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1Introduction to organic
spintronics

In the field of organic spintronics, the spin of the electron is investigated and
exploited in organic materials. Interdisciplinary research is at the core of this field.
Studying the role of spin in organic semiconductors requires knowledge of physics,
chemistry and materials science. Additionally, many of the physical processes
are also relevant for biology, where spin plays an important role as well, e.g. in
photosynthesis and avian navigation. Given the broad scope and possible future
applications, the field of organic spintronics has grown in popularity during the last
years. In this chapter we will highlight several of the topics in organic spintronics
that are of interest for this thesis, starting with the field of organic electronics.

1



2 Chapter 1 : Introduction to organic spintronics

b c

6x p
z

LUMO (̟*)

HOMO (̟)

a

Figure 1.1: Graphical representation of π-conjugation. (a) The pz -orbitals split into a
π-system with bonding and anti-bonding orbitals, which are referred to as the HOMO
and LUMO, respectively. If one imagines a benzene molecule, it would seem as if the
(b) unbound pz -orbitals actually delocalize into (c) a π-system that extends over the
molecule. The orbitals of the carbon atoms (black) are indicated with purple.

1.1 Organic electronics

Organic electronics is considered to be a field of untold possibilities[1]. At its
core, it takes advantage of conductive molecular and polymer materials—which
mainly consist of carbon and hydrogen. With low-cost, light-weight and even
flexible devices in the foreseeable future, these materials are promising for the
next generation of electronics. The ability to fabricate devices with printing
or coating techniques, which are scalable and cost effective, makes organic
semiconductors economically interesting. Already thin-film organic devices
are on the marketplace, most notably light emitting displays for consumer
appliances. Yet the impact of research on organic electronics can be viewed
on an even broader scale. One should not forget that the fabric of life itself
is comprised of organic materials. Charge transport plays an important role
in many biological processes, from photosynthesis to information processing
in the brain. Therefore, studying (semi-)conducting organic compounds is
relevant to all aspects of society, from gaining new insights in the fundamentals
of life to innovations in medical and consumer products.

Studying electrical conductivity in (synthetic) organic materials already
dates back to the 1950’s[2,3]. After the 1970’s research really accelerated when
Heeger et al. discovered (doped) polymers that were highly conductive[4].
Such breakthroughs have finally led to the development of many organic
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Figure 1.2: In a conjugated polymer the π-system can in theory extend over the
entire chain. However, due to defects and deformations (such as a twist shown here)
the conjugation is generally broken. This means that in practice electrons will still be
localized on segments of the chain. Therefore, most of the charge transport occurs by
hopping between segments.

semiconducting devices, such as organic light emitting diodes (OLEDs)[5,6],
organic photovoltaic (OPV) devices[7,8] and organic field effect transistors
(OFETs)[9].

So how can organic materials become semiconducting? In most organic
materials the carbon atoms form four covalent bonds with adjacent (carbon)
atoms, leaving no free electrons available for conductivity. Semiconductivity
generally only becomes possible through a process called conjugation, which is
illustrated in Fig. 1.1. In conjugated molecules and polymers the carbon atoms
form only three bonds, giving rise to an unbound electron in a pz -orbital for
each carbon atom. When these pz -orbitals overlap with the adjacent pz -orbitals,
they form a combined electronic system through π-bonds. To minimize the
energy, bonding and anti-bonding π-bands are formed, which results in an
energy gap between these bands. The filled band is called highest occupied
molecular orbital (HOMO) and the empty band lowest unoccupied molecular
orbital (LUMO). The exact energy gap between the HOMO and LUMO
depends on the size of the conjugation and molecular structure[10].

The electrons in the π-bands are no longer restricted to their respective
carbon atom and become delocalized over the molecule. Therefore, the con-
jugation gives them more freedom of motion. As illustrated in Fig. 1.2, in
conjugated polymers the electrons could even become delocalized over the en-
tire polymer chain. In reality the conjugation is often broken due the polymer
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Figure 1.3: (a) Electrons and holes are transported through a disordered organic
semiconductor, such as a polymer, by hopping from one site to another. (b) Polarons
move through the disordered energy landscape under the influence of an electric field.
When electrons and holes meet in space, they can recombine and emit light.

conformation, such as twists and kinks, or chemical defects. This means the
electrons are generally confined to certain segments of the polymer.

Semiconducting devices are made from these conjugated materials, for
example, by evaporating molecules or spincoating polymers from solution
onto a bottom electrode and placing another electrode on top. Electrons (or
holes) are then injected (or extracted) from one electrode into the organic
material and move vertically to the other electrode by applying a bias volt-
age. Such device structures are studied throughout this thesis. However, the
charge transport through these semiconducting devices is different from classi-
cal, crystalline semiconductors. Although crystalline organic semiconductors
exist, the organic materials used in this thesis are structurally and energetically
disordered[11]. Some specific properties arise due to the disorder. First of
all, charge carriers are generally localized on a single molecule or part of the
polymer chain. Due to strong electron-phonon coupling this can even occur
in conjugated systems, leading to self localization [12]. The coupling with the
local environment essentially leads to a deformation, or polarization, of the
molecular structure. A charge carrier together with its surrounding distortion
is generally referred to as a polaron. Therefore, when discussing electrons and
holes in this thesis we are actually referring to negative and positive polarons,
respectively.

In the absence of a periodic lattice, there is also no well-defined band
structure throughout the device that can be used for charge transport. This
means polarons have to move through the device by hopping from one local-
ized molecular site to another as illustrated in Fig. 1.3a. Such transport can
be well described by phonon-assisted tunnelling as proposed by Conwell[13]
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and Mott[14] for disordered inorganic semiconductors. When a polaron hops
through the disordered energy landscape as shown in Fig. 1.3b, generally de-
scribed by a Gaussian in organic semiconductors [15], it has to move up and
down in energy. This can be done by absorbing or emitting phonons. Miller
and Abrahams[16] described the probability at which each hop occurs, showing
it depends on the difference in distance and energy between each hopping
site. The actual velocity with which the polarons move through a device is
generally characterized by the mobility, which is the ability to move under
the influence of an electric field. This mobility depends on the electric field,
the charge density and the temperature [17]. Finally, we note that due to the
hopping transport in organic semiconductors, the mobility tends to be lower
than in most inorganic semiconductors.

When electrons and holes are injected into an organic semiconductor these
can find each other in space to form excitons and recombine. The definition
of an exciton in an organic semiconductor is a coupled electron-hole pair
with strong wavefunction overlap, which generally implies the electron and
hole are on the same molecular site. Exciton decay can occur radiatively,
which means a photon is emitted, or non-radiatively. The wavelength of
the emitted light depends on the energy gap of the organic semiconductor,
i.e. the difference between the HOMO and LUMO, and the exciton binding
energy. The recombination process is typically described with the Langevin
recombination rate[18]. This is an effective rate that depends on the product of
the electron and hole density (it is a bimolecular process), but also on the chance
of electrons and holes to find each other. Deviation from the Langevin formula
due to disorder should be small[19] and experiments confirm the manifestation
of Langevin recombination[20]. The conversion of electrical power into light
via polaron recombination is the working principle of the OLED, which is an
application that has made organic semiconductors immensely popular.

Figure 1.3b also shows energetic states which may exist within the forbidden
energy gap. These are very localized states, where polarons are trapped due
to their low energy. These states are, therefore, often referred to as traps and
can severely limit the charge transport. Polaron traps have been observed in
many organic semiconductors[21–23] and they can be described with a Gaussian
energy distribution just like the HOMO and LUMO [24]. The origin of the
traps is not entirely clear. It has been attributed to intrinsic defects (such
as polymer kinks)[25], to impurities left over from the synthesis and/or to
environmental contamination[26]. Additionally, device degradation seems to
create more traps[27].

Previously, we discussed bimolecular recombination of electrons and holes.
Recombination is also possible when either of the polarons is trapped. It turns
out that such trap-assisted recombination can be described with Shockley-Read-
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Hall recombination [28], which resembles a Langevin recombination process
where one charge is assumed to have no mobility. The recombination on the
initial traps is often non-radiative and in that case traps are detrimental for light
emission. On the other hand, luminescent dyes, which can be inserted into an
organic device, also act as traps, yet allow one to tune the wavelength of the
emitted light[29].

To briefly summarize, we have discussed how negative and positive charges
in the form of electron and hole polarons can be transported through organic
semiconductors and recombine to emit light. In the next section, we will move
on to the role spin plays in the charge transport and other properties of organic
semiconductors.

1.2 The role of spin

Where electronics makes full use of the charge of electrons to transport or store
information, the field of spintronics also exploits the spin degree of freedom
of electrons[30,31]. Spin is an intrinsic property of particles and is strongly
related to magnetism, because it creates a magnetic dipole moment. A myriad
of applications have been conceived for spintronics, most notably the so-called
magnetoresistive sensors. Such sensors are used to read out the magnetic
information on hard disks, but they can be found in many other industrial,
automotive, avionic and consumer applications. Spintronics is an ongoing and
promising field of research, with innovative technologies just around the corner.
Novel approaches such as the magnetic racetrack memory[32] or magnetic
random access memory[33] might easily find their way into future data storage
applications.

Thus the spin degree of freedom of electrons seems to be utilized to its
fullest in inorganic spintronic devices. However, organic materials are still
lagging behind. This limits the use of organic materials in conjunction with
many conventional memory and sensing applications. Nevertheless, long
spin lifetimes have been observed in organic materials, which is relevant for
devices that utilize the spin in storing and transporting information [34–38].
Therefore, organic semiconductors are a promising candidate for spintronic
applications. The desire to understand and utilize spin-dependent processes in
organic semiconductors has led to the emergence of the research field called
organic spintronics.

During the past decade, the young field of organic spintronics has been
catching up with its inorganic counterpart. In this field, different routes are
investigated to study the role of spin in organic semiconductors and eventually
realize applications, such as inexpensive magnetic field sensors. An overview
of several possible organic magnetic field sensors is shown in Fig. 1.4. First of
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Figure 1.4: Schematical overview of organic, magnetoresistive devices showing the
device structure (top figures) and their typical response (bottom figures). a) A spin
valve utilizes ferromagnetic (FM) electrodes to inject and detect spin-polarized currents
in the organic semiconductor (OS). b) The resistance depends on the the magnetization
of the two FM layers, which switch their magnetization direction at different field
strength. c,d) A regular organic semiconducting device without magnetic electrodes
that exhibits intrinsic organic magnetoresistance (OMAR). e,f) A device with OMAR
and one ferromagnetic electrode observes a change in resistance when ferromagnetic
domains are present at a certain magnetic field strength.

all, magnetoresistance has been reported in spin valve structures consisting of a
conductive organic layer in between two ferromagnetic electrodes [39–41]. These
devices try to mimic the technology of ‘standard’ inorganic magnetoresistive
sensors, where the resistance depends on the magnetization state of the two
ferromagnetic layers with respect to each other. One electrode serves to inject
spin-polarized currents into the organic semiconductor, which should then
transport the spins to the other detecting electrode. To validate this principle, a
large part of the spin valve research focusses on actually injecting and detecting
spins in organic semiconductors[42–45].

Another development that will be addressed in particular throughout this
thesis is the research of magnetic field effects in organic semiconducting devices.
It was found that a small magnetic field can have a large effect on the current
in organic semiconductor devices without any ferromagnetic electrodes—an
effect that was referred to as organic magnetoresistance (OMAR)[46]. OMAR
is an intrinsic effect that manifests itself at room temperature and magnetic
fields of only a few millitesla. The changes in current can become as large as
25% in thin film devices[47], while very recent work even reports on ultrahigh
magnetoresistance values of over 2000% in perfectly one-dimensional molecular
systems[48]. Cheap plastic sensor applications have already been suggested as
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an example of its application potential [49]. However, the desire to unravel the
exciting new physics behind the intrinsically magnetic field dependent charge-
transport properties of organic semiconductors has been the major motivation
for intensive experimental and theoretical research.

Recently, a hybrid route was proposed, with a device consisting of an
organic layer in between one ferromagnetic electrode and one non-magnetic
electrode [50]. The authors showed that the resistance of the device changed
based on the magnetic state of the ferromagnetic electrode; whether it consisted
of a single magnetic domain or whether multiple magnetic domains with differ-
ent magnetization directions were present. The resulting magnetoresistance
could not be attributed to any kind of spin injection mechanism, but rather
to the presence (or absence) of strong magnetic field gradients, or fringe fields,
created by the magnetic domains. These fringe fields seem to influence the
intrinsic magnetic field effects in the organic semiconductor. Such fringe field
magnetoresistance will be investigated in Chapter. 7.

Beside spin valve technology and intrinsic magnetic field effects other
topics are also investigated in the field of organic spintronics. For example, a
fascinating topic is that of single molecule spintronics, where the spin physics of
single molecules is investigated[51,52] and where single molecules are used as spin
filters and memory elements [53,54]. Furthermore, the unique interplay between
ferromagnetic, metallic surfaces and organic molecules has given rise to its own
field of ‘spinterface’[55], which studies the role of spin on the metal/organic
interface.

Polaron pair mechanism

Although the field of organic spintronics is relatively young, the study of
spin-dependent processes in organic semiconductors already dates back to the
1960’s. Johnson and coworkers investigated how a magnetic field can influence
the delayed fluorescence in anthracene crystals[56]. Measurements of similar
magnetic field effects in such crystals were followed up by others[57–59]. This
research has laid the theoretical foundation for magnetic field effects and the
underlying spin-dependent processes in organic materials. Unfortunately, most
of the observed effects were small and the organic crystals are unsuitable for
applications. It was not until almost 30 years later that the discovery of organic
magnetoresistance triggered more intense scientific interest in magnetic field
effects in (disordered) organic semiconductors.

In the meantime, related work was performed in the field of spin chemistry,
which investigates how a magnetic field can influence chemical reactions and
related processes [60,61]. The key term here is the so called ‘radical pair mecha-
nism’. A radical is essentially a charged molecule, which is the equivalent of a
polaron inside an organic semiconducting device. In organic spintronics this
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Figure 1.5: (a) The spin of a polaron on a molecule will dephase due to its hyperfine
interaction with the nuclear magnetic moments. In a semi-classical picture, the motion
of the spin can be described as a precession around a magnetic field vector ~Beff, which
is composed of the hyperfine field ~Bhf—the sum of all nuclear magnetic moments—and
the applied magnetic field ~B. (b) Because of the spin precession due to the hyperfine
fields, the spin state of a polaron pair will evolve in time from an anti-parallel (singlet,
S) to parallel (triplet, T) configuration. When the applied magnetic field becomes much
larger than the hyperfine field strength, the spin mixing is suppressed. This can change
the outcome of a polaron pair’s spin-dependent reactions, which are governed by the
singlet and triplet reaction rate kS and kT, respectively.

mechanisms is, therefore, generally referred to as the polaron pair mechanism.
In the following, we will explain this mechanism and its implications.

The polaron pair is a (short-living) intermediate state before the two po-
larons undergo a reaction. For example, one can consider an electron and a
hole that still have to make one hop before forming an exciton. The spin of
each separate polaron can be either up or down. In a pair, the uncoupled spins
of the polarons will either be anti-parallel (a singlet state, S) or parallel (a triplet
state, T). On a first glance, one would assume these spin states are distributed
according to their quantum-statistics, so for each singlet pair there will be three
triplet pairs (T−, T0 and T+). However, in order to obtain magnetic field
effects, the quantum-statistics have to be violated.

Figure 1.5 illustrates the main aspects of the polaron pair mechanism. Two
features are key for the magnetic field sensitivity of the polaron pairs and both
of these features depend on dynamics. First of all, the individual spins of the
polarons evolve in time, which implies their total spin state oscillates from
singlet to triplet. This is called intersystem crossing or spin mixing. Secondly,
the singlet and triplet pair have to undergo a spin-selective reaction with a
different rate. In the example of the electron and hole precursor pair, the
hopping rate to form either a singlet or triplet exciton should thus be different.
Additionally, to observe magnetoresistance in organic semiconductors a third
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feature is required; the spin-selective reactions also need to influence the polaron
transport. We will explain this last feature in more detail in the next chapter.

The first feature, spin mixing, arises due to the hyperfine interaction of
a polaron spin with the nuclear magnetic moments present in the organic
material, for example from hydrogen or nitrogen. A delocalized polaron will
feel many of these magnetic moments, which are all randomly oriented. The
sum of all these hyperfine interactions is often treated in a semi-classical way
as an effective magnetic field called the hyperfine field [62]. The distribution of
hyperfine fields can be described with a Gaussian function, where the standard
deviation is given by the hyperfine field strength. This hyperfine field strength
is generally on the order of a millitesla in organic semiconductors[37,63,64].

