanding the Dirac Hamiltonian in powers of v/c. " The results of that procedure follow.

To account for interactions between the spins of electrons, one Dirac Hamiltonian must be added for
each electron in the Dirac equation, along with their interaction terms. While possible, such a many-body
approach is not always necessary because electron-electron interactions are often negligible. Indeed, for
Chapter 5 and Chapter 6 the theory necessary to understand the results considers only a single-electron
system.” However, because the spectra observed in Chapter 7 require consideration of the spin-spin
dipolar interaction, this chapter will derive fully the Hamiltonian for a two-electron system. (The results
of course apply to single-electron systems as well.) This section provides qualitative insight into how
these interactions modify ESR spectra.

Classically, the electron-electron interaction term is the Coulomb interaction. It violates special
relativity, however, which is unfortunate. To preserve the Lorentz invariance of the Dirac equation,
quantum field theory may be used by assuming that the energy eigenvalues of the classical equation

are known and then introducing an operator to act as a perturbation to these solutions. The resulting

*If, for some reason, someone were to return to this section after reading Chapter 6, they might point out that the
experiments described in that chapter rely on two electrons meeting each other in transit. However, because the physics of the
EDMR spectra reported depend on only one of the two spin species, the spin-spin interaction is not relevant. At most, in that
chapter the effect of spins interacting is only to prevent two electrons from occupying the same state, which is not an explicit
term in the Hamiltonian.
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steady-state equation is

1 q192
— —E|y= 2.4
<@1+%+4n80 s )1// By, 2.4)

where Z; is the single-electron Dirac operator for electron i, ry5 is the position of electron 1 with respect

to electron 2, and

1 qiq
477,'80 2}’12

B

(@) -r2)(as- 1‘12)} (2.5)

[051 ~0y + 5
"2

is the Breit operator.®' Equation (2.4) is known as the Breit equation. Since only electrons are of

concern, we will simplify notation by setting g; = g» = q and m| = my = m.

Solutions to the Breit equation contain four components for each of the two particles. As was
mentioned previously, the energy regime covered here is low enough that the positron components
may be neglected. A Foldy-Wouthuysen procedure may therefore be used to uncouple the electron and
positron contributions. The details can be found in the original article by Chraplyvy (1953).? The result
is a Hamiltonian which contains two solutions for each particle and, to order v?/c?, has three terms:
H = K| + Hy + Hee. 2 The first two are identical in form and describe all single-electron interactions,

1 1
Hi =mc* +qo(r;) +%(a,~-1’1i)2 (a;-I;)* + P [ei - TL;, g0 (ri)], @i - TL],  (2.6)

8m3c?

(where i = 1,2 and II = p + gA) and the third describes the electron-electron interaction,

1 ¢ 1 1 q* 1 1 q*
Hee=——+———| |01 - II;,—|,0; - 11 ————— | |- I, — |, 0 -I1I
“dme + 4mey 8m?c? “ R Rt + Ameg 8m2c2 || 2

— ﬁ ({{a] 'Hl,@},az‘nz} + {{aZ‘H%%}?al ‘H1}>-
2.7

(The square brackets indicate the commutator and the curly brackets indicate the anticommutator.)

A better understanding of this Hamiltonian can be reached by defining the electromagnetic potentials
in an electron spin resonance experiment. We choose to work in the Coulomb gauge so that there is
no external electric potential, and we take the internal electric potential to be the sum of contributions
from n nuclei, each possessing atomic number Z, and at a distance r,, from the electron. We also assume
that the magnetic potential can be divided into two parts: the first of a uniform, external magnetic field
B = Bz (applied by the experimenter) and the second the sum of surrounding nuclear magnetic dipoles
of magnetic moments it,. Then,

q Z, 1

¢Z¢im:%7ﬂ A:E(er)+——3(un><rn) (2.8)
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The insertion of these potentials and fields into the Hamiltonians (2.6) and (2.7) is carried out in
Harriman (1978).?° The full result is lengthy, but fortunately we can omit terms not dependent on spin

since ESR only detects the difference(s) in spin energy levels. This gives the much less lengthy*

B 1 1 qh c; #n (G Tin) (W Tin)
:H_Z{ 47T804m202 Z 3 \/W2mc ["V" 47[2( " r
2

i=1,2 n n in
FHso Ht sz
+ me j ———5>5 | 301 L o;-L
\/mmc<2v 47:2 3 M ’”)} ameo 8m2 \ 13, " 12+061-Lip—~- =3
()Z ‘/—" ~~
J{hfoZ g{eeslol
2 2
g h 1 1 ¢ h o1
———=—55 | 502 L 0y-L ——————>—5 (02 T2 Xp; — 0O I;2 X
%66500
:}(eeszoz
2 2 5 5
¢ W1 (61-112)(02-112) ¢ 8m K
610623 — — 6,-6,58(r
Ameg 4mc? 13, { e ) 4rey 3 Amrc2 7 20(r12)
:}Ceec(mtuct
:}feedipolar

(2.10)

(where L;; = r;; X p; indicates the angular momentum operator of particle i measured with respect to
particle j). This expression is frighteningly complex, but fortunately we do not plan to actually use it.
Instead, it is written out here to explicitly show each interaction in the two-electron spin Hamiltonian.
Each term listed will be discussed in detail, and all are relevant for the theory developed later to
understand the results reported herein.

Hsz and Hy¢ g7 are the spin Zeeman and hyperfine spin Zeeman terms. They describe the interactions
of the electrons’ spins with the applied magnetic field and local magnetic fields from nuclear dipoles,
respectively. Hs, is the spin-orbit coupling between each electron’s spin and the effective magnetic field
felt due to having an angular momentum in the electric field of surrounding nuclei. The He. g0, terms
similarly describe the interactions of each electron’s spin with the effective magnetic field felt due to
having an angular momentum in the electric field of the other electron. Hec 500 1S the spin-other-orbit
coupling between electronic spin and the real magnetic field produced by the angular momentum of the
other electron. Hee dgipolar and Hee contact are the decoupling into orientation-dependent and orientation-
independent components of the interaction between the magnetic dipoles of the two spin-1/2 particles.

Finally, while H,z and Hys,z are spin-independent, they are included in the reduced Hamiltonian

*Though facetious, this statement is nonetheless true. It is much shorter.
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because they are indirectly coupled to electronic spin via the spin Zeeman and spin-orbit coupling

interactions.

2.1.2 An effective Hamiltonian for ESR

The full Hamiltonian (2.10) is quite intractable to work with in an experimental setting. A slight
change in a molecule is likely to influence every term in some way, and the resulting net effect is
extremely difficult to predict. It is far more convenient to work with a Hamiltonian that captures the
relevant interactions in a given experiment while treating the remainder as perturbing forces. To do so
systematically, we note that the Hamiltonian consists of terms of the form A - B in increasing powers
of v/c, where A and B are vector operators that may be spin, magnetic field, position, etc. Our new
Hamiltonian will consist of the unique zero-order terms (in v/c), while the higher-order terms will be
mimicked by a tensor modifying the product of the operators. For a single spin, this gives the effective

Hamiltonian

H=Ho+S-D-S+S-g-B+) S A, Li+) LT, B+ Y 1,-Q, Ly, (2.11)
n n nn'

where H captures all spin-independent terms.* The center elements of each term (i.e., D, g, A, T,
and Q,,,) are tensors. They act to modify the major interactions of the full Hamiltonian (2.10) in such a
way as to replicate the effects of the remaining interactions as small, perturbing forces. It is important to
note that this Hamiltonian has not been derived directly from the reduced Breit Hamiltonian (2.10), but
instead is a model intended to simplify the relevant interactions.” As such, various terms are added or
removed depending on their relevance to individual measurements or discussions.

In this form, the Hamiltonian has been significantly simplified, but still remains larger than necessary
for the work described herein. To further reduce it, we note that J,, and Q,,, are the nuclear Zeeman
tensor and nuclear spin-spin tensor, respectively. Because they are nuclear interactions in the spin
Hamiltonian, they have no direct coupling to electron terms, and their indirect couplings are often third-
or fourth-order; they will be dropped. The remaining terms, g, A,,, and D are the electron g-tensor,
hyperfine tensor, and spin-spin dipolar tensor, respectively. Their relevance to spin dynamics in organic

semiconductors is difficult to overstate, and therefore we shall analyze them fully below.

The g-tensor; spin-orbit coupling

The g-tensor encompasses all interactions between the electron spin and the magnetic field. Because
it explicitly contains the electromagnetic potentials, it must include corrections for gauge-invariance
to first-order, as well as relativistic corrections to the kinetic energy. To second order, it must include

indirect interactions between spin and the magnetic field, such the orbital Zeeman effect (wherein the

*These include the Coulomb and kinetic energies, as well as the diamagnetic energy B -d - B, where d is the magnetic
susceptibility. The effect of the exchange interaction is also sometimes included here, though it’s important to remember that
this is not a true energetic interaction.

TNotice that the individual spin operators S; and S, have been replaced by the total spin operator S = S| +S.
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direct coupling between L and B results in an indirect coupling between S and B via conservation of
total angular momentum) and the spin-orbit terms (whose dependence on L couples to B via the orbital
Zeeman term).

Because there exists the free-electron g-factor g, it is often E¢
preferred to report the shift from this value, i.e., Ag as defined by |
g = g.1 + Ag. Following the steps of Harriman (1978),% we can
decompose the g-shift into the sum of individual terms, three of
which are relevant for a single electron while additional terms may

be added to account for electron-electron spin-orbit effects. Because

no such effects are relevant for the experiments described herein, we
omit these.

In component form and introducing the symbol y to represent
the state |nlms) (defined by the principal, azimuthal, magnetic, and

spin quantum numbers), the first of the three single-electron terms 18 2.2 The shift of an absorption
peak due to an altered g value: g’ here
compared to g in Figure 2.1 (also

shown as the translucent signal here).

is the relativistic correction to the kinetic energy,

KE __ 8elB 2
ASly = 8uby 53 <zi:p,.> (2.12)
1V

while the remaining two are

mn

1 g 1
Bey = dmey ﬁ;ig Z<Zg[r Oab (rm)a(rm)b]> (2.13)

r
v

and*

2 1 ge“
3 =g i LA T (L

jl’l ’V/ /*EW 1+C.C.>}.
(2.14)

These latter two terms couple the orbital Zeeman and spin-orbit interactions while also preserving
gauge invariance. Collectively they are often referred to as the spin-orbit coupling term, and their
significance is difficult to overstate. As a primary example, spin-orbit coupling and the g-shift are used
to determine molecular orientation. The spin-orbit interaction is anisotropic with respect to the magnetic
field, yet — because it is a term in the Hamiltonian — it can always be diagonalized with respect to
the molecular frame. Thus, by performing angle-resolved measurements of the g-shift in EPR one can
determine molecular crystal orientations. As a second example, the dependence of g on nuclear charge
Z, makes it obvious that molecular tuning can be achieved by incorporating heavier atoms when the

*The notation c.c. stands for the complex conjugate of the preceding term, and Ey, is the energy of the state y.
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effects of spin-orbit coupling are desirable. In organics, this usually amounts to replacing sulfur with
selenium or tellurium.

The exact effect of g depends on the symmetries of the molecule in question as well as the dynamics
of the spins contributing to the EPR signal. In gas and liquid samples, molecules (and thus spins) are free
to rotate on timescales much shorter than individual data points are measured. This causes an averaging
of the anisotropy of g, thus resulting in a single resonance peak whose center is determined by some
linear combination of g components. (This is the situation often represented by the resonance condition
(2.1).) Powder samples consist of a random distribution of fixed molecular orientations, thus resulting in
an overlap of many different resonance peaks. In these cases, the resonance signal is not symmetric and
all components of g are relevant. For other solids, the spectral signal will depend on the distribution
of molecular orientations present, the symmetries of the molecule(s), and the dynamics of the electron
spins. The spectral signal can range from many non-overlapping peaks to a single peak whose resonance

center is determined by some linear combination of the components of g.>*

The A-tensor; hyperfine interactions

The hyperfine spin Zeeman interaction is the coupling between an electron’s spin and the magnetic field
felt from surrounding nonzero nuclear spins. It manifests as two terms to first order. The first is the

Fermi contact term

0 8
Agp = %75abgeu3gnun Y 6(r) ) (2.15)
T i,n v

which is necessarily isotropic and proportional to the charge density at the nucleus in question. (In this
expression, d(r;,) is the Dirac delta distribution as a function of the distance between electron i and

nucleon n.) The dipolar hyperfine interaction, on the other hand,

dip. _ Mo 1 (Tin)a(Tin)p
At = o geHngatin{ ) [aab — gt (2.16)
T — - r;

in'in in

; v
is an anisotropic coupling dependent on orbital shape.

The measurement of these two effects provides insight into molecular motion and configuration. For
example, molecules in solution undergoing rapid rotation and translation will average out anisotropic
contributions, thus yielding a zero contribution from the dipolar term. A more interesting application is
that of the non-vanishing Fermi contribution: because this interaction requires overlap between nuclear
and electric charge densities, one might expect zero contribution from this effect since charge carriers in
organic semiconductors often lie in -orbitals, which are, to first approximation, linear combinations

of p orbitals (which have no electron density at nuclear sites); however, a Fermi contact contribution
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is nevertheless observed, thus emphasizing the importance of orbital mixing* in these systems. This
mixing often arises from spin-orbit and exchange couplings.
The effect of A is simplest to understand when a single I =
A 1/2 nucleon interacts with an electron. In this case there are four
! nondegenerate spin states, one for each possible combination of
electronic and nuclear spin. This is known as hyperfine splitting
and is depicted in Figure 2.3. Two resonances are observed: one
for the |S_,1_) <> |S4,I_) and the other for [S_,I;) <> |S4,I1). As
suggested, transitions only occur between states in which nuclear
spin does not change. By the nuclear resonance condition hw =
UngnB, this is expected. Even in the case of a proton, U, is three

orders of magnitude smaller than the Bohr magneton, meaning that

resonance is extremely unlikely to occur at the B chosen for ESR.**

Fig. 2.3 A depiction of the multiple The more strongly coupled the electronic and nuclear spins are

resonances observed due to a single to each other, the greater the corresponding increase (or decrease)
spin—1/2 electron interacting with a

single spin—1/2 nucleon. Four en- ) )
ergy eigenstates exist, but spin con- resonance peaks. For the specific case of I = 1/2 the distance

in energy. Thus, larger values of A give larger splitting between

servation laws permit only two tran- between resonances is AB = |a|/27 (where the constant a is simply
sitions. (The nuclear spin cannot

change.) the Fermi contact contribution (2.15) without the spin operator S;,),

while the generalization to higher-spin and higher numbers of nuclei
is straightforward. >’

In the case that the splitting between hyperfine peaks is smaller than the spectral linewidth 1/%.75,
the individual peaks will remain unresolved and the observed spectrum will be a convolution of these
hyperfine peaks with a Lorentzian signal (to be shown later in this chapter). This is one example of
inhomogeneous broadening, which will be covered in Section 2.2. For now we simply note that if
the number of nuclei broadening the spectrum is large, then the observed signal is a convolution of a
Gaussian and Lorentzian. The average Fermi contact coupling constant a in this case can be estimated
from the relation

4

ﬁa

where AB| /; is the half-width-at-half-max of the recorded spectrum and N is the number of nuclei over

which the electron is spread.*

In this case of unresolved, inhomogeneous broadening, (2.17) shows that the Gaussian linewidth
narrows as the electron becomes spread over more nuclei. To understand this, we must extend Figure 2.3
to include one additional spin-1/2 nucleus. In this case, each I, and /_ line splits into two (just as the
two S and S_ states did). The splitting is symmetric, so the upper line/energy level that splits from the

*Specifically, between 7- and o-orbitals.
"The discussion in the previous section regarding measurement of individual components of g also applies to A.
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IS4, 1) state overlaps exactly with the lower line that splits from the |S,1,) state. As a result, only
three energy levels are created, though the center one is doubly degenerate. Because the same scenario
occurs for the |S_,7_) and |S_,I.) states, the result of adding the second nuclei is that six unique energy
levels exist, with the middle level in each S+ band being doubly occupied. Thus, this transition occurs
with greater frequency than the others, and thus contributes more strongly to the ESR signal. Extending
this logic to more nuclei results in the center energy being the dominant signal in EPR due to increased
degeneracy, and thus the linewidth of the signal narrowing.

In organics, the most common sources of hyperfine splitting are from hydrogen and nitrogen, the
most common isotopes of which carry nuclear spin 1/2 and 1, respectively. Note that equation (2.17)
can only give a lower estimate of wavefunction extent, as it only captures portions of the wavefunction

in contact with nuclei containing non-zero nuclear spin.

The D-tensor; spin-spin interactions

The term S-D - S is relevant for samples in which electronic spins interact with one another. To first order
it contains the contact and spin-spin dipolar interactions, while to second order it contains spin-orbit
interactions; the second-order term will not be needed here.

The contact interaction is labeled Hee contact in (2.10). In spherical tensor coordinates,” it has the

form

{ *Zi<j6(rij)y0(0)(ij)>l//
(A,

) (2.18)

where Yéo) is a spherical tensor spin operator of rank zero (e.g., Sz, S-Sy, %S I).?° Because it is
independent of the magnetic spin quantum number, it provides a constant energy offset to the states. We
shall ignore it here.

The dipolar interaction from (2.10) is often the most significant contribution to D in EPR experiments.

In Cartesian coordinates it is

4u3 rii0ab = 3(rij)a(rij)s
D! = f;;s(z S’“‘ED Z i 5 ey <2S,~,Zsj,z—Si,xsj,x—si,),sj.,y) . (2.19)
i<j ij 1

As expected, this term is only relevant for systems with § > 1/2.7*

In general D is the electron-electron equivalent of the hyperfine coupling matrix A, i.e., the magnetic
interaction of two spins. The isotropic portion is captured in in the contact term, which is a diagonal
matrix whose components depend only on the distance between the two electrons. Even in the absence

of a magnetic field, the spin-spin contact term separates the energy of the singlet state from that

*Spherical tensor notation is used here because it allows for quick evaluation of many integrals using the Wigner-Eckart
theorem. A summary of spherical tensor notation can be found in Appendix C.

TWhile the denominator vanishes if S < 1, the numerator does as well.

In this expression, i and j refer to electron indices and a and b run over the Cartesian indices x, y, and z.
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of the three triplet states. Depicted on the left in Figure 2.4, this is one contribution to zero-field
splitting. In the example shown the contact term is negative, meaning the singlet state is higher in
energy. Note that resonance only occurs between the triplet substates. Moreover, resonance is strongest
for the |1,—1) <> |1,0) and |1,+1) <> |1,0) transitions, but a weaker signal can be observed for
[1,—1) <> |1,+1). This latter peak is known as the half-field resonance, and occurs with low probability
due to spin selection rules.

The anisotropic portion of D is contained in D’. Representing

the interaction between two magnetic dipoles, it further contributes

to zero-field splitting by lifting the degeneracies of the triplet states
at B = 0. While nonzero D’ will always split the |1,41) and |1,—1)

states from |1,0), the symmetry of the molecule will determine if

the 1 states are split from each other.*® Similar to A, the distance
between resonances gives a measure of D’. Because D is an asym-

metric, traceless tensor, only two parameters are needed to define

it completely. It is customary to write them as

D

| W

D, =1 (Dx — Dy), (2.20) Fig. 2.4 A depiction of the multiple

2 resonances observed due to the in-

teraction of two spin—1/2 electrons.

where Dy Y,z are the principal components of D Two ‘allowed’ transitions exist, for

which Amy; = 1. The ‘forbidden’

transition for |1,—1) <> [1,+1) is oc-

casionally observed. Even at zero

magnetic field the spin states are not

degenerate due to zero-field splitting
by the Hamiltonian (2.11). Each of these species will have a mag- and the exchange interaction.

2.1.3 The Bloch equations

A bulk sample will consist of many paramagnetic species described

netic moment W and the net magnetization of the sample will be the
sum of these moments, M =Y, ut;/V. Assuming the species is not ferromagnetic, M = 0 in the absence
of any magnetic fields. This corresponds to the populations of the spin states being equal (which follows
from their energies being equal). Once we apply the external field ByoZ however, the interaction 4 - B
alters the energy of the z-spin states. For simplicity, ’spin states’ will refer specifically to the z-spin
states unless otherwise noted. In the case of a single free electron, there will be two spin states and we
shall take the spin-up state to have the higher energy. In the case of two free electrons, we will use the
singlet-triplet basis and take the triplet energy as being lowest for mg = —1 and highest for mg = +1.
The first interaction to consider in an ESR experiment is that of the sample and the static Zeeman-
splitting field. The spin-up electrons are referred to as ‘hot’ because their energy has been raised. They
will attempt to minimize their energetic increase by transferring energy to their molecular surroundings
and flipping to a lower energy spin state. This process is known as spin-lattice relaxation (SLR). It leads
to an excess of spins in the lower energy states compared to the higher energy states, i.e., n_ > n, fora
radical and n_; > ng > n| for a diradical. There follows a net magnetization M? along the z-axis.**
After sufficient time has passed since the application of a static field, the equilibrium magnetization of
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the sample can be written in the form*’
M = B, (2.21)

where the static susceptibility ¥y depends on the number of nonzero magnetic moments in the sample.
For samples containing only molecules with one unpaired electron, N is a constant equal to the
number of said electrons. If the Fermi level of the bulk is well below the thermal energy (ep < kgT),

Boltzmann statistics gives

u3g’
3T

Xo=N S(S+1) (radical, &g < kgT), (2.22)
which scales inversely with temperature and is known as the Curie susceptibility.?’ Alternatively, if
the temperature is low enough that the Pauli exclusion principle becomes significant (i.e., kgT < &p),

Fermi-Dirac statistics give

1 2meud (N\'? _
X0 = WT V (radlcal, &g > kBT), (223)
which is independent of temperature and is known as the Pauli susceptibility.’’

ESR measures the magnetization of a sample based on the electromagnetic energy it absorbs from
an applied field. This is possible because the energy absorbed by the sample per unit time depends on its
magnetization via
dM

Y - B= —V?-B. (2.24)

dH d
Pzi = —_——
dr dr

m
For a paramagnetic sample in an EPR experiment, the dynamics of magnetization are (see Appendix A)

dM

where
T=(1/1,1/T,1/TY). (2.26)

These are known as the Bloch equations.>® They show that M, decays to M? after sufficient time has
passed. The time describing the decay is 717, the spin-lattice or longitudinal relaxation time. The latter
name reflects the magnetic field and the magnetization being along the same axis; the former reflects
the fact that z-oriented spins must exchange energy with the lattice to flip from the up-state to the
down-state.>* These equations also show that M, and M, precess around the z-axis; this corresponds to
Larmor precession. Because there is no driving force in this direction, these magnetizations eventually

decay to zero. The amount of time this requires is known as the spin-spin or transverse relaxation time,
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Fig. 2.5 Diagrams showing longitudinal (left) and transverse (right) relaxation. In longitudinal relaxation, the
external field aligns a majority of spins with it, in turn creating a magnetization in that direction. Once the field is
removed, the spins return to their equilibrium alignment. In transverse relaxation, the spins precess coherently
around the external field (and the transverse components of magnetization follow). After the field is removed, the
spins lose their coherence and the transverse magnetization vanishes.