A spin that feels a magnetic field will precess around this magnetic field.
Because the two spins in a polaron pair each feel a different hyperfine field,
they will precess around a different axis and with a different speed. This means
the total spin state oscillates from parallel to anti-parallel, so from singlet to
triplet. The outcome of polaron reactions becomes dependent on this mixing
instead of on the spin statistics. When an external magnetic field is applied
that is much larger than the hyperfine fields, all the polaron spins experience
(approximately) the same effective field and the spin mixing is suppressed. We
note that dephasing still occurs, so mixing from S to T0 is not suppressed in
a magnetic field. The suppression of the spin mixing influences the polaron
reaction outcome. Therefore, a magnetic field can influence polaron reactions.
Other type of reactions exist that can be influenced with magnetic fields, such
as exciton-polaron reactions or exciton-exciton reactions. Although these do
not classify as polaron pair mechanisms, the basic principles are much the same.

The radical (or polaron) pair mechanism is nowadays used to explain an
abundance of different magnetic field effects. For example, the magnetic field
dependence of photosynthetic reactions has been reported and analyzed in the
framework of radical pair models[65,66]. Another interesting example is that of
avian magnetoreception, where molecular reactions occurring in specialized
proteins in a bird’s eye are suggested to be sensitive to the Earth’s magnetic field
and it direction[67–69]. In the remainder of this thesis, we will use the polaron
pair mechanism to explain magnetic field effects in organic semiconductor
devices.

1.3 Organic magnetoresistance

Research of magnetic field effects in organic semiconductor devices began in
1992 when Frankevich et al. observed magnetic field sensitive photoconduc-
tivity in poly(phenylene vinylenes) (PPV) films[70]. In 2003 Kalinowski and
coworkers investigated intrinsic magnetoresistance in electroluminescent PPV-
based films [71]. They showed that the current (or resistance) through such a
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device could change significantly. In their paper, the authors proposed that spin
mixing in polaron pairs due to hyperfine fields is responsible. This research was
followed up by researchers from the University of Iowa[46,72], who called the
effect organic magnetoresistance (OMAR). The authors showed that organic
magnetoresistance is a bulk effect and can be observed in many different organic
compounds. With a background in inorganic spintronics, these researchers no-
ticed that theories proposed for magnetoresistance in inorganic materials, such
as Lorentz-force deflection, hopping magnetoresistance or weak localization
were unable to explain this low field, room-temperature effect in disordered,
organic semiconductors. Similar to Kalinowski et al. they concluded that a
polaron pair mechanism was the most suitable explanation.

Figure 1.6a illustrates an example of organic magnetoresistance, here shown
as the magnetoconductance (MC (B) = [I(B)− I(0)]/I(0)) which can be defined
as the relative change in current I as a function of applied magnetic field B.
The MC(B) generally shows a typical curve or lineshape as a function of B:
a monotonically increasing (or decreasing) current with increasing magnetic
field strength that can be described well with a Lorentzian B2/(B2 + B20) or
empirical non-Lorentzian function B2/(|B|+B0)2. The parameter B0 describes
the width of the curve, which is generally in the order of 3-6 mT[46], and is
most likely related to the hyperfine field strength. Similar effects are also
observed in the electroluminescence (EL) of organic devices, which is referred
to as magnetoelectroluminescence (MEL(B) = [EL(B)− EL(0)]/EL(0)).

In recent years it has been shown that the change in current and electrolumi-
nescence with magnetic field can become as large as 30% in OLEDs[47], while
even 2000% magnetoresistance has been observed in molecular wires[48]. The
involvement of hyperfine fields in magnetic field effects has been proven with
deuteration experiments, where hydrogen atoms are replaced by deuterium
atoms [37]. Deuterium has a smaller magnetic moment, resulting in smaller
hyperfine fields and thus narrower lineshapes. Some discussion is still ongoing
in the literature about the involvement of other spin mixing mechanisms, e.g.
(weak) spin-orbit coupling[74,75], because not all molecular materials respond
as strongly to deuteration[76,77]. We also note that the hyperfine field strength
experienced by the electrons and holes can differ significantly with respect to
each other[63].

During the past decade, organic magnetoresistance has been studied and
characterized intensively. Besides the low field effects with a width on the order
of the hyperfine field strength, high field effects with much larger widths have
been observed [78–80]. Fig. 1.6b shows an example of such high field effects ob-
served in conjunction with low field effects in device consisting of the polymer
poly(3-hexylthiophene) (P3HT). Measurements on this polymer also indicate
how the sign of the MC can change with applied voltage. The strong bias
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Figure 1.6: (a) Typical magnetoconductance (MC) curve at relatively low magnetic
fields, here shown for a thin film device with PPV as the active layer. The line is a fit
with a non-Lorentzian function. (b) Two MC curves for P3HT at different applied
bias voltages, where a high field effect is clearly visible. Here the solid line is a fit
using the sum of two Lorentzians. (c) The MC as a function of the voltage at a fixed
magnetic field of approximately 80 mT for the PPV and the P3HT device. More details
about these devices can be found in Ref. [73]. (d) The change in current while the
angle between the magnetic field and normal of the sample is rotated for a PPV and an
Alq3 thin film device, which show distinctly different curves. See Chapter 6 for more
information.

voltage dependence of the MC is known in the literature [46,81,82] and depends
on the specific device and material properties, see Fig. 1.6c for example. Several
qualitative arguments exist for the voltage dependence, but in this thesis we will
use quantitative device modelling to investigate the possible origins of the ob-
served shapes. Another interesting aspect of OMAR is that it manifests at room
temperature and exhibits only a weak temperature dependence[46,72,81,83–85].

Although OMAR was initially believed to be isotropic, the effect depends
slightly on the angle θ between the normal of the film and the applied magnetic
field[86]. Because of this anisotropy, an organic device exhibiting OMAR can
in principle can be used as a magnetic compass[87]. Fig. 1.6d shows the angle
dependence of the MC for a PPV device and a device fabricated with the small
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molecule tris(8-hydroxyquinolinato)aluminium (Alq3). In Chapter 6 we try to
shed more light on the origin of this anisotropy.

1.4 Scope and outline of this thesis

So far this chapter described the basic principles of organic semiconductors
and the role spin plays in these materials, with a strong emphasis on magnetic
field effects. The research and knowledge of magnetic field effects in organic
semiconductors has grown tremendously in recent years. However, many open
questions still exist. Two major issues especially block a solid fundamental
understanding of magnetic field effects. On the microscopic level, the polaron
pair mechanism explains how a magnetic field can influence reactions between
excitations. However, it is not known which spin-dependent excitations and
reactions underlie the large magnetoresistance. On a more macroscopic level,
the influence of polaron transport and device architecture on the magnetic field
effects remains unknown. It is also not well understood how magnetic field
dependent changes in polaron reactions translate into the observed magnetore-
sistance. Especially, the role of traps on the magnetic field effects requires more
attention. Addressing the interplay between microscopic and macroscopic
processes is essential in order to engineer and systematically improve organic
spintronic devices.

In the next chapter, we fundamentally investigate the possible spin-dependent
reactions at the origin of organic magnetoresistance (OMAR). We outline the
proposed mechanisms and how to model them microscopically. To investigate
the influence of device physics on these mechanisms and OMAR, an elaborate
numerical (finite element) device model is used where the different mechanisms
are integrated in the form of material parameters and particle densities. The
chapter ends with a controlled material system where the experimental results
are explained with our complete modelling framework.

The experimental results of organic light emitting devices exhibit large
magnetoresistance (up to 20%) and remains most elusive to describe with our
framework. Some experiments in the literature indicate that traps play a role.
Chapter 3, 4 and 5 deal with the inclusion of traps in the models and with
experimental methods to investigate the exact influence of traps with specialized
dopants and chemically engineered polymers.

Chapter 6 describes another interesting property of organic magnetoresis-
tance, the dependence on the orientation of the magnetic field. We provide
compelling evidence that dipolar coupling between electron spins is at the
origin of this orientation dependence at small magnetic fields. However, newly
found high field anisotropies remain somewhat of a mystery.

Chapter 7 investigates the influence of magnetic field gradients emanating
from magnetic domains on the magnetoresistance. We find that the fringe field
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magnetoresistance is inversely proportional to square over the distance from
the magnetic layer, which correlates to how the gradient of the magnetic field
reduces with distance.

Organic semiconductors are an alluring class of materials and provide a
unique platform to exploit the spin of the electron. In chapter 8, we discuss
possible applications and future research in the field of organic spintronics.



2Modelling organic
magnetoresistance

In order to explain the surprisingly large, low field organic magnetoresistance
(OMAR), several microscopic mechanisms have been proposed. These mechanisms
deal with interactions between spin-carrying particles. In this chapter we show
how such two particle interactions are modelled using a numerical density matrix
formalism. However, the effect of such interactions on the polaron transport
through a realistic device is relatively unknown. Therefore, we use finite element,
drift-diffusion device models to determine the effect of device physics on these
mechanisms. The local magnetic field dependent reactions can be implemented via
a magnetic field dependent recombination, mobility and triplet formation rate. A
novel approach is used where we keep track of the subsequent particles formed at
each position within the device from these reactions, including excitons and trions.
We find that the three mechanisms display clear fingerprints, with distinguishable
characteristics such as sign, field scale and voltage dependence. We are able to use
this knowledge to identify the different mechanisms in a blend of materials, where
the spin-based particle reactions are tuned.

Parts of this chapter are published as: M. Cox et al., Synth. Met. 173, 10 (2013)
and P. Janssen, M. Cox et al., Nat. Commun. 4, 2286 (2013)
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2.1 Microscopic mechanisms

Several mechanisms have been proposed for organic magnetoresistance. These
are all based on the suppression of spin mixing of particle pairs prior to a
reaction, such as described in the previous chapter. The difference lies in which
particles are used and how their subsequent reaction influences the current.
First of all, interactions between equally charged polarons can be considered,
so between two electrons or two holes [88]. Secondly, interactions between
electrons and holes can be considered [89]. The magnetic field effect can then
arise either through a change in their effective recombination rate[90] or via
long living triplet excitons that influence the charge transport[91,92].

The mechanisms above have been used succesfully to describe low field
effects on the scale of the hyperfine field strength. Additionally, magnetic
field effects have been observed on scales much larger than the hyperfine field
strength. At the end of this section, high field effects will be discussed within
the framework of spin-selective reactions between triplet excitons and other
particles, as well as due to differences in polaron g-factor. Fig. 2.1 gives an
overview of the relevant particle reactions for all the mechanisms in the form
of an energy diagram.

Bipolaron mechanism

The first mechanism we discuss takes reactions between polarons with the
same charge as the underlying physics of the magnetic field effects [88]. This
so-called bipolaron mechanism describes two polarons, where one is considered
stationary. The latter generally happens because the polaron occupies a low
energetic site. The other polaron will have to pass the immobile polaron to
contribute to the current. To do this, both polarons have to temporarily occupy
the same site. This doubly occupied site is referred to as a bipolaron. Such a
bipolaron will only be formed in the singlet state, because the triplet state is
much higher in energy due to strong on-site exchange interactions[93]. So the
rate to form a triplet bipolaron is negligible, which means polaron pairs with a
triplet spin state cannot pass each other. This concept is generally referred to as
spin blocking. However, polaron pairs with a triplet spin state can evolve into a
singlet state due to spin mixing, thus bypassing the spin blocking. As described
in the previous chapter, when a magnetic field is applied the spin mixing is
suppressed. This means spin blocking becomes more effective in a magnetic
field, resulting in less charge transport and thus a negative magnetoconductance.

The bipolaron mechanism depends strongly on several factors. Preferably,
the trapped polaron is completely stationary and cannot escape its site. If it is
mobile, the influence of bipolarons on the total charge transport diminishes.
Secondly, the formation of a singlet bipolaron still has an energy cost U , which
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Figure 2.1: The relevant particles and their (spin dependent) reactions in an organic
semiconductor as a function of energy. Free charges can form precursor pairs in a
singlet 1( ) or triplet 3( ) configuration. From this pair state, the precursor pair can
either recombine into a singlet (S) or triplet (T) exciton (in the case of an electron-hole
pair), a singlet bipolaron (in the case of a bipolaron pair) or dissociate back into free
carriers again. Due to hyperfine fields, the singlet and triplet precursor pairs can mix
and an external magnetic field can suppress this mixing. The magnetic field dependent
transitions between the pair states are indicated with red arrows. On the right we
show the proposed magnetic field dependent reactions: (i) bipolaron formation, (ii)
electron-hole recombination, (iii) exciton formation and (iv) triplet-polaron reactions.
The first three are governed by spin mixing in polaron pairs, while the latter is in
triplet-polaron pairs, which results in magnetic field effects at a much higher field scales
than the hyperfine field scale.

is associated with the Coulomb repulsion of the charge carrier. This energy
cost should not be too high, otherwise the singlet bipolaron will not be formed
either. The shared distortion of the two polarons at the same site helps to
reduce this formation energy. This can result in energy costs similar to the
energetic disorder of the organic semiconductor (U ∼ σ )[94], meaning the
formation of bipolarons is feasible. Finally, if polarons are able to easily hop
around the blocked site, the bipolaron mechanism will not be very effective.
In the extreme case of perfectly one-dimensional charge transport, polarons
will not be able to hop around each other. In experiments one-dimensional
charge transport was achieved with molecules placed in the pores of zeolite
crystals, which led to the observation of extremely large magnetoresistance at
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room temperature[48].

Electron-hole mechanisms

Most magnetic field effects reported in this thesis are measured in devices where
both electrons and holes are injected. Electrons and holes that meet in space
have a certain probability PS to form a singlet exciton or a triplet exciton
(PT = 1 − PS). Due to the spin mixing in the electron-hole precursor pair
prior to the exciton formation, these probabilities depend on the formation
kinetics. A slower singlet exciton formation rate (kS) than for the triplets
(kS < kT) leads to a reduced formation of singlet excitons. In this scenario,
the probability to form singlet excitons is thus lower than their statistical
probability (PS < 1/4). Vice versa, kS > kT results in PS > 1/4. A magnetic
field suppresses the spin mixing and returns the exciton formation probabilities
towards their statistical ratios. The change in singlet exciton fraction can
explain the observed magnetoluminescence in organic semiconducting devices.

The current through a device can change in several ways upon application of
a magnetic field. Taking dissociation of the precursor pairs into consideration,
the magnetic field influences the effective recombination rate of electrons
and holes. For example, if kS < kT then electron-hole pairs with a singlet
character have less chance of forming an exciton and thus more chance of
dissociating into free carriers again. When spin mixing is suppressed with a
magnetic field the singlets have less opportunity to evolve into a triplet and
use the faster recombination. This means that effectively the recombination
of polaron pairs is reduced in a magnetic field. In a space-charge limited
device, less recombination results in more current, giving rise to a positive
magnetoconductance[90,95]. Note that the outcome on the current is the same
for kS > kT. One detail is often overlooked for this particular electron-hole
mechanism: dissociation of the precursor pairs is considered unlikely due to
the strong Coulomb interaction between the proximate electron and hole [96].
Without significant dissociation of the precursor pairs, a magnetic field is not
able to affect the effective recombination rate. This is an important aspect to
consider when explaining magnetic field effects in terms of an electron-hole
pair mechanism.

Even without dissociation, the current can be altered by a magnetic field
dependent change in exciton fraction. Triplet excitons cannot decay radia-
tively and subsequently have a much longer lifetime than singlet excitons. It
is well known that the long living triplet excitons can affect the charge trans-
port[97–99]. Not surprisingly, triplet excitons have been suggested as a cause of
magnetoresistance by many[58,91,92,100,101]. For example, the triplets can hinder
the polaron transport through scattering[91]. For kS < kT, less triplet excitons
will be formed upon application of a magnetic field, resulting in better polaron
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transport and thus positive magnetoconductivity. Additionally, triplet excitons
could also be beneficial for the current, for example, by detrapping charges
while decaying to the ground state[58,101].

Spin-dependent triplet exciton interactions

The polaron pair mechanisms described above give rise to low field effects
governed by the hyperfine field strength. The formation of triplet excitons
is a low field effect, because the spin mixing takes place in the electron-hole
precursor pairs. On the other hand, triplet excitons have a total spin of 1,
which means they also undergo spin-dependent reactions themselves. Magnetic
field effects that arise due to these spin-dependent reactions are governed by
the zero field splitting (ZFS) of the triplet exciton, which is of the order of
50-100 mT in most organic semiconductors[102–104]. This results in magnetic
field effects at much higher field scales than the hyperfine field strength.