T,. While the latter name is clear, the former is chosen because spins can only change their x- and
y-components by interacting with local fields produced by other spins. These spins can be from other
electrons or from nucleons. Figure 2.5 schematically shows these two relaxation processes.

If B only includes a static magnetic field, the sample will reach equilibrium and stop absorbing
energy. There must be a constant driving force to move the system out of equilibrium. This is normally
done with a magnetic field that oscillates perpendicular to the static field. Taking it along the x-axis as

Biw = 2Bmw COS Oyt X, Appendix A shows

M, = Buw (X cos Omyt — X" sin Opyt) = Re{mewei“’mW’} (2.27)
where
X/ % wLTzz(wL - wmw)
1 ‘|‘(wL_me)2T22+'}/zB%1WTIT2 (2 28)
1" oL T>
X =X0

1+ (o, — Omw)? T + VB2 T

are the components of a complex susceptibility, x = x' +ix".?® The term )’ describes the dispersion of
electromagnetic waves in the material while the term )" describes the material’s absorption or radiation

of energy.>” The power absorbed over one cycle of the microwave field is*

-V
P = 7meBlz1wa
Ho

_Y. O OB, T
po™ 1+ (0, — Omw)2TE + V2B2 i T

(2.29)

This is the equation describing the magnetic response of a system of identical spins at resonance. The
actual shape of the spectral signal observed, however, will differ due to (1) measurement conditions and
(2) the possibility of a sample containing multiple spin ensembles. While the effect of the former is only
relevant in ensuring signals are fitted properly (and not related to the underlying physics at play), careful
consideration is still warranted to ensure that extracted fitting parameters are accurate; these will be

discussed fully in Chapter 4. The latter does manifest as a change in the spectral line, but this change is
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straightforward to parameterize, and the physics of interest is still captured in (2.29) . Therefore it is this

equation that is most relevant for theoretical discussion.

2.2 Lineshapes & Broadening

The absorption equation (2.29) can be rewritten as

Br X0YBOmy 1 p’
L(B|Omy,p) = —2 — , 2.30
(B|hm ) V1+PBL T Ty 7p p*+ (VB — Onw)? (230
<

where

71+ YzBrzanl T
2.31
1Zb) @31

p

is the half-width-at-half-height of the normalized Lorentzian function . = £ (B|®nw,p)." It shows
that the signal will be maximized at the resonance @y = ®py.>°

In this form, we see that a basic ESR signal has a Lorentzian lineshape whose width is determined by
the transverse relaxation time, 7,. Because relaxation times are relevant to many spintronics processes,
lineshape analysis is a fundamental part of ESR measurements. Of particular interest are the mechanisms
by which linewidths may be broadened.

For a fixed frequency' the resonance condition (2.1) implies that a singular field amplitude will
result in resonance, thus giving a delta function (or first derivative) as a signal. The reason this is not the
case — as shown in the above equation — is as follows: Even in the limit of a single spin magically
floating inside the cavity and somehow unaffected by all forces in the universe aside from the Zeeman
and microwave fields, the observed signal would still have a Lorentzian lineshape. This is due to the
finite broadening of energetic states, as described by the uncertainty principle: the energetic levels of the
spin are not sharply defined, meaning a small range of values satisfy the resonance condition and thus
give rise to a small, Lorentzian band of resonance positions.

Lineshapes described by the Lorentzian relation (2.30) between 7> and the linewidth are known
as homogeneously broadened. Physically, this means that every spin in the system has the same
broadening of energy levels,?. The above-mentioned broadening due to the finite lifetimes of states is
one manifestation of homogeneous broadening; others include the spin dipolar interaction, the spin-
lattice interaction, interactions with the microwave field, and—to be expanded upon later—motional
narrowing. In essence, any interaction that affects all spins in the system identically will lead to

homogeneous broadening.

“The vertical bar separates the swept variable from the parameter(s) needed to describe the distribution. The functional
dependence of £ is chosen to be B (or sometimes p, = YB) because in a typical ESR experiment it is the Zeeman field that is
swept and the oscillating field that is fixed.

Or field amplitude, if you want to be a cowboy and sweep the frequency instead.

*As suggested by choice of the adjective homogeneous.
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Fig. 2.6 The evolution of a Voigtian curve created from the weighted convolution of a Lorentzian and Gaussian
with equal full-width-at-half-max. The dark red curve is a pure Gaussian contribution while the light blue curve is
a pure Lorentzian contribution.

In many systems, however, it is not reasonable to treat all spins as equivalent. Often physical
processes operate in such a way as to divide the system into different subsystems, each of which
contains identical spins. In such cases, each subsystem contributes a unique Lorentzian to the overall
signal. In rare instances each Lorentzian can be resolved fully, thus yielding a spectrum consisting
of several non-overlapping Lorentzian. However, more often it occurs that g-factors are close enough
and intrinsic linewidths broad enough that individual resolution is impossible; the signal is instead a
convolution of Lorentzians. This is known as inhomogeneous broadening.>® There are many possible
causes of inhomogeneous broadening, such as small hyperfine splitting, anisotropy in a sample with
randomly-oriented molecules, and electron-electron interactions. While the exact effect will depend
on the mechanism(s) at play, it can usually be modeled by a Gaussian distribution of resonance centers

whose variance is determined by the variance in local fields: >’

exp [ (B Ony/ 7’)2] | (2.32)

S(B|@mw,By) =
\\% \% 28%

27 B2

v

The overall lineshape in this case follows as a Gaussian distribution of Lorentzians:
V(Blan: Byp) = [ S(B|By)L (B~ B|p)dB. 233

This convolution is known as a Voigtian. *’ It is normally only present at temperatures below 20 K for
the organic samples described here. Because it is defined entirely in terms of the Lorentzian £ and a
fitting parameter By, future discussions will focus exclusively on L.

Finally, it should be noted that lineshapes other than Lorentzian, Gaussian, and Voigtian exist.
Deriving them requires different assumptions about the basic Hamiltonian as well as the magnetic

response of the system. Because these are not relevant to the data described here, they will be omitted.
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2.3 The Microscopic Origins of Spin Relaxation

As mentioned in the introduction of this thesis, long spin lifetimes are necessary to realize spin transistors
and realistically produce spintronic circuits on the mass scale. In the Bloch equations these lifetimes
have been introduced simply as phenomenological parameters for exponential decay. To properly make
the case for increasing relaxation times via molecular tuning, we first need to understand the microscopic
origins of these parameters. The derivations in this section to do so will follow the works of Pake and
Slichter, 333

At the macroscopic level, 71 and 7, describe how quickly net magnetization decays back to equilib-
rium along the quantization axis and in the transverse plane, respectively. In either case, this process
results from different spins in the ensemble evolving differently than others. In other words, the system
contains many different ensembles, each of which is described by a different effective spin Hamiltonian
(see (2.11)). This translates into quantum mechanics by describing the system via a spin density matrix
p. Then, the dynamics of magnetization are given by the ensemble average of the spin operator (see
Appendix B),

dom  d N
M) =5 ) (nlp|n) (n'[M]n)

nn'

:§i<<n\p\nf>> (o Mn, (234

and the evolution of the density matrix is given by

aa’t’ = ~lp, o+, (2.35)
where the total Hamiltonian is the sum of the static Zeeman interaction and a perturbative field that varies
both in space and time. This perturbative field is due to one or more terms in the effective Hamiltonian
(2.11). For a general treatment, we note that each term effectively equates to a spin interacting with a
local magnetic field. We can characterize fluctuations in this field by the magnitude of their root-mean-
square variance, By, as well as the average fluctuation time, 7.. We assume that fluctuations in the
perturbative field are random such that both their ensemble and time averages vanish.”

Without the perturbative field, the density matrix would simply be
p(l,) — e—ig’(:ot/ﬁp<0)eij‘fol/ﬁ7 (236)
which suggests a solution to the time-dependent equation of the form

P(l) — e*ig‘fot/ﬁp/(l)eiﬂ‘fot/ﬁ. (237)

*These assumptions require that we omit the effect of the microwave field. Fortunately, adding that term is not difficult
and does not significantly change the results. 3
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Inserting this into the Liouville-von Neumann equation (2.35) gives

1,3 +exp[_i2{°t} o exp [ﬂf;’t] = 21p.5(, (2.38)
from which it follows that
982' _ %[p'ﬁfi], (2.39)
where J-C/l is the interaction-picture time-dependent Hamiltonian:
9{/1 = exp [i}éot} Hiexp {— i};&ot} . (2.40)

This is the equation that must be solved in order to determine the evolution of the density matrix
and thus acquire an expression for magnetization via (2.34). Doing so would give an expression
similar to the Bloch equations for magnetization, which would directly link the interaction terms in the
effective Hamiltonian (2.11) to relaxation times. In other words, this expression will allow us to move
from the individual coupling terms in the spin Hamiltonian to bulk, observable quantities in a typical
EPR experiment. The relevance given to specific terms in the spin Hamiltonian will determine how
accurate the Bloch equations (or similar equations) are in predicting experimental curves. In organic
semiconductors, the best theoretical approach to solve this equation depends on the fluctuation rate of
the perturbing fields. Three regimes are normally considered: fast fluctuations, slow fluctuations, and no

fluctuations. They are considered in turn in the following sections.

2.3.1 Fast fluctuations: the Redfield regime

Integration of (2.39) gives
A ,
(1) = p/(O)-f—% /0 [p’(t’),:}fl(z’)]dz’. 2.41)

This cannot be integrated since the integrand requires knowledge of p’(z), which is the quantity for
which we are trying to solve. An approximation will have to do, such as by replacing p’(z") with p’(0).
To get a better approximation, we can insert the resulting expression for p’(¢) into the original equation’s

integrand. To second order in H, this is
A ,
p'(0)=p'(0)+ 5 [ [p'0).36,()]ar
0

4 <ili>2 /0 t /0 ' Hp'(O),:H; (t”)},ﬂfll(t’)}dt’dt”, (2.42)
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which has

/ i . i 2 . ‘
= .360] + <n> J [[p’(owla’)] F4 ()] dr' (243

as its time evolution. By virtue of our assumption that the average variance of the field across the

ensemble vanishes (J(} (t) = 0), the first term on the right-hand side equates to zero.

To progress, we must make one further assumption: that correlations between the field at different
points in time vanish after some characteristic timescale. This is of course the same timescale that
characterizes fluctuations in the field, 7.. This assumption allows us to extend the upper limit of

integration in the second term on the right-hand side to infinity. Then, it gives terms of the form

1 /! i(E, —E (E,—En+Ew—Ep)t
—/ (n|H'(t — ©)|m) (m'|H'(¢)|n'exp _HEy = En)T exp {(En = En + By = Ev) dr, (2.44)
h? Jo h h
where T=1—1.
The overlined expression in this integral is
known as the correlation function: Gran(7)
G (T) = (0|31 (2)[m) (! |31 (2 + 7)), ,
(2.45) Te T

Written in this way (with the four states 7, m, Fig. 2.7 A sketch of a typical correlation function. For

n', and m'), it describes the average correlation times far greater or early than the critical timescale 7,
of the Hamiltonian with itself at different points the perturbed Hamiltonian is uncorrelated with itself. Re-
; ) . produced from Slichter (1963).°

and between different eigenstates.” However, by
matching indices it can be used to evaluate the time-correlation of H’ between exactly two eigenstates
(by setting m = m’ and n = n’ with n # m) or for just one state (by setting all indices equal to each other).
In general and on average, this correlation should be independent of time at large time scales and should
vanish once T exceeds some critical value 7.. A sketch of a generic correlation function between two
states n and m is shown in Figure 2.7.

Noting the similarity to (2.44), we define the Fourier transform of the correlation function as the

spectral density:
Jnn’mm’ ((D) = / Gnn’mm’ (T)e_iwrdf (246)

Elements of the spectral density matrix provide the transition probability between the states m and n:®

Jum(n—m)
)

*This form is typically only used in large summations to compute cross-state transition probabilities.

Wam = (2.47)
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To understand the relevance of this, we note that the spectral density elements are the Fourier transform
of the elements of the correlation matrix. Due to this relation, the area under the spectral density curve is
fixed even as the correlation time 7, changes. (This is depicted in Figure 2.8.) As a result, the correlation
element J,,,, corresponding to the frequency @, is maximized for a single, specific value of 7.. By the
transition probability (2.47), this then means that the evolution of the states of a system becomes heavily
dependent on the correlation time.

With the spectral density defined, integration of (2.43) yields

dp; i(Ep—Ey —Ep+Ep)t
% = Z Rnn’mm’ €Xp ( : s A - ’”) p,/nm/(()), (2'48)
m,m’
where
R _ ! J, "—m')+,
nn'mm’ —ﬁ [ nmn'm’ (I’l —-—m ) + nmn/m/<n - m)
- 6n’m’ ijmkn(k - m) - 6nm Z-Ikn’km’ (k - ml)] . (2.49)
k k

This is in fact the first term of a power-series expansion of the density matrix elements. By making an
assumption of non-correlation between the perturbing Hamiltonian and itself at timescales greater than
T¢, yet still integrating to infinity, we have related the evolution of the density matrix at time ¢ to itself
at ¢t = 0 only for timescales greater than the correlation time of the field, 7.. In other words, we can
calculate dp’(r) /dz from p’(0) as long as 7 > 7.

In order for the above expression to converge, p,,(f) must not be too different from its initial r = 0

value. Consequently, there are timescales for which z > 7, yet p/ ,(t) ~ p; ,(0). This implies

>t > T, (2.50)

Rnn’ mm’

which then allows us to replace the instances of p/ ,(0) with p/ . (¢). We then find

i(E,—E,—E,+E )t
ZRnn’mm’ exp (En - h - ) p1/nm/7 (2.51)

m,m’

dp,,
dr

which is Redfield’s equation® for the components of the density matrix. It is valid so long as the density
matrix does not change too much over the timescale of fluctuations and that we only are interested in
times greater than this characteristic timescale.

With this expression for density matrix, we can calculate d(M) /df from (2.34). All that remains
is to choose a form of the perturbing Hamiltonian, which will manifest in the density matrix through

Ry via the spectral densities. For most cases of interest, it takes the form of a spin operator coupled

“Technically, the Redfield equation without a bath contribution. One can be added derived rigorously, but we will simply
add its presence as a relaxation term later since the physical mechanisms of the bath are not of interest here.
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Fig. 2.8 A sketch of a typical spectral density function for three different values of 7.. By the transition probability
(2.47), the transition between n and m (with corresponding frequency difference w,,, is most probable for medium-
length correlation times. Reproduced from Slichter (1963).3

to a magnetic field:
Hi=—) By(1)8,. (2.52)
q

Two examples of this are (1) the Zeeman effect due to inhomogeneities in the external, static field and
(2) hyperfine interactions with a distribution of different nuclei.

This Hamiltonian gives spectral density terms such as

1 yz
g mnt (@) = 5} (S0} {Sg) k. (@), (2.53)
4.9
where
o
i (©) = 5 L B, (1) By (1 1+ 1)e%de (2.54)

has been introduced for simplicity.
We then find for the z-component of d(M) /dt

d

o (52 = 1{(8) x BY: — Ralkee( ) + k(@) ((S2) — 5L, (2.55)

where the equilibrium magnetization S§°) has been added to ensure coupling to a bath.

The x- and y-components follow similarly, but decay toward zero:

d

a(sx,ﬁ = Y5{(S) x B}y — Vlg[kyy,xX(a)L) +kz(0)] (Sxy) — So- (2.56)

Identifying

Ty " = Yalkeo(on) +kyy (o0r)] T, = Yalkyy(n) +kez(on)], (2.57)

these are the Bloch equations. Specifically, they are the Bloch equations for an ensemble of spins
evolving in the presence of a varying Hamiltonian of the form 3(; (r) = ¥, B,(t).7;, i.e., relaxation due



2.3 The Microscopic Origins of Spin Relaxation 27

to variance in explicit fields. The consideration of other forms of 3| would yield different expressions
for 71 and 7, in terms of the coupling parameters in the spin Hamiltonian (2.11). The effect of the
dipolar coupling between electrons is considered in Chapter 7.

More descriptive forms of the relaxation times can by found by assuming a certain form of the field
autocorrelation W. Specifically, if it decays exponentially with time, i.e., W =
B?Iexp[— |T|/7],* then the relaxation times are given by

Tll =13 (B,% + B;) o +ZC>,%T§ le = 21T1 +1B2 % (2.58)
The quantities 373 are, of course, simply the mean-square variance of the amplitude of the fluctuations
theorized at the beginning of this section: fBé = B2 ., while 7. is the characteristic frequency at which
the fields fluctuate. From the reference frame of a single spin, this can be due to external forces, such
as increased nuclear activity changing local nuclear magnetic moments, or internal forces, such as a
moving spin changing its environment. In organic semiconductors for temperature below 200 K, 7,
often has the same temperature dependence as mobility. > Thus, it is interpreted as the inverse of the
average hopping frequency of a charge, v.

These results are readily interpreted: 7} corre-

sponds to a change in the z-magnetization, which 10°

occurs from spins flipping along this direction. = 10

Only fields in the transverse directions, x and y, Ef‘ 100 — T

can produce these flips, meaning only these com- s 10-1 — Tz
ponents of the perturbing field contribution to this

relaxation. Moreover, while all fluctuations con- 107 ‘ ‘ ‘ ‘ _—

-2 -1 0 1 2
tribute to 77 decay by some amount, fluctuation 10 10 10 10 10

frequencies that match the Larmor frequency will

Fig. 2.9 A sketch of the transverse and longitudinal re-
laxation times as a function of the correlation time (nor-
shows the behavior of 7; and 75 as the autocor- malized against the period of the Larmor frequency). T
is minimized when the two timescales are equal. 7, de-

o . creases as the correlation time increases. Adapted from
changes; a minimum occurs when 7. = 7. This Slichter (1963).3

be most effective at driving relaxation. Figure 2.9

relation time (normalized by the Larmor period)

is a manifestation of the simple fact that spin flip-
ping induced by transverse fields is most probable at frequencies matching the Larmor frequency, just as
in EPR experiments.

Meanwhile, dephasing in the transverse direction can be caused by (1) changes in the local Larmor
frequencies (which occur via z-oriented fields) or (2) spin flips (which are again effected by transverse

fields), though each spin flip has only a 50% chance of dephasing an individual spin. Separating these

“There is no a priori reason this form is expected for local field fluctuations. However, it can be justified by noting that
(1) many random decay processes are described by exponential curves and (2) it yields the Bloch equations. One sometimes
wonders how many brilliant insights were first justified by, ‘Well, it gives us the right answer!’.
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two contributions gives

le, = le — 21T1 =B 1, (2.59)
which is the pure dephasing component of 7; (i.e., excluding spin flips). As the autocorrelation time is
lowered (caused by more rapid motion), 7> increases because each spin moves rapidly enough such that
local variations become averaged-out, and each spin experiences the same local environment. This is a
manifestation of what was noted earlier in this section: the evolution of the density matrix as described
by (2.48) suggests the existence of timescales ¢ > 7. over which the density matrix does not change
too much from itself. This is known as motional narrowing because it results in the narrowing of the
resonance signal (see (2.29)). As seen in Figure 2.9, T; monotonically decreases with the hopping
frequency, a simple consequence of decreased motional narrowing.

Ultimately, because convergence of (2.48) is only possible if the density matrix does not change
too much over the time ¢ > 7, the Redfield expressions for 71 ad T, are valid only in this regime of
motional narrowing. This is also known as the rapid motion regime. It is quantified by the requirement
that the fluctuation rate of the field be far greater than the average rate at which dephasing occurs.
Since dephasing corresponds to an acquisition of a phase due to the Larmor frequency of the local field
(8® = % 6Bms), this requirement is 6 ® < @, or T.60 < 1.

2.3.2 Slow fluctuations; no fluctuations

As motion slows, motional narrowing is no longer effective enough to ensure p, ,(t) ~ p; ,(0) and
therefore the Redfield expressions derived above are invalid. To analyze this regime, we instead consider
two spins initially in-phase. The time over which the spins remain coherent depends upon two factors.
The first of these is the average time that must elapse before local fields fluctuate; this is simply 7. The
second is the average time it takes for the Larmor phase acquired by the new fields (after fluctuation has
occurred) to decohere the spins. Because multiple fluctuations can occur before decoherence is complete,
the total Larmor phase (and thus timescale) acquired must be the sum of that of every precession
event before decoherence. On average, this is the average precession time multiplied by the number of
fluctuations before decoherence: fpre (1 4 fpre/7c)-

Noting that 1/ tore = @ = % Bms, this gives for the decoherence time

1 1
T =1+ (1 + > ) (2.60)
2 '}/eBrms '}/eBrms TC

In the limit of extremely slow fluctuations, 7. becomes large and the first term dominates. This results in
long decoherence times, which is sensible for systems in which local fluctuations vary slowly in time. In
the ultimate limit of frozen motion, both 7, and T, become infinite, indicating spins do not decohere.

This occurs because spins cannot experience different local fields.
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As the fluctuation rate increases, 7. becomes small and the final term of (2.60) dominates, eventually

converging to the Redfield expression (2.59).






CHAPTER 3

FIELD-INDUCED ELECTRON SPIN RESONANCE

ESR is a powerful spectroscopic tool not only because it allows for the unique determination of species
in a sample (via the g-factor), but also because it allows us to measure the strengths of nuclear, electronic,
spin-orbit, dipolar, exchange, and other coupling mechanisms. Of particular interest for this report are
the relaxation times: by relating the characteristic timescale of relaxation we will show how ESR can be
used to probe charge and spin dynamics.

The main drawback of ESR is that the sample must exhibit a magnetic response.” Thus, to study
electron dynamics, it is desirable to choose a system in which the strength of the magnetic response can
be tuned. Organic field-effect transistors are ideally suited for the job: the number of injected charges
(and thus the number of unpaired electrons) scales with the applied gate voltage. The study of electron

dynamics via field-effect transistors is known as field-induced electron spin resonance (FIESR).

3.1 Organic Field-Effect Transistors

In field-effect transistors, the source-drain current is modulated by a voltage applied to a third electrode:
the gate. This is achieved by placing an electric insulator and a semiconductor between the gate and the
source-drain electrodes. The role of the gate in OFETS is to accumulate charge carriers rather than to
deplete them: a positive (negative) gate voltage will inject negative (positive) charge carriers from the
electrodes; applying a source-drain voltage will then allow these carriers to flow. A schematic of this is
shown in Figure 3.1.

The dielectric serves to prevent current from flowing directly between the gate and source/drain
while also enhancing the effectiveness of the gate voltage; in this way, it acts as a capacitor. If no drain

voltage is applied” then the simple relation

qm = CVy

*Well, to be exact, a non-diamagnetic response.
For simplicity, we always assume the source electrode to be grounded.
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> 000000000

source drain

Fig. 3.1 The working principle of an organic field-effect transistor. When a voltage is applied to the gate, the
magnetic polarization induced in the dielectric draws electrons from the electrodes and accumulates them at the
dielectric-semiconductor interface. These polarons are the charge carriers in the device. In this architecture, the
device is known as top-gate, bottom-contact.

should relate the number of mobile charge carriers per unit area, the capacitance per unit area of the
dielectric, and the gate voltage. In reality, imperfections in the semiconductor will lead to trap states,
reducing the overall number of free charges. These traps act by reducing the applied electric field felt
by the accumulated charges. If the gate voltage does not exceed this minimum, no charges can flow.
Therefore, there is a threshold voltage that reduces the actual voltage felt by the electrons. This means

Vg is actually replaced by Vegr = V; — Vi, in the above capacitance relation:
gm = C(Vg — Vin). 3.1

Once a drain voltage is applied, there is not a constant voltage differential across the channel. The charge

carrier area density is now a function of position in the channel:
gm(x) = C(Vg —Vin =V (x)), (3.2)

where V (x) is the potential at location x due to the source/drain electrodes. It vanishes at the source,
x =0, and is maximized at the drain, V(L) = Vj.

Ohm’s law can be used to relate the charge carrier concentration to the device current so long as the
channel length is at least 10 times longer than the dielectric thickness.” This is known as the gradual

channel approximation. Using it, we have

dv
I=Wamt- g
dv

WV, — Vi — V(X))

3.3)

where W is the channel width and u is the charge carrier mobility. Integrating this equation gives

w 1
1= Zue[(vg—wh)vd—ivg]. (3.4)

*Since we fabricate the devices, this condition is always satisfied in this report.
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When the gate voltage far exceeds the drain voltage, i.e., Vy > V4, the last term can be dropped and we
have

dhin L
IV, WeVq

hin = %Mlin@(Vg —Vin)Vu Miin = (3.5
for the current and mobility. The device is said to operate in the linear regime since the current increases
linearly with the drain voltage. As V4 becomes comparable to and eventually exceeds V,, however, the
number of accumulated carriers drops since the drain acts as a sink for them. Charges are no longer
accumulated across the channel, but are instead pinched-off at some point. The transistor is said to be
saturated since the current no longer scales with the drain voltage. In this regime, the drain voltage must

be replaced by the voltage at the pinch-off point. This gives

T\ 2L
Hsat = <a\/7t> s (36)

w
Isat — i“sate(vg - Vth)2 an we

as the current and mobility in the saturation regime. A depiction of the carrier concentration in the

channel as a function of potential difference is depicted in Figure 3.2.
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/I I /d\e:c‘ \'\C
of
o™
‘Qa“ms : e
S — = S subs“a‘
source drain
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Fig. 3.2 The evolution of the carrier concentration in the channel as the drain voltage moves from |Vy| < [V — V|
to |Va| > |Vo — Vin|. As V; increases, the charge density in the channel decreases since the effective gate potential
is lowered.

There are two common methods by which to characterize transistor performance. The first, known
as an output measurement, plots the device current as a function of drain voltage; this allows one to
distinguish between the linear and saturation regimes (since, according to equations (3.5) and (3.6), only
the current in the linear regime will show a dependence on the drain voltage). The second, known as a
transfer measurement, plots the device current as a function of gate voltage. Such a measurement is
normally taken twice: once with the drain voltage low enough for the device to operate linearly, and

once with it high enough for the device to operate in saturation. This allows for an easy determination of
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the device threshold voltage and on-off ratio (of the drain current). The mobility can also be extracted

using the slope of the plot.

3.2 Field-Induced Electron Spin Resonance

Because FETs allow one to modulate the number of free charge carriers in the device, they make an
excellent choice for the study of electron dynamics using ESR spectroscopy. Figure 3.3 shows the basic
premise of a field-induced electron spin resonance experiment: (a) Without a gate voltage applied to the
FET, the polymer is in its neutral state; no free charges exist to resonate. (b) After a voltage is applied,
polarons accumulate in the HOMO.* (c) The Zeeman field is then switched on, causing the two states of
the orbital to become non-degenerate. (d) Finally, the free electron is able to resonate upon excitation
from the microwave field.

CB CB

—

VB VB

(a) The conduction and valence bands of the neutral (b) After a bias voltage is applied, charges accumulate
polymer. in the HOMO.

CB CB

B DB
VB VB

(c) The degeneracy of the HOMO is lifted upon activa- (d) The injected charges are able to resonate between
tion of the Zeeman field. the non-degenerate states via microwave radiation.

Fig. 3.3 A schematic depicting how OFETs can be used in an ESR experiment, i.e., FI-ESR.

*If one injections holes, then the neutral HOMO goes from being doubly occupied to singularly occupied. If electrons are
injected, the neutral LUMO becomes a singularly occupied HOMO.
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3.2.1 Detection of polarons and bipolarons

In organic semiconductors, a missing or additional electron on a molecule causes a rearrangement of
the surrounding nuclei, and this distortion propagates as the charge moves through the system. The
combination of the charge and the distortion is known as a positive (in the case of a missing electron) or
negative (in the case of an additional electron) polaron. Though the jump from an induced radical on
a molecule to a polaron is straightforward to make, it is important to remember that a polaron carries
a specific polaron binding energy with it.'> In FI-ESR, the charges accumulated in the field-effect
transistor become polarons when the device is switched on.”

Marumoto et al. (2006) were the first to demonstrate the utility of FI-ESR in organic FETs.?> In
pentacene FETs, they showed that the number of carriers detected by EPR is equal to and follows the
same dependence on V; as those calculated via capacitance measurements, thus showing that FI-ESR
indeed measures all injected polarons. Next, they presented resonance spectra for the device aligned
parallel and perpendicular to the Zeeman field, showing different g-factors and peak-to-peak linewidths
between the two. By comparing their results to diffraction data, they showed that these differences are
attributable to anisotropy in the g-tensor and the averaging between its different components that occurs
depending on the angle between the molecule and the Zeeman field. This demonstrated the ability of
FI-ESR to corroborate estimated values of the the molecular g-tensor and, by extension, the packing
arrangement of a molecule. Finally, they extracted the average delocalization length of an electron in the
device via the parallel and perpendicular peak-to-peak linewidths, which in turn supported then-recent
calculations of a larger delocalization length than previously estimated.

The simple correlation between number of injection carriers and intensity of the ESR signal has
led to a diverse range of conclusions. Marumoto et al. (2007) measured composite regioregular
poly(3-hexylthiophene) (RR-P3HT) and Cgp metal-insulator-semiconductors (MIS) diodes using FI-
ESR, monitoring the resonance position and width as a function of gate voltage.”® They found a clear
signal at g ~=2.002 whose intensity grew with negative gate voltage, and at g ~1.998 whose intensity
grew with positive gate voltage. Based on the device structure, they were able to unambiguously show
that positive charge carriers were injected into the RR-P3HT while negative carriers were injected
into the Cgp. Tanaka et al. (2009), meanwhile, used FI-ESR to provide additional evidence for the
gradual-channel approximation of OFETs.*! In RR-P3HT FETs, they observed an increase of the ESR
signal with increasing gate voltage and zero drain voltage, a linear decrease of the signal upon application
of small drain voltages, and finally a drain-voltage-independent signal as V4 became comparable to V.
This observation matches the carrier concentration vs. Vg4 behavior predicted by the gradual-channel

approximation, which reads as

1
0= [szs — (Ves — Vth):| LWE, (3.7

*Since the molecular rearrangement occurs as soon as charges are injected, some may say that polarons are induced
directly rather than electrons or holes that soon become polarons. For the purposes in this thesis, the difference isn’t relevant.
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in the linear regime and as

1

0=—-

5 (Ves = Vi) LWE (3.8)

in the saturation regime (where Vg5 = Vs — Vin). They expanded upon this work later, 42 noting that
charge transport dominated by variable-range hopping*® should have a power-law dependence on the
effective gate voltage, i.e., L ~ Vel?ffz. They showed that the EPR-extracted carrier concentration agreed
well with this dependence using a value of 2.6 in pentacene FETs and 2.3 in P3HT devices.

Perhaps unintuitive at first, Kuroda et al. (2009) showed the ESR can also be used to detect the
formation of spinless bipolarons in FETs.?” Monitoring the carrier concentration as a function of V,
in RR-P3HT MIS diodes, they observed that the carrier concentration increases linearly with voltage
until approximately -15 V, where it begins to saturate. They attribute this behavior to the formation
of bipolarons, which begins to occur at a spin concentration of about 0.2%. Their pentacene diodes,
however, showed no such deviation despite reaching similar spin concentrations. This showed the
bipolaron formation is a system-dependent process that differs between polymers and small-molecules.
In fact, comparison between different derivatives of P3HT showed that it is the molecular backbone —

not the side-chain — that sets the saturation point.

3.2.2 Motional narrowing

Motional narrowing” is another area of interest when using FI-ESR. The first experimental evidence of
polaron motional narrowing in organic semiconductors was found by Matsui et al. in 2003.**" They
measured pentacene thin-film transistors (TFTs) and monitored the evolution of the resonance signal
with both gate voltage and temperature. They found that direct correspondence between the field-effect
mobility and linewidth; specifically, higher mobilities resulted in narrower lines. Using Redfield theory,
they estimated the average time a polaron spent in a trap state to be approximately 1 ns, far longer than
polarons in band transport (see (2.59)). From this, they were also able to estimate the average hopping

distance in pentacene (10 nm) using the Einstein relation for diffusive transport,

R'v

(It is important to emphasize that this equation is being used to estimate the hopping frequency of a
spin-carrying charge, not a pure spin. The reason this distinction is necessary is because disagreement
exists regarding whether the diffusivity constant in the Einstein relation is the same as the diffusivity
constant used in calculations of the spin diffusion length of a system. For a more thorough discussion,

see the supplementary information of Schott et al.’s (2019) recent work on polaron spin dynamics. '°)

*The theory of motional narrowing is explained in detail in Subsection 2.3.1.
T Actually, this was the first experimental evidence of polaron motional narrowing in any field-effect devices, not just
organics.
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3.2.3 Trap states; intra- and inter-domain transport

Leveraging the microscopic insight that FI-ESR gives, Kawamura et al. (2017)* measured the resonance

signal of P3HT and PBTTT* FETs down to 4 K. Observed was that both the peak-to-peak linewidths
and mobilities obey an Arrhenius curve with temperature, but with different activation energies: in both
cases that of the bulk mobility was 10 times larger than that of B,,,. Because the peak-to-peak linewidth
is a measure of charge hopping frequency (see Subsection 2.3.1) — primarily an intra-domain event
— this showed that the barrier to transport within domains is significantly smaller than that between
domains. In other words, bulk device mobility is limited primarily by the time charges spend moving
between polymer domains. Interestingly, the intra-domain mobility in these amorphous systems was
found to be near that of semicrystalline systems.

Building upon this work, Matsui and Hasegawa (2009) compared the temperature dependence of
linewidths between high- and low-mobility pentacene TFTs.?*. They observed a saturation value of
200 uT in the peak-to-peak linewidth, which corresponds to an activation energy of about 10 meV.
Because this saturation occurred for both devices, it is clear that the distribution of intra-grain trap states
is roughly equivalent in pentacene films; the major effect on bulk mobility comes from deep trap states
that are formed at inter-grain boundaries.

A more detailed insight into the distribution of trap states came from Matsui, Mishchenko, and
Hasegawa (2010) when they investigated the ESR spectra of pentacene TFTs at temperatures below
50 K.*® Here, the spectra are Gaussian due to all accumulated charges being frozen in their local
environments. If one assumes an energetic distribution of trap states, then each electron falls into one
level in the distribution. The collection of all electrons at a single level contributes one Gaussian to
the overall signal. Matsui et al. showed that, following this argument, their spectra could each be
decomposed into three significant contributions, i.e., they identified three major groups of trap states.
The first and second are characterized by wavefunctions spanning only 1.5 and 5 molecules, and have
binding energies of 140 and 22 meV. The third is much broader, spanning 6-20 molecules and having
a binding energy between five and 15 meV. Further, because this final set of states lies lower than the
others in energy, we may conclude that these are the ‘shallow’ traps that are filled quickly during device
operation.

One means by which to improve device performance is to passivate these trap states. Marumoto
etal. (2011) systematically characterized the linewidth of FETs made with single crystals of rubrene
(RSC-FET) with and without application of a self-assembled monolayer (SAM).*” By extracting
autocorrelation times, they found that trap residency time decreases from 700 to 60 ps when a SAM
is placed at the semiconductor-dielectric interface. Not only does this correspond to an increase in
mobility (from 0.72 to 7.68 cm?/Vs), but also shows that the most inhibitive traps toward charge transport
are located at the device interface — an observation bolstered by the fact that the g-factor (and thus

molecular crystallinity) of the material did not change with SAM treatment.

*The initialism PBTTT is obvious once you learn that the full chemical name is poly(2,5-bis(3-hexadecylthiophene-2-
yDthieno[3,2- b]thiophene).
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3.2.4 Material microstructure

As was mentioned in the previous chapter, the g-tensor is directly related to molecular microstructure
via coupling to angular momentum. Watanabe et al. (2011)*® used this by measuring P3HT/PCBM
blends in MIS diodes. For pure P3HT devices, they found that the p-type polaron (the hole) has a
resonance position of g =2.0031, corresponding to an edge-on orientation of the holes along the lamellar
structure. As PCBM was added, however, they saw a second peak emerge at g = 2.0022, indicating
flat-on localization. Not only did this peak grow with increasing PCBM in the blend, but the device
mobility fell by three orders of magnitude. Such a steep decrease is attributable to the pm-orbitals that
constitute the flat-on orientation because they interrupt the two-dimensional charge transport between
edge-on 7 orbitals.

Tanaka et al. (2019)* measured two diketopyrrolo-pyrrole-based devices (DPP-based) to link their
microstructure to their charge transport properties. By measuring at 4 K — where inter-domain transport
does not occur — they were able to measure intra-domain mobility and extract the corresponding
activation energy. They found it to be as low as 10 meV; not only far lower than that of inter-domain
transport, but even lower than that of intra-domain transport in other semicrystalline systems. Based on
ESR measurements supplemented with DFT calculations, they ascribed this value to the high molecular
planarity of the molecules. They further noted that this rigid structure allows for nearly identical transport
between and within domains, as the effects of motional narrowing in the two regimes were found to be

identical.



CHAPTER 4

EXPERIMENTAL ANALYSIS & CONSIDERATIONS

While the lineshape (2.29) describes the form of the absorption function, it does not properly describe
the spectrum S recorded by the spectrometer. This is because there are several instrumental factors that
alter both the magnitude and linewidth of the signal. In order to properly extract physical values and
meaning from fitted parameters, it is crucial to understand the origins of these contributions as well as
how to properly analyze them. That is the goal of this chapter.

As a simple example, (2.30) showed that absorption will be maximized at the resonance yB = ..
One therefore requires precise recordings of B to properly determine the g-factor. In the experimental
ESR setup used for this report, the Zeeman field is measured by an NMR teslameter sitting several
centimeters away from the sample. The corresponding offset in magnetic field is easily corrected by
measuring a sample with a known g-factor, finding the resonance, and calculating the difference between

resonant field and teslameter-recorded field.

4.1 Experimental Setup

All EPR measurements reported in this thesis were taken on a Bruker ES00 spectrometer using a Bruker
ER 4122SHQE cavity and an X-band microwave source. An Oxford Instruments ESR900 cryostat
controlled by an Oxford Instruments Mercury iTC was used for temperature-dependent spectra, and a
Keithley 2602b source unit was used for electrical characterization. CustomXepr, a Python package
developed by Sam Schott,'> was used to integrate the above-mentioned instruments and automate
measurements when desired.

A typical FI-ESR substrate is a 40 mm x 3 mm x 0.5 mm fused quartz plate (UQG optics, FQP-5005)
with an organic field-effect transistor fabricated on top. The bottom of the sample is adhered to a sample
holder/boat using Kapton tape or silver conductive paint. The end of the boat nearest the sample consists
of three contact pads, which are contacted to the OFET pads via wire-bonding. These contact pads
extend to the other end of the boat, where they are soldered to conductive wires. The other ends of these
wires are threaded through a rubber vacuum cap for an EPR tube, and the resulting small holes around
the wires in the cap are re-sealed with epoxy. The entire system of sample, boat, wires, and thread

(henceforth known as the "substrate") is then loaded into an EPR tube and sealed using the vacuum cap.
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(b)

Fig. 4.1 (a) A single transistor attached to the sample boat. On the sample are visible the gold source and drain
electrodes as well as the aluminium gate. The transistor electrodes are connected to the boat with aluminium wire
bonds, and the sample itself is adhered with double-sided Kapton tape. The large amount of silver dag paint on
the gate is to prevent the aluminium wire from disconnecting under thermal stress. (b) The full sample tube with
substrate inside it. The wires leading from the sample to the rubber cap are clearly visible.

This leaves the ends of the wires out of the EPR tube, allowing us to connect them to the Keithley source
unit.

The spectrometer setup is displayed in Fig-
ure 4.2. Sample tubes are slid into tube holders,
which are positioned such that the bottom of the
tube stands in the center of the microwave cavity
and between the coils that produce the static, con-
stant Zeeman field. This fixes the orientation of
the excitation microwaves relative to the Zeeman
field, meaning all measurements are considered
perpendicular-mode EPR. The smaller coils on top

of those that produce the Zeeman field produce the

small modulation that allows for first-harmonic

detection of the signal. A signal is detected by

Fig. 4.2 A picture of a sample tube inside the EPR cavity.

The large white cylinders on either side are the electro-

slowly sweeping the Zeeman field. magnets that produce the Zeeman field, while the smaller
cylinders on top of them produce the modulation field.
The metallic blue holder is the Oxford cryostat.

fixing the frequency of the microwave source and

4.2 The Microwave Path

During operation, microwaves traverse the path represented by the block diagram Figure 4.3. Point A is
the source, where a Gunn diode produces microwave excitations. The diode is capable of producing
gigahertz radiation up to 200 mW power, a range suitable for the EPR measurements described herein.
The majority of microwaves produced at the source travel to point B in the diagram, the attenuator.
Here, the power of incoming microwaves is finely tuned to ensure they properly match those desired
by the experimenter. From this point, they travel to point C, a circulator, which directs these incoming
microwaves to the sample cavity (D). While the exact details of the cavity will be discussed shortly, here

it is sufficient to describe how the radiation interacts with the sample: largely, it doesn’t. At least not
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until the resonance condition (2.1) is met. When the condition is met, however, the sample becomes
much more absorptive as spins are forced to flip. This manifests as a radiation signal emitted from
the sample, which travels back into the circuit toward the circulator, and is then directed to a Schottky
barrier diode (E). This diode acts as the detection mechanism, sending the voltage generated by the
signal radiation to the spectrometer. This diode functions with optimal sensitivity when its current is
200 puA. To ensure this, a small portion of the source microwaves are sent to a reference arm (point F),
which adds or subtracts to the signal radiation the microwave power needed to achieve 200 ttA. A phase
shifter is also located in the reference arm to ensure the phase of the supplemental radiation matches that
of the signal.
When operating at optimal sensitivity, the output of
the Schottky diode is proportional to the square root of
IE the microwave power. Thus, the signal resulting from
the Lorentzian absorption function (2.29) has the slightly
altered form

: B XoVBOmy 1 2
@ B/ @ L(B| @, p) = XO0YE B p

1+ 7B TiT, p P2+ (0L — Ony)?’
B @.1)

which of course slightly alters the Voigtian signal

Fig. 4.3 A block diagram of the microwave bridge.

- 50 *
Adapted from Jiang (2001). V(B|@nw,By,p) = / 9(B/IBV)L(B _B/’p)dB/.

4.2)

4.3 The Microwave Cavity; Determination of B,y

To understand the influence of the microwave cavity on the signal, it is important to note that ESR
samples are measured inside resonant cavities to enhance weak signals. This is possible because an
electromagnetic wave at resonance inside a cavity is a standing wave, meaning its electric and magnetic
components are entirely out of phase. We can thus place the sample at a position where the oscillating
magnetic field is maximized and the oscillating electric field is minimized. The absorption signal, which
depends on the magnitude of the magnetic component, is also maximized.

As mentioned, the sample is placed at the center of the cavity and the frequency of the radiation
field is tuned until resonance is found. Thus, the microwave source sets both the radiation frequency,
Onw, and the radiation power. However, the amplitude of the radiation field, By, is also needed for
computation of relaxation times and absolute number of spins. To determine this, we must note that
some energy applied to the cavity will always be lost,” which corresponds to a reduction in Bp,,. The

ratio of energy stored in the cavity over one cycle of the radiation field to the energy lost in the same

*One source for loss is the generation of Eddy currents in the cavity walls, while a second is the absorption of microwaves
by the sample itself.
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cycle is known as the g-factor. Here its definition is equivalent to the ratio of the cavity’s resonant

frequency to the full-width-at-half-height of the resonance, a quantity recorded for each scan:”!

_ Omy
Ao’

0 (4.3)

The magnetic field amplitude then follows straightforwardly since the integrated absorption signals
of paramagnetic materials scale directly with magnetic field amplitude and magnetic susceptibility. Thus,
by measuring a known reference,” we find the following relationship between microwave power and

amplitude at the center of the cavity as a function of g-factor:
Bhw = Buw(y = L/2) = K+/QPw K = 2.4069 x 1076 T/v/W, (4.4)

where L is the length of the cavity. Since the sample is only 3 mm wide, we neglect radial fluctuations
in Bp,. For vertical fluctuations, Bruker software stores this functional form of By, as a ninth-degree
polynomial. Using it, we can calculate the average magnetic field across the length of the sample:

1 L
B0, Pow) = 7 /0 b(y) By dy. 4.5)

4.4 Zeeman Field Modulation

As mentioned at the beginning of this chapter, small modulation coils superimpose a small, oscillating
magnetic field on top of the Zeeman field. A lock-in amplifier tuned to the modulation frequency then
increases the resonance signal while also filtering out many sources of noise. Consequently, it is not
the absorption signal that is recorded by the spectrometer, but rather the derivative of absorption with
respect to the static field. Mathematically, this amounts to adding a term Bioq sin(@moqt ) to the Zeeman
field B. Upon taking the derivative of this with respect to the modulation frequency, we see that the
detected signal scales directly with the amplitude of the modulation field. This technique is therefore
advantageous because it increases the signal-to-noise ratio; however, it does require correction for signal
artifacts.

Both the peak-to-peak amplitude Ap, and linewidth By, of the derivative signal are functions of the
chosen modulation amplitude, as shown in Figure 4.4. As shown in the right panel, in the absence of
modulation the peak-to-peak linewidth is equal to the ratio 2p /+/3. In the left panel, we see that if the
modulation amplitude is smaller than this value, the absorption signal scales almost linearly with Bp,eq.
Beyond this point, however, the signal slowly decreases. This suggests setting the modulation amplitude
gp; yet, even
before the decrease in signal amplitude, the observed linewidth ABpp(Bmod) is artificially broadened to

equal to the true linewidth of the sample in the absence of modulation, i.e., Byod = AB

an appreciable degree.*® To preserve the true derivative spectrum, Bpq should be chosen so that is a

*For the experiments described here, we use a small amount of the organic 2,2-diphenyl-1-picrylhydrazyl (DPPH), which
is a stable free-radical molecule.
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Fig. 4.4 fig: Normalized peak-to-peak amplitude (left) and relative linewidth (right) for first derivative Lorentzian
and Gaussian curves as a function of modulation amplitude. ABp,(0) is the linewidth in the absence of modulation.
Reproduced from Slichter (1963).%

fraction of Ang. This is, unfortunately, not always possible, especially when the sample’s absorption is
weak. In that case, a large value of Byq is needed and the artificial broadening must be corrected.