The triplet excitons can undergo reaction with polarons. Spin mixing then
occurs between states with total spin 1/2 (doublet, D) and states with total spin
3/2 (quartet, Q). In such a reaction, the triplet is quenched to the ground state
and its energy is transferred to the polaron. However, this is only allowed for
the doublet state, because the outcome (a single polaron) has total spin 1/2.
Additionally, there could be an intermediate state, which is generally referred
to as a charged exciton or a trion[100,105]. This is similar to an exciton, which
is the intermediate state of the electron and hole recombination process. The
effects of trions on the charge transport will be discussed in more detail in the
next chapter.

Another spin-dependent reaction is the mutual annihilation of triplet exci-
tons. The outcome of this reaction is a singlet exciton, thus it can only take
place if the total spin state of the triplet-triplet pair is zero. Upon application
of a magnetic field, less annihilation takes place, resulting in an increase of
triplet excitons. Because the triplet excitons are assumed to influence the charge
transport, this will result in magnetoresistance.

∆g-mechanism

Spin mixing can arise due to a difference in polaron g-factors ∆g, leading to
dephasing of the two spins in a polaron pair. This is possible because the
precession frequency ωB of a spin experiencing a magnetic field B depends on
the g-factor via:

ωB = gµBB/ħh, (2.1)

in which µB is the Bohr magneton and ħh is Planck’s constant. Due to weak
spin-orbit coupling in organic semiconductors, the g-factor of a polaron is
slightly different from the free electron g-factor (g = 2.0023193). See e.g.



20 Chapter 2 : Modelling organic magnetoresistance

ref [74] for an overview of the g-factor of electron and hole polarons in several
molecular and polymer materials.

The difference in precession frequency between an electron and a hole
at adjacent sites ∆ωB = ∆gµBB/ħh is proportional to the applied magnetic
field. The resulting dephasing of the polaron pair’s spin configuration leads
to an increase in spin mixing between the singlet and T0 triplet, partially
compensating for the loss in spin mixing due to the alignment of the effective
magnetic fields at the two sites. Because the difference in precession frequency
scales with the applied magnetic field, and because ∆g is only small, the ∆g-
mechanism leads to magnetic field effects with a broad linewidth[106].

2.2 Spin mixing calculations

The method we use to evaluate the microscopic details of magnetic field effects
is based on density matrix formalism[107]. In contrast to the Schrödinger
equation, which can only be used for a single, known quantum state, the
density matrix formalism can describe a whole ensemble of systems, where
each could be in a different state. To describe a quantum system with a basis of
states |ψn〉 that span the Hilbert space, the density operator can be used:

ρ =∑
n
pn |ψn〉 〈ψn| (2.2)

in which pn defines the probability to be in the state |ψn〉. Evidently, the sum of
all probabilities is unity, which implies that the trace of the trace of the density
operator is unity as well. For simplicity a density matrix can be constructed
for a chosen basis, where the elements are given by ρi,j = 〈ψn|ρ |ψn〉. The
probability to find the system in state i is then given by the diagonal elements
ρi,i, which thus represent the populations of the different states. The off
diagonal elements represent the coherent evolution from one state to another.

The systems we are interested in, i.e. particle reactions in organic semi-
conductors, are complex and difficult to treat entirely quantum mechanically.
The number of polarons is also not conserved; they are injected into the or-
ganic semiconductor, hop around to form pairs and are removed again through
recombination. In principle, the theory of open quantum systems should
thus be used[108]. However, we are only interested in the spin evolution of
polaron pairs, which is a subsystem of the entire problem. For this purpose
a more straightforward approach can be used with a master equation, where
the hopping and recombination of polarons is treated in a stochastic way [109].
Such an equation is generally referred to as the stochastic Liouville equation,
which describes the evolution of the relevant density matrix:

∂ρ
∂t = − i

ħh [H, ρ]− 12 {Λ, ρ}+ Γ, (2.3)
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The first term describes the (coherent) evolution of the spins for a Hamiltonian
H, as if it were a closed system. The square brackets denote the commutator.
The second term removes states from the system, for example, due to exciton
formation or another hopping process. The projection operator Λ contains
a term Λi,j for every element in the density matrix that can be reduced. The
curly brackets denote the anti-commutator. Finally, the equation contains a
source term Γ, which populates the density matrix elements, resulting in the
formation of polaron pairs.

The stochastic Liouville equation can be used to describe polaron pair
models[88,89,106] as well as triplet-polaron and triplet-triplet interactions [110].
The stochastic Liouville equation has also been used with considerable succes
for a much wider range of research, for example for triplet-triplet annihilation
in organic crystals [56], magnetic resonance[111], avian magnetoreception[67]

and laser theory[112].
As described before, magnetic field effects in organic semiconductors arise

due to suppression of the spin mixing in an applied magnetic field. To illustrate
the calculation of such magnetic field effects, we will consider an electron and
hole that are about to form an exciton. The Hamiltonian for the spin system is
given by:

H = gµB

ħh

(
~Bext · (~Se + ~Sh) + ~Bhf,e · ~Se + ~Bhf,h · ~Sh

)
(2.4)

in which ~Se and ~Sh are the spin operators for electron and hole, respectively.
Each polaron experiences a hyperfine field ~Bhf at their respective site and both
will experience the same externally applied magnetic field ~Bext. Singlet and
triplet exciton formation rates (kS and kT, respectively) have to be chosen and
implemented in the sink term Λ. All states are occupied equally with a rate kγ
in the source term. A density matrix can be found from Eq. 2.3 by demanding
that it is steady-state, i.e. ∂ρ/∂t = 0. From this density matrix the singlet
and triplet pair populations are found. These populations have to be averaged
over all possible hyperfine fields, which are generally described by a Gaussian
function with the hyperfine field strength Bhf as standard deviation.

Here we define the magnetic field effect (MFE) as the relative change in
triplet exciton formation with increasing external magnetic field, which cor-
responds to magnetoresistance due to triplet excitons in an electron-hole pair
mechanism. We note that the outcome of the calculations is similar for the
bipolaron mechanism, except the sign of the MFE may be different. Figure 2.2a
shows a standard low field effect, which resembles a Lorentzian lineshape.
With different parameters and processes non-lorentzian lineshapes can also
be accounted for [88,106]. The kinetics of polaron pair reactions influence the
MFEs. In first order, the amplitude of the MFE scales linearly with the ratio
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Figure 2.2: Calculated magnetic field effects with the method described in this section.
(a) Normalized MFE as a function of the external magnetic field B for a polaron pair.
(b) The normalized MFE as a function of the hopping speed relative to the hyperfine
precession frequency. A hyperfine field strength Bhf = 1 mT was used. (c) Taking
a difference in g-factor between the two polarons results in a high field effect. Here∆g/g = 0.2% was used at a relative hopping rate khop/ωhf = 3. (d) Triplet-polaron
pair calculations also result in high field effects, governed by the zero field splitting
parameter DZFS = 100 mT.

kT/kS. Additionally, the ratio between the polaron pair hopping rate khop
and the hyperfine precession frequency ωhf matter greatly as can be seen in
Fig. 2.2b. The hopping rate enters the model through the processes involved
in the sink and source term of Eq. 2.3. Essentially, the polaron pair formation
and exciton formation both consist of a hop, so their rates scale with the po-
laron hopping rate. For slow hopping (khop � ωhf) the spins precess much
faster than the polaron pairs can be created and extracted from the system. At
intermediate hopping rates, the MFE can increase due to competition between
exciton formation and spin mixing[89]. When the hopping rate increases, the
exciton formation rate becomes faster than the precession frequency, thereby
quenching the spin mixing and the MFE.
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The stochastic Liouville equation is useful to calculate the MFEs of different
mechanisms. For the bipolaron mechanism, the approach is approximately the
same as for electron-hole pairs, althought different parameters may be selected.
The ∆g-mechanism can readily be calculated by taking unequal g-factors for the
electron and hole in Eq. 2.4. The ∆g-mechanism leads to additional spin mixing
with increasing magnetic field, resulting in a high field effect as illustrated in
Fig. 2.2c. However, the ∆g-mechanism only works if the spin mixing is already
(slightly) suppressed, for example, because of intermediate hopping or an S-T0
energy splitting due to spin-spin interactions. Besides polaron pairs, spin mixing
of triplet-polaron or triplet-triplet pairs can be calculated with the stochastic
Liouville equation, generally resulting in high field effects governed by the
zero field splitting of the triplet exciton. An example of such a calculation is
shown in Fig. 2.2d. In chapter 6, we will use such calculations to investigate the
anisotropy of high field effects in greater detail.

To summarize, we have shown that a density matrix formalism using
the stochastic Liouville equation of a two site model is capable of describing
magnetic field effects in organic semiconductors arising from microscopic
processes, such as polaron pair spin mixing, triplet-polaron spin mixing and
the ∆g-mechanism. However, another question is how the charge transport
properties of the devices, and thus the magnetoresistance, depend on these
microscopic changes. In the next section, we use a straightforward numerical
device model to shed more light on the influence of the device physics of
organic magnetoresistance.

2.3 Drift-diffusion model

Organic semiconductor devices are complex, disordered systems. Finding an
accurate and reliable numerical description of these materials is a complicated
and on-going field of research. In this thesis, we gain insight into the con-
ductive properties and current-voltage behavior of such devices by employing
a numerical model solving the drift-diffusion, continuity and Poisson equa-
tions[113–116]. We use a finite element method where the equations are solved
using forward integration in time until steady state is obtained. The organic
material is described as an effective medium with a dielectric constant εr .

The model describes the transport of the electron and hole polarons, with
densities n and p respectively. Electrons and holes have an effective mobility
µn and µp respectively, which describes how fast they can move through the
organic semiconductor. The actual transport can be divided into two contri-
butions: drift and diffusion. Drift of charged particles arises from the force
exerted onto them by an electric field F , which can also be described by the
electrostatic potential φ within the device as F = −∇φ. Diffusion is a result
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of particles moving due to a difference in concentration. The electron (hole)
current Jn(p) can then be defined as the sum of both drift and current as:

Jn = qµnn∇φ + qDn∇n,
Jp = qµpp∇φ − qDp∇p,

(2.5)

in which Dn(p) is the electron (hole) diffusion constant, which is generally
given by the Einstein equation Dn(p) = kBT /qµn(p). Here q is the elementary
charge, kB is the Boltzmann constant and T is the temperature. The continuity
equations then describe how the particle densities actually change in time:

∂n
∂t = 1

q∇Jn − rpreγnp,
∂p
∂t = − 1

q∇Jp − rpreγnp,
(2.6)

These contain a contribution due to charge transport and due to electron-
hole recombination. For recombination we assume bimolecular Langevin
recombination[18] with a coefficient γ = q(µn + µp)/εrε0 [117], where ε0 is the
vacuum permittivity. This means the recombination is considered a diffusive
process, where the rate is solely determined by the ability of the electron
and hole to find each other. The equations also contain a prefactor which is
considered rpre = 1 for a pure Langevin process. In the next chapter we will
also investigate trap-assisted recombination processes. Additionally, a device
model has to take the Poisson equation into consideration:

εrε0∇2φ = q(n− p), (2.7)

which describes how the electrostatic potential varies with the charge distribu-
tion.

In order to obtain a unique solution to the system of coupled differential
equations given by Eq. (2.5-2.7) one needs to define the boundary conditions,
i.e. the carrier densities and potential at the contacts. As illustrated in Fig.2.3
the boundary conditions are relatively straightforward for a one-dimensional
model. Then the potential φ(x) simply reads:

φ(L)− φ(0) = φbi − Va, (2.8)

in which the built-in potential φbi is given by the difference of the electrode
work functions, Va is the applied voltage over the contacts and L is the thichness
of the semiconductor layer. The boundary condition for the charge density at
each contact is generally given by the contact barrier and Boltzmann statistics.
For the electron and hole density at the left contact (x = 0) with injection
barriers φn,0 and φp,0 respectively, this results in:

n(0) = NLUMOe
−φn,0
kBT ,

p(0) = NHOMOe
−φp,0
kBT ,

(2.9)
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Figure 2.3: Energy diagram of an organic semiconductor in contact with a electron
(hole) injection electrode with a workfunction φn(p) below the vacuum level and
injection barrier φn(p). Without an applied bias the electrode energy levels align,
resulting in a built-in voltage φbi. In the finite element calculations, the organic
semiconductor is divided into a number of slabs, where the transport equations are
solved for each slab separately.

in which NLUMO and NHOMO are the effective density of states of the lowest
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) respectively. Similar expressions can be found for the electron and
hole density at the left contact (x = L) with injection barriers φn,L and φp,L.

More details can be incorporated into the device model in order to describe
the complexity of organic semiconducting devices more realistically. This in-
cludes matters that arise due to the disorder, such as polaron density dependent
mobilities or polaron traps[15,21,28,118]. More complicated injection models
can be used, for example due to tunnelling from the contact into the organic
material[119,120]. Additionally, one can take the influence of excitonic states on
the charge transport into consideration[99].

Incorporating the microscopic mechanisms

We will briefly outline three proposed mechanisms and describe how these can
be interpreted in terms of device physics. For more explicit details we refer to
other literature [101,106,121]. The suggested mechanisms for OMAR are all based
on the suppression of spin mixing of particle pairs prior to their spin dependent
reaction into another product. The general consensus is that hyperfine fields
cause most of the spin mixing and that an applied magnetic field is able to
suppress this mixing[122]. The ideas then differ as to which particle reaction is
exactly at the origin of the observed magnetocurrent [88,90,123]. We will show
that these mechanisms produce distinctly different voltage dependences of
OMAR, which presents researchers with an additional tool to discriminate
between them.
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The first mechanism to be included in our device model is the bipolaron
mechanism, which has been described elaborately in the literature[88]. Essen-
tially, it is based on spin blocking of polarons of the same charge and it states
that this spin blocking increases when a magnetic field is applied. In principle
this implies the formation of bipolarons, however, these are not necessarily con-
sidered to have a significant lifetime. Therefore, we do not need to incorporate
an actual bipolaron density in our device model. We incorporate the bipolaron
mechanism as a magnetic field dependent mobility of the electrons or holes in
the device. Such a method has already been investigated in previous research
in order to model the MC(V ) for an unbalanced charge injecting device[124].
Here we will use this method to simulate the behaviour of a more standard
device with Ohmic contacts. We then assume that the MC is caused by a
reduction of the electron (or hole) mobility µn(p) and calculate the normalized
magnetocurrent (NMC) as:

NMCn(p) = ∆J
J

µn(p)∆µn(p) , (2.10)

where we emphasize that ∆µn(p) is negative in all our studies.
Many devices used for magnetoresistance measurements contain both elec-

trons and holes under typical operational conditions. The electron-hole mecha-
nism describes how reactions between these carriers can lead to a magnetic field
effect[90]. The electrons and holes can recombine together to form excitons or
even recombine directly to the ground state in some cases. This process is spin
dependent, since the electron-hole pair that is formed in the process can either
have a singlet or triplet spin state. When the recombination or dissociation
rates are different for the singlet and triplet state, a magnetic field will effectively
reduce the total recombination rate of the electrons and holes[90,92]. This can
be incorporated in a device model as a reduced recombination mobility µr of
the charge carriers. Because µr = rpre(µn + µp)[124], a change in recombina-
tion can be calculated straightforwardly with a change in the recombination
prefactor rpre. The NMC can then be defined as:

NMCr = ∆J
J

rpre∆rpre
, (2.11)

The last mechanism we outline deals with triplet exciton-polaron reactions.
Triplet excitons generally have a much longer lifetime than singlet excitons and
will therefore probably be more abundant in a device. Therefore, these triplet
excitons have a larger probability to interact and react with polarons in the
device. Since the singlet/triplet formation fraction is believed to be magnetic
field dependent[89], then so is their influence on the polaron transport. This
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concept is the basis of the triplet-polaron mechanism for OMAR, which was
first stated in literature by Desai et al.[123]

Their contemporary triplet-polaron interaction mechanism simply states
that triplet excitons temporarily captures free polarons, however, no quanti-
tative model has so far been presented to describe such an effect. Recently, it
was suggested that the actual formation of charged excitons[125], also known
as trions [105], could be at the origin of OMAR[100,126,127]. Since these trions
are assumed to have a very small or even no mobility, they effectively act as
trap states for the polarons. We do note that the actual concept and specific
microscopic details of the trion relevant for OMAR, such as the exact spin
coupling, are still under debate[126]. For the purpose of our simulations, it can
either be seen as a loosely bound triplet-polaron pair or an actual particle. In
our device model we will keep track of the exciton and trion density, where we
assume that a magnetic field will reduce the formation probability of triplet
excitons. This will in turn reduce the trion density and thereby enhance the
free polaron density, leading to a magnetocurrent.