A routine in MATLAB to perform this correction is used for the data described herein. By exploiting
the facts that the diode’s response to the signal (including modulation) can be written as a Fourier
transform of the signal, and that phase-sensitive detection has no time variance with the signal, it models
the recorded spectrum & as a convolution between a modulation kernel and the absorption signal. The

resultant signal therefore follows the form
S(BlBuod: Onu:P) = | Ki(BlBunoa) £(B~ B @n,p)B’ 4.6)

where

= BmodB*\ 5
Ky (B|Bmoa) = 1" / Jn<m(;>e’33 dB* (4.7)
is defined by the nth order Bessel function. The harmonic K| is chosen specifically because that is the
harmonic detected by the amplifier. If the spectral signal is in the Voigtian regime, this equation is
modified to

S(B|Buod, @ - By) = / K (B|Buod) V(B — B| @, By )dB'. 4.8)

The above equations thus account for the modulation field and allow us to extract the true absorption
function £ or V.

As long as Byeq < Ang, these expressions are valid. Therefore, it is important when acquiring
data to start with a small modulation amplitude and to slowly increase it until artificial broadening is



44 Experimental Analysis & Considerations

first observed. For more information regarding the theoretical background see the work by Hyde et al.
(1990)°*

4.5 Parameter Extraction

The true absorption signal that allows us to extract physically meaningful parameters is the Lorentzian

BuwXoYBOmy 1 p?

V1+ 7B T T 7P P2+ (0L — Ow)?’

with, in the case of a Voigtian signal, the B, of the Gaussian distribution of fields. By fitting it, we

4.9)

L(Bv|me7p) =

obtain the resonance position, the product 7173, and Byys. The extracted resonance position from such a
fit will be an average of the principal components of g, while averages of the components of A and D
may be extracted by expressing 77 and 7> in terms of the coupling tensors, as described in Section 2.3.
Because the lineshapes were derived from the model Hamiltonian (2.11) under the assumption that it is
averaged in all directions, a fit to these curves reveals only some average of the principal components of
the coupling tensors.

Actual fits were performed for the data herein by using the Levenberg—Marquardt algorithm to
perform non-linear least-squares fitting. > In more general cases, where spectra cannot be fit to simple
Lorentzian, Voigtian, or Gaussian curves, advanced fitting procedures may be used, such as starting with
a model Hamiltonian, calculating the resulting energy levels, and determining the electronic transition
energies using density functional theory. Though this was not done for this thesis, such a procedure

could allow for all components of the coupling tensors to be estimated.

4.5.1 Spin counting

Integration of (4.9) with respect to ¥B yields

Bmw%O YB Omw

71+ ’)/ZBrzanl T ‘

(The factor K is needed to ensure cavity-dependent calibration factors are included. These values are

o =K (4.10)

determined by the manufacturers of the measurement equipment used and are automatically included
in all measurements. However, periodic calibrations are performed to ensure they do not drift.) If the
power of the oscillating field is weak enough to satisfy yB2 T1T» < 1 then this gives a measure of
Xo and, by the results of the previous section, the number of free spins N. Further, in this same limit,
absorption grows with increasing microwave field strength. Physically this is because the probability per
unit time of causing a spin to flip increases with Bp,,: higher microwave powers cause more spins to
absorb and more spins to radiate energy per unit time. As long as there remains a population imbalance,
there will be a greater net absorption.*® The effect of increasing the microwave field to higher powers

(where the condition }/Brzanl T, < 1 is no longer satisfied) is discussed in the following section.
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Though Lorentzian and Gaussian curves can
easily be identified by their lineshapes, it is im- 50 b
portant to not ’clip the wings’ of these curves, i.e.,
to ensure recorded spectra capture even the outer- § 40
most points of the curves. The reason for this is E 30
shown in Figure 4.5, where the percent error in the § 20l
extracted number of spins is plotted as a function A, Lorentzian
of the width of the spectrum, measured in number 10
of peak-to-peak linewidths (S). For Lorentzian Gaussian . . .
curves, we see that even a spectrum of width 20 0 10 20 30 40
peak-to-peak linewidths can result in almost 10% S —

error in spin estimation, and more accurate val- Fig. 4.5 The percent error obtained in spin counting when
the first-derivative spectrum is truncated. § is the range

o T of the spectrum measured in number of B,;,. Reproduced
acquisition ranges (30+ peak-to-peak linewidths). from Weil & Bolton (2007).3°

ues can only be obtained by going to very large

Gaussians, due to their narrower lineshape, permit
small error estimates for spectra of only five peak-to-peak linewidth, but dropping below this value

drastically increases error.

4.5.2 Saturation vs. non-saturation measurements

As yB2 T\ T, becomes comparable to and exceeds unity, we see from (4.9) that the signal will begin
to decrease. This occurs because the microwave field pushes the states toward equal populations: if
more spins exist in one state than the other, there are also more spins leaving that state because the
probabilities of the two transitions are equal. To remain unevenly populated, the higher-energy spins
must have time to thermally relax by exchanging energy with the lattice. If they cannot then the field
will drive the states toward equal populations, resulting in decreasing net absorption and eventually no
signal whatsoever. This regime is known as the saturation regime.*

A second effect of saturation is an increase in the width of the signal, p = \/W /Y.
This is due to an increase (from faster spin-flipping) of the magnetic fields produced by dipoles
throughout the sample. Different electrons experience different local variations and thus different
effective magnetic fields. The result is a wider distribution of resonant frequencies. This is one example
of linewidth broadening.

If a measurement is taken while the system is not saturated, the condition y*B2  T1 T, < 1 implies
that one can only acquire g and 7> from a fit. Physically this means that the speed with which the system
relaxes hot spins (Tl_l) is faster than the rate of excitation and measurement. On the other hand, driving
the system to saturation allows one to obtain the product 717,. To find this saturation point, we could
fit the peak-to-peak height of the signal as a function of microwave power, Hp,(P;) to a square-root
dependence (see Section 2.2). However, an altogether more accurate measurement of relaxation times

can be obtained by recording the spectrum S(B) over a range of microwave field powers and then fitting
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Fig. 4.6 A simulated EPR spectrum for one unpaired electron interacting with eight equivalent 7 = 1/2 nuclei.
As additional nuclei are added, eigenstates become more and more degenerate. This is reflected in the relative
intensities of the peaks observed. Reproduced from Weil & Bolton (2007).3°

the full 2D dependence, S(B, Bny ). This yields the values 77 and 75 (as well as other parameters already
mentioned).

It is worth mentioning that power saturation measurements are not challenging conceptually, but
impose considerable time costs: Because 7] is best fit by having a large range and high resolution of
microwave powers, a four-minute scan for a single spectrum can translate to between one and two hours
for a saturation measurement. This, coupled with temperature-dependent measurements, the need to
increase integration times and numbers of scans, and the desire to repeat measurements to avoid random
errors, can result in a single experiment taking three, four, or even five weeks (especially in the case of

ambipolar measurements, where both polaron types are measured; see Chapter 5).

4.5.3 Resolution of hyperfine signals

If individual hyperfine signals can be resolved then the individual hyperfine couplings A" can be
determined by the splittings in the signal. If they cannot be resolved (because the splittings are smaller
than the linewidth of the Lorentzian), the signal is inhomogeneously broadened and resembles a Gaussian.
It is only possible then to obtain the average coupling constant, a. The half-width-at-half-maximum of
the Gaussian is related to this mean coupling strength via

ABy;p = a (4.11)

1/2 \/N ) .

for an electron whose wavefunction spreads over N nuclei.*® (See Subsection 2.1.2 for a discussion of

why the linewidth narrows with delocalization of the electron.)

4.5.4 Error analysis

As described previously, the Levenberg—Marquardt algorithm is used in this thesis to perform non-linear
least-squares fitting of Lorentzian and Voigtian curves to the data. As a result, errors of parameter
estimates are obtained from the fitting procedure. The only significant source of experimental error

comes from the exact placement of the sample inside the cavity due to the non-uniformity of the magnetic
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field (see Section 4.3). To minimize this, all EPR samples were prepared such that the center of the
FET accumulation layer would sit in the center of the microwave cavity when the sample sat at the
bottom of the sample tube, and the sample tube at the bottom of the cavity. Thus, while it’s possible
that this alignment results in samples sitting slightly higher or lower than the exact center of the cavity,
such error would be systematic and would only alter (slightly) the overall values of reported parameters;

comparisons and trends as a function of temperature and applied voltage would still be valid.

4.6 Other Experimental Considerations

This section will review experimental parameters that do not directly affect parameter extraction, but do
impact the shape of the spectral signal and are necessary to accurately obtain the data presented in this

thesis.

4.6.1 Sample temperature

Sample temperature can affect both spectral intensity and linewidth. If the system is described by
Boltzmann statistics, then the spectral intensity is modified via a change in the population of spin
states with temperature. As stated in Subsection 2.1.3, this occurs in paramagnetic samples and the
susceptibility in this case is Curie. Because this is an inverse law with temperature, spectra taken at the
lowest temperature feasible are often those with the greatest signal-to-noise ratio. However, care must
be taken when measuring at low temperatures, as experimental difficulties may arise. A few examples
are that g-values can drop as moisture condenses in a cavity that may not be perfectly sealed from the
atmosphere, charges may not be able to accumulate in FETs used for FI-ESR, and thermal heating at
high microwave powers may be damaging to organic samples.

The spin-lattice relaxation time 77 can have a strong dependence on temperature via its dependence
on the fluctuations of local fields.” In such cases, the spectral linewidth is a strong function of sample
temperature. It is thus sometimes necessary to measure at low temperatures to ensure sufficiently narrow
linewidths (or, at the opposite extreme, measure at higher temperatures so that the linewidth is detectable

for a given spectrometer).

4.6.2 Modulation frequency

Though rarely encountered as a problem, occasionally the modulation frequency applied to the field
superimposed on the Zeeman field can distort the spectral line observed.*® In general, as the modulation
frequency approaches the linewidth (i.e., Vinoa ~ (gUB/h)ABpp), side-bands begin to appear in the
spectral signal, and the intensity of these bands scales with the modulation amplitude. (See Figure 4.7
for an example of the development of these sidebands with increasing modulation amplitude.) Thus,
even in cases where the lower limit of modulation is still too high for the given linewidth, it is still

best to reduce the modulation amplitude as far as possible. This prevents the observed sidebands from

*In extreme cases, the relaxation time is inversely proportional to the seventh power of temperature. >*
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significantly distorting the spectrum, and such artifacts may be removed or rectified in post-processing.
The situation of having a very narrow linewidth is encountered in Chapter 7, where we must lower both

the modulation frequency and amplitude to observe the true spectral signal.

Fig. 4.7 The appearance of modulation sidebands in CaO as a result of over-modulating the signal. The true
linewidth is 2.0 uT, while the modulation amplitude is, from left to right, 0.4, 2.0, and 5.0 uT. The modulation
frequency is 100 KHz. Reproduced from Weil & Bolton (2007).3¢



CHAPTER 5

SPIN RELAXATION IN AMBIPOLAR POLYMER OFETS

Ambipolar devices are those able to produce both electron and hole currents. For field-effect transistors,
this definition requires that both electrons and holes can be injected into the channel. In theory, any
organic semiconductor may be used to construct an ambipolar device by matching the work function
of one electrode to the semiconductor’s LUMO while matching the work function of the other to the
HOMO. In practice, it is customary to refer to a material as ‘ambipolar’ if it can be used to produce
an ambipolar device without using different metals for the source and drain contacts. These systems
are preferable from a fabrication standpoint, but the resulting mismatch between the work function and
either the LUMO or the HOMO will cause one type of polaron to produce an injection-limited current.”
Nevertheless, several ambipolar materials offer well-balanced and high polaron mobilities with minimal

device processing, making them desirable systems in which to compare polaron-dependent processes.

5.1 Introduction

Though ambipolar OFETSs only came of notice in the early 2000s,>=’

research into them has grown
steadily over the past two decades.” Their advantage over inorganics is clearly demonstrated by two
technologies: (1) the complementary inverter, where organics can offer simpler fabrication procedures
(compared to inorganics, which often require fabrication via submicrometer-implantation of dopants),
and (2) light-emitting field-effect transistors (since light emission in bulk silicon is inhibited by the
indirect band gap).>® In either case, these devices offer the low-cost, large-scale, flexible manufacturing
afforded by organics combined with the multipurpose applicability of ambipolar systems.

At the advent of ambipolar OFETs, devices featuring mw-conjugated conducting polymers composite
with fullerene were desirable due their ease of solution processing. %’ Though it was long suspected
that positive carriers in these systems were injected into the polymer and negative into the fullerene,

the first definitive proof came from Marumoto et al. (2009) when they used FI-ESR to identify unique

*An injection-limited current is one in which the current flowing through a device is limited by the efficiency of the
electrodes to inject charges. It should be compared to a space-charge-limited current, where the current is limited by the ability
of the dielectric to transport injected charges. '

TAs recorded by published articles counted by the Institute for Scientific Information Web of Science. Data updated from
Zaumseil and Sirringhaus (2007). 58
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g-values in the positive and negative bias regimes.”® Watanabe et al. (2009) then added to this work,

ascribing unique ambipolar charge transport in similar devices.®' Beyond this, FI-ESR has been used to

estimate the spatial extent of polaron wavefunctions, >>*° 44,22,24,62

24,46,47

observe polaronic motional narrowing,
and study trapping mechanisms in OFETs.

Recently, our group used FI-ESR to systematically study polaron spin dynamics in several high-
mobility organic semiconductors. !> By performing power-saturation measurements from 5 K to room
temperature (see Subsection 4.5.2), we observed three regimes of spin relaxation. The first two, inhomo-
geneous broadening and motional narrowing, are predicted from the theory presented in Subsection 2.3.1,
while the third requires an alternative explanation. By excluding inter-chain effects and simulating intra-
chain dynamics of the polaronic wavefunction on picosecond timescales, we proposed a spin-shuttling
model of relaxation in this regime, whereby reconfigurations of the wavefunction in response to nuclear
vibrations cause spins to relax.

Here, we measure ambipolar systems in FI-ESR to systematically study relaxation dynamics as a
function of temperature. These materials are useful because they allow for variation in the electronic
wavefunction (via injection of either p- or n-type polarons) without changing the microstructure of
the material. In other words, we are able to probe relaxation theories directly as a function of the
wavefunction, without the need to compare across systems and account for structural and electronic
differences. As an added benefit, the time required for simulations to compare against our results is
reduced since many structural parameters remain the same for both polaron types.

This strategy (of comparing polarons in ambipolar systems) reveals here that polaron mobility
remains an important factor in relaxation at all temperatures. We observe that, in transitioning from
inhomogeneous broadening to motional narrowing regime, mobility is far more important than the
extent of the wavefunction, and only in the high-temperature regime does the localization length of
the wavefunction become significant. We hypothesize in that regime that, if relaxation is driven by
wavefunction reconfiguration due to nuclear vibrations, then altering the wavefunction but retaining
the same nuclear modes should manifest as different relaxation behavior. Thus, systems with similar
radical cation and anion wavefunctions should display little difference between the relaxation behavior
of polarons in the spin-shuttling regime, while spatially different radical wavefunctions should display

more contrasting behavior.

5.2 Experimental Design

5.2.1 Systems measured

We consider three representative systems here, the chemical structures of which are shown in Figure 5.1.
The first two — an anthracene-naphthalene derivative (AN) and a naphthalene-naphthalene derivative
(NN) — are electron-deficient, conjugated polymers with completely fused backbone structures not

containing any single-bond linkages; ®* both have been previously characterized by Xiao et al. (2021).%4*

*In Xiao et al.’s work, note that AN is referred to as AN2 and NN as NN1.



5.2 Experimental Design 51

CgH17

CeHi3

Caftr S’C10H21 S’Cmsz

CgHi3z CgHq7 CgH17

(a) AN (b) NN
CH,(CHp)gCH3

N//<CH2(CH2)6CH3

(c) DPPT-TT

Fig. 5.1 The ambipolar organic semiconductors used for this research. AN and NN are fused copolymers while
DPPT-TT is a donor-acceptor system. See Xiao et al. (2021)%* for characterization of the fused systems, and Chen
etal. (2012)% for that of DPPT-TT.

In these systems, the double bond fusing the backbone results in an extremely rigid structure and rod-
like conformation. Due to the high degree of symmetry across the bonding site in these systems, we
hypothesize their electron and hole wavefunctions to be similar to one another.”” Though the structures
are rigid, they are not completely flat due to steric repulsion between carbonyl oxygens and adjacent C-H
groups, which results in both systems having a torsion angle of roughly 18° at the double bond. Though
ambipolar transport was demonstrated for these polymers, only the electron regime was systematically
studied due to injection issues for holes. In AN, electron mobility ranged from 0.4 to 0.8 cm?/Vs
(depending on molecular weight), while in NN the highest mobility achieved was 0.1 cm?/Vs for high
molecular weights, and was drastically lower for smaller molecular weights.

The third system — a diketopyrrolopyrrole derivative (DPPT-TT)® — is a donor-acceptor system,
meaning a single molecule can be clearly divided into an electron-rich and electron-deficient moiety. %’
It is comprised of DPP, thieno[3,2-b]thiophene (TT), and a two thiophene moities in a single repeat

unit. Though first identified as a hole-transport system, Chen et al. (2012)%

demonstrated it as capable
of ambipolar transport under optimized device fabrication. In particular, high annealing temperatures
(>200° C) improved the edge-on* packing of the system and thus facilitated charge transport in both

holes and electrons, while solely electron transport was improved by even higher annealing temperatures

*To be clear, the polaron wavefunctions are similar to one another in AN, while the same is true in NN. They need not be
similar across the two systems.

TSimulations of the polaron wavefunctions are currently in progress, but were not yet complete at the time of writing.

The system packed along the 7-7 direction in-plane and along the side-chain out-of-plane.
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(320° C) and not plasma-cleaning gold contacts before spin-coating.” Via these fabrication methods,
mobilities on the order of 1 cm?/Vs were achieved for both polaron types.

In this chapter we show that the three regimes of spin relaxation are present for both types of polarons
in all three systems. By relating charge transport measurements to FI-ESR spectra, we show that organic
spin dynamics are driven primarily by charge motion at temperatures below roughly 150 K, independent
of wavefunction localization. For higher temperatures, we show that wavefunction extent becomes
the dominating factor, with spin-shuttling driven by nuclear torsion relaxing spins faster than charge
transport can counteract this effect. We compare these observations to simulations on DPPT-TT, which
show a clear difference in the localization of holes and electrons. We use this to identify in a DPPT-TT
chain the exact site of torsion responsible for spin-shuttling, and we compare these results to those of

the fused systems, where the similarity of the wavefunctions manifests as similar relaxation behavior.

5.2.2 Methods

Field-induced ESR measurements were performed on top-gate, bottom-contact FET devices: Fused-
quartz plates (UQG Optics, FQP-5005) were cut to 40 mm x 40 mm squares with a diamond saw, then
ridges of depth 0.3 mm were cut into one side of the glass along its full length at the 3 mm mark, 4.5
mm mark, 7.5 mm mark, 9 mm mark, etc. After cleaning, we used photolithography followed by metal
evaporation to deposit interdigitated source and drain contacts with a total channel width and length of
243 mm and 0.1 mm, respectively. The odd layout of the electrodes is due to the narrow constraints of
the ESR cavity coupled with the need for high carrier injection in order to detect a signal. A photograph
of the contacts in a test device is shown in Figure 4.1.

Solutions of AN and NN were created by adding 10 g/ of polymer to trichlorobenzene and dissolving
for 1 hour at 160° C. We heated the substrates at 150° C for five minutes, then spin-coated the solutions
onto them at 1200 rpm for 6 minutes using hot glass pipettes (also heated at 150° C for five minutes).
Immediately afterward we annealed the devices by placing them on a hot plate at 160° C for 5 minutes,
then 250° for 30 minutes, then quenching them on the metal surface of the glovebox.

The solution of DPPT-TT was created by adding 10 g/l of material to dichlorobenzene and dissolving
overnight at 80° C. Solutions were spin-coated at 1400 rpm for 60 seconds. Devices were then annealed
at 320° C for 20 minutes, then quenched.

After polymer deposition, all devices had PMMA spin-coated onto them at 1400 rpm for 30 seconds,
then were annealed at 80° C for 30 minutes. This method results in a PMMA layer that is 400 nm thick
and has a dielectric constant of 3.6. PMMA is known to be suitable for ambipolar transport in polymer
FETs because it has few electron-trapping groups. %9570
We finished fabrication by evaporating aluminium gates of thickness 30 nm over the active areas.

Individual devices were separated from the 4 cm x 4 cm square by applying pressure along the length of

*Several possible explanations were suggested for the improvement in electron transport upon annealing, while the
improvement from not plasma cleaning was attributed to a reduction of the electrode’s work function.
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the 0.3 mm indents. In some cases, it was helpful to first cut through the dielectric and polymer over the
grooves using a scalpel. This prevented the dielectric from peeling off the gate upon device separation.

To perform FI-ESR measurements, a transistor was attached and wire-bonded to a substrate holder
with source, drain, and gate connections. The device-and-boat combination was lowered into a tube
appropriate for ESR measurements and sealed under nitrogen using a rubber cap. The electrode wires
were punctured through the cap in order to connect to the voltage source, and the puncture sites were
sealed with epoxy to preserve vacuum. (See Section 4.1 for more details of this setup.)

All EPR measurements were taken on a Bruker E500 spectrometer using a Bruker ER 4122SHQE
cavity and an X-band microwave source. An Oxford Instruments ESR900 cryostat controlled by an
Oxford Instruments Mercury iTC was used for temperature-dependent spectra, and a Keithley 2602b
source unit was used for electrical characterization. CustomXepr, a Python package developed by Sam
Schott, !> was used to integrate data collected by these instruments and to automate measurements when

desired.

5.2.3 Experimenter contributions

The author of this thesis proposed the original idea to study ambipolar systems as a test of wavefunction
dynamics, fabricated the samples, recorded nearly all of the data, and analyzed the results. Sam Schott
helped fine-tune the experimental design, assisted in collecting data when necessary, and provided
useful input on data analysis. Mingfei Xiao provided training on the fabrication of AN and NN. David
Beljonne and Vincent Lemaur did all of the computational work presented in Subsection 5.3.3. Henning
Sirringhaus, of course, provided much useful insight in the experimental design and in the interpretation
of the data.

5.3 Results & Analyses

5.3.1 Device characterization

To ensure sufficient balance between both polaron mobilities, we first performed electrical measurements
to characterize the OFETs. Figure 5.2 shows the n- and p-type transfer curves and corresponding
mobilities in all three systems at 290 K. In the top row, we see that n-type transfer performance in the
fused systems is nearly ideal while p-type shows a higher threshold voltage and more ill-defined turn-on.
In DPPT-TT, performance is nearly identical for both holes and electrons, each having nearly the same
threshold voltage and turn-on. The bottom row of the figure shows the polaron mobilities in the three
systems. In AN at 290 K, both electron and hole mobility are on the order of 0.1 cm?/Vs, which can
be compared to Xiao et al.’s reported value of 0.4-0.8 cm?/Vs in electrons. (Mobilities for holes were
not reported.) In NN, both polaron mobilities were about 0.01 cm?/Vs, which is the expected value
for electron mobility in NN.%* In DPPT-TT, our observed mobilities were lower than those reported in
Chen’s work: % 0.1 vs. 1 cm?/Vs for both holes and electrons. Though our values are lower than those

under entirely optimized conditions, we emphasize that the ambipolar behavior is well balanced, thus
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Fig. 5.2 Ambipolar transfer (top row) and mobility (bottom row) characteristics of AN, NN, and DPPT-TT at 290
K in both the linear and saturation regimes. Red corresponds to holes and blue to electrons. For clarity, mobilities
before the turn-on voltage are not shown.

making the two polaron types comparable in our FI-ESR measurements. In all systems, n-type mobility
is 2-3 times higher than p-type (at the same magnitude of gate voltage).

Relaxation times were recorded via the following procedure: At a given temperature we first
measured the p-type spectra (Vy = —60 V), then measured the background signal (Vy = 0 V) if deemed
necessary from initial test scans, then measured the n-type spectra (V; = 60 V). Transfer and output
curves were recorded before and after each ESR measurement to ensure device degradation was
negligible over the scanning time. In order to avoid systematic error in ESR curves due to this p-type,
background, then n-type ordering, we occasionally and randomly measured n-type data first or measured
n-type performance in another device to compare. No differences were observed.

For AN and DPPT-TT at temperatures below 80 K, hole injection was so low that an ESR signal
was not obtainable. (The minimum number of spins required is 10''.) To overcome this, we recorded
those spectra by injecting polarons at 150 K and then lowering the temperature to the required value to

measure.” Consequently, FET curves are not available for these low temperatures, as recording these

*Since only holes presented this problem, it would have been possible to continue injecting electrons at each temperature
step. However, because this research aims to compare the relaxation behavior of holes and electrons under otherwise equal
conditions, we decided it would be best to keep measurement conditions the same between the two polaron types at each
temperature.
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would have emptied the accumulation layer of injected polarons. The problem occurred for NN below

120 K, so polarons in those scans were injected at 200 K.
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Fig. 5.3 Top row: Representative ESR spectra for holes and electrons in AN, NN, and DPPT-TT at 200 K. Bottom
left: Stacked plots of the n-type spectra in AN at 200 K as a function of microwave power. Bottom right: The
same data presented as a surface plot with the full 2D fit.

5.3.2 Relaxation dynamics

To extract relaxation times, power-saturation curves were recorded at each temperature step. (See
Subsection 4.5.2 for the theory of these measurements.) Representative ESR spectra are shown for each
system at 200 K in the top row of Figure 5.3. For all three systems, unique electron and hole signals
were observed for positive and negative voltages, respectively. The resonance positions of these signals
for electrons and holes, respectively, (and each with error £0.00005) are 2.00367 and 2.00335 in AN,
2.00367 and 2.00340 in NN, and 2.00385 and 2.00385 in DPPT-TT. It is important to note that these
curves are only meant to show a typical signal for each sample. Relative spectra locations and size are
not comparable since these are determined by measurement parameters, which may be modified between
scans. In the bottom row on the left is a stacked plot depicting the evolution of the electron polaron in
AN at 200 K as a function of microwave power; the black dots are individual data points while the red
lines are fits. On the right is the same data depicted in a surface plot along with the full 2D fit.

The full temperature dependencies of both longitudinal and transverse relaxation times can be found
in the top row of Figure 5.4. In accordance with Schott et al.’s work (2019),'> the inhomogeneous
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Fig. 5.4 Top row: Dependence of polaron mobility as a function of temperature in the three systems studied.
Middle row: Dependence of only polaron 7> on temperature. The red and blue dashed lines mark a transition in
relaxation regime for holes and electrons, respectively. The first (per plot) marks the transition from inhomogeneous
broadening to motional narrowing, and the second from motional narrowing to high-temperature relaxation. The
T, data for AN and NN has previously been published.** Bottom row: Dependence of polaron mobility on
temperature across the three different materials.

broadening, motional narrowing, and spin-shuttling regimes of relaxation are clearly visible in all three

systems for both polaron types.” Because 77 monotonically decreases with increasing temperature, only

the behavior of 75 in these systems differentiates between the relaxation regimes. We therefore show

*Also in accordance with Schott et al.’s work, and with Subsection 4.5.2, each T} and 75 data point took roughly five hours

to collect, meaning full plots were the result of weeks’ worth of effort (after including test scans, repeats, and failures).
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only 7> vs. temperature in the center row of Figure 5.4. In the three figures, the different regimes are
delineated by red and blue lines, of which there are two in each plot: one to mark the transition from
inhomogeneous broadening to motional narrowing, and one for motional narrowing to high-temperature
relaxation. In the fused systems, the transition from inhomogeneous broadening to motional narrowing
occurs for both polarons at the same temperature: at 100 K in AN and at 120 K in NN. High-temperature
relaxation, on the other hand, sets in slightly later for holes than for electrons: in AN, electrons transition
at 180 K while holes transition at 200 K, and in NN electrons transition at 200 K while holes transition
at 220 K. Finally, in DPPT-TT motional narrowing sets in at about 40 K for electrons and at 80 K for
holes, while high-temperature relaxation sets in at about 150 K for electrons and at 200 K for holes. It is
important to note that, though we honed in on specific temperature points to find regime crossings after
performing initial, low-resolution sweeps, the regime crossovers presented here are accurate only within
+15K.

To interpret these results, it is necessary to examine both the charge-carrier mobility and (de)localization
of polaronic wavefunctions. The charge-carrier mobility is plotted in the bottom row of Figure 5.4. We
see that for all systems at all temperatures, electron mobility is higher than that of holes. This difference
is about an order of magnitude in the fused systems while for DPPT-TT the mobilities are nearly equal
above 200 K and begin separating at lower temperatures. At room temperature electron mobilities for all
systems are about 0.1 cm?/Vs, and drop four orders of magnitude as the temperature is lowered to 80 K.
Due to aforementioned injection issues, FET curves below 80 K in AN and DPPTT-TT and below 120
in NN were not recorded.

Based on the theory presented in Subsection 2.1.2, it is possible to estimate the localization of the
wavefunction by determining the hyperfine coupling constant from ESR measurements: If a Gaussian
signal is observed, then its root-mean-square width is determined by the variance of local fields
experienced by individual spins in the system. By extracting this parameter from fits, the average
variance and thus average extent of the wavefunction can be calculated. This typically requires measuring
at 5 K, where electrons are frozen in their local environments. Unfortunately, this method was not
possible for the data presented here, as all curves remained Lorentzian even down to 5 K. Thus, the
hyperfine coupling had to be calculated by alternative means.

As explained in Section 2.3, decoherence in the inhomogeneous broadening regime is described by

1 1
T =1+ <1+ ), (5.1)
2 Ye'Brms YeB%ms Tc

and in the motional narrowing regime by

1
= (5.2)
2T 2B T,

rms “C

where B is the root-mean-square fluctuation of the local fields and 7. is the characteristic timescale
on which they fluctuate. In organic semiconductors in the low- and mid-temperature ranges, it is

reasonable to equate 7. to the inverse of charge motion frequency and to take the local field fluctuations
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AN NN DPPT-TT

n P n P n P
Crossover temperature [K] 100 100 120 120 30 80
Corresponding 7, [ns] 204 125 339 108 63.3 520

Extracted Bipms [G] 0.84 140 054 1.62 270 3.28

Table 5.1 Crossover temperature, corresponding decoherence time (73 ), and extracted Byms at the point of crossover
from inhomogeneous broadening to motional narrowing.

as resulting from local hyperfine fields.'> Then, the crossover from inhomogeneous broadening to
motional narrowing results from a shortening of 7, (which is an increase in the motion frequency) due to
the temperature-activated motion of charges. At this crossover point, both expressions must accurately
give T, thus allowing one to combine them to calculate B, ,s. This procedure was done for both polaron
types in all three systems. The calculated values are shown in Table 5.1. We see there that in all system
holes have a larger B,y than electrons. Because By scales as 1/ VN , where N is the number of nuclei
over which a wavefunction is spread, this indicates that holes are more localized than electrons in the
systems studied. (Refer to (2.17) of Subsection 2.1.2.*) As will be mentioned later in this chapter, this
conclusion is supported by simulations in DPPT-TT. Further, the relatively small B, values in AN and
NN may be due to the fact that polarons are able to delocalize over relatively large distances in these
fused systems.®’ (However, this is only a hypothesis, as direct polaron localization lengths for AN and
NN have yet to be calculated.) Finally, it is a point of curiosity that the system with the highest degree of
symmetry, NN, also has the largest difference between electron and hole hyperfine field strength (0.54 G
vs. 1.62 G). Additional experiments and simulations are likely required to understand this.

With mobility and hyperfine data presented, we are now in a position to interpret the relaxation
times displayed in Figure 5.4. In AN, the equal onset of motional narrowing for polarons is explained
by the small difference in their respective mobilities around the crossover temperature: Below 100 K,
both electrons and holes hop relatively slowly, meaning they don’t experience enough hyperfine field
fluctuations (per unit time) to average-out local differences between other electrons (or holes); only after
100 K are their mobilities high enough to ensure a motionally narrowed resonance. For DPPT-TT, there
is over an order-of-magnitude difference in polaron mobilities at 100 K, and this difference increases
with decreasing temperature. Thus, because electrons are so much more mobile than holes in this regime,
their motion is rapid enough to average-out local differences at much lower temperatures than holes.

As originally proposed by Schott et al.,'> the decrease of T» at high temperatures can be explained

by a spin-shuttling model of relaxation. In this regime, active vibrational molecular modes shuttle

*A potential point of concern is that (2.17) was introduced in the context of an inhomogeneously broadened signal, and the
signals presented here remain Lorentzian even at 5 K. However, we note that the B, values here are not extracted by fitting the
individual spectra, but instead from equations (5.1) and (5.2). Consequently, they correctly describe the local field fluctuations
in the absence of motion. In other words, the By values here are those that would give rise to the inhomogeneously broadened
signal if carrier motion were completely frozen. As a result, they remain valid for (2.17).
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Fig. 5.5 (a) The DPPT-TT molecule with DPP-T and T-TT sites of torsion highlighted in translucent red and blue,
respectively. (b) The localization of the radical cation and anion wavefunctions simulated for a chain of five repeat
units. (¢) The angles of torsion at DPP-T (red) and T-TT (blue) links calculated for a chain of five monomers. The
table starts from a DPP-T link, followed by T-TT, TT-T, and T-DPP, then repeats for the remaining four monomers.
Values are shown for the neutral polymer, radical cation, and radical anion. The boxed regions show where the
radical cation and anion wavefunctions are localized on the chain.

electronic wavefunctions back-and-forth along the molecular backbone many times before a single
hopping event, and each shuttling event presents an opportunity for relaxation. Motional narrowing
is no longer sufficient to average-out local differences in magnetic environments. In this regime the
spatial location and extent of the wavefunction is critical: highly localized wavefunctions will be heavily
affected if they are localized primarily around the site of torsion, and will barely be affected if they are
located away from the site. To examine whether this is a reasonable explanation for the data presented
in Figure 5.4, it is necessary to examine the polaron wavefunctions. Such data does not yet exist for AN
and NN, but the fused structures should yield relatively similar wavefunctions and thus similar onsets
of spin-shuttling — as observed. For DPPT-TT, we now turn to simulations of its charge-transport

parameters.

5.3.3 Simulations on DPPT-TT

The theoretical work in this section was performed by David Beljonne and Vincent Lemaur at the
University of Mons. Details of their work on this system can be found in Chaudhari et al. (2017).”’
Figure 5.5(a) shows the possible sites of torsion in DPPT-TT (red ovals are DPP-T bonds and blue
T-TT bonds). Figure 5.5(b), the localization lengths of the polaron wavefunctions are shown for a
simulation of five repeat monomers. We see that the radical cation is delocalized over a single DPP
unit and its two connected thiophene units, while the radical anion is delocalized over a single DPP

unit and its two next-neighbor thiophene units. Moreover, these simulations show that holes have a
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shorter delocalization length than electrons, which matches our prediction of the wavefunction spread as
determined by hyperfine coupling strengths: electrons are calculated to have a By, of 2.70 G while that
of holes is 3.28 G. Though these simulations don’t show the evolution of the wavefunction in response
to torsion,” (which is the cause of spin relaxation according to the spin-shuttling model) they do seem
to agree with our results. We argue that spin-shuttling relaxation sets in later for holes because the
hole wavefunction is localized away from torsional sites that drive relaxation. From Figure 5.5 we see
that the radical cation is localized primarily over a DPP unit and its nearest neighbor thiophene unit,
which does include the DPP-T torsional site but not the T-TT site. This should be compared to the
electron wavefunction, the bulk of which is located on a DPP unit, but spreads over the nearest thiophene
units and onto the thiophene-thiophene units. (See the bottom panel of the figure.) Thus, the electron
wavefunction sees all torsional sites to some degree, while the hole wavefunction sees only a DPP-T
link. We therefore hypothesize that spin relaxation in the spin-shuttling regime is driven primarily by
torsion at the T-TT bonds.

300 T T
——-LUMO
= 200
E
=)
i)
3
]
2 100
0 | | | |
0 20 40 60 80
Torsion angle [degrees]
(@) (b)

Fig. 5.6 HOMO and LUMO bandwidths vs. torsion angle in DPPT-TT. (a) Two DPPT-TT monomers selected
from a simulated pentamer. The sites of torsion considered are the T-TT links. (b) The HOMO and LUMO
bandwidths plotted as a function of torsion angle for the TT-T link. For all torsion angles, electrons have a larger
bandwidth — thus suggesting a higher mobility.

To investigate the impact of the T-TT link on dynamics in more detail, we calculated the bandwidths
of the frontier orbitals for increasing torsion. Figure 5.6(b) shows the HOMO and LUMO bandwidths as
a function of 8 at the T-TT link. From 0 to 90°, electrons have a higher bandwidth than holes, although
this difference is greatest at small angles and decreases as 6 increases; both bandwidths naturally
decrease as torsion increases. (The left panel of the same figure shows two monomers from a simulated

chain of five. The T-TT link under consideration is marked.) The internal reorganization energies for

*Such simulations were in progress at the time of writing this thesis, but were unfortunately not finished in time.
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Fig. 5.7 (a) The internal reorganization energy of an electron and hole in DPPT-TT simulated for a monomer
and a pentamer. In all cases, the electron has a lower energy barrier to reorganization. (b) The transfer integrals
for dimers between two DPPT-TT pentamers. Values are nearly equal or larger for electrons than holes. (c¢) The
locations of the dimers considered for the transfer integrals.

holes and electrons (computed for a monomer and pentamer) are shown in Figure 5.7(a), while the
transfer integrals for dimers between two simulated pentamers are shown for the HOMO and LUMO in
Figure 5.7(b). (Figure 5.7(c) shows exactly where these dimers are located along the DPPT-TT chains.)
Not only do electrons have smaller barriers to reorganization than holes, but also have greater transfer
integrals on average.” These observations, combined with the fact that electrons have a larger bandwidth
over all torsion angles, suggest that electrons are more mobile than holes. These calculations provide
theoretical support for our reported measures of mobility and, as a consequence, hopping frequency.

5.4 Discussion

In this chapter we measured ambipolar systems in FI-ESR to study the interplay of wavefunction
localization, polaron mobility, and spin relaxation in organic semiconductors. By comparing electron
and hole wavefunctions in two fused systems (where polaron wavefunctions should be similar to each
other and double linkages promote rigid chains, thus creating less thermal disorder) to donor-acceptor
systems (where polaron wavefunctions are expected to differ more from one another), we clarified the
extent to which different relaxation regimes are modulated by wavefunction localization and by charge
transport characteristics.

In all three systems we observed the three regimes of relaxation commonly seen in organic polymers:
inhomogeneous broadening, motional narrowing, and high-temperature relaxation (which we attribute
to torsion-induced spin-shuttling). In the two fused systems (AN and NN), motional narrowing set in at
the same temperature for both holes and electrons, while in DPPT-TT electrons displayed a motionally
narrowed signal at much lower temperatures than holes. This observation is readily understood when the
differences in polaron mobilities across the model systems are considered: in the fused systems, polaron

*For dimer 2 the hole has a larger transfer integral, but the values here are so small for both polaron types that they are
offset by those of dimer 1 and 3.
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mobilities are nearly equal at low temperatures (thus meaning motional narrowing sets in for both at the
same temperature), while in DPPT-TT there is over an order-of-magnitude difference in electron and
hole mobility below 150 K. Thus, the transition from inhomogeneous broadening to motional narrowing
is largely unaffected by wavefunction localization.*

Previous work on spin relaxation in organic semiconductors has mainly been confined to the motional
narrowing regime — where the EPR linewidth is narrowed by the fast motion of charge transport — and
the inhomogeneous broadening regime — where charge transport is too slow to narrow the linewidth.
Though a breakdown of the motional narrowing theory at relatively high temperatures (> 150 K, e.g.)
had been observed previously, Schott et al. !> first offered a potential explanation for the increase in
linewidth: as higher temperatures allow molecules to access torsional modes between linked units, the
picosecond-fast reorganization of electron wavefunctions in response to nuclear torsion drives spin
relaxation. Here we provided a systematic test of this theory by using three ambipolar systems, two of
which are fused systems and the other a donor-acceptor molecule. This choice of materials allows us to
compare spin relaxation as a function of wavefunction delocalization around torsional sites.

In transitioning from motional narrowing to high-temperature relaxation, all three systems show a
difference in onset between holes and electrons: around 20 K in the fused systems and 50 K in DPPT-
TT. Through an estimation of delocalization length of holes vs. electrons (calculated from hyperfine
coupling strengths and confirmed by simulations), we attribute these onsets to the spread of polaron
wavefunctions: in all three systems holes are not only more localized than electrons, but are localized
away from specific sites of torsions; they are thus less affected by torsion than electrons, and therefore
higher temperatures (resulting in higher torsional amplitudes) are needed to effect the same magnitude
of relaxation. Though we await molecular dynamic simulations to support this, preliminary simulations
on DPPT-TT are promising: calculations show that electrons are more mobile than holes, are indeed
more delocalized than holes, and specifically are localized at different torsional sites than holes. Thus, it
is these sites that are likely responsible for relaxation in DPPT-TT. We hope similar simulations on the
fused systems to be complete in the near future.

*To be clear, here we suggest that there is not a strong direct correlation. Indirectly, wavefunction localization affects
mobility, which in turns modulates relaxation.



CHAPTER 6

ELECTRICALLY DETECTED MAGNETIC RESONANCE IN AMBIPOLAR POLY-
MERS

Field-induced electron spin resonance is a powerful probe into the dynamics of charges injected into
electronic and spintronic devices. However, as it stands, the insights it provides are limited to the
bulk, static properties of the system, such as relaxation and coherence times, motion frequencies, and
hopping distances. To fully take advantage of the field-effect transistor architecture, one can measure
the resonance properties of a device under operation (i.e., with a source-drain current flowing). Such a
measurement is known as electrically detected magnetic resonance, or EDMR. In this chapter, EDMR
measurements are used to identify the source of spin-dependent electrical currents in devices under

operation.

6.1 Introduction

The principles of an EDMR measurement are quite similar to those of FI-ESR: A microwave field is
applied at a given frequency to provide the energy required for resonance. A DC magnetic field is then
swept, and resonance occurs when the energetic difference between the spin states matches that of the
microwave field. The difference from standard ESR measurements is that the device is under operation
during the measurement.” Rather than measuring the absorption of the magnetic field due to resonance,
the current flowing through the device is monitored as the field swept. Therefore, an EDMR signal
appearing at the fields required for ESR resonance reflects a change in current due to a changing spin
population. In this way, EDMR allows us to probe the spin-dependent physics of device operation. Itis a
particularly sensitive technique because it detects only those spins which are relevant to device operation
(unlike ESR, which detects all spins in the system).

EDMR measurements have been used extensively to study spin-dependent phenomena in semicon-
ductor devices. While most of this effort has focused on inorganics, significant headway has been made
studying organics. In solar cells, for example, EDMR has been used to (1) show that, in donor-acceptor

blended systems, photocurrents result from p-type polarons in the donor and n-type polarons in the

*In the case of FETs, this means a current is flowing between the source and drain electrodes.
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acceptor; > (2) distinguish between bipolar polaron-pair recombination and unipolar bipolaron hop-
plng7 73+
that, EDMR has been used to measure the exchange, dipolar,”> and hyperfine

(3) uniquely identify the spectral features of charge-transfer and triplet-exciton states. ’* Beyond
76 coupling strengths of
the paramagnetic centers in spin-dependent transport.

As the primary charge carriers in disordered organics, polarons are naturally of tremendous interest
in EDMR studies. While oppositely charged polarons combine to form or dissociate from excitons,
those of the same charge can bind together to form bipolarons. These pairs have been proposed as an
explanation for various phenomena in organic devices, such as the efficiency of OLEDs and organic
magnetoresistance.’’ A particular point of controversy is the attribution of spin-dependent electrical
currents in organic solar cells to spin-dependent bipolaron formation. In their model, Behrends et al.
(2010)® propose that an EDMR signal originates from the interaction of a trapped polaron with an
incoming mobile polaron of the same charge: if the two polarons have the same spin then the mobile
polaron cannot move to the trap site, thus inhibiting charge transport. This is evidenced by the fact that
device current improves under resonance of a low microwave field, which occurs because the field rotates
only one member of the spin pair, thus allowing the two spins to break their singlet configuration and
subsequently move past one-another. At higher fields, both members rotate equally, thus "locking-in"
the singlet state and preventing charge transport. Boehme and Lupton (2013), however, demonstrate
that qualitatively similar signals would result from polaron-pair recombination, a process they rightfully
point out is non-negligible in many organic semiconducting devices. ’’

It is the aim of the experiments described here to elucidate these spin-dependent current phenomena.
To do so, ambipolar devices are measured. Their utility is that, through careful manipulation of the
source-drain and gate voltages, the device can be swept from one unipolar regime (e.g., the n-type),
through the recombination regime, and finally to the other unipolar regimes (e.g., the p-type). Doing
so should give a clear evolution of the EDMR spectrum, wherein bipolaron signatures appear only in
the unipolar regimes and a superposition of unipolar bipolaron and bipolar signatures appear in the

recombination regime.

6.2 Operational Regimes of Ambipolar OFETs

The current-voltage behavior of these devices can be modeled by successive applications of the standard
OFET equations.’® To do so, it is helpful to examine Table 6.1, which shows how the regime of device
operation changes as a function of drain and gate voltage.” Beginning with V4 = 0 and increasing the
gate voltage, charges begin to accumulate across the channel V4 > V. Applying a small (positive)

drain voltage will cause the accumulated electrons to flow, and the device will be in the electron-only,

*A note on the terminology used here is important since there is not consistency across the literature: A polaron pair refers
to two polarons that are coupled but do not occupy the same orbital. The two polarons may be of the same charge (bipolar
polaron pair) or of different charges (unipolar polaron pair). In either case, these pairs are typically short-lived because the
polarons quickly move to occupy the same orbital. The result is then known as a bipolaron if they are of the same charge or an
exciton if they are different.