For the triplet-polaron mechanism we incorporate the continuity equa-
tions of the triplet exciton and trion density into our device model, where
the excitons are created from electron-hole recombination and the trions from
triplet exciton-polaron reactions. This also implies the incorporation of addi-
tional recombination and generation terms into the electron and hole polaron
continuity equations. First of all we consider the formation of triplet excitons
from the electron and hole recombination rate rpreγnpwith a triplet formation
probability PT, which results in a continuity equation for the triplet exciton
density nT:

∂nT

∂t = PTrpreγnp− γTPnT(n+ p)− kTnT. (2.12)

Triplet excitons can undergo a reaction with polarons which is defined by the
triplet-polaron coefficient γTP or they can recombine directly to the ground
state with a rate kT. Subsequently, negative trions ntrion and positive trions
ptrion can be formed from the triplet-polaron reaction according to:

∂ntrion
∂t = γTPnTn− ktrionntrion,

∂ptrion
∂t = γTPnTp− ktrionptrion,

(2.13)

in which ktrion is their decay rate back into a free polaron. Due to these
processes one needs to modify the electron and hole continuity equations into:

∂n
∂t = 1

q∇Jn − rpreγnp− γTPnTn+ ktrionntrion,
∂p
∂t = − 1

q∇Jp − rpreγnp− γTPnTp+ ktrionptrion.
(2.14)
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In addition, the Poisson equation has to account for the charge of the trions:

εrε0∇2φ = q(n− p+ ntrion − ptrion), (2.15)

A magnetic field will reduce the formation of triplet excitons[89], which can be
incorporated into our model as a reduction of PT. Therefore, the NMC for
the triplet polaron mechanism is given by:

NMCTP = ∆J
J

1∆PT
. (2.16)

Material parameters for γTP and kT can be taken from experimental work
available in the literature[98,99,105,119,128,129].

Device model results

Using the device model introduced in the previous section, we will investigate
the simulated effect of a magnetic field on the current through an organic
semiconductor. We take electrode work functions that almost match the
HOMO and LUMO for each injecting electrode, respectively, with contact
barriers of 0.1 eV, which should correspond to Ohmic contacts and results
in balanced bipolar charge injection [113]. For the bulk of the device we will
consider a straightforward low mobility semiconductor, inspired by poly(p-
phenylene vinylene) (PPV), with equal electron and hole mobilities µn = µp
= 10−6 cm2Vs−1 and with a bandgap of 2.8 eV. Here we note that an electron
and hole mobility orders of magnitude different have been reported in many
semiconducting organic materials, such as PPV[130] and Alq3 [131]. However, a
recent study by Zhang et al.[24] has shown that the intrinsic mobility of the
free electrons and holes is approximately the same. The apparent difference
arises from trapping of free polarons (electrons in the case of PPV), masking the
intrinsic transport properties and at first sight leading to an effective reduction
of mobility. In the next chapter, the influence of traps on the device and
triplet-polaron reactions will also be investigated.

The calculated current density J as a function of voltage V is shown in
Fig. 2.4 for a device as described above. The current clearly operates in two
regimes, which are approximately separated by the built-in voltage of the device.
This built-in voltage (∼2 V) is different from the actual built-in potential (2.6
eV) due to severe band bending near the electrodes caused by charge built-up.
In the first regime the current is diffusion dominated and shows a rectifying
behaviour corresponding to the famous Shockley diode equation[132]:

J ∝ e
qV
ηkBT , (2.17)
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Figure 2.4: The calculated current density J as a function of voltage V for a ’PPV-
inspired’ device, as discussed in the thext. The current first shows a rectifying behaviour
before transforming into a space charge limited current after the built-in voltage.

where one can take an ideality factor η of two into account in order to incor-
porate recombination[133]. Beyond the built-in voltage, the current quickly
transforms into a quadratic dependence on voltage, which corresponds to a
drift dominated, space charge limited current as described by[134]:

J = ε0εr
89
√2πµnµp(µn + µp)

µr

V 2
L3 , (2.18)

where µr = rpreµnµp, as mentioned before.
The transition in the current is also reflected in the behaviour of the NMC

as a function of voltage for most mechanisms, as can be seen in Fig. 2.5. Only
the bipolaron mechanism, which is simulated as a change in electron and hole
mobility, is unaffected by this transition. The current always reduces when the
mobility reduces, since both drift and diffusion scale linearly with mobility.
Additionally, the NMC is close to 0.5 for both the electron and hole mobility,
which corresponds to the fact that the electron and hole transport contribute
equally to the current (with equal mobilities and injection). In experiments
the MC is known to be negative for unipolar devices[78], which can easily
be explained with the bipolaron mechanism. A positive MC has also been
numerically simulated by Bloom et al. with a reduction in mobility. However,
this requires an injection limited minority charge carrier contact and weak
recombination rpre � 1[124].

The most interesting effects occur in our calculations of the electron-hole
pair mechanism, where it is assumed that the magnetic field reduces the re-
combination between electrons and holes. In Fig. 2.5b one clearly observes
a sign change from a negative to a positive MC. This transition in the MC
corresponds to the transition in the current from a diffusion dominated to a
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a b c

Figure 2.5: The normalised magnetocurrent for the three proposed mechanisms:
(a) the bipolaron mechanism, which incorporates a reduction in electron or hole
mobility (b) the electron-hole pair mechanism, which is simulated with a reduction in
recombination and (c) the triplet-polaron mechanism, where the magnetic field effect
is governed by a reduction in the triplet formation probability. For the latter two
different trion decay rates have been used and γTP = 10−18 m3s−1 and kT = 1.7 105
s−1. The dashed line indicates the approximate transition in the current. The negative
NMC is shown, because we always use a reduction of the mobility, recombination
and triplet formation. Therefore, we correct for the change in sign caused by the
normalization to better reflect experimental outcomes.

drift dominated current near the built-in voltage. This transition can intuitively
be explained as follows. Below the built-in voltage the electrons and holes that
contribute to the current have to cross the device by diffusion, moving against
the electric field. The current can be assisted further by recombination pro-
cesses, because in that case the electrons and holes only need to effectively cross
half the device and recombine together in order to contribute to the current.
This is also where the ideality factor of two stems from. When a magnetic field
reduces the recombination, the current is consequently also reduced. Above
the built-in voltage, the electric field assists the charge transport and the cur-
rent will therefore quickly become space charge limited. In a bipolar space
charge limited current it is well known that recombination processes hinder
the charge transport[133], as the charges of the electrons and holes compensate
each other. Therefore, in this case a reduction in recombination results in more
compensation and enhances the current. One can also easily deduce this from
Eq. (2.18). We observe this behaviour in the P3HT measurements as well as in
recent experiments of polymer-fullerene blends discussed in the next section.

For the triplet-polaron mechanism, the NMC is again rather straightfor-
ward. The exciton and trion densities become significant beyond the built-in
voltage. The higher the voltage, the more trions are created, thereby hindering
the polaron transport. This means that the NMC increases in amplitude with
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voltage. Because we assume that the triplet formation probability is reduced
in a magnetic field, the current is enhanced, resulting in a positive MC. Ad-
ditionally, the NMC increases when we reduce the trion decay rate. A rapid
increase of the MC with voltage is often observed in organic light emitting
devices[81,135], however, this is generally accompanied by a slower decrease at
high voltages. In the next chapter, we suggest that this is due to the fact that
trions are created at trap sites. This means that only a limited number of trions
can be formed, and upon filling the traps the MC will thus diminish at high
voltages.

To summarize, we have performed numerical drift-diffusion device simula-
tions to study the effect of device physics on different organic magnetoresistance
mechanisms. The bipolaron mechanism was simulated with a reduction in
polaron mobility, while for the electron-hole pair mechanism this was obtained
with a reduction in recombination. The triplet-polaron mechanism required
the addition of continuity equations for the triplet and trion densities into the
device model, which is the first effort to quantitatively analyse this mechanism
in numerical device models as far as we know. This approach allowed us to
study the effect of a reduction of the triplet formation probability on the
current as a function of voltage. We found that device physics can have a signif-
icant effect on the behaviour of the magnetocurrent with voltage. Especially,
the transition from a diffusion dominated to a drift dominated current has a
tremendous effect on the MC and can even explain sign changes observed in
literature. More complex devices and reactions can be studied by implement-
ing them into this simulation method, which will allow us to further unravel
the physics behind organic magnetoresistance. The results suggest that the
MC(V ) can be used as a fingerprint to identify the underlying mechanism that
dominates OMAR in a specific device, whereas the MC(B) lineshape is often
inconclusive.

2.4 Tuning the mechanisms in experiments

As described before, several mechanisms have been suggested to explain organic
magnetoresistance. These mechanisms all rely on spin selective reactions be-
tween pairs of particles, where a magnetic field suppresses the spin mixing of
the particle pairs prior to the reaction, thereby changing the spin fraction and
the outcome. The principal question is now which particle pairs and subse-
quent reactions are dominating the magnetic field effect. Most experimental
studies have focused on trying to isolate a certain mechanism, e.g. by creating
a device where only one type of polaron is present, but a magnetoresistive
response was always observed and no mechanism could be excluded. So far
the largest effects have been observed in organic light emitting materials and
devices, where all particle reactions can potentially occur.
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Figure 2.6: (a-c) Illustrations of the three different morphological regimes with
increasing PCBM concentration x and their relevant influence on the polarons. (a) At
low x (< 20 wt.%), the PCBM acts as a dopant that quenches excitons, thereby reducing
the exciton density and exciton-polaron interactions. (b) At intermediate x (20 wt.% -
60 wt.%), the PCBM forms percolative pathways for efficient electron transport. All
electrons are thus on the PCBM, and electron-hole reactions result in charge transfer
(CT) states and no excitons are present. (c) At high x (> 60 wt.%), two distinct material
phases are formed that result in seperate electron and hole transport. (d-i) Typical
magnetoconductance (MC) results for the three regimes. (d-f) The MC as a function of
applied field B, where the low and high field components are indicated with a blue and
red line, respectively. (g-i) The MC as a function of applied voltage, where the lines
depict simulation results for the triplet-polaron mechanism in (g), the electron-hole
recombination mechanism (∆µr) and the bipolaron mechanism (for holes, ∆µp). For
intermediate x, the results can be explained entirely with the electron-hole mechanism,
while in the phase-separated regime a bipolaron mechanisms needs to be incorporated
as well. For the materials parameters in the simulations, we used those known for the
blends, which can be found in Ref. [80].
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In order to unravel the underlying mechanism, an exquisite control of the
spin carrying particle interactions and subsequent magnetic field dependent
reactions is required. We propose a polymer-fullerene blend as most suitable
candidate. Introducing fullerene to the polymer system enables a detailed con-
trol of the particle and spin interactions and provides a method to investigate
the different mechanisms. Generally, three distinct morphological regimes can
be distinguished with increasing fullerene concentration x where the charge
transport and physics changes drastically. These regimes are illustrated in
Fig 2.6a-c. At low x, the fullerenes effectively quench excitons into weakly
bound, spatially separated charge-transfer (CT) states, thereby reducing the
exciton densities. In such CT states, the holes reside on the polymer and elec-
trons on the PCBM. Beyond a threshold concentration, a perculative network
for electron conduction along PCBM molecules forms. Importantly, the elec-
trons remain in intimate contact with holes in the polymer matrix. At higher
concentration, phase separation additionally leads to separate electron and hole
current pathways through the device[136].

In this study, we used a variety of blends, but most focus will be on blends of
MDMO-PPV:PCBM, where PPV acts as hole-conducting polymer and electron
donor, whereas PCBM acts as electron acceptor. This blend is a well-known and
extensively studied organic photovoltaic system[136]. We have systematically
investigated the magnetic field effect on the current (MC) as a function of the
applied magnetic field B and the bias voltage V for a broad range of PCBM
concentrations x; for the complete data set we refer to the published results
in Ref. [80]. We observed an extremely rich behaviour of the magnetic field
effect with very pronounced changes in both the amplitudes and line widths.
Typical results are shown in Fig 2.6d-i. The results can be divided into three
distinct regimes, where pronounced changes, such as sign changes and abrupt
changes in line widths, exactly correlate with boundaries between the three
morphology regimes.

We start our discussion with regime (1). In the pristine polymer, triplet
exciton densities can be very high due to the long triplet lifetime, making the
triplet-polaron mechanism a likely candidate. The positive sign of the LFE and
the width of the HFE (∼ 75 mT), a typical value for the ZFS, is consistent with
this interpretation. In this view, the LFE corresponds to suppressed spin mixing
in electron-hole precursor pairs, resulting in a reduction of triplet excitons,
while the HFE corresponds to suppressed spin mixing in triplet-polaron pairs.
Very remarkably, we observe that the magnitude of both the LFE and HFE
are quenched by adding just a few wt.-% PCBM (see Fig. 2.6g), consistent with
PCBM acting as an efficient quencher of excitons. The voltage dependence is
also in agreement with the assignment of a triplet-polaron mechanism. Before
the estimated transition between a diffusion dominated current to a space
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charge limited current VT, the MC is essentially zero, while after VT it rapidly
increases similar to our calculations in the previous section. The eventual
reduction of the MC at higher voltages in the pure polymer will be addressed
in detail in the next chapter.

Next, we will discuss regime (2). In these blends, PCBM is still homoge-
neously distributed throughout the PPV, but forms percolative current paths
for electrons. Excitons are effectively quenched and transferred into CT pairs.
This would provide an ideal scenario for an electron (on PCBM) - hole (on
PPV) pair mediated recombination mechanism, for which it is necessary that
there is a finite chance for e-h pair formation as well as dissociation. Indeed, the
observation of an opposite HFE with respect to the LFE (shown in Fig 2.6e),
as well as an abrupt change to a large field scale due to a ∆g-mechanism when
entering regime (2) corroborates this assignment. The extracted field scale of
approximately 1 T agrees with experimental ge=1.9995 and gh=2.0028[137–139].
Additionally, we observed a sudden and significant reduction of Bhf , for more
details see Ref. [80]. This reduction is naturally explained by the very small
hyperfine field coupling that electrons experience on the fullerene cages due to
the vanishing nuclear magnetic moment of 12C. Again, the voltage dependence
shown in Fig 2.6h agrees with the assignment of an electron-hole recombination
mechanism, where a sign change occurs around the transition from a diffusion
dominated to a space charge limited current as can be described with a change
in recombination mobility µr in a device simulation of the blend.

Finally, in regime (3) the blends are separated into two phases. The electrons
are primarily transported through a PCBM phase and the holes through a mixed
phase of PPV and PCBM. With separate current paths for electrons and holes,
locally the device will perform as a single carrier device. Thus, the bipolaron
mechanism, the only mechanism not relying on charge carriers with opposite
charges, is expected to become dominant over the e-h pair mechanism in phase-
separated blends. Indeed, we observe that the LFE is negative at all voltages
and we observe a quenching of the HFE caused by the ∆g-mechanism. To
explain the voltage dependence with device simulations, in contrast to the
homogeneous blends, a bipolaron contribution in the form of a change in
(hole) mobility µp needs to be taken into consideration.

Experimental methods

In this work we studied the magnetic field effects on the current for de-
vices consisting of a blend of poly[(2-methoxy-5-(3,7-dimethyloctyloxy))-1,4-
phenylenevinylene] (MDMO-PPV) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM). The MDMO-PPV was purchased from American Dye Source
Inc. and the PCBM (>99% pure) from Solenne B.V. The devices were pre-
pared on glass substrates with patterned indium tin oxide (ITO) anodes. After
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careful cleaning, followed by a UV-ozone treatment, a thin layer of poly(3,4-
ethylenedioxythipophene):poly(styrenesulfonate) (PEDOT:PSS) was applied
by spin coating. The MDMO-PPV and PCBM were both dissolved in or-
thodichlorobenzene, with a concentration of 10 mg/ml and 20 mg/ml respec-
tively, and stirred on a hot plate at 50 ◦C for at least 2 hours after appropriate
blending. The blends were spin coated at 1200 rpm for 60 s. Subsequently,
the samples were transferred to a nitrogen filled glove box where the cathode,
consisting of LiF and Al, was evaporated in a high vacuum system ( 10−7 mbar).
From this point on, the samples always remain in a dry nitrogen environment.
The total junction stack thus consisted of ITO/PEDOT:PSS(60 nm)/[PPV1−x -
PCBMx](∼80 nm)/LiF(1 nm)/Al(100 nm), with x the PCBM concentration in
wt.%.