TFor simplicity, the table assumes that the source electrode is kept at zero volts.
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linear regime so long as the drain voltage remains small compared to the effective gate voltage, i.e.,
Va < Vg —V;;. Increasing the drain voltage to the point past which this condition is violated will cause the
device to operate in the electron-only, saturation regime due to the pinch-off point created at the drain.
By continuing to increase the gate voltage further, eventually the difference between the drain and gate
will be large enough to overcome the barrier to hole injection, and holes will be injected from the drain
into the channel. This, the ambipolar regime, is defined by the equations V, > Vi and Vg > V, — VI; both
currents will be in the saturation regime. From this point, decreasing the gate voltage will eventually
result in Vy < Vi, which stops electrons from being injected into the channel from the source; this is the
hole-only saturation regime. Finally, once the gate voltage is negative enough to overcome the barrier to
hole injection, holes will be injected nearly uniformly into the channel and the device will operate in the

hole-only linear regime.

Regime Condition(s) |Lsal
Linear V>V Vo<V—V HeVats (v — Vi) — 4]
Saturation Ve >VE Vo=V <Vg<V,—V %.ue(vg — V)2

Electron-only

Ambipolar - Saturation V> Vi, Vo > Ve ~ Yo {melVe = V)2 [Va— (Ve — Vi)’ }
. ‘ )
ooy SRR Vo<V Vo> VooV e o ()
2
Linear Ve < Vi We {Vd [Va— (Ve — V)] - VTd}

Table 6.1 The different operating regimes, defining conditions (in terms of voltage differentials), and resulting
source-drain currents in ambipolar OFETs.

6.3 Experimental Design

6.3.1 Methods

The material system chosen for these measurements was the anthracene-naphthalene copolymer intro-
duced in the previous chapter. The EPR data there acts as a reference for the EDMR data presented here.
The chemical structure of AN is shown in Figure 6.1.

EDMR measurements were performed on top-gate, bottom-contact FET devices: Fused-quartz
plates (UQG Optics, FQP-5005) were cut to 40 mm x 40 mm squares with a diamond saw, then ridges
of depth 0.3 mm were cut into one side of the glass along its full length at the 3 mm mark, 4.5 mm mark,
7.5 mm mark, 9 mm mark, etc. After cleaning, we used photolithography followed by metal evaporation
to deposit interdigitated source and drain contacts with a total channel width and length of 243 mm and
0.1 mm per device, respectively. The odd layout of the electrodes is due to the narrow constraints of the
ESR cavity coupled with the need for high carrier injection in order to detect a signal. Using this method,
each quartz plate yields eight FETs. A picture of a device with the same layout is shown in Figure 4.1.

Solutions of AN were created by adding 10 g/l of polymer to trichlorobenzene and dissolving for
1 hour at 160° C. We heated the substrates at 150° C for five minutes, then spin-coated the solution
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onto them at 1200 rpm for 6 minutes using hot glass pipettes (also heated at 150° C for five minutes).
Immediately afterward we annealed the samples by placing them on a hot plate at 160° C for 5 minutes,
then 250° for 30 minutes, and finally quenching them.

After polymer deposition we spin-coated PMMA at 1400 pettr

CeH13

rpm for 30 seconds, then annealed at 80° C for 30 minutes.
This method results in a PMMA layer that is 400 nm thick
and has a dielectric constant of 3.6. We finished fabrication
by evaporating aluminium gates of thickness 30 nm over the
active areas.

Individual devices were separated from the 4 cm x 4 cm
square by applying pressure along the length of the 0.3 mm

indents. In some cases, it was helpful to first cut through

CgH17
the dielectric and polymer over the grooves using a scalpel. Cehis
This prevented the dielectric from peeling off the gate upon
device separation. Fig. 6.1 The chemical structure of AN.

To perform EDMR measurements, a transistor was at- Reprinted from Chapter S.

tached and wire-bonded to a substrate holder with source,

drain, and gate connections. The sample-and-holder combination was then slid into a Wilmad Suprasil
EPR tube (Sigma-Aldritch product no. Z5674XX) and sealed under nitrogen. The sample was then
loaded into an Oxford Instruments ESR900 cryostat, which was controlled by an Oxford Instruments
Mercury iTC. EDMR measurements were taken on a Bruker E500 spectrometer using a Bruker ER
4122SHQE cavity and an X-band microwave source, and a Keithley 2602b source unit was used for
electrical characterization. CustomXepr, a Python package developed by Sam Schott, was used to

integrate the above-mentioned instruments and automate measurements when desired. '

6.3.2 Experimenter contributions

Professor Jan Behrends of Freie Universitdt Berlin initiated contact to begin this collaboration. In
addition to proposing the original idea, he also provided EDMR training, equipment, facilities, and
insight. The author — in equal contribution with Sam Schott — helped design the experiment, fabricated
devices, recorded data, and analyzed results. Henning Sirringhaus provided insight in the interpretation

of results.

6.4 Results & Analyses

The basic principle of an EDMR measurement requires that spin-polarized ensembles of charge carriers
interact with each other in the electrical current. This means that charge carriers must encounter each
other before spin polarization is lost, i.e., before time 7 elapses. Thus, both long spin-diffusion lengths

and long longitudinal relaxation times are favorable in EDMR measurements.
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6.4.1 Detection of bipolaron-inhibited and recombination currents

The left panel of Figure 6.2 shows the dependence of 7; on temperature in AN, and the right panel
shows that of mobility. Though it is evident that measurements at low temperatures would give long T}
values, this regime would also result in low spin-diffusion lengths due to the immobility of charges. The
best balance of 7} and A4 is instead obtained when both mobility and longitudinal relaxation time are
reasonably long. This occurs at the maximum of the motional narrowing regime, which is around 200 K

for both holes and electrons.
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Fig. 6.2 The dependence of 77 (left) and mobility (right) on temperature in AN.

Because EDMR is a measurement of the change of device current (Al), it scales with the magnitude
of the applied current. Thus, to properly compare EDMR signals across a range of drain and gate
voltages, it is necessary to either keep the applied current constant across measurements or to normalize
against the applied current (Al/I). For our first series of measurements, we swept through different
regimes of device operation (as determined by Table 6.1) under a constant applied current of 4 uA.
The V, vs. V4 curves required to maintain these currents are depicted in Figure 6.3(a). On each plot
the V, = thﬁ line, the Vg = Vjj line, and the Vg =V, — Vt}}‘1 and Vg =V, — Vj; lines are shown in gray
dashed lines. By the conditions of Table 6.1, these delineate the regimes of device operation as the gate
voltage is swept from left to right. As labeled in the plot, these are linear hole-only, saturation hole-only,
ambipolar, no theoretical solution,” and linear electron-only. The black dots on the curve depict where
EDMR scans were recorded.

In Figure 6.3(b) are shown the transfer curves as gate voltage is swept for varying values of source-
drain voltage. The black dots correspond to the same points at which EDMR scans were recorded.
Again, it is clear that the different regimes of device operation are swept through.

The recorded EDMR curves are shown in Figure 6.3(c).” A clear EDMR signal was observed in

every regime except linear electron-only. For all other curves, the same Lorentzian contribution —

*This regime occurs between the Vy = V[E and Vg =V — Vg lines.
"Note that only the applied gate voltages are shown for these curves. The corresponding source-drain voltages are found
from the V; vs. Vjy curves.
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Fig. 6.3 At 200 K: (a) Measured drain voltage as a function of gate voltage while driving a constant current of
4 uA through the FET. The different regimes of device operation are divided by the conditions delineated in
Table 6.1. Black dots indicate gate voltages at which an EDMR scan was recorded. (b) Transfer curves for the
device taken at increasing source-drain voltage. Black dots again depict the values at which EDMR curves were
recorded. (c) EDMR spectra recorded at various gate voltages. Each spectrum corresponds to one black dot on
the plots in the upper row. The red trace is one Lorentzian, the blue a second, and the green a combined fit. (d)
Integrated area of the red Lorentzian as a function of gate voltage. The dashed lines refer to the same regimes of
device operation as listed in the top left panel.

shown in red and with a g-factor of 2.00335 &£ 0.00005 and a peak-to-peak linewidth ranging from
1.27 to 1.60 G — was present. Though this was a sufficient fit for most of the spectra, one curve in the
ambipolar regime required a second Lorentzian contribution for a proper fit: this is the blue curve in the
Ve = 33 V spectrum. (The green curve is the combined fit.) The g-factor for that Lorentzian is 2.0022 G
and its peak-to-peak linewidth 0.12 G. The integrated area of the red Lorentzian in each spectrum is

shown in the bottom right panel of this figure.
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To identify these two contributions, we first note that the linear electron-only regime is the sole

regime for which no signal is observed. At the opposite extreme however, the linear hole-only regime

displays a clear EDMR signal even at -70 V, where no electrons are present. These observations suggest

that the red Lorentzian is produced by a current containing only p-type polarons. To confirm this, we
recorded EPR scans simultaneously with the EDMR scans for -60 V and 50 V, the spectra for which are
shown in the Figure 6.4. In the left panel, we see that the EPR curve produced for V, = —60 V in an

operational device is the same as seen in a device with Vg = 0. More importantly, the corresponding

EDMR signal shares the same resonance position as the EPR signal, but has a wider linewidth (0.2 G vs.

1.7 G). This suggests that the spin species producing the signal is the same as in EPR (p-type polarons)

but has a greater distribution of g-factors. This observation agrees with bipolaron-inhibited transport: In

this model, a mobile polaron occasionally is prevented from moving to a new site because the new site

contains a trapped polaron whose spin matches that of the mobile polaron. Sweeping through resonance

produces an EDMR signal because the microwave field flips one of the two polarons, thus allowing them

to occupy the same orbital. The distribution of g-factors of the mobile polarons will be relatively narrow

due to motional narrowing (see Subsection 2.3.1), but that of the trapped polarons will be wider. Thus,

as the field sweeps, it will encounter the g-factors of the trapped polarons first. Because each EDMR

event requires only one of the two polarons to flip, a signal will be produced in this region. In other
words, it is the wider distribution of g-factors that sets the width of the EDMR signal.
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Fig. 6.4 (a) The EPR and EDMR signals of a device with I;; =4 yA and V, = —60 V at 200 K. The resonance
positions of the two signals overlap, though the linewidth of the EDMR signal is larger: (0.2 G vs. 1.7 G). (b) The
same comparison for V, = 50 V. No EDMR signal is observed in this regime. (¢) The gate-voltage dependence of
the EPR g-factor for a device running at 4 yA. The ranges of g-values observed for pure p- and n-type signals are

shaded in red and blue, respectively.

The integrated area of the red Lorentzian — shown in Figure 6.3(d) — also supports the bipolaron-

inhibited transport model. Its value increases slowly as the device is swept through the linear p-type

regime, sharply maximizes as it enters the saturation p-type regime, decreases slightly in the ambipolar

regime, then disappears in the linear n-type regime. That the signal is maximized in the saturation

*That data is presented in the previous chapter.
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regime can be understood from the OFET theory introduced in Section 3.1: In the saturation regime, the
charge density at any point in the channel is lower (than in the linear regime). As a result, polarons have
fewer percolation pathways through which they can travel, thus making them more likely to encounter
trap states. The bipolaron-inhibited-transport signal is still present in the ambipolar regime, but slightly
decreased since some mobile p-type polarons recombine with n-type polarons.

In the middle panel of the same figure, we see that the EPR curve for V, = 50 V is the same in
an operational device as in one with Vg = 0; this confirms that electrons are injected into the channel.
However, in this instance an EDMR signal is not observed, again suggesting that the bipolaron-inhibited
transport occurs only for p-type polarons. Further, the right panel of the figure shows the shift of the
EPR-detected g-factor with gate voltage in an operational device. We can see from it that the EPR signal
shifts from purely p-type to n-type as the gate voltage is swept along the V, vs. V4 curve. This shows
that the presence of both polarons in the channel has a demonstrable effect on resonance position, which
is then reflected in EDMR. Because our observed EDMR signal in the pure p-type domains does not
show this shift, it is unlikely to arise from a recombination current.

The second contribution in the ambipolar regime shows a linewidth on the order of EPR-detected
linewidths for both n- and p-type signals (0.2 G), which is expected of a recombination signal from two
equally narrow spin distributions. To confirm that the signal is only present in the ambipolar regime, we
took a second set of measurements for a constant current of —4 A. The V, vs. V4 curve and the EDMR
curves are shown in Figure 6.5. Figure 6.6 shows the full fits of the +4 1A and -4 A recombination

signals.
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Fig. 6.5 (a) The V; vs. Vy curve for a constant current of -4 uA. Different regimes of device operations are
determined by the conditions from Table 6.1. Black dots are points at which EDMR curves were recorded. (b)
Corresponding EDMR spectra. Red traces we assign to a bipolaron-inhibited current, blue to a recombination
current, and green to their combined fit.
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Fig. 6.6 (a) The EDMR spectrum of a device with Iy = +4uA, V, =33 V, and V4 = 39.2 V. The red trace we
attribute to bipolaron-inhibited transport, the blue to a recombination current, and the green to their combined fit.
(b) The corresponding spectrum and fit for a device with Iy = —4UA, V, = 20V, and Vg = —48.3 V.

In the case of -4 uA, the electron-only saturation regime was swept through, and there an EDMR
signal was observed. Fitting reveals the g-factor to be 2.00367, which is within error for the n-type
g-factor recorded by EPR. We therefore propose that this signal corresponds to bipolaron-inhibited
transport in electrons. Interestingly, though the argument that fewer percolation paths exist for polarons
in the saturation regime explains why a signal is observable there, it does not explain why no signal
is observable in the linear regime (as shown in Figure 6.3(c)). To explain this, we note from EPR
measurements (reported in the last chapter) that electrons have larger delocalization distances than holes
and are more mobile. Thus, in the linear regime they are more able (than holes) to take advantage of
the percolation paths that exist and thus have a smaller (non-observable) EDMR signal. A signal only

develops when electrons become less able to explore these paths, such as in the case of saturation).

6.4.2 Temperature dependence of the bipolaron-inhibited signal

To better understand the p-type bipolaron signal, we measured its temperature dependence well outside
the ambipolar regime. To determine a suitable gate voltage at which to record the measurements, we first
recorded V, vs. Vy curves for the temperature range required; those are displayed in Figure 6.7(a). As
can be seen, the overall shape of the plot is consistent across changes in temperature. There is a slight
variation in intensity and position, but this evolution is not solely due to temperature: lower currents had
to be used at lower temperatures to prevent the device from being damaged.” Regardless, V, = —10 V

remained near the hole-only, linear/saturation boundary, making it suitable for measurements. A more

*Values chosen were 100 nA at 70 K, 10 g A at 190 K, and 20 uA at 210 and 270 K.
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Fig. 6.7 (a) V; vs. Vq4 curves for constant currents of 0.1 uA at 70 K, 10 uA at 190 K, and 20 pA at 290 K. (b)
Temperature dependence of the area of the normalized current in the EDMR signal at V, = —10 V. The applied
current for each temperature range is displayed near the data points.

extreme value was not chosen in order to prevent the device from degrading as a result of high applied
voltages at lower temperatures.

Figure 6.7(b) shows the evolution of the area of the normalized EDMR signal. Almost monotonically
with temperature, the area of the normalized signal decreases from 70 K all the way to 260 K. This
indicates fewer spin species participating in the spin-affected current. While a qualitatively similar
behavior is observed in EPR signals, it is important to note that the origin is not the same: The area of an
integrated EPR signal typically follows the Curie dependence ~ 1/T, which is a result of the Boltzmann
distribution of states, ~ exp[—&/kpT].* Specifically, as temperature is lowered the material becomes
more spin-polarized because the thermal energy isn’t large enough to bridge the gap between the split
spin states. This results in each resonance event flipping more spins and therefore producing a stronger
signal. In EDMR however, spin-flips alone do not cause a signal, but rather they effect some change in
the measured current that is detected as a signal.” The decay of the EDMR signal here likely reflects
fewer trap states (due to elevated temperatures) inhibiting polaron transport. This is in stark contrast to
the expected behavior of a recombination signal, wherein the number of available n-type carriers for

recombination should increase with temperature due to a lowering of the threshold voltage for injection.

*See (4.10) with y given by (2.22).

In the extreme of very low temperatures, charge transport is completely inhibited, thus preventing any current from
flowing and therefore producing no EDMR signal. This is opposite to EPR signals, in which low temperatures typically
produce much stronger signals.
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6.5 Discussion

A major question of interest in the field of spintronics is the extent to which spin-dependent phenomena
are involved in charge transport. Previous work suggested that pulsed EDMR signals are attributable
to spin blockades formed between like-spin, like-charge polarons, but later efforts showed that the
signals observed are equally attributable to recombination currents. Even in unipolar systems, where
charge transport is achievable by only one polaron type, the HOMO or LUMO is accessible enough
that minority carriers can be injected into the channel.” Though this is a small number relative to the
majority carrier, each recombination event would occur between one majority and one minority signal,
thus giving both polarons equal importance in the EDMR signal.

By measuring an ambipolar device through all regime of operation, we hope to have clarified the
origin of these signals. Comparison of spectra through the p-type linear & saturation, n-type linear
& saturation, and ambipolar regimes shows the presence of two Lorentzian contributions. The first
is attributed to bipolaron-inhibited transport due to its resonance position, linewidth, and temperature
dependence, while the second is likely a recombination signal due to its resonance position and linewidth.
Bipolaron-inhibited transport was observed in the saturation regime for both polaron types, but only
in the linear regime for hole injection. We attribute this to the fact that polaron charge distribution is
smaller at any point in the channel in the saturation regime (vs. the linear regime), thus making travel via
percolation more difficult. As a result, polarons are more likely to encounter traps, which manifests as an
EDMR signal. No signal is observed in the linear electron-only regime likely because the high mobility
and delocalization of the electron wavefunction (as determined in the previous chapter) significantly
lowers the probability that mobile electrons encounter trapped electrons.

To corroborate these observations, future work should focus on measuring unipolar systems in
which n-type injection is nearly impossible, such as triarylamine-based systems (e.g., PTAA or TFB). In
these, minority carrier injection should be so low that recombination currents wouldn’t be detectable in
EDMR, while bipolaron-inhibited signals would still be clearly visible. This would allow for a more

clear distinction between the recombination and bipolaron-inhibited signals observed here.

*Due to the difficulty in handling n-type materials, it’s typically the case that unipolar systems are p-type and that the
minority carrier is the electron.






CHAPTER 7

SPIN RELAXATION IN ION-GEL-GATED RUBRENE SINGLE CRYSTALS

While the previous two chapters examined relaxation dynamics in comparatively disordered systems,
this chapter focuses on crystalline organics. Due to differences in their energetic landscapes and
microstructure, these materials often present with different regimes of charge transport — regimes which
are similar to that of inorganic semiconductors. Changes in charge transport naturally lead to changes
in spin transport, and thus these systems are interesting from a spintronics standpoint as well. In this
chapter, we present ESR measurements on a model small-molecule, crystalline system gated with an
ion gel to explore different regimes of relaxation dynamics. In contrast to previous measurements on
other molecular and polymer semiconductors, we observe very long spin relaxation times — on the
order of microseconds — from 15 to 290 K. This is enabled by motional narrowing induced by the rapid
transient localization motion of carriers. We also observe the onset of spin-spin dipolar interactions at

carrier concentrations approximately greater than 3x 10'?cm—2.

7.1 Introduction

Rubrene holds the distinction of having the highest mobility among the organic semiconductors, achiev-
ing a value of 20-40 cm?/Vs when in its single crystal form.3"-%? Understandably, this has garnered much
attention over the past two decades, both for modeling it as a system by which to compare other organics
and in fully understanding the microscopic mechanisms that allow for such inimitable performance.
In rubrene and other molecular crystals, charge transport can be interpreted via the theory of transient
localization, which describes the effects of dynamic disorder in the electronic structure due to thermal
lattice vibrations: charge carriers transiently localize in their dynamic landscape on timescales shorter
than typically 100 femtoseconds, but undergo diffusive motion on longer timescales as the molecular
lattice evolves. ' Though the theory is concerned primarily with predictions of charge transport (such
as a mobility that decreases with increasing temperature — just as in inorganic, band systems), its
implications for spin transport are naturally of interest. After all, numerous studies have already used
FI-ESR — a direct probe of spins — to establish intricate links between charge and spin dynamics in

organic FETS.45,22,47,25,26,62,24,44,23,46,35,15,83,84,42,85,49,4],86,87,48,88
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Recent work on the thiophene-based molecular crystal C10-DNBDT-NW observed a momentum-
scattering relaxation mechanism that limited spin lifetimes to fewer than 100 nanoseconds at room
temperature.®” The mechanism, known as Elliot-Yafet relaxation, is common in inorganics due to the
electronic band transport of charges, and shares characteristics similar to the high-temperature relaxation
observed in less-ordered polymeric systems. ' Specifically, though the relaxation pathways in C10-
DNBDT-NW and other molecular semiconductors differ from those in conjugated polymers (momentum
vs. spatial scattering), they result in a similar decrease in relaxation times with increasing temperature.
At the same time, the two types of organic semiconductors have also both been shown to exhibit motional
narrowing in the intermediate temperature regime. '>*-2%:47.2444.23 Tp either case (molecular crystals
vs. conjugated polymers), the intermediate- and high-temperature relaxation mechanisms are at odds:
While spatial/momentum scattering shortens relaxation times, motional narrowing increases them by
allowing fast-moving charges to average-out local variations in magnetic field environments. Because
both mechanisms often occur within the same system, and because both link charge motion to spin
relaxation, the question naturally arises of what type of charge transport is most conducive to long spin
lifetimes, or, in other words, how can scattering be reduced and motional narrowing enhanced in order
to achieve long relaxation times even at room temperature?

Regardless of the detailed mechanisms at play, the scattering/high-temperature relaxation processes
observed in both C10-DNBDT-NW and in conjugated polymers are modulated by spin-orbit interac-
tions.* Therefore, to reduce the strength of spin-orbit couplings and achieve longer spin lifetimes, it
is interesting to investigate pure hydrocarbon-based molecules — such as rubrene single crystals —
where these interactions are weak. However, temperature-dependent FI-ESR measurements in molecular
crystals are often experimentally challenging: large crystals are required in order to inject the minimum
number of spins detectable in ESR, yet such large crystals have a tendency to break under thermal strain.
Here, we use ion gels as a gate dielectric to solve this problem. By using them in lieu of the traditional
silicon oxide or polymer dielectrics, capacitances on the order of 1-100 uFcm ™2 are achievable, %%
and this corresponds to injection efficiencies of up to 10'# charges/cm? at low applied voltages (~ 1 V)
— well above the ESR detection threshold even for a crystal with an area of approximately one square
millimeter.

In this chapter, we report a systematic study of spin relaxation times in rubrene single crystals as a
function of gate voltage and temperature to probe charge and spin dynamics. We show that, at relatively
low carrier concentrations (below approximately 2.5x 10'® cm~?), relaxation is determined entirely by
the fast transient localization of spins in their individual ionic potential wells, and that this leads to
surprisingly long spin lifetimes: on the order of microseconds from 4 K all the way to room temperature.
At higher carrier concentrations, however, we observe a slight shortening of spin lifetimes, which we

ascribe to an onset of spin-spin interactions.

*In the case of momentum scattering, spin-orbit coupling allows electrons to change their spin state when moving within
the band structure. In the case of spatial scattering, spin-orbit coupling mixes spin states of - and o-orbitals, meaning transfer
integrals become spin-dependent.
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7.2 Experimental Design

7.2.1 Methods

Rubrene single crystals were grown by the physical vapor transport method *® using a horizontal tube
furnace. Rubrene powders (from Sigma-Aldrich) were placed in a ceramic boat that was then loaded
into a quartz tube and placed at the center of the furnace (the hottest region). With a furnace temperature
of 290° C and an argon gas flow rate of 50 sccm, rubrene single crystals were collected after a growth
time of 10-20 hours. Only those crystals with molecularly smooth surfaces (judged by eye based on
previous experience) were used for device fabrication. See Figure 7.1(c) for an optical image of a crystal
grown under identical conditions to the ones used here.

The top of Figure 7.1(a) shows a schematic of the device structure used. Two parallel gold electrodes
(gold rectangles) were evaporated onto one side of a 40 x 3 mm? fused-quartz plate (UQG Optics,
FQP-5005) (translucent blue-grey rectangle). A single rubrene crystal (orange rectangle) of approximate
dimensions 10 x 1 mm? was gently placed onto the glass so as to overlay with one of the electrodes, then
affixed with a small drop of silver paint. A thin slice of an ion gel composed of the ionic liquid 1-Butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ((BMP][TFSI]) and the polymer Poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) (translucent grey rectangle) was then placed onto the
device so that it connected the top of the rubrene to the second electrode. This created a capacitance
architecture. We chose this design because it allowed us to measured a single, as-large-as-possible
rubrene crystal inside the cavity and protected the devices from degradation under thermal stress. Of
course, it presented the disadvantage that we were unable to directly measure FET mobilities during the
ESR measurements. To address this and show that our results are generalizable to thin-crystal devices as
well, we fabricated electric double-layer transistors (EDLTs) with the same materials and under identical
processing conditions to obtain comparable FET mobility measurements. These measurements, which
were limited to room temperature, are presented in Figure 7.5.

The bottom of Figure 7.1(a) shows an actual capacitance device that was measured. The sample is
attached to the sample holder via double-sided Kapton tape. The three contact strips on the holder are
clearly visible, as are the soldering joints that affix the wires that lead to the Keithley 2602B SourceMeter.
Note that, due to the device architecture, only two of the three contact pads were used; these were
wire-bonded to the two electrodes on the device. The silver dag was used to prevent the wire from
breaking off (due to thermal strain) the contact pads and/or the electrodes. The small piece of silver dag
on the rubrene was needed to adhere the rubrene to the substrate because the adhesion between only the
substrate and the rubrene was not sufficient.

The device was loaded into the spectrometer setup as follows: After affixing the sample to the
sample holder, the contact pads of the sample were wire-bonded to the contact strips of the holder using
aluminium thread. The sample-and-holder combination was then slid into a Wilmad Suprasil EPR tube
(Sigma-Aldritch, product no. Z5674XX) and sealed under nitrogen. The sample was then loaded into an
Oxford Instruments ESR900 cryostat, which was controlled by an Oxford Instruments Mercury iTC.



78 Spin Relaxation in Ion-Gel-Gated Rubrene Single Crystals

Au

substrate rubrene ion gel

Au

I 40 mm |

(@)

Fig. 7.1 (a) A schematic of the capacitor architecture (top) and an image of an actual device (bottom). In the
schematic, the gold rectangles are electrodes, the orange rectangle rubrene, the dark grey rectangle the ion gel,
and the large, translucent blue rectangle the substrate. (b) The chemical structure of rubrene. (c) An optical image

of a rubrene crystal used for our EDLT measurements. The sample was grown under conditions identical to those
used for our capacitor devices.

©

(b)

ESR measurements were taken on a Bruker E500 spectrometer using a Bruker ER 4122SHQE cavity and
an X-band microwave source, and a Keithley 2602b source unit was used for electrical characterization.
CustomXepr, a Python package developed by Sam Schott, was used to integrate the above-mentioned

instruments and automate measurements when desired. 1

7.2.2 Experimenter contributions

The author designed the experiment, helped fabricate devices, collected data, and analyzed and inter-
preted results. Xinglong Ren, in equal contribution, helped design the experiment, designed most of the
devices, and analyzed and interpreted data. Sam Schott provided useful insights in the interpretation of

the data, and Henning Sirringhaus helped design the experiment and interpret the data.

7.3 Results & Analyses

A typical resonance signal is shown in Figure 7.2(a). Based on previous work, the extracted g-factor of
2.0024 confirms injection of hole polarons from the rubrene into the channel. *’-%7-# Initial measurements

showed a very narrow peak-to-peak linewidth of approximately 0.05 G, meaning artifactless spectra
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Fig. 7.2 (a) A representative ESR spectrum at bias voltage -1.2 V and temperature 290 K. (b) The evolution of the
observed ESR signal with increasing gate voltage.

could only be obtained by measuring with a modulation amplitude of 0.02 G and a modulation frequency
of 50 kHz (see Section 4.4 and Subsection 4.6.2, respectively). Because the injection efficiency of ion
gels varies with sample dimensions, the minimum voltage at which a signal could be observed varied
across samples; the range of observed minimum values was +0.4 V to -0.6 V.

Though the double-integrated intensity of the spectra (and therefore number of injected spins) grew
with the magnitude of bias voltage applied (shown in Figure 7.2(b)), we do not report data for gate
voltages V, < —1.5 V. This because we observed a second ESR resonance signal develop in preliminary
samples when measuring at high gate voltages. Because we ascribe this to an electrochemical process
involving the rubrene and the ions in the ionic liquid and/or other electrochemical species, we believed
such a process could interfere with spin lifetimes. Thus, we only recorded measurements in which we

were sure no such reaction took place.

7.3.1 Fast transport: the dependence of relaxation times on temperature

Transverse (7>) and longitudinal (77) relaxation times were measured via the method of power saturation
(representative spectra are shown in Figure 7.3(a) for a sample at room temperature and -1.0 V; see
Subsection 4.5.2). Figure 7.3(b) and Figure 7.3(c) show the extracted relaxation times for a device held
at-1.5 V and at -0.4 V respectively, while those of a third device are shown in Appendix D. Plotted in
all three figures are Tj, T3, and the coherence time, 7y = (1/T> — 1/2T1)~!. We see that relaxation times
are remarkably long: on the order of microseconds across the entire temperature range, including room
temperature. In all samples, 75 is slightly shorter than 77 and increases monotonically with increasing
temperature. 77 exhibits a similar temperature dependence, except at very low temperatures and near

room temperature, where it may decrease slightly.
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Fig. 7.3 (a) Power saturation measurements recorded at -1.0 V and 290 K. The extracted 77 and 75 are plotted in
(b) for a rubrene ion-gel-gated capacitor at -1.5 V and in (c¢) for a second device at -0.4 V. (d) Normalized 7; and
T, as a function of correlation time in the motional narrowing regime according to (7.1). (Adapted from Slichter
(1963).%) (e) and (f) Calculated coherence times for the -1.5 V and -0.4 V condition alongside estimated values
using the functional form of v from (7.2) with different activation energies (30, 40, and 50 meV).

This behavior differs starkly from that observed in our recent FI-ESR studies on high-mobility
conjugated polymers. First, in those systems we observed orders-of-magnitude changes in 77 and 75 as a
function of temperature. As a result, 77 typically approached one microsecond only below 150 K, while
T, often required us to go below 50 K. Second, while 7> did show an increase with temperature in the
conjugated polymers, this motional narrowing effect was observable only between roughly 100 and 200
K, quite different than the entire temperature range covered here. Finally, and perhaps most significantly,
T here increases rather than decreases with temperature — directly opposite to not only the behavior
observed in our polymer systems, but also to that observed in the recent FI-ESR study on thin films of
C10-DNBDT-NW gated by a polymer dielectric.®” Consequently, our room-temperature spin relaxation
times are 10-100 times longer than in typical polymer systems or in C10-DNBDT-NW, and 1000 times

9799 or graphene. '’

longer than in many inorganic systems
Though the increase in 7, with temperature is a well-known effect of motional narrowing, the
corresponding increase in 77 has not been observed before in organic semiconductors. To understand

this remarkable behavior, we note from Subsection 2.3.1 that the behavior of 77 and 75 in the motional
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narrowing regime (as predicted by the Redfield equations) is
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Figure 7.3(d), which is identical to Figure 2.9 from Chapter 2 but reproduced here for quick reference,
illustrates schematically how this 77 and 7, vary as a function of the correlation time (normalized by
the Larmor frequency). We see that 77 relaxation is most effective when the correlation time matches
the Larmor period, and becomes less effective as the correlation increases or decreases. This is simply
because spin-flips require a change of energy with the lattice, and therefore must be induced by a
photon of energy @i, (just like in resonance experiments).” 77 is minimized when the correlation
time equals the period of the Larmor field, i.e., 7. = 1/®, and increases as 7. moves away from this
value. Because 7. is interpreted as the inverse hopping frequency, an increase in temperature essentially
corresponds to moving from right to left in Figure 7.3(d) for systems in which transport is temperature-
activated. In our previous experiments on temperature-activated polymers, we were in the regime to
the right of the minimum, where we observed a decrease in 77 and an increase in 7> as we increased
temperature. However, in our ion-gel-gated rubrene crystals, in which charge transport is also activated

with temperature, '*'

the microscopic charge motion seems to be sufficiently fast that we can enter the
regime to the left of the minimum, where both 77 and 7, increase as the charge motion becomes faster at
higher temperatures.

While this qualitative behavior matches that of the data, we can also examine how well the equations
quantitatively predict it by plotting 7, from (7.1) as a function of temperature. To do so, we must
determine B, and 7.(T'). The former can be approximated by noting that, according to Figure 7.3(d),
the minimum in 7} occurs when 7, = 1 /@, which is approximately 17 ps in this case. The minimum
can be seen in the data for the V, = —1 V and —1.5 V plots at around 100 K, where 75 = 0.95 us (from
1/T> — 1/2Ty). We therefore have at 100 K that (0.95 us)~! = ¥?B2,
G.

To now determine 7.(7), we recall from Subsection 2.3.1 that it can be interpreted as the inverse

x 17 ps, which yields By ~ 1.4

hopping frequency Vv in the regime of motional narrowing (which is the regime of relaxation in the
data from approximately 15 to 269 K). The Einstein relation for drift then relates mobility and hopping
frequency via U = qﬁzv/kBT, where R is the average hopping distance. Further, charge motion
in ion-gel-gated transistors is thermally activated, following specifically the Arrhenius expression

*T,, meanwhile, can be relaxed by spin-flips (though each flip is only half as effective here), or by pure decoherence.
Motional narrowing occurs when faster charge motion reduces the correlation time, thus allowing all spins to sample the same
magnetic environment on average and therefore increasing the spin lifetime. As a result, the hopping frequency Vv is typically
interpreted as the inverse correlation time in this regime. 1>
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o< exp[—Ea /kgT].'">!%3 From these two relations, we find the temperature dependence of the hopping
frequency and, by its inverse, the correlation time: v(T') o< Texp[—Ea /kgT|.

For most temperatures, this provides a reasonable estimate of 7, as a function of temperature via
(7.1). However, we also include an additional constant (i.e., temperature-independent term) in the fitted
expression. This is reflecting the contribution from the fast local motion of carriers due to transient
localization, which is superimposed on the slower hopping of charges between local regions defined by
the potentials created by the ions on the surface of the rubrene crystal. Assuming that its contribution is
independent of temperature is an approximation and a refined analysis should take the actual temperature
dependence of transient localization motion into account. However, in comparison, the thermally
activated term, which is meant to reflect mainly the transport of charges between different local traps

within ionic potentials, is expected to dominate the temperature dependence. We therefore write

Ty, = A x Texp [_EA} +C. (7.2)
kT

The Tys resulting from this expression (via Figure 3.3) are plotted with the data in Figure 7.3(e) and

Figure 7.3(f) for three different values of E4. For the plots, we absorbed ¥, and By into the constants

of proportionality. For the -1.5 (main text), -0.4 (main text), and -1.0 V (Appendix D) curves, the values

of best fit were A = 17, 26, and 73 ns, and C = 0.8, 1.8, and 0.9 us, respectively.

We see from this figure that an activation energy of 40 meV fits the data well (though the fits are
sensitive to constants of proportionality), which is a reasonable estimate based off the work of Xie et
al. (2014) on ion-gel-gated rubrene. '*> This demonstrates that the Redfield model well explains the
increase in Ty with temperature. To our knowledge, this is the first observation of this behavior in
organic semiconductors.

We now discuss how we are able to achieve this relaxation behavior in our system, and why our
results differ from those previously reported by us on conjugated polymers'> and by Tsurumi et al.
(2017) on C10-DNBDT-NW.®’ Addressing the conjugated polymers first, we note that the highest
mobility polymer system, the indacenodithiophene-co-benzothiadiazole copolymer IDT-BT, had an
estimated motion frequency in the motional narrowing regime of 10 GHz. Comparing this value to
1/, =~ 17 ps, we conclude that it would need to be 100 times larger to reach the 77 minimum. Because
the measured mobility (at 150 K) for IDTBT was 0.1 cm?/Vs, this suggests that mobilities on the order of
10 cm?/Vss are necessary to achieve this. While we do not record such high bulk mobilities on an electric
double-layer transistor (EDLT, see below), we note that such high mobilities are not unreasonable at the
local scale, where charge motion should be similar to that of rubrene single crystals without ions. In
other words, our estimates of mobility in the EDLT are measurements of long-range transport, which
are likely to be affected by electrostatic potential fluctuations created by ions in the gel. The measured
mobility values may greatly underestimate local transport. It is this local transport, however, that our
relaxation times reflect.

89

Turning to the crystalline systems that contain relatively heavy sulfur atoms,® we note there that

Elliot-Yafet scattering is driven by the spin-orbit interaction. Here, in our ion-gel-gated rubrene, not only
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is the strength of spin-orbit coupling weaker, but the presence of long-range electrostatic potentials means
we do not enter the delocalized, band-like transport regime required for Elliot-Yafet relaxation. Our
interpretation is that the very weak spin relaxation in our systems reflects effective motional narrowing
induced by fast transient localization of the carriers at the local level, i.e. within the local regions to
which motion is confined by the long-range electrostatic potential fluctuations induced by the ions.
The main effect of temperature is that it allows charges to leave these local regions, therefore making
motional narrowing even more effective. This interpretation is consistent with the motion frequencies in

Figure 7.3(e) and Figure 7.3(f) becoming constant, but remaining high at temperatures below 100 K.

7.3.2 Spin-spin interactions: the dependence of 7, on bias voltage

We next investigated the behavior of 7, with gate voltage at 290 K. The top row of Figure 7.4 shows the
dependence of the transverse relaxation time (inversely proportional to the peak-to-peak linewidth) on
bias voltage for three devices. The microsecond-long relaxation times (~ 1 (s) at room temperature are
consistent with Takahashi et al.’s (2013) work®* and the data presented in the previous section. In all
devices we observed a distinct peak of 7; as a function of bias voltage. Though the difference between
the longest relaxation time (at the peak) and that of the smallest observable signal is small (their ratio is
typically 1.1), the behavior is both reproducible and outside the bounds of measurement error. We make
the case that it is attributable to the onset of spin-spin dipolar interactions, which result in increased spin
relaxation at high carrier concentrations.

I I T I
1.3+ - 1.6 - = 1.6 |-
2 ) §i% 1 2 14p §§§§ 12 14f #i
ﬁ ! &(4\] ! &(4\' |
e | [ | E §§§§ ;
09} § | - 12+ | = 121 &
q 1 1 IPR 1 a 1 1 | 1 1 & 1 1 3 1
5 10 E. . 5 5| ! - 5 50 l
o dis. cur. a ‘ o ‘
E | E | E |
z 6 | . 3l | R = 3] l
z | z z [T
[} [} (]
O L _______ o he
g 2f 3 8 1} | 51
E E g
a1 | | | | | | | | < | | | |
© 16 -12 -08 —04 © 12 —08 —04 0 © 14 -1 —06 02
Bias voltage [V] Bias voltage [V] Bias voltage [V]

() (b) (©

Fig. 7.4 T> and carrier density vs. gate voltage in three devices (top). Because all lineshapes were Lorentzian
and the signal was not saturated, 7, was calculated from the inverse of the half-width-at-half-height AB ), of the
ESR signal. For device (a), both the ESR-extracted carrier concentration and that of the displacement current are
shown. A maximum in 7> occurs at an area concentration of about 3 x 10'? spins/cm?.
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In the lower row of Figure 7.4 we show the corresponding plots of carrier concentration for the same
three devices. In the right two, the number of spins calculated from EPR is plotted (see Subsection 4.5.1),
while in the leftmost column we plot both the EPR-extracted carrier concentration and that of the
displacement current. (Measurements of the displacement current are taken by recording an I, vs. V,
curve for different sweep rates, integrating the result, and dividing by the sweep rate.'%*!0%) Across all
three samples we observe an increase of carrier concentration with more negative bias voltages. More
importantly, we see that the peak in 7> corresponds to a carrier concentration just under 3.0 x10'?
charges/cm?: 2.86, 2.29, and 2.92 x 10'? charges/cm? in device 1, 2, and 3, respectively.” Though values
of the displacement-current-extracted carrier concentration diverge from those of EPR at more extreme
voltages, they coincide at this value. We attribute the divergence to an overestimate by the displacement
current method due to increased gate leakage at higher gate voltages, or to an underestimate of the
ESR-extracted value due to anti-aligned spin pairs at high carrier concentrations.

Before proposing a model to explain these results, we show here that the Redfield equations from
the previous section are insufficient. Of course, because 77 and 7> begin to decrease at 290 K (where
the data presented in this section was recorded) in the -1.5 V and -1.0 V devices, it may be unfair to
expect the Redfield equations to be accurate here. However, the -0.4 V device still shows a peak in 7> at
room temperature, while 77 may be increasing within error. Because the observed peaks in 7, shown in
Figure 7.4 occur before -1.0 V, we make the comparison against the Redfield equations to be thorough.

From the expression for 75 in (7.1), it is clear that a process creating a peak in hopping frequency
would be required to explain a peak in the transverse relaxation time. If there were such a process
it might also be reflected in the measured mobility at the same carrier concentration. To test for this
possibility in our devices, we performed electrical and ESR measurements on a rubrene single crystal
EDLT that was fabricated under conditions similar to those used for our capacitance devices. For the
dielectric we used the same ion gel, and for the gate we used platinum electrodes on a polyethylene
terephthalate (PET) substrate. Figure 7.5(a) shows the resulting transverse relaxation time and spin
concentration (per unit area) as a function of gate voltage. For this device we see that the peak in T;
occurs at V, = —0.3 V, which corresponds to a carrier concentration of 2.5 x 10'2 cm—2. However, the
corresponding transfer characteristics of the EDLT (Figure 7.5(b)) shows no peak in the current Iy,

around this value. Moreover, by extracting mobilities from this data via

L L

=——° (7.3)
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(where L and W are the channel length and width, respectively we show in the inset that there is

also not a peak in u around this voltage. We therefore conclude that a peak in the hopping frequency is
not responsible for the peak in 7; under changing gate voltage. We do note that a peak in conductance

101

and mobility has been observed in similar EDLT devices previously, "~ but this occurred only at carrier

concentrations significantly higher than used here (greater than 10'3 cm~2).

*We assume a thickness of 1 nm for the accumulation layer, meaning the corresponding volume concentrations are on the
order of 10" charges/cm?.
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Fig. 7.5 Measurements on a rubrene EDLT. (a) Top: 7> vs. applied gate voltage; a peak in 7, is observed at
Vg = —0.2 V. Bottom: The extracted spin concentration (per unit area) at the same voltage values. (b) The transfer
curve (bottom, Vg = —0.1 V) and corresponding mobilities (top) of the same device before ESR scans were
taken. Mobilities are only reported at gate voltages for which we estimated the number of spins via ESR. Inset: a
schematic of the EDLT architecture.

7.3.3 Modeling the dipolar interaction

As an alternative explanation, we propose that the peak in 75 is caused by the onset of spin-spin dipolar
interactions. For a simple order-of-magnitude estimate of whether such interactions may be observable
at these carrier concentrations, and for an understanding of the factors to which the dipolar interaction
may be sensitive, we make use of a model developed by Abragam (1961).*

To begin, we recall from the theory derived in Subsection 2.3.1 that the ‘fast fluctuations’ regime
gives the following master equation to describe the evolution of the density matrix under some perturbing
Hamiltonian H

dp! i(Ey—Ey —Ep+Ep )t
d—';"zngnllemfmmfexp | P (7.4)

where the explicit form of the Hamiltonian is included in the components R, .

In that section, the form of the Zeeman interaction was assumed for the perturbing Hamiltonian, i.e.,
H =« S-B. Here, we propose instead to assume the form of the dipolar interaction. Rather than writing
it classically in Cartesian coordinates, we note that, most generally, any spin-spin interaction can be

*Though the exact theoretical derivation is important, it is not expounded upon the text in order to avoid confusing
the reader. For the keen bean: the Hamiltonian is explicitly written in the correlation functions G, (T) (see (2.45)),
Gumn'ny (T) is explicitly written in the spectral densities J,, (@) (see (2.46)), and J,y (@) is explicitly written in the
we re-running-out-of-names-for-all-these-terms R,y (see (2.49)).
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expressed in terms of two operators: one that acts on the relative position of the two spins involved, and
a second that acts on their spin components. Because we are concerned with interactions between two
spins, these two operators are tensors of the second rank. We thus label the lattice operator ka and
the spin operator <5”k(2), where we have chosen to work in spherical harmonic coordinates rather than
Cartesian ones, meaning the index k runs over linear combinations of the Cartesian components. (See
Appendix C for a review of the spherical tensor basis, as well as conversions between the Cartesian and

spherical basis.) The perturbing Hamiltonian is then written as

H =Y FP 72, (7.5)
k

Abragam showed that, after evaluating over the spin coordinates,” the longitudinal and transverse
relaxation times are directly proportional to the components of the position function Fk(z). Selecting
a form for the position function, Abragam considered the case of liquid and gas nuclear magnetic
resonance, wherein spin-carrying molecules translate past each other and undergo a diffusive process
described by a diffusion current density. For our work here, we note that the polarons accumulated in
FI-ESR are subject only to drift processes unless a source-drain voltage is applied. We therefore choose

our diffusive process to be described by the diffusion current density j,
J=4qDVn, (7.6)

where ¢ is the fundamental electric charge, 7 is the carrier density, and D the diffusion constant. We note
that the diffusion coefficient is that of charge carriers/spins and can be expressed in terms of the carrier
mobility using the Einstein relation D = ukgT /q. Based on our measurements of the bulk mobility in
the EDLT, we estimate the hole mobility to be between 0.01 and 0.1 cm?/Vs. We attribute this low value
in our devices (compared to the work of Xie and Frisbie (2011) 104) to an increased access resistance
from the crystal thickness due to the top-gate, bottom-contact architecture used. (See the discussion
below regarding why our mobility in this section is lower than that used in Subsection 7.3.1.)
Abragam’s analysis on rigid spheres in NMR assumed a minimum distance of approach d equal to
twice the radius of the spheres. Here, we crudely take this minimum distance to be defined by the spatial
extent of the hole wavefunction, i.e., two holes may touch, but do not overlap. Referring to the work of
Giannini and Blumberger (2022),'% who used quantum-classical nonadiabatic molecular dynamics to
estimate polaron mobilities and inverse participation rates (IPRs) in several organic semiconductors, we
estimate the 1D polaron delocalization length (and thus minimum distance of approach) in rubrene to be

approximately 5-6 nm. The spectral density consequently loses its dependence on @ because it is so

*Again, the details are omitted in the main text to avoid unnecessarily confusing the reader. They are as follows: The Bloch
equations are recovered by finding the dynamics of magnetization, which are dictated by the time evolution of the density
matrix (see (2.34)). The time evolution of the density matrix is found via equation (7.4), which includes the Hamiltonian
through R,y (see the previous footnote). Thus, ‘Abragam showed’ means that he went through all of that effort and
simplified.