Magnetic field effect measurements were performed in a cryostat that is
attached to a glovebox with a nitrogen environment ([O2] <0.3 ppm, [H2O]
<0.3 ppm). The cryostat is placed between the poles of an electromagnet. The
measurements described in this article were performed at room temperature.
The devices were driven at a constant voltage V using a Keithley 2400 Series
SourceMeter. We measured the current I through the device while sweeping
the magnetic field B. From this measurement, the magnetoconductance (MC)
was calculated with MC(B) = [I(B)− I(0)]/I(0).
Conclusion

In this section we presented a proof of concept study, unravelling the role
of the relevant particle pairs and their reactions for OMAR. We succeeded
in fully correlating pronounced changes in the magnetic field effects to the
complementary (spin) physics in the different polymer-fullerene concentration
regimes. Using the microscopic and numerical device simulations together
with a detailed experimental analysis, we unravel the dominant underlying
mechanisms of OMAR and can explain linewidths and sign changes herein.
The results show the generic strength of the numerical tools described in this
chapter. These tools will be an integral part of all further research presented in
this thesis.





3Traps and trions as origin of
organic magnetoresistance

The large effect of a small magnetic field on the current (MC) in organic semiconduc-
tors, so called organic magnetoresistance (OMAR), has puzzled the field of organic
spintronics during the last decade. Although the microscopic mechanisms regarding
spin mixing are well understood by now, it is still unknown which pairs of spin
carrying particles are influencing the current in such a drastic manner. Here, a
model for the MC is presented based on the spin selective formation of metastable
trions from triplet exciton-polaron pairs. Additionally, the magnetic field and
voltage dependence of the MC is experimentally investigated in materials showing
large effects. Using a combination of analytical and numerical calculations, it is
shown that the MC is perfectly described by a process where trions are created at
polaron trap sites.

Published as: M. Cox et al., Phys. Rev. B 88, 035202 (2013)
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3.1 Introduction

Large room-temperature magnetoresistance effects dubbed organic magnetore-
sistance (OMAR) have been found in many organic semiconductor devices
during the last decade[37,46,47,78,83,88,90–92]. All contemporary mechanisms ex-
plaining OMAR rely on magnetic field dependent reactions of the spin carry-
ing particles. One type of mechanism proposes reactions between polaronic
electron and hole pairs[90], whereas another relies on the reaction between
triplet excitons and (trapped) polarons [91,92]. Conversely, the reactions of equal
charges are described by a third (bipolaron) mechanism[88]. These mechanisms
have been used to explain low field effects (LFEs), which are visible on a rel-
atively small field scale of a few mT, as well as high field effects (HFEs) on
much broader field scales. However, there is still no consensus on which exact
mechanism dominates OMAR under which conditions in devices.

The suggested models are all based on mixing of the spin state of pairs of
excitations prior to the formation of subsequent (quasi-)particles from these
pairs. It has been demonstrated that hyperfine fields are involved in the spin
mixing[37]. However, there is still on-going debate as to whether spin orbit
coupling might play a role in certain materials[140]. Regardless of the exact
underlying nature, an external magnetic field suppresses this mixing and can
consequently adjust the spin ratio of the subsequent particles. In the case of
polaronic electron-hole pairs this results in an increased fraction of singlet (S)
excitons compared to triplet (T) excitons, if the formation of triplet excitons
from the polaronic pairs is faster than for singlets. This has been used to
successfully simulate magnetic field effects in the electroluminescence of organic
semiconductors using a density matrix approach[89]. A similar theoretical
framework has been applied to account for other microscopic mechanisms and
their effect on the magnetic field dependent current, i.e. magnetoconductance
(MC)[106].

In the previous chapter, we have shown that the dominant mechanism for
OMAR in a real device depends on the operating conditions and morphology.
Inspired by the pioneering work from Wang et al.[78], we blended a polymer
and a fullerene and showed that the MC and the underlying spin-based reactions
could be tuned. We also integrated microscopic mechanisms into numerical
device simulations in order to calculate and understand the experimental voltage
dependence of the MC. However, no quantitative analysis of the reactions
between triplet excitons and polarons was readily available for incorporation
in a device model. Nevertheless, our experimental results did strongly suggest
that a triplet-polaron interaction is the dominant MC mechanism of the pure
polymer devices. Using magnetic resonance techniques Baker et al. have also
come to a similar conclusion[126]. This provided a strong motivation to extend
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the investigation of spin-based triplet exciton-polaron reactions, as we do in
this chapter.

The reactions of triplet excitons and polarons have been studied extensively
in the past[58,97–99,125,141]. The effect of a magnetic field on these reactions was
already considered by Ern and Merrifield in molecular crystals[58]. Desai et
al.[91] were the first to qualitatively describe how this can give rise to large
room-temperature MC in disordered organic semiconductors. The authors
consider the triplet excitons to momentarily capture polarons in states they
recently referred to as charged excitons[100], thereby reducing the polaron
transport. Since the formation of triplet excitons can be considered magnetic
field dependent[70,89] as well as its reaction with polarons[58,106], a change in
current can be explained.

Charged excitons are generally not considered to live very long[100,125] and
their actual impact on the current is thus debatable. However, Kadashchuk et
al.[105] have recently shown that charged excitons can be metastable if they are
created at a polaron trap site and in this form they refer to them as trions. A
trion can have a lifetime in the order of milliseconds after which it releases the
polaron again via a dissociation or recombination process. Because trions are
immobile and long living, they can hinder the transport of polarons through
an organic semiconductor significantly. Therefore, we conjecture that trions
are at the origin of organic magnetoresistance.

As stated before, previous work on magnetic field effects has investigated
the trapping of polarons on triplet excitons[91,100]. Additionally, the magnetic
field dependent quenching of triplet excitons at trapped charges has been con-
sidered, which can lead to the release of these charges[58,101]. The trapping of
triplet excitons themselves, which can then lead to the formation of metastable
trions[105] has as far as we know not been investigated with respect to magnetic
field effects. Additionally, accurate voltage dependent calculations of the MC
have never been performed for such mechanisms.

In the remainder of this chapter we experimentally investigate the MC of
several materials exhibiting large room-temperature effects and we show that the
MC in these materials can indeed be explained with a mechanism based on the
formation of trions from triplet exciton-polaron reactions at trap sites. Solving
a set of elementary rate equations describing the relevant reactions, we derive
an elegant analytical expression which fits the experimental voltage dependence
of the MC perfectly. This voltage dependence is also supported by numerical
device calculations. Furthermore, we show that the trap sites—and more
specifically which particles occupy them—are imperative for understanding the
observed non-monotonic trend of the MC as a function of voltage.
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Figure 3.1: (a-c) The current density J and the magnetic field effect on the current
(MC) as a function of bias voltage V for (a) PPV, (b) PFO and (c) Alq3. The MC is
measured at a fixed magnetic field of B = 14 mT. The solid red line is a fit with the
analytical function derived in the text.

3.2 Experimental results

All our experiments were performed on devices with a typical OLED struc-
ture. We have chosen three different materials that are known to exhibite large
MC[47,72]: the co-polymer Super Yellow poly(p-phenylene vinylene) (PPV), the
polymer poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) and the small molecule tris(8-
hydroxyquinoline)aluminium (Alq3). The devices are fabricated on patterned
indium tin oxide glass substrates on which poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) was spincoated (40 nm). PPV was dis-
persed in chlorobenzene and PFO in toluene, and both were spincoated on
substrates (90 nm). Alq3 (100 nm) was thermally evaporated onto substrates
in a high vacuum system inside a nitrogen filled glovebox. After this a top
electrode consisting of LiF (1 nm)/Al (100 nm) was thermally evaporated onto
all samples in another vacuum system inside the same glovebox. All devices
(active area 3 x 3 mm) were then transported inside a nitrogen environment to
another glovebox, where they were electrically and magnetically characterized.
A Keithley 2400 sourcemeter is used to set a bias voltage V and measure the
current density J.

The J-V characteristics of the three different devices are shown in Fig. 3.1
together with MC(V ) curves at a fixed magnetic field of B = 14 mT. The
MC(V ) curves are measured using a method where a fixed magnet is rotated
over the sample while sweeping the bias voltage [142]. At low voltages we always
observe an Ohmic leakage current, which does not exhibit any observable
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Figure 3.2: (a) The magnetic field effect on the current (MC) as a function the
magnetic field B for Alq3, PFO and PPV. The red lines are the result of the double
non-Lorentzian fit function and the grey dashed lines show the shape of only the low
field effect (LFE) non-Lorentzian. (b-d) The fitted magnitude of the low and high field
effect as a function the bias voltage for (b) PPV, (c) PFO and (d) Alq3. The solid lines
in (b-d) are analytical fits from the model derived in the text.

MC. Due to the built-in voltage caused by the different work function of the
electrodes, the devices act like a diode and suddenly turn on after a certain
voltage. This turn on voltage also seems to correspond with the observation of
a finite MC. Figure 3.1 also show the results of the low field analytical MC(V )
fit function that we will derive from in the remainder of this chapter. At high
voltages and correspondingly large current densities, all devices suffer from
severe degradation and/or significant conditioning of the MC [47], which is
why this region is not investigated.

We have also investigated the MC as a function of applied magnetic field B.
Inside the same glovebox the samples can be placed between the poles of two
electromagnets. This allows us to measure the current while sweeping the mag-
netic field. The magnetic field dependence of the current density J(B) is then
calculated with MC(B) = [J(B)− J(0)]/J(0). In order to separate the LFE and
HFE, we fit the resulting MC with the sum of two empirical ‘non-Lorentzian’
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fitting functions: MC(B) = aLFEB2/(|B|+ BLFE)2 + aHFEB2/(|B|+ BHFE)2,
which incorporates the amplitudes aLFE and aHFE and widths BLFE and BHFE
for the LFE and HFE respectively. For each specific material the widths are
taken independent of the bias voltage, allowing us to focus on the V dependency
of the amplitude of the magnetic field effects. In the past, these non-Lorentzian
functions have been found to accurately describe the LFE in various materi-
als[46]. Additionaly, numerical calculations using a density matrix approach of
a two particle spin system can account for this function[88,106].

The results of the MC(B) curves of Alq3, PFO and PPV are shown in
Fig. 3.2(a). The double non-Lorentzian describes the data well, although there
is a slight mismatch at small magnetic fields. We found that a more intricate
empirical function[101] can fit the low field data better, but results in similar
voltage trends. Therefore, for the sake of simplicity we stick to the double
non-Lorentzian to extract the behavior of the LFE and HFE amplitude as a
function of voltage. The latter trends can be seen in Fig. 3.2(b-d), where the
three different materials clearly show the same tendency. As far as we know
this particular MC(V ) behavior has only been reported in the literature for
the LFE in PPV [81] and Alq3 [135]. Fig. 3.2(b-d) also show the results of the
analytical MC(V ) fit functions that we will derive from our proposed model in
the remainder of this chapter.

3.3 Trion model

Before we begin with a detailed description of the model, some general dis-
cussion about the background of the devices is in order. The devices with the
three different materials, Alq3, PFO and PPV, are well known organic light
emitting diodes (OLEDs) and light emission was also clearly visible during char-
acterization. Effects of exciton-polaron reactions on the polaron transport in
OLEDs have been reported numerously in the literature[97–99]. Additionally, it
is well known that for materials such as PPV or Alq3 traps are explicitly present
in the polaron transport[22,28], which as we mentioned before is required for
metastable trions. It is also known that these traps are mainly present in either
the electron or hole transport. For Alq3 the transport is described with only
hole traps, while for polymers such as PPV and PFO only electron traps are
considered. Recent experimental work has shown that these traps are primarily
responsible for the often observed difference in effective mobility between
electrons and holes[24].

Most experimental and theoretical work on OMAR has neglected the
existence of traps and their pronounced influence on the polaron transport.
Additionally, contemporary OMAR models have not been able to explain the
positive LFE and HFE in the MC with a single mechanism. With respect to
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Figure 3.3: (a) A schematic overview of all relevant particles and reactions of the
trion model. The spin state of polaronic electron-hole pairs is mixed at the field scale
of the hyperfine interaction Bhf , while that of the triplet exciton-polaron pairs is
mixed at the zero field splitting field scale BZFS. (b) Rate equations are derived from
a simplified picture where spin mixing is replaced with a magnetic field dependent
formation probability and singlet excitons and doublet trions are not considered due
to their negligible lifetime. See the text for a more detailed description.

the origin of the MC(V ) trend, multiple suggestions have been made[81,83,95,97],
but none have succeeded in giving a full quantitative description. Therefore,
we have constructed a quantitative trion model with all previous reasoning
in mind. The relevant reactions are shown schematically in Fig. 3.3(a) for
the formation of positive trions. The actual calculations will be done with a
simplified model shown in Fig. 3.3(b). In this chapter we will also discuss the
results of other possible exciton-polaron reaction mechanisms to show that our
proposed implementation of trions is not only the most physically feasible but it is
also the only one to yield the results observed in our experiments.

The model describes a device with free electrons and holes with densities
n and p respectively. As described above, we assume similar mobilities where
one type of polaron (electrons or holes) gets trapped. We discuss the case of the
polymers, where the trapped electron density nt is created with a coefficient γt
at the available trap site density Nt. The trapped electrons can form polaronic
pairs with free holes with a coefficient γR , where spin mixing takes place at the
hyperfine field scale. The S and T exciton are created from the recombination
of these pairs and here we assume that strong on-site exchange interactions
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prevent spin mixing. Triplet excitons can either recombine directly to the
ground state with a rate kT or react with free polarons with a coefficient γTP.

Spin mixing also occurs between triplet exciton-polaron pairs[106]. Doublet
(D) trions with total spin 1/2 and quartet (Q) trions with total spin 3/2 are then
created in a different fraction when spin mixing is suppressed by a magnetic
field, similar to the case of S and T excitons. The recombination of a doublet
trion into a free polaron is spin-allowed, while that of a quartet trion is not.
Therefore, it is evident that the doublet trion has a much shorter lifetime
than the quartet trion. As a consequence, the quartet trion is more efficient
in capturing free polarons and hinders the charge transport more severely.
Moreover, it is shown from calculations that a magnetic field suppresses the
spin mixing of triplet exciton-polaron pairs not on the hyperfine field scale but
on a much larger field scale related to the zero field splitting (ZFS) of the triplet
exciton[106]. Trions can thus perfectly explain both the LFE and HFE of the
MC(B).

Following the analysis of the LFE, the HFE will only be positive if the
fraction of long living trions reduces with magnetic field. This is the case if
the Q trions are created at a higher rate from their precursor pairs than the
D trions. Such rates are still under discussion for S and T excitons as well, as
they have not been measured directly. Furthermore, we assume that exchange
splitting prevents spin mixing between D and Q trions, similar to S and T
excitons[89]. Finally, we note that our analysis can in principle also be used to
model trapping of triplet-polaron pairs without significant spin-coupling.

In the simplified model we skip the pair states and create excitons and
trions directly from their precursor particles with a magnetic field dependent
formation probability PT (B) and PQ(B) respectively. Additionally, singlet
excitons and doublet trions are neglected due to their relatively short lifetimes.
A magnetic field will thus release free polarons captured in the quartet trion
state through a decrease in the triplet or quartet formation probability. We
neglect the short living singlet excitons and doublet quartets. Additionally, we
only consider the case of deeply trapped electrons, i.e. the trap energy is much
larger than the thermal energy, and we thus neglect thermally assisted release
from traps. The trion model can accordingly be described with the following
rate equations:

∂nt

∂t = γtnNt (1− ft)− γRntp, (3.1)

∂T
∂t = PT (B)γRntp− (γTP(n+ p) + kT )T , (3.2)

∂Q+
∂t = PQ(B)γTPTp− kQQ+, (3.3)
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a b

Figure 3.4: . (a) The LFE and HFE as a function of the polaron density. (b) The LFE
as a function of the polaron density for three different cases of the trion model: the
original from (a), the case that trions and excitons are considered as free particles and
the case that all particles are free. The parameters used here are kT = 2 × 104 s−1, kQ =
1.3 × 103 s−1, Nt = 2 × 10−4 nm3, γt = γR = 9 × 108 nm3s−1, γTP = 4 × 108 nm3s−1,
PT = 0.75, PQ = 0.66.

∂Q−
∂t = PQ(B)γTPTn− kQQ−. (3.4)

Here we differentiate between positive Q+ and negative Q− quartet trions. In
our central analysis the occupation of the trap sites is ft = (nt + T + Q+ +
Q−)/Nt. However, the case that excitons and trions are themselves free is
also considered, which can be calculated with ft = nt/Nt. Additionally, we
considered the case that excitons and trions are created from free electrons and
holes. This means that the trapped electrons are neglected in equation (3.1) and
that nt is substituted by n in equation (3.2). For all cases the above equations
can easily be solved for an equilibrium situation.