7.4 Discussion 87

small, and we thus have for the relaxation times

1 3 us 4., 16 n

-2 B n== "

7 = 21627 PSSt Y5 b )
U MG 4o 87 n .
LM aprggy S

5162 PSS

Using the values n = 2.8 x 10'° spins/cm®, d = 5 nm, and T = 290 K, as well as a range of
mobility between 0.01 and 0.1 cm?/Vs, we obtain an estimate for 7> between 33 and 330 us. The
model therefore overestimates 75 by 1-2 orders of magnitude. Given its simplicity, this may not be
unreasonable. Estimating the minimum distance is complicated by the rapid temporal fluctuations of
the charge wavefunctions, which is a process characteristic of the transient localization regime, but
neglected in the model. Furthermore, the diffusion in our system is restricted to two dimensions in
the accumulation layer rather than three — as assumed in the model — and this is likely to lead to an
underestimate of the rate at which spins experience close encounters. The peak in 7> can be explained
by noting that it increases with the minimum distance of approach (via weaker dipolar interactions)
and polaron mobility (via increased motional narrowing), while it decreases with carrier concentration
(via more frequent dipolar interactions). At low bias, mobility increases sharply with voltage, and this
leads to more effective motional narrowing of the linewidth with increasing gate voltage. At higher bias,
however, the increased carrier concentration pushes charges closer together, thus resulting in them being
relaxed by dipolar coupling more strongly. It is the interplay between this gate-voltage dependence of
mobility and carrier concentration that leads to the observed peak.

Finally, we wish to discuss the use of a relatively low mobility here (between 0.01 and 0.1 cm?/Vs)
versus a higher mobility (~ 10 cm?/Vs) in Subsection 7.3.1 to explain the temperature-dependent data.
When considering the case of relaxation driven by local fluctuations due to the hyperfine interaction, a
single electron need not leave its local region, which in the case of our ion-gel-gated devices is defined
by the ionic potentials. Within a single potential well, an electron can sample — by means of transient
localization — many different hyperfine fields. Though this high-frequency motion is not reflected in
device mobility measurements — which are limited by the processes that involve escaping from local
potential wells defined by the ions — they enable effective motional narrowing and are captured by ESR
measurements. Thus, the motion frequency relevant for hyperfine-driven relaxation is this faster, local
hopping. In the case of relaxation by dipolar coupling, however, the picture changes, as a polaron must
leave its local potential in order to interact with a neighboring spin. In this case, it is therefore the lower

device mobility that is relevant.

7.4 Discussion

We have presented a systematic study of the spin relaxation of charge carriers in ion-gel-gated rubrene
single crystals. These devices exhibit remarkably long spin lifetimes — on the order of microseconds —
from 15 K all the way to 290 K. We showed that such extraordinary behavior is possible because charges
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are able to move quickly enough that they avoid relaxation by transverse fields. Interestingly, though this
occurs at all gate voltages measured, it seems most effective at lower voltages, where relaxation times
are nearly independent of temperature down to at least 80 K. We hypothesize that larger voltages impose
larger energetic fluctuations experienced by charge carriers on the surface of the crystal, a possibility
consistent with previous observations on rubrene EDLTSs. To our knowledge, this is the first observation
in organic semiconductors of this regime where 77 and 75 increase in tandem as charge motion becomes
faster. Due to the fast hopping frequency required, it may come as no surprise that rubrene is the first
system in which it has been detected.

By measuring the evolution of the linewidth with gate voltage at room temperature, we reproducibly
observed a peak in 7> when injected carrier concentrations were approximately just below 3 x10'2
charges/cm®. By adapting Abragam’s model for translational diffusion in fluid NMR, we explained this
as due to an interplay between a gate-voltage-dependent carrier mobility and a spin-spin interaction
resulting from high carrier concentrations. Of particular note is that relaxation driven by these dipolar
interactions is modulated by slow inter-ionic-potential transport, while relaxation driven by local
hyperfine fields is modulated by the fast transient localization motion occurring within each potential
well.

Our work provides new insight into the spin relaxation physics of high-mobility molecular crystals
with low spin-orbit coupling. It demonstrates that exceptionally long spin relaxation times are achievable
even at room temperature in a regime in which fast transient localization motion of spins gives rise to

effective motional narrowing.



CHAPTER 8

CONCLUSION

Though the subject of organic spintronics is still young, a great deal of research has already revealed new,
exciting, and impactful physics in the field. Spintronics on its own offers technical advances such as
reduced heat waste and non-volatile memory in the form of magnetic random-access memory (MRAM)
and quantum computing. Organics, on the other hand, offer low-cost and large-scale manufacturing,
flexible circuitry, and functional tunability. The great advantage when combining them, as we have
shown in this thesis, is the deep, intimate relationship between charge and spin dynamics. Resulting
in a host of spin-related transport phenomena — the anomalous Hall effect, the spin Hall effect, the
inverse spin Hall effect, the quantum Hall effect, and organic magnetoresistance, just to name a few
— the charge-spin interplay in these systems has implications for device design for spin valves, spin
optics, and classical and quantum computing. Of course, a few laboratory prototypes have already
shown these devices to be viable, so from that perspective the remaining work may simply seem to be a
matter of engineering. However, this is not the case, as further development requires not just large-scale
manufacturing, but also an understanding of bulk, surface, and interface effects that may not be present
in proof-of-concept devices. The field is still young, and much research remains before we will see
organic spintronic technology as part of everyday life.

Spintronics aside, the charge-transport relationship in these systems allows for a better understanding
of charge transport in organic semiconductor devices. Because each charge also carries a spin, we are
able to use spin-based measurements to probe both micro- and macroscopic charge dynamics. The utility
here is that many electrical characterization techniques are limited to measurements of the bulk, thus
missing the fundamental processes that may be occurring on smaller scales and yet have implications
for device performance. Field-effect transistors and diodes are two examples of devices that are used in
everyday technology and for which spin-based measurements have identified microscopic phenomena
affecting macroscopic performance. Photovoltaics is another interesting field, as there not only is charge
transport relevant, but spin-based processes fundamentally alter device performance. Special care must
be taken when selecting organics for those devices, emphasizing the importance of both charge and spin
equally.

Regardless of the application(s), common characteristics of a ‘good’ organic spintronics semicon-

ductor include long spin lifetimes, long spin-diffusion lengths, and modest (if not high) charge mobility.
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All three of these processes have been subject to much research, yet they still are not completely under-
stood. Even charge mobility, which has been studied for decades, has competing models that are highly
dependent on the system under consideration. Spin lifetimes and spin diffusion, on the other hand, are
comparatively more difficult to study, as the mutability of spins gives only short time frames and length
scales at which to work. It is naturally of interest to extend these, but before being able to do so we
must study them in detail to understand the underlying physics at play. To seek to perform an in-depth
characterization of all three phenomena (spin relaxation, spin diffusion, and spin-charge transport)
would likely be beyond the scope of a single thesis, and so here we have focused on spin relaxation
and transport in general. With respect to the former, much research has already well characterized
relaxation and low and intermediate temperatures, yet processes occurring at room temperature — where
technology is most likely to operate — remains unexplored; there, we seek not only to understand what
processes drive relaxation, but also how we can lengthen spin lifetimes in ideal systems. With respect to
the latter, we need to fully identify which spin-dependent electrical processes are relevant in devices
under operation, and how they may be modulated to enhance performance.

In an effort to answer these (implied) questions, Chapter 2 and Chapter 3 presented a thorough
review of spin resonance experiments and how they can be leveraged to study organic semiconductors.
To show how microscopic phenomena may appear in bulk measurements, we focused in particular on
the direct transformation from terms in a Hamiltonian to fitting parameters in a spectral signal. We
emphasized how initial assumptions are important in understanding observed signals, thus setting the
stage for experimental interpretation. Then, to ensure the reader fully understands the care that must
be exercised in processing data, Chapter 4 discussed the experimental challenges encountered and
procedures involved to properly extract meaningful physics from magnetic resonance experiments.

In Chapter 5 we directly addressed the question of spin relaxation at high temperatures. By using
ambipolar systems, we showed exactly how the electron wavefunction is driven to relax by thermally
activated nuclear torsion. In fused systems, where the electron and hole wavefunctions are relatively
similar, we observed a near-equal onset of spin-shuttling relaxation at high temperatures. In a donor-
acceptor system, however, where the two wavefunctions are quite dissimilar, we observed the hole
wavefunction undergoing this relaxation at a much higher temperature than its hole counterpart. By
comparing our ESR measurements to simulations of charge transport in this system, we identified the
most likely link whose torsion drives relaxation. By examining the extent and location of the hole
wavefunction, for which spin-shuttling relaxation onsets at a relatively high temperature (200 K), we
demonstrated how careful molecular design may lead to reduced relaxation and thus improved device
performance. Future work, of course, needs to expand on this research, as our results are not quite direct
evidence. Though we showed a difference in relaxation onset and correlated it to wavefunction location,
we did not modify the torsional dynamics of the relaxation-driving sites identified, nor were we able
to provide simulations of wavefunction localization in the fused systems. These would provide clearer
evidence for the case of spin-shuttling, and would likely provide deeper insight into the physics at play.

Chapter 6 moved to the question of spin-dependent charge transport. Though the phenomenon of

organic magnetoresistance has been observed for decades, the underlying mechanisms are still debated.
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Two popular theories are that of bipolaron-inhibited transport and recombination transport. Though
it’s possible that both are valid to some degree, the question is to what extent each may be present
in different systems, and which structural (electronic or mechanical) parameters are most relevant for
each. We answered this by using ambipolar systems, which allowed us to modulate the charge dynamics
of the device under operation. By sweeping through different regimes of transport, we showed that
both bipolaron-inhibited and recombination signals are observable, though their relative strength is
dependent on charge density and wavefunction extent. We observed that holes, which are relatively more
localized and undergo slower transport, give EDMR signals regardless of charge density. Electrons,
on the other hand, give EDMR signals only when charge density is low, suggesting that the spread
of the wavefunction allows it to travel via many percolation paths and therefore avoid blocking sites.
Though we found quite strong evidence for the bipolaron-inhibited signal, uniquely identifying the
recombination signal was more challenging. Interesting, despite observing it only when the transistor
operated in the recombination regime, the signal’s g-factor was far removed from that of both electrons
and holes. Future work should examine this process in more detail, and it would also be insightful to
study in more detail the interplay between charge density, wavefunction extent, and mobility and other
systems.

In Chapter 1 we returned to the phenomenon of relaxation — this time in a model system for charge
transport: rubrene. After better understanding the processes driving relaxation at high temperatures, both
from our work in Chapter 5 and other recent research, we sought to study a system in which high charge
transport could be achieved alongside long relaxation times. Because rubrene possesses low spin-orbit
coupling and a highly ordered structure that allows for transient localization, it provided the ideal
environment in which to work. Remarkably, by gating it with an ion-gel, we minimized the band-like
transport typically seen in crystalline molecular systems, which, as a result, reduced the scattering
relaxation typically present while retaining a high enough mobility for effective motional narrowing.
As a result, we observed microsecond-long relaxation times at room temperature, incredibly stable
relaxation times from 5 K to room temperature, and relaxation times that increased rather than decreased
with temperature. Perhaps of even more interest for some is that we observed the onset of relaxation
induced by the spin-spin dipolar interaction, which is typically not observed in organic semiconductors.
Though our model to explain this observation is crude, it sets the foundation for more research. Future
work should focus in detail on how wavefunction dynamics on femtosecond timescales influence dipolar
couplings, and how these may drive relaxation. In addition, it would also be useful to identify the exact
means by which the ion-gel is able to reduce band-like transport enough to prevent high-temperature
relaxation, yet still maintain transport fast enough to permit motional narrowing. We currently ascribe
this to local potential wells created by the ions in the gel, but a more developed understanding would
clearly make the link from local transient localization within a well to hopping between wells.

The use of organic-spintronics-based devices in everyday life still remains a long way off. Several
major physical processes still remain poorly understood, and even those that are understood can be better
leveraged for device applications. In an effort to make progress here, this thesis focused on clarifying

spin relaxation in organic semiconductors, as well as spin-dependent transport. We have characterized
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both in detail, and exploited the unique physics of a model system to achieve incredibly long relaxation
times even at room temperature. Of course, there is always work to be done, and so we have also hoped

to have laid the groundwork for future research studying organic semiconductor via magnetic resonance.
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APPENDIX A

DERIVATION OF THE LORENTZIAN LINESHAPE

The energy absorbed by the sample per unit time depends on its magnetization via

d

P=—
dr

d d
H=—— ‘-B=-V—-M-B A.l
" ;um +MB. (A1)
while the rate of change of the magnetic moment of a single species follows from the Heisenberg

equation of motion as

d
ih 1= 1, H] = —ihgupp x B. (A2)

This would suggest

dM
o~ 8HsMx B, (A.3)

which matches the classical result. However, this differential equation does not account for the observed
decay of bulk magnetization. We know from that there is some preferred z-magnetization in the presence
of Bp. Thus if the system moves out of equilibrium it will have a tendency to return to Mg. The amount
of time this requires is known as the spin-lattice relaxation time, T, because the z-aligned spins can only
change by exchanging energy with the molecular lattice. The transverse components of magnetization,
M, and M,, are zero on average in By, and there must thus be a characteristic timescale for the system to
return to this state. This is known as the transverse relaxation time, T>.

With these phenomenological additions, the magnetization equations of motion are

dM A
?:—g‘uBMxB—T-(M—M?z) (A.4)

where

TE(l/Tz,l/Tz,l/Tl). (AS)
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These are known as the Bloch equations>®. If we include in B only a static magnetic field, the sample
will reach Mg and stop absorbing energy. We must present a constant driving force to move the system
out of equilibrium. This is normally done with a magnetic field that oscillates perpendicular to the static
field. We shall take the field to be oriented along the x-axis and we shall write it as the sum of two

oppositely rotating fields:
B| = Biw 1N (c0os @nwt, sin Oy, 0) + BywA (COS Oyt , — Sin Oy, 0). (A.6)
In a frame rotating with this field, the components of magnetization are

M~ = M, cos Oyt + M, sin Oyt

M = —M,sin Omwt + My COS Oyt (A.7)
MZ = MZ7
and the Bloch equations are”’
dM— M~
—— =M (Ony — OL) — —— + ABnwM?sin 20wt
dt T
dM™ M+
= M (O — O1) — N + ABmwM? o8 2Wmwt + M“N By (A.8)
dM. M, —M?
dtz =M Bpnyn — % + BnwA (M cos 2@yt + M~ Sin2@pyt ).
1

We are interested in the magnetization component that is static in this frame. This component follows the
N component of the oscillating field and is not strongly influenced by the counter-rotating A component.
We therefore find the steady state solutions to these Bloch equations with n = 1 and A = 0. They are

Bunw T3 (@mw — @)
1+ (o, — Omw)?TE +V?*BL T T
BmwTZ
1+ (0, — Omw)2TE + VB2 T T
AV L e i A
+ (oL — Omw)?Ty +V?B2 1 1>

M~ =My

Z

Mt =My (A.9)

From (A.7) we see My = M~ c0S Oqmwt — M sin @pwt. Defining the complex susceptibility y =

x' +ix” with components

% =My T (©Omy — o) _M
¢ 1+((1)L_(1)mw)2T22+'}’zB[2anl T2 Bmw (A 10)
" 0 TZ M+ .
X =My ;

14+ (0L — Onw )2 T} + VB2, T1T»  Bmw
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we find

My = By (X cos Oyt — X" sin Oy t) = Ze [mewei“""W’] ) (A.11)

The power absorbed by the steady-state sample over one cycle of the microwave field follows as

2n 2n
— o (o d ® (o d
P=-V— —M-Bdt =-V— —(2M.B t+M_.By)dt

2w Jo dt 27t./o dt( B 008 Ot + MBo)

2n
o [od
=-V— / — (ZX’BiIW C0OS” Ol — 2)(”Brznw COS Wyt SIN Wy ! )dt
2w Jo dt
2n

0 [
[—4@mw X Bayy COS Oyt SiN Oyt — 20my X Biny, (€0S” Oyt — Sin* Oyt )] dt

= —V*
27 Jo
(A.12)
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APPENDIX B

DENSITY MATRIX FORMALISM

The density matrix formalism is useful in describing the behavior of systems whose composite particles
are not all in the same quantum state. For these ensembles of particles, the average value of an observable
A is given by the ensemble average, which is the mean of the expectation value of A with respect to each
quantum state in the system. For example, the ensemble average for an ensemble with i different states

is simply
(A) =Y wilwilAlwi), (B.1)

where w; is the probabilistic weight of the state ;. Inserting the identity operator twice then gives

(A) =Y wi Y (wilm) (m|Aln) (n]y;)

n,m

=Y (nlp|m) (m|A|n)

n,m

= Tr[pA]. (B.2)

Z@«ZMWMOWWM@

The term defined by the parentheses, p, is known as the density operator. It is useful because it captures
all relevant information about the ensemble: both the states present and each of their statistical weights.
Since the trace of a matrix is invariant under a change of representation, [A] can usually be evaluated

easily by choosing a convenient basis.
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The time evolution of the density operator can be calculated by applying the Schrédinger equation
to the state kets: *

—in (""”’ wil+ 1 >a§‘f")
:Z_w,- (H i) (wil — [wi)(wi| )
[, ©

This equation is the Liouville-von Neumann equation. It is the quantum-mechanical version of the
Liouville theorem in classical statistical mechanics. From this perspective, the term density is apposite
since it describes the rate of change of density at a point in phase space.

B.1 The density operator for a system at thermal equilibrium

To derive an expression for the density operator for a system at thermal equilibrium, it is necessary to

introduce an analogue for entropy. The quantity
o =—Tr[plnp] (B.4)

will do: in the basis that diagonalizes p—called |r) here—the above expression becomes
= _Zprrlnprra (BS)
-

which is maximized for a completely random ensemble (since all the matrix elements are equal) and
vanishes for a pure ensemble (since only one matrix element is nonzero and it is unity). From this

expression, it is clear that the normalization condition is
"

Moreover, because thermal equilibrium implies dp / dt = 0, the density operator commutes with the
Hamiltonian. This means that the states that diagonlize the density matrix are also the energy eigenstates.
Thermal equilibrium is defined as the state of the system at which entropy is maximized. Writing

this as

86 =0, (B.7)

*The corresponding equation assumes that the statistical weights of the states do not change in time, i.e., the system is free
from external forces.
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variational calculus can be used to find the p that satisfies this condition. At equilibrium, the energy of

the system and the states themselves do not vary, so it is necessary to include the constraints
8[H] =Y 8pmEn =0 (Tr[p]) =) 8pun = 0. (B.8)
n n
Doing so with Lagrange multipliers gives the entropy maximization condition as
Y 8pun [(Inpyy +1) + BE, + 7] =0, (B.9)
n
which requires

Pn = exp[—BE, —y—1]. (B.10)
Eliminating y with the the normalization requirement (B.6) then gives

_ exp[—BE,]
" Lwexp[-BE,)

which looks suspiciously like the Boltzmann probability of a state with energy E, in classical statistical

(B.11)

mechanics. In fact, introducing the partition function,
Z= Zeiﬁ Ex
n
= Te[e P], (B.12)

shows that the density operator can be written in the form

e 13
= B.
p 7 (B.13)
which makes the calculation of any ensemble average straightforward:
(A) = Tr[pA]
,ﬁj{

Ty e A
Tr[e ]
_ﬁEn A

_ Ly A (B.14)






APPENDIX C

CONVERTING TENSORS FROM THE CARTESIAN TO THE SPHERICAL BASIS

A tensor is a collection of components that changes in a prescribed way under a change of coordinates.
The rank of a tensor is determined by the number of unique indices required to uniquely label each
component. Scalars are rank-zero tensors, vectors rank-one tensors, and matrices rank-two tensors. Two
popular basis states for expressing tensors are the Cartesian and spherical coordinates. In the Cartesian
basis, the components of tensors are written in the form A, for vectors and A,;, for matrices (with a and
b ranging over the Cartesian directions x, y, and z), while in the spherical basis tensors have the form
A,Sq), where g can range from zero to the maximum rank of the tensor, and for each value of g the index
k can range from —gq to +¢ in unit steps.

The conversions from a vector in the Cartesian basis to a rank-one tensor in the spherical basis are
1 1 1 .
Al = A, Al ::F\E(Axisz). (C.1)

Here, g can only equal 1, so k ranges from -1 to +1. Thus, regardless of the coordinate system, three
unique components are defined.

The conversions from a matrix in the Cartesian basis to a rank-two tensor in the spherical basis are

1
Ay =3 X A (€2)
q
y o1
Al = 5 (A —Ay) (C.3)
AV =L —ay) tiAn—4 C4
+1 =7 [( vz zy) l( bes xz)] (C4)

3 1
AQ) \@ [(AZZ -3 ZAW] (C.5)
q

(C.6)

ZA,M] . (C.7)
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In this case, g ranges from 0 to 2. With the corresponding k values, there are nine unique elements, as

expected.



APPENDIX D

SUPPLEMENTAL INFORMATION TO CHAPTER 7/

D.1 Spin relaxation data for an ion-gel-gated rubrene single-crystal de-
viceat-1.0 V

Figure D.1(a) shows the dependence of 71, T, and 7, on temperature for an ion-gel-gated rubrene
single-crystal capacitor held at -1.0 V. The behavior observed is the same as that seen in the -1.5 V and
-0.4 V devices (see Chapter 7): relaxation times are on the order of microseconds at room temperature,
relaxation times increase rather than decrease with temperature, and relaxation times are quite stable
throughout the entire temperature range. Figure D.1(b) shows the fit to the data of 7, as predicted by the

Redfield equations (7.1) for a temperature-activated motion frequency.

Device 2
6
6 T T I T
e data 30 meV
Tl T2 Tzl 40 meV = == 50 meV al
Z ) o
o 4| . - ,
E 3
S LN '\o\'
E 2| ]
é 2 I | LA .4".
3 [ ] Y K
[ s
l ~1.0V 0 3 | I
0 ‘ \ 0 >
0 100 200 300 0 | 00 t OI(<J 300
Temperature [T] emperature [K]
(b)

(@)

Fig. D.1 (a) Relaxation times and (b) fits to the Redfield equation ((7.1)) with a temperature-activated motion
frequency for an ion-gel-gated rubrene single-crystal gated at -1.0 V.
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