3.4 Analytical calculations

To do a full analysis one should not only determine the local particle densities,
but also take the polaron transport through the device into account. This can
be done by solving the continuity equations of the electron and hole density.
For a device with a current flow of electrons Jn and a current flow of holes Jp
in opposite direction, one would find:

∂n
∂t = 1

q
∂Jn
∂x − R − γtnNt(1− ft)− γTPTn+ kQQ−, (3.5)

∂p
∂t = −1

q
∂Jp
∂x − R − γRntp− γTPTp+ kQQ+, (3.6)
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where q is the elementary charge and R is the intrinsic recombination of
electrons and holes. The latter is generally given by a Langevin recombination
process, where R = γnp with γ the bimolecular recombination coefficient.
However, the entire system of equations (3.1-3.6) together with a drift and
diffusion approach for the current can only be solved numerically. Therefore,
we first try an analytical approach by assuming that the influence of the trions
on the electron and hole densities is relatively small and we thus only solve
equations (3.1-3.4).

Additionally, one needs an approximation for how the current (and voltage)
scales with polaron density. We do this for a bipolar space charge limited device,
for which it is well known that current density J(V ) is given by[134]:

J = 98ε√2πµpµnV 2
L3 , (3.7)

if the device has Ohmic contacts and the polarons recombine via a Langevin
process. Here µp and µn are the mobilities of the hole and electron polarons
respectively and L is the thickness of the organic semiconductor. The electrical
permittivity ε of organic semiconductors is generally about three times the
permittivity of free space.

The polaron densities p and n are related to the current by the drift equa-
tion:

J = (µnn+ µpp)eF, (3.8)

where e is the elementary charge. We assume that the device is quasineutral
(n ≈ p) and that the electric field F is given by the applied voltage V over
the contacts as F = V /L. Then we find a linear relation between the polaron
density and the applied voltage:

p = 9ε8eL
(1 + µn

µp

)−1√2πµnµpV = aV , (3.9)

where a is largest when µn = µp. For a 100 nm thick device we thus find
a ≤ 2.3 × 10−5 nm3 V−1. This linear approximation is supported by the
numerical calculations performed in the next section.

The current through a space charge limited device thus scales proportional
with the free polaron density in first order approximation, while at the same
time the free polaron density scales linearly with voltage. If one assumes that
the transport of one of the polarons is severely trap limited than its effective
mobility will be relatively small and the current will mainly be carried by
the other polaron, e.g. J ≈ µppeF if the electrons are trapped. Therefore,
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we assume that the holes contribute to most of the current and state that the
current will change with magnetic field for the LFE according to:∆J

J ∝
∆p
p ∼ −

1
p
∂p
∂PT

∆PT ∼ 1
p
∂Q+
∂PT

∆PT , (3.10)

where ∆PT is the change inPT with magnetic field. This results in the following
MC:

MC(n, p) = kQPQNtγtγRγTPnp(γtn+ γRp)(kT + γTP(n+ p))/(γtkQn(kT + γRPTp) + γRkQkTp+ γTP(n+ p)(γtn(kQ + γRPQPTp) + γRkQp))2 (3.11)

When we consider that a general LED is quasineutral (n ≈ p), we find the
general shape of the MC of the LFE as a function of the polaron density:

MC(p) = ∆PTCp kT + 2γTPp(
b0 + b1p+ b2p2)2 , (3.12)

where C = kQPQNtγtγRγTP(γt +γR ), b0 = kT kQ(γt +γR), b1 = kQ(PTγtγR +2γTP(γt + γR )) and b2 = 2PTPQγtγRγTP. Almost all parameters can be taken
from the literature[28,99,105,119,128,129,133]. The only unknown parameter is ∆PT ,
although it should be in the order of a few percent at large magnetic fields[89].
We can also derive the MC of the HFE with:

MC ∝ 1
p
∂Q+
∂PQ

∆PQ (3.13)

and find a similar shape for the MC(p):

MC(p) = ∆PQ PTPQCp c0 + c1p(
b0 + b1p+ b2p2)2 , (3.14)

where c0 = kT (γR + γt) and c1 = PTγRγt +2(γR + γt)γTP. The LFE and HFE
corresponding to a respective change in PT and PQ both show the same trend
as can be seen in Fig. 3.4(a). Additionally, more features can be added to the
trion model, such as shallow traps or trion dissociation, but we have found that
these modifications make little difference.

Next we will discuss several alternative scenarios. As described before, the
MC can also be derived for different cases, e.g. when excitons and trions are
created from free electrons and holes, which is similar to the suggestion of
charged excitons. This leads to the following simple solution:

MC(n, p) = PQγRγTPnp
kQ(kT + (n+ p)γTP) . (3.15)
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Another possibility would be that the excitons and trions created from the
trapped electrons are free themselves and do not occupy the trap sites. In that
case we find that:

MC(n, p) = PQNtγtγRγTPnp
kQ(γRp+ γtn)(kT + (n+ p)γTP) . (3.16)

Both of these consideration lead to a monotonic increase of the MC(p) as can
be seen in Fig. 3.4(b). It is clear that only our original concept of trions results
in a non-monotonic trend of the MC(p) in agreement with the experimentally
found MC(V ). Additionally, another process has been considered in the lit-
erature, where free triplet excitons are able to release trapped polarons[101].
However, the sign of the LFE would be negative for this mechanism, as a
reduced fraction of triplet excitons results in less free polarons. We conclude
that only the original scenario, where trions are created at the trap sites, results
in a non-monotonic positive MC as seen in the experiment.

To finalize the analysis and find a function for the MC(V ) we now only
need to implement the relation between the voltage and polaron density. As
stated before, for the most trivial situation of a space charge limited device with
a homogeneous electric field distribution one finds that p = a × (V − Von),
where a is a constant in the order of 10−5 nm3/V. For completeness we have
added an onset voltage Von for bipolar charge transport. We end up with an
analytical function MC(V , Von, a,∆PT ) that fits our experimental data well, as
can be seen in Fig. 3.2(b-d). Some deviations can be observed, most clearly for
PFO at low voltages. A possible explanation for this will be discussed in the
next section.

3.5 Numerical calculations

In order to put some of the previous approximations on more solid ground,
we have performed finite element drift diffusion calculations. As explained in
chapter 1, such a method can also be used to model the voltage dependence of
magnetic field effects by altering parameters that are presumed to be magnetic
field dependent. In addition, the trion rate equations (3.1-3.4) and trion densities
can readily be implemented in the simulation method. Here we investigate
such an implementation with the altered continuity equations as described by
eq. (3.5) and (3.6). Furthermore, the Poisson equation has to incorporate the
charge of the trapped electron and trion densities:

ε∂
2φ
∂x2 = q(n− p+ nt +Q− −Q+), (3.17)

where ψ is the electrostatic potential.
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Figure 3.5: Finite element drift-diffusion device simulations are performed for three
different cases: a device without traps, one with traps and one with trions. The free
electron and hole polaron density in the center of our device are shown in (a) and (b)
respectively for the three cases as a function of voltage. As shown by dotted linear
guide-to-the-eye, the polaron density scales approximately linear with voltage with
some deviations close to the built-in voltage. (c) The J-V curves for the three cases. (d)
The calculated MC(V ) for the trion simulation for a reduction in the triplet exciton
formation of ∆PT = −0.05. The solid red line is a fit with the trion function. For the
calculations we used kT = 1.66 × 104 s−1, kQ = 1 × 103 s−1, Nt = 2 × 10−4 nm3, γt =
2 × 108 nm3s−1, γR = 4 × 108 nm3s−1, γTP = 1 × 109 nm3s−1, PT = 0.8, PQ = 0.66,
µn = 6 × 10−11 m2/Vs, µp = 1 × 10−10 m2/Vs

We investigated a low mobility semiconducting device with a PPV inspired
bandgap of 2.8 eV[143]. Contact barriers with the metal electrodes of 0.1 eV
are assumed, which results in Ohmic contacts at room temperature [113]. We
investigate the current and polaron density as a function of voltage for three
different cases: (i) a trivial device without traps and trions, (ii) a device with
electron traps with an energetic trapping depth of 0.4 eV and (iii) a device with
said traps and the complete trion formalism as described in this chapter. The
results of these simulations are shown in Fig. 3.5.

As can be seen in Fig. 3.5(a,b), the addition of electron traps has relatively
little effect on the free hole density, but has a significant effect on the free
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electron density as can be expected since traps were added to the electron
channel. The addition of trions actually has an opposite effect, as they trap
holes as well, thereby rebalancing some of the charge transport. It is clear
that both the addition of traps and trions lead to a reduction of the current
in the space charge limited region after the built-in voltage, as can be seen in
Fig. 3.5(c).

The calculations suggest that a linear voltage dependence of the polaron
density as assumed in our analytical approach can be considered fairly reason-
able. Some deviations are observed at low voltages around 2-3 V. This also leads
to changes in the shape of the MC(V ) with respect to the analytical function in
this same region as can be seen in Fig. 3.5(d). Although such deviation are also
observed in some of the experimental results, primarily for PFO (see Fig. 3.2(c)),
they are less dramatic than in our simulations. This suggests that some effect
that is currently not considered in the numerical simulations suppresses these
non-linearities in the real devices.

An aspect of organic materials that has not been incorporated in the device
simulations is the energetic (and spatial) disorder. State-of-the-art drift-diffusion
OLED simulations consider the Gaussian disorder of HOMO and LUMO
of the organic material, by implementing electric field and polaron density
dependent mobilities [15]. Additionally, the energetic distribution of traps is
also known to be Gaussian[144,145]. Electric field dependent mobilities can
assist in pushing the polarons faster into the bulk of the device, since the
highest electric fields are present at the edges of the devices. This might help to
overcome the small non-linearities at lower voltages.

Finally, we note that numerical calculations involve more parameters than
our analytical derivation of the trion model, which complicates their interpreta-
tion. Nevertheless, these results suggest that our analytical approximations are
realistic. This helps to identify the relevant underlying physics of the observed
magnetic field effects. The advantage of numerical calculations is that they can
relatively easily be applied to a diverse range of devices. Additionally, this work
can help to improve predictive OLED models which do not yet incorporate
the combination of triplet-polaron interactions, trions and traps.

3.6 Discussion

With the trion model in mind we are now able to intuitively explain the trend of
the MC(V ). The initial rise of the MC with voltage is, quite straightforwardly,
due to the progressive formation of trions. Because they are created from a trap-
assisted recombination mechanism, the incline is relatively steep at low voltages
and scales linear with V − Von. The eventual decline is on account of trap
filling by the triplet excitons and trions. With their increasing presence they



3.7 Conclusion 51

are impeding the trapping of polarons and their own subsequent formation.
As a result the number of trions stabilizes with voltage, while the free polaron
density continues to rise. The relative effect of the trions on the total current
will diminish while the MC drops at higher voltages with (V − Von)−2.

We note that the reported weak temperature dependence of the MC [46]

does not directly interfere with the trion model, because the temperature
dependence of many processes may cancel out. For example, when it comes to
the actual formation of the trion, the (monomolecular) triplet exciton lifetime
will reduce with temperature, leading to less chance of forming a trion. At
the same time the polaron mobility will increase, leading to a larger triplet-
polaron interaction chance and thus more chances of forming a trion. The
possible temperature dependence of a triplet-based magnetoresistance model
has also been discussed by Zhang et al.[84], while for an electron-hole pair
recombination mechanism this has been done by Bagnich et al.[81]

In experimental studies it should be possible to enhance the MC by adding
more trap sites and thereby open the way to the engineering of efficient organic
magnetic field sensors. Interestingly, a first step on this road was recently taken
in Alq3 devices by exposing them to X-rays, leading to an enhancement of
the MC[146]. Whether this same process could be applied to other devices
is debatable as the exact nature of traps is still under investigation. Recently,
an elaborate study suggested that hydrated oxygen complexes can explain
the electron traps in most semiconducting polymers[23]. In the next two
chapters, we investigate how different kind of traps can influence the MC, both
experimentally and theoretically. As a final comment it should be noted that
trions and their effect on the current have been greatly overlooked in organic
devices so far.

3.7 Conclusion

In conclusion, in this chapter we have investigated the magnetic field depen-
dence of the current in several organic light emitting devices. A high field
contribution in the MC(B) was observed in all measured devices, which width
can be attributed to the zero field splitting of triplet excitons. We also found
non-monotonic trends in the MC with applied voltage in all devices, which
can be explained with a magnetic field dependent formation of longliving ex-
citations at trap sites. We can model all our experimental data well with our
proposed trion mechanism: the spin dependent formation of triplet excitons at
trap sites and their subsequent spin selective reaction with free polarons into
metastable trions. An analytical function was derived that fits the data well
and can be used to analyze and better understand the MC in OLEDs. The
trion model was also implemented into numerical device simulations, which
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not only confirmed our analytical deriviations, but can ultimately be used in a
broad range of predictive device simulations.



4Investigating the influence of
traps on organic magneto-
resistance by molecular doping

Traps are localised, deep lying energetic states and are generally considered detri-
mental for organic semiconducting devices. In this chapter we investigate their
influence on the magnetic field sensitive current in organic devices, an effect often
called organic magnetoresistance. Polymer thin films were doped with materials
well-known to influence trap characteristics in such devices. We analyzed the ob-
served trends in the intrinsic magnetic field effects in terms of the trapped trion
model from the previous chapter, which incorporates the spin dependent formation
of excitations at these trap sites. The results provide strong evidence that the intrin-
sic traps in the polymer material are indeed at the origin of these magnetic field
effects. This shows that traps have beneficial properties and that their control may
provide an appealing route for the engineering of efficient organic magnetic field
sensors.

Most of this chapter was published as: M. Cox et al., Phys. Rev. B 89, 085201 (2014).
Section 4.4 includes new, unpublished results.
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4.1 Introduction

Organic electronics is considered to be a field of untold possibilities [1]. How-
ever, whereas the spin degree of freedom of electrons is utilized to its fullest
in inorganic ’spintronic’ devices[31], organic materials are still lagging behind.
This limits the use of organic materials in conjunction with many conventional
memory and sensing applications. But in the past decade, the young field
of organic spintronics has been catching up[91,101]. Beside the realisation of
state-of-the-art spin injecting devices [40,44,45,147], which try to mimic spin valve
technology, another development piqued tremendous interest. It was found
that a small magnetic field can have a large effect on the current in organic
semiconductors—an effect that was referred to as organic magnetoresistance
(OMAR)[46]. OMAR is an intrinsic effect that manifests itself at room tem-
perature and magnetic fields of only a few millitesla. The changes in current
can become as large as 25% in thin film devices[81], while very recent work
even reports on ultrahigh magnetoresistance values of over 2000% in perfectly
one dimensional molecular systems [48]. Cheap plastic sensor applications have
already been suggested as an example of its application potential[49].

The desire to unravel the underlying physics of this intrinsic magnetoresis-
tance effect in organic semiconductors has initiated intense experimental and
theoretical research. Multiple mechanisms have been proposed for OMAR and
recent work shows these can all become dominant under specific conditions[80].
Additionally, there is a growing awareness of the role of defects and polaron
traps in the explanation of the large reported OMAR values[48,73,81,146,148,149].
In this chapter, we investigate the influence of traps on OMAR more closely
with molecular dopants known from previous trap related research. Our results
further strengthen the notion that traps are crucial for the large magnetic field
effects observed in organic semiconductors.

Although the exact influence of traps is still under debate, the origin of
OMAR is believed to lie in the spin physics occurring in organic semiconduc-
tors. Nowadays, it is well established that a magnetic field can change reactions
and interactions of spin carrying particles, such as polarons and excitons, cre-
ated in semiconducting polymers and molecules[60,73,80,88,89,91,95,106,124]. When
a pair of particles meets, the spin of these individual particles evolves in time,
leading to mixing of the pair’s total spin state—a process in which hyperfine
fields are involved[37], although in certain materials spin orbit coupling might
also play a role[140]. A large applied magnetic field can then suppress the spin
mixing and thereby influence the outcome of spin dependent reactions[89,106].
We note that the organic spintronics community has already been preceded by
spin chemistry, where magnetic field dependent reactions are well-known[60].
For example, such mechanisms have been suggested to play a role in how birds
orient in magnetic fields, using specialized photoreceptors[68].
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Much experimental work has focused on finding the exact particle reac-
tions at the origin of OMAR. Large effects were initially observed in organic
light emitting devices (OLEDs) consisting of thin films of organic material
sandwiched between two non-magnetic electrodes[46]. In such devices many
different spin dependent particle reactions are occurring. Electron and hole
polarons can react and form excitons with either a singlet or triplet state[89,95].
These excitons can react with other polarons again or, alternatively, with other
excitons[91,92,106]. Furthermore, reactions of polarons with the same charge
into (short living) bipolarons can be considered [88]. Additionally, polarons can
become trapped and this will influence their reactions and interactions with
the free particles in the organic semiconductor.

A considerable amount of research on OLEDs made of pristine polymers
suggests that, out of the many possibilities, in particular the reactions of triplet
excitons and polarons play an important role in the origin of organic magnetore-
sistance[73,80,92,100,126,150]. In recent work we investigated these triplet-polaron
reactions more closely and validated the possibility of a trapped trion mech-
anism for OMAR[73]. Trions are quasi-particles created from the reaction of
excitons and polarons and are only considered to be meta-stable when formed
at a trap site[105]. We were able to successfully model the change in current
with magnetic field, or magnetoconductance (MC), by solving the rate equa-
tions for all the relevant (magnetic field dependent) particle reactions. The
experimentally found magnetic field and voltage dependence of the MC of
several OLEDs could be described perfectly by a trion mechanism, but only
when the excitons and subsequent trions were indeed formed at trap sites.

The fact that traps have a profound influence on the polaron transport
through organic materials is well known in the literature [23] and their involve-
ment in OMAR is also starting to become apparent[81,146,148]. Recently, an
experimental study suggested that OMAR was enhanced by increasing the
amount of trap sites in a small molecule OLED [146]. Although the authors
used a somewhat crude manner by exposing devices to highly energetic elec-
trons generated by X-rays, this seems as strong experimental evidence of the
importance of traps (or at least material defects) for OMAR. In order to investi-
gate the effects of traps on the polaron transport and recombination in organic
semiconductors the field of organic electronics has developed pioneering and
reliable methods in recent years [24,151], but these techniques have not been
utilized for the study of OMAR yet.

The above considerations motivated the research in this chapter, in which
we investigate the influence of traps on the magnetoconductance more closely.
We examine devices where the active layer is comprised of the phenyl-substituted
poly(p-phenylene vinylene) copolymer (PPV) also known as ’super yellow’
PPV, which is known to exhibit large magnetic field effects [81]. PPV deriva-
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Figure 4.1: (a) The chemical structure of the used dopants. (b) An energy level
diagram showing the HOMO and LUMO of F4TCNQ, super yellow PPV and DMC,
where PPV has an electron trap level below the LUMO. The LUMO of DMC is
not mentioned in the literature as far as we know. The electron transport in PPV is
influenced by i) initial trapping of electrons at intrinsic trap sites, ii) by trapping at
extrinsic F4TCNQ and iii) by filling the intrinsic traps with DMC.

tives are known to have an abundance of electron traps[28], although their exact
nature is still under debate[23]. In this work, we aim to both add electron traps
and deactivate the traps relevant for the MC which are already present in the
device. To the latter traps we will in the remainder of the chapter refer to as
the intrinsic traps. To examine the effect of adding strong extrinsic electron
traps the PPV devices are doped with tetrafluorotetracyanoquinodimethane
(F4TCNQ) [151]. In a parallel study the electron donor decamethylcobaltocene
(DMC) is used to deactivate the intrinsic electron traps of PPV[24]. See Fig. 4.1(a)
for the chemical structure of these dopants and Fig. 4.1(b) for the energy lev-
els of the materials which are taken from the literature [24,152]. Super yellow
PPV is bought from Merck and known to have HOMO and LUMO energy
levels of -5.2 eV and -2.8 eV respectively. The energy level of the electron
traps in PPV derivatives is estimated at approximately 0.7-0.8 eV below the
LUMO[23]. By doping the PPV devices with these well studied materials,
we will unambiguously show that the intrinsic PPV traps are at the origin
of organic magnetoresistance. Moreover, it is shown that the trends can be
explained by the trion model.

4.2 Experimental results

Typical OLED device structures were used in the experiments, in which the
active PPV layer is sandwiched between two electrodes. The PPV:F4TCNQ
layers were created from a chlorobenzene (CB) solution and the PPV:DMC
layers from a CB:N-methylpyrrolidon solution (9:1). The dopants were added
from a stock solution (F4TCNQ in CB, DMC in N-methylpyrrolidon) to
the PPV. The PPV concentration was kept constant at 6 mg/ml in all solu-
tions. The bottom contact of the devices consists of pre-patterned indium
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tin oxide (ITO) on which we spincoated 40 nm of poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) from aqueous suspension. The
active layer of was spincoated at 1200 rpm (90 nm) on the samples inside a
nitrogen filled glovebox. The top contact consisting of LiF (1 nm)/Al (100 nm)
was thermally evaporated inside a high vacuum system in another glovebox.
Unipolar devices were fabricated with a similar method. For the hole only
devices a gold top electrode was evaporated instead of LiF/Al, while for the
electron only devices a zinc oxide layer was spincoated instead of PEDOT:PSS.
After fabrication the samples were transported to another glovebox, where
they were electrically characterized with a Keithley 2400 series. All transport
between gloveboxes took place inside a nitrogen filled container. The magnetic
field dependence of the current J is measured by placing a sample between the
poles of an electromagnet and sweeping the magnetic field and is calculated with
MC(B) = [J(B) − J(0)]/J(0). The MC as a function of voltage V is measured
using a method in which a disc with permanent magnets is rotated over the
sample while measuring the J-V curve, for more details see Ref. [142].

In the remainder of this chapter we will first investigate the effect of adding
the dopants to the ’super yellow’ PPV devices with a detailed experimental
study. This will be followed by a concise overview of the spin dependent
reactions occurring in such devices, including those of relevance for the trion
model. The observed experimental results will then be addressed within the
framework of this model.

An overview of the general results in the doped PPV devices can be seen in
Fig. 4.2. We first describe the results of the F4TCNQ study, where the goal was
to investigate the influence of creating extrinsic traps by adding a strong electron
acceptor. The PPV devices were doped with relatively small concentrations of
no more than 0.20 wt.-% F4TCNQ. These concentrations seem to have no dis-
tinct effect on the J-V characteristics of the devices (Fig. 4.2(a)), while the MC is
found to greatly diminish with increasing F4TCNQ concentration (Fig. 4.2(b)).
Adding only 0.01 wt.-% of F4TCNQ to PPV already leads to an observable
drop of the MC and at a concentration of 0.20 wt.-% the MC is reduced by
more than one order of magnitude. Clearly, adding a strong electron acceptor
to a device with electron traps does not benefit the MC. However, there is a
very specific way in which the MC(V ) decays with F4TCNQ concentration:
while the maximum MC decreases it simultaneously shifts to higher voltages.
Assuming electrons trapped on F4TCNQ do not contribute to the MC, the
results can be explained by a shift of electron trapping from the intrinsic trap
sites to the extrinsic F4TCNQ trap sites. This means the J-V characteristics do
not change significantly, because the total amount of trapping is conserved. On
the other hand, the MC is affected drastically, because the intrinsic trap sites
no longer contribute to the current and its spin dependent processes.
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Figure 4.2: The results of adding extrinsic traps (F4TCNQ) are shown in the top
panels and for the trap filling study (DMC) in the bottom panels. Panel (a) and (d) show
the J-V curves, while panels (b) and (e) show the MC(V ) curves at different dopant
concentrations. The solid lines are fits with the trion model. The normalised lineshape
of the MC as a function of magnetic field for devices with and without dopant are
shown in (c) and (f), which illustrates the fact that the shape of the MC(B) does not
change when adding a dopant.

When doping PPV devices with DMC, in order to deactivate the intrinsic
traps, different effects than in the F4TCNQ study are observed, as can be seen
in Fig. 4.2(d,e). What is similar is that the changes in current are small at low
DMC concentration, while the MC reduces dramatically. We first address the
differences in the current. Clearly some devices have a larger leakage current
at low voltages (0 - 2 V), but a more pronounced effect is that after a certain
DMC concentration (> 2 wt.-%) the current reduces rapidly. Although DMC
is known to deactivate electron traps[24] it also acts as a deep hole trap[153],
eventually leading to a significant reduction of the current in bipolar devices.
With respect to the MC, the changes are visible in Fig. 4.2(e). The effect of
adding DMC is quite clear, the total MC reduces with concentration and the
shift in voltage of the maximum is insignificant compared to the F4TCNQ
study. In principle, this corresponds well with the notion that the intrinsic traps
contribute directly to the MC and that DMC deactivates these traps. In passing,
we note that without adding any DMC, the MC is already diminished by the use
of the polar cosolvent N-methylpyrrolidon (NMP). Solvents are known to have
a profound effect on chain orientation and film morphology[154], which can
affect material parameters such as the trapping or the triplet-polaron interaction
coefficient.
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Figure 4.3: The J-V characteristics of (a) hole only PPV:F4TCNQ devices, (b) hole
only PPV:DMC devices and (c) electron only PPV:DMC devices.

In contrast to the reduction of the total MC when adding the dopants, we
observed no changes in the actual shape of the MC as a function of magnetic
field B, as can be seen in Fig. 4.2(c) and (f) for significant dopant concentrations.
We argue that this is not a completely trivial result. For instance, DMC
contains Cobalt, which has a high Z-number and could therefore induce spin-
orbit coupling leading to enhanced spin dephasing [140]. In the past this has been
suggested to diminish the MC[122]. Deviations in the spin mixing mechanism
should lead to identifiable changes in the lineshape of the MC(B). Since these
are absent, one can conclude that for neither dopant there are changes occurring
in the spin mixing at the polaron pair level and that all MC trends must be
due to device physics. In other words, the answer lies in the change in particle
reactions and transport.

Some discussion is required with respect to our hypotheses regarding the
dopants. Besides being a strong electron trap it is known that F4TCNQ, as a
p-type dopant, can enhance the hole density and mobility[155]. This in it self
could have effects on the MC, but it also implies that some of the F4TCNQ
sites are ionized, which means they can no longer act as trap sites. In order to
check the effectiveness as a p-type dopant, hole only devices PPV:F4TCNQ
devices were created. The results shown in Fig. 4.3(a) suggest this effect is only
noteworthy at much higher dopant concentrations than used in the bipolar
devices (> 0.2 wt.-%). Therefore, this is excluded as a possible explanation
for the MC decay. Although some F4TCNQ sites may be thermally ionized,
due to the relatively small energy difference in PPV HOMO and F4TCNQ
LUMO, at least a significant fraction of F4TCNQ sites will be available to trap
electrons. We tried to check the effectiveness of F4TCNQ as an electron trap
by making electron-only devices. Unfortunately, the undoped electron-only
device already has a current density at the detection limit of our setup. Doping
with F4TCNQ lowers the current below the detection limit, so we were unable
to verify its true effectiveness as an electron trap.
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Additionally, an electron donor such as DMC may act as a hole trap.
Therefore, hole only and electron only PPV:DMC devices were fabricated.
From the results shown in Fig. 4.3(b,c), it is found that both the hole and
electron current change significantly in the investigated doping regime. This
suggests that the creation of hole traps might also be a cause of the reduction
of the MC in the bipolar study shown in Fig. 4.2. However, in the hole-
only devices the current is already quenched after the addition of 1 wt.-% of
DMC, while in the bipolar devices (Fig. 4.2(d)) this occurs at much higher
concentrations. The difference with the latter case is that recombination with
electrons can empty the DMC sites again, thereby stalling this effect. The
filling of electron traps by DMC cannot be countered in a similar fashion by
hole recombination in a bipolar device, because the remaining hole on the
nearby DMC will shield the charge of the trapped electron, thereby completely
deactivating the trap. Therefore, in our analysis we assume that the deactivation
of the intrinsic electron traps is the underlying cause of the MC reduction.

4.3 Analysis

As stated before, there is strong evidence that triplet exciton-polaron reactions
are at the heart of the MC in OLEDs. In the following part of this section, we
will show that the trends in the magnetic field dependent results as discussed
above can be explained within the framework of the trion model; a triplet-
polaron interaction model that incorporates traps sites. The observed changes
in the MC(V ) curves will be assigned to specific changes in parameters in the
model. But first, we will give a concise overview of the model.

The initial assumption of a triplet-based OMAR mechanism is that triplet-
polaron reactions can be considered to hinder the polaron transport[91]. By
reducing the number of triplet excitons with a magnetic field as described in
the introduction, the current can thus be increased. Key steps of such a process
are shown in Fig. 4.4(a). Without spin mixing the state of an electron and hole
that meet in space is defined by statistics; 1/4 chance to be a singlet (S) and
3/4 chance to be a triplet (T). However, due to the spin mixing the singlet and
triplet state evolve in time. If the rate to form a T exciton is larger than the
S exciton formation rate, the T exciton yield will be larger than 3/4, which
is in agreement with experimental studies[89]. When a large magnetic field is
applied, the degeneracy of two of the three triplet pair states is lifted, blocking
mixing to and from these states. This lowers the probability to form T excitons
and thus reduces the number of triplet-polaron (TP) reactions.

In the trion model it is assumed that these TP reactions are most efficient
at trap sites and might even form a metastable particle: the trion[73,105]. We
have given an overview of all the relevant processes of trion formation at a
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Figure 4.4: (a) The process of spin mixing makes the pair’s spin state evolve in
time from singlet to triplet. This means the probability to either form a singlet (S)
or triplet (T) exciton is no longer only based on spin statistics, but also on their
separate formation rates. When a large magnetic field is applied, the degeneracy of
two of the three triplet pair states is lifted, blocking mixing to and from these states.
This can reduce the probability to form T excitons and thus reduce the number of
triplet-polaron (TP) reactions. The TP reactions are the dominant exciton-polaron
interaction as T excitons live much longer than S excitons before recombining to the
ground state. (b) In our trion model we use this notion by assuming that electrons
which are trapped (with a coefficient γt) and recombine with holes (with a coefficient
γR ) have a magnetic field dependent probability to form a triplet exciton (PT). Singlet
excitons are neglected due to their short lifetime. The triplets can then recombine
directly to the ground state with a rate kT or form a trion (with a coefficient γTP) by
interacting with another polaron. This trion can recombine again while releasing a
free polaron with a rate ktrion. A magnetic field can thus reduce the number of triplet
excitons, leading to less trions and more free polarons.

trap site in Fig. 4.4, which are explained in more detail in the previous chapter.
The model describes a cascade of particle reactions, starting at the trapping of
electrons. These trapped electrons can react with free holes to form (triplet)
excitons at the trap sites, which subsequently react with other free polarons to
form trions. Trions can be argued to have a long lifetime, thereby significantly
affecting the charge transport as polarons are temporarily captured by them
until they recombine or dissociate. Such a trion model is able to describe the
MC(V ) with an analytical fit function (see Fig. 4.1(d)). The initial increase of
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MC as a function of V is due to the progressive formation of excitations (T
excitons and trions) from trapped electrons, while the subsequent decline is
caused by filling of the traps by these excitations.

We now apply this knowledge to analyse our experimental data. For the
F4TCNQ study we observed that creating deep electron traps in PPV by adding
a strong electron acceptor reduces and shifts the MC(V ). We conjectured that
this happens because the intrinsic PPV trap sites have to compete for the free
electrons with the F4TCNQ molecules. It can be argued that an exciton or
trion can only form on an intrinsic trap and not on F4TCNQ, where only a
loosely bound charge transfer state can be formed with a hole in PPV. This
means the number of trions reduces through an effective reduction of the
intrinsic trapping (because the electron trapping shifts to the F4TCNQ). The
trion model then allows to assign the change in MC to the reduction of a single
parameter: the trapping coefficient γt of the electrons at the trap sites. All fits
in Fig. 4.2(b) can be attained by only varying this parameter, including the
shift of the maximum MC to higher voltages. Due to the competition with
F4TCNQ, one can take an effective trapping coefficient γt,eff from γt by taking
a weighted average of γt and the dopant trapping coefficient γdop as:

γt,eff = γt
γtNt

γtNt + γdopNdop
, (4.1)

in which it is naturally assumed that the number of dopant sites Ndop scales
linearly with the F4TCNQ concentration. As can be seen in Fig. 4.5(a) the
effective trapping coefficient taken from the fits indeed follows this trend.

We now turn to the DMC study. The reduction of the MC(V ) with DMC
observed in Fig. 4.2(e) can in principle be explained with the deactivation of
the intrinsic electron traps. We find that the MC actually reduces linearly with
DMC concentration. This can be expected from the trion model, since the
MC scales linearly with the number of traps available for trion formation[73].
Therefore, the MC(V ) is fitted with a varying trap site density Nt, although we
also had to allow the voltage dependence of the polaron density parameter a to
change slightly as well. As can be seen in Fig. 4.5(b) the effective trap density
taken from the fits indeed follows this linear trend. At some concentration
all the electron traps will be filled and the MC reduces to zero. We note that
different batches of devices created on separate days show a slightly different
decline of the MC with DMC concentration. This could be due to the low
solubility of DMC, leading to deviations in the concentrations. However, the
trend is always the same among devices created from the same solvent batch.

Not only does this study show that traps do indeed play a major role in
these magnetic field effects, more generally, it shows that molecular doping
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a b

Figure 4.5: ( The changes in fit parameters with dopant concentration for TCNQ
on the left and DMC on the right. For the DMC study we show the results of two
separate batches of samples (black and grey). The solid line in (a) is a fit described in
the text and the dotted line in (b) is a linear guide to the eye.

methods from the field of organic electronics can be used successfully in the
field of organic spintronics as well. Vice versa, the analysis of the magnetic
field effects may provide novel information about the processes occurring in
organic semiconductors. Even at dopant concentrations where the changes in
the current are still insignificant, the magnetic field effects can already respond
greatly to changes in the polaron reactions and transport. As such, the research
of magnetic field effect could play an important role in unravelling the exact
nature of trap sites in organic semiconductors. Models incorporating spin
dependent reactions, such as the trapped trion model, are now beginning to
have clear predictive value, not only at the microscopic polaron pair level, but
also in terms of device physics.

We will end this section with a discussion of our current view regarding the
nature and role of the ‘intrinsic’ traps at the origin of the magnetic field effects.
Recent work suggests that the traps are most likely impurities in the form of
oxygen complexes[23]. Although these are probably present, oxygen seems
difficult to reconcile with the traps at the origin of the MC. In the literature it
is shown that radiative damage[146] and electrical stress[81] enhances the MC.
This would suggest traps created through structural changes or ionization [156]

are at the origin of the MC. In the next section we will show that exposure
of devices to ambient atmosphere and pure oxygen does not benefit the MC.
Finally, we also suggested that an exciton or trion can form on an intrinsic trap,
but not on F4TCNQ. This puts a single criterion on the intrinsic traps. Its
HOMO should not lie much lower in energy than the HOMO of the host
material, i.e. PPV, so that the energy cost of creating an excitation on the trap
by transferring a hole from PPV is not too high.
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Figure 4.6: The influence of an a) air and an b) oxygen/nitrogen environment on
the magnetoconductance (MC). The MC clearly reduces after a prolonged exposure to
such environments. The solid lines are fits with the trion model, where Nt and γt is
varied in a) and b), respectively. Additionally, a small change in the onset voltage Von
is allowed in b). c,d) The changes in fit parameters with increasing exposure to an c)
air and d) oxygen/nitrogen environment. c) Neglecting the initial drop, Nt (and thus
the MC) reduces linearly with increased air exposure similar to the DMC study. d)
Similarly, exposure to oxygen/nitrogen results in a (At + B)−1 reduction of γt with
time t, where A and B are fit parameters.

4.4 Influence of oxygen

As mentioned before, the traps present in polymers have recently been assigned
to oxygen complexes by Nicolai et al. Oxygen is well known to degrade such
polymer devices[157]. Additionally, the magnetic field effects on the photocur-
rent have been shown to increase during exposure to air atmosphere[158,159].
However, the effect of oxygen on the intrinsic magnetoconductance (in the
dark) has not been studied yet. In this section we will show that oxygen has an
adverse effect on the magnetoconductance.

To investigate the influence of oxygen on the magnetoconductance we
have placed PPV devices, as described in this chapter, in air and pure oxy-
gen/nitrogen environments. For the latter experiments, a device is placed
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inside a concealed chamber which is connect to a Turbomolecular Vacuum
Pumping System (Varian, model minitask AG81). Air is first pumped out,
after which it is filled with nitrogen, then the device is placed inside and the
chamber is filled with the oxygen/nitrogen mixture. After each controlled
exposure to either environment the devices are placed back into the nitrogen
filled glovebox where they are electrically characterized. This means the devices
are never actually operated in an oxygen environment. The results of this study
are shown in Fig. 4.6.

For both environments the MC reduces significantly with increasing expo-
sure times. However, a pronounced difference is observed in both trends, which
resembles the difference in the DMC/F4TCNQ study. In an air atmosphere
a total reduction of MC is observed without a shift in peak voltage, similar
to doping with DMC. In a oxygen/nitrogen environment the MC also shifts
to higher voltages, similar to doping with F4TCNQ. Equivalently, the results
can be fitted with the trion model in a similar manner as the DMC/F4TCNQ
study. This could indicate that oxygen acts as a strong electron acceptor like
F4TCNQ, while the degradation process in air deactivates the traps responsi-
ble for the MC, or adds hole traps, similar to DMC. The difference between
air and pure oxygen might be attributed to water vapor or other compounds
present in air that react with the polymer device. In the air environment the
devices are also exposed to relatively more ambient light, which may lead to
photo-oxidation processes. Alternatively, molecular oxygen is known to diffuse
into polymer films and quench triplet excited states [160,161]. This additional
effect may also reduce the magnetoresistance, most likely in a different manner
than a photo-oxidation process.

Clearly, more work is required to elucidate the exact cause of the different
trends. We do conclude that oxygen and air atmosphere have a detrimental
effect on the MC, which suggests traps induced by these compounds are not at
the origin of the MC.

4.5 Conclusion

In conclusion, using well known dopants we have investigated the influence of
traps on magnetic field effects in the semiconducting polymer ’super yellow’
PPV. We used the strong electron acceptor F4TCNQ and found that the
magnetoconductance (MC) declines rapidly with F4TCNQ concentration in a
manner that can be assigned to a reduction in the effective electron trapping
at the intrinsic trap sites. This result shows that while the intrinsic electron
traps of PPV lead to a large MC, the traps induced by the dopant do not, and
competition of the latter with the intrinsic traps leads to an eventual decline.
Additionally, we used the electron donor DMC that is known to fill and
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deactivate the PPV traps. This latter study showed a linear decline of the MC
as the traps become filled, although we cannot entirely exclude that creating
hole traps has no similar effect. Both studies clearly indicate that traps play a
crucial role in the large MC observed in thin film PPV devices. Oxygen and
air also seem to have an adverse effect on MC, which suggests traps induced by
these compounds are not at the origin of the MC. Not only are these results
highly relevant for the fundamental understanding of spin physics and magnetic
field effects in organic semiconductors, they also suggest that traps—which are
generally considered detrimental for device performance—can be beneficially
utilized in organic magnetic field sensors.



5
Spectroscopic evidence for
trap-dominated magnetic field
effects in organic
semiconductors

Polaron traps are ubiquitous in organic semiconductors and recent evidence sug-
gests they might be crucial for the large observed magnetic field effects (MFEs) in
organic semiconductors. Here we measure MFEs in polymer thin film devices with
engineered, radiative trap sites in order to spectroscopically investigate the influence
of the traps. Surprisingly, the luminescence at the trap sites and the polymer back-
bone is found to have an opposite response to a magnetic field. All our results are
compatible with a novel mechanism, in which spin mixing at the traps can create
the large MFEs observed on the backbone. This scenario is quantitatively confirmed
by numerical drift-diffusion modelling with magnetic field dependent exciton
densities at the traps. These insights solve an outstanding controversy within the
research field.

Published as: M. Cox et al., Physical Review B 90, 155205 (2014).
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5.1 Introduction

Traps are localized states with an energy within the bandgap and are a virtu-
ally inevitable component of organic semiconductor devices, both disordered
and crystalline[23,162]. Unfortunately, their ability to capture polarons and
quench excitons is generally detrimental for the performance of, e.g., light
emitting and photovoltaic devices. Understanding [23] [28], preventing[163] and
disabling[24,162] traps is an active field of research with a significant impact on fu-
ture applications. However, traps can also be beneficial. Experimental evidence
suggests that traps contribute to the magnetoresistive properties of organic
semiconductors[48,81,127,146,148,164]. Damaging organic thin film devices leads
to dramatic increases in the magnetoresistance[81,146], while specifically deacti-
vating the traps completely quenches the magnetoresistance[164]. Nevertheless,
most work regarding magnetic field effects (MFEs) in organic semiconductors
neglects the ubiquitous traps or dismisses them as device physics, irrelevant for
the microscopic spin processes at the origin of the MFEs.

Magnetic fields are long known to influence molecular reactions[60]. The
remarkably large MFEs in organic, electroluminescent devices are seemingly
caused by a polaron pair model of electron-hole reactions[80,126]. Such a model
describes how the formation kinetics of excitons from electron-hole pairs is
altered by a magnetic field, changing the generated ratio of singlet (S) and triplet
(T) excitons[89]. In this framework, the MFEs are explained with a change
in effective recombination[90] or via the influence of triplets on the polaron
transport[91,92,127]. Independent of the exact mechanism, a decrease of the
T formation should be accompanied by an increase of the S formation and
vice versa. However, all previous attempts to measure these S and T exciton
densities suggest that both increase upon application of a magnetic field[165,166],
which is in direct conflict with the model.

In our work we resolve this discrepancy by novel experimental results
showing that the luminescence at the electron traps and the polymer backbone
have a response of opposite sign to a magnetic field. This indicates that different
processes may be occurring on the trap sites. We conjecture that a change in
S/T ratio at the trap sites leads to an increase in both free S and T densities—
a mechanism that was overlooked in all former studies. This conjecture is
confirmed by detailed device modelling, thereby solving this inconsistency
within the research field. Thus we show that traps play an important role in the
spin-dependent processes and that they cannot be neglected in the explanation
of the MFEs.

The thin film devices with large MFEs investigated in the literature gener-
ally have traps that are non-radiative. This limits the use of sensitive (optical)
spectroscopy in their investigation, for which there is a strong call in all organic
spintronics related research[167]. To overcome this predicament, we performed
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Figure 5.1: a) The chemical structure of the polymer components. The components
p and q are the green and red dye, respectively. The composition of the blue polymer
(B) is m = 50%, n = 40%, o = 10%, p = 0%, q = 0%. For the blue-green copolymer
(BG): m = 50%, n = 39.90%, o = 10%, p = 0.1%, q = 0% and for the white-emitting
copolymer (BGR):m= 50%, n= 39.88%, o= 10%, p= 0.1%, q= 0.02%. b) Schematic
representation of the band diagram of the white-emitting copolymer containing both
dyes. Figure adapted from Ref. [29].

experiments on copolymers designed for white light emission. These copoly-
mers have radiative dyes incorporated in the backbone, which can act as trap
sites. We obtained the same polymers as used by Nicolai et al.[29] which were
fabricated by Merck (for the chemical structure see Fig. 5.1): a blue backbone
copolymer, a backbone with green dyes and a backbone with green and red dyes.
Note that the backbone polymer already contains initial electron traps[144],
just like many other semiconducting polymers[23], and that their exact nature
is still under debate. Here we will refer to such traps as the ‘intrinsic’ traps.

5.2 Experimental results

The experiments were performed on typical OLED structures with the copoly-
mers as active layer. The devices consisted of patterned indium tin oxide glass
substrates on which poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PE-DOT:PSS) (50 nm) and the active layer (150 nm) was spin coated. A top
electrode consisting of LiF (1 nm)/Al (100 nm) was thermally evaporated in a
high-vacuum system inside a nitrogen-filled glovebox. After fabrication, the
devices are always kept in a nitrogen-filled environment. The bias voltage V and
current I were set and measured using a Keithley 2400 SMU. The magnetic field
dependence of the current I(B) was measured by placing the sample between
the poles of an electromagnet and is calculated by MC(B) = [I(B)− I(0)]/I(0).
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Figure 5.2: Electroluminescence (EL) and magneto-electroluminescence (MEL)
measurements performed on the blue light emitting polymer. a) The normalized EL
as a function of wavelength for a pristine device at currents corresponding to 2.8 V
and 5 V and a stressed device at 2.8 V. Two peaks are observed: one for bimolecular
recombination at 460 nm and one for trap-assisted recombination at 640 nm. b) The
relative ratio of the EL at 640 nm with respect to 460 nm as a function of voltage
and different amounts of electrical stressing. Results are shown for a pristine device
(squares), after stressing at 6.5 V (circles) and after stressing at 7.5 V (triangles). The
data points along the arrow were measured at the same current to show the increased
ratio is not solely due to a voltage shift. Power law fits are used as a guide to the eye
(lines). c) The MEL at a fixed magnetic field of 10 mT as a function of wavelength
for the same conditions as shown in a). d) The MEL at 460 nm (open symbols) and
700 nm (closed symbols) as a function of voltage and electrical stress with the same
conditions as shown in b).

The electroluminescence EL was measured with a silicon photodiode or with a
spectrometer, which consisted of a spectrograph (Newport MS260i) and back-
illuminated CCD (Andor DV420-BV). EL measurements with the spectrometer
are performed at constant currents.
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Backbone polymer

We first turn the attention to the results of the blue backbone polymer, for
which the electroluminescence (EL) and magneto-electroluminescence (MEL)
results are shown in Fig. 5.2. The EL spectrum shown in Fig. 1a shows a
clear peak around 450 nm, consistent with bimolecular recombination at the
backbone. Surprisingly, at low voltages luminescence is also visible at much
longer wavelengths. This luminescence seems to peak around 640 nm and it
does not increase as rapidly with voltage as the backbone emission. The relative
reduction of this light emission with respect to the backbone emission, shown
in Fig. 5.2b, is a clear signature of deep trap-assisted Shockley-Read-Hall (SRH)
recombination[28]. Trap-assisted recombination is basically a monomolecular
process, which scales weaker with increasing charge density (and thus increasing
voltage) than a bimolecular process occurring on the backbone. The relatively
large energy difference between the bimolecular and trap-assisted emission (∼
0.8 eV) indicates the traps are positioned deep within the bandgap.

The new observation that the initial or ‘intrinsic’ traps are radiative makes
it possible to investigate the magnetic field effects occurring on and due to
these traps. Results of the spectrally resolved MEL are shown in Fig. 5.2c. As
expected, the EL around 450 nm increases significantly when a magnetic field
is applied. More interestingly, we find a sign change of the MEL at wavelengths
that correspond to the trap-assisted recombination. Additionally, it is observed
that the bimolecular backbone MEL reduces strongly with voltage (shown
in Fig. 5.2d), while the reduction of the trap-assisted MEL seems to be less
strong or absent. Note that at higher voltage the EL around 640 nm is mainly
dominated by the shoulder of the bimolecular recombination (see Fig. 5.2a).
This may affect the observed weak voltage dependence of the trap-assisted
MEL.

To investigate the influence of these traps more closely, electrical stressing
experiments were performed. Electrical stress has been shown to enhance
the MFEs, which was suggested to be due to the formation of trap sites[81].
Here, two experiments were performed in sequence, first a voltage of 6.5 V
was applied for one hour and subsequently a voltage of 7.5 V for one hour.
After each run MC, EL and MEL were measured. The MC was found to
increase after each run (not shown here), similar to what was observed in
the literature. Because the traps are radiative, we now have access to the
relative contribution of the trap-assisted recombination increases with electrical
stressing, as can be seen in the EL of Fig. 5.2a,b. These results further strengthen
the notion that the contribution of traps enhances after device degradation.
Furthermore, in Fig. 5.2c,d it is observed that the MEL arising from the
bimolecular recombination increases with electrical stressing, however, the
MEL from the trap-assisted recombination remains approximately constant.
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Incorporating dyes

Besides enhancing the number of traps through electrical stressing, we have
investigated the possibility to chemically engineer traps with green and red dyes
incorporated into the (blue) backbone[29]. The highest occupied molecular
orbital (HOMO) of the dyes aligns perfectly with the HOMO of the backbone,
while the lowest unoccupied molecular orbital (LUMO) of the dyes lies lower
in energy. Thereby, the dyes only act as electron traps. The EL spectra of the
three different copolymers is shown in Fig. 5.3a. One can clearly distinguish the
different peaks from the dominant dye present in the copolymers, one around
520 nm for the green dye and one around 620 for the red dye. Fig. 5.3b shows
how the strength of the green dye emission remains constant with voltage,
while the red dye emission reduces drastically. The reason is that the EL arising
from the green dyes can be attributed to energy transfer of excitons, while
the red dyes clearly exhibit trap-assisted recombination [29]. This allows us to
investigate the effect of these two separate processes on the MFEs.

The MEL measurements for the different devices can be seen in Fig. 5.3c,d.
The addition of a green dye does not affect the amplitude of the backbone MEL
and its emission has the same MEL as the backbone. The green dye emission
obscures the intrinsic trap emission, which can explain the increase of the MEL
at wavelengths above 550 nm. Adding a red dye to the copolymer significantly
reduces the backbone MEL, while concurrently the MEL of the red dye itself
is positive, thereby increasing and changing the sign of the MEL at wavelengths
above 600 nm. In Fig. 5.3e,f we find the same trend with the two dyes at all
voltages for both the MC and MEL. The green dye has virtually no effect on
the MFEs, while the red dye significantly reduces both the MC and MEL.

Discussion of experiments

The negative, trap-assisted MEL in the backbone polymer is on itself a novel
find and suggests that the number of singlet excitons (at the trap sites) can
actually reduce when a magnetic field is applied. The central question we wish
to address is whether the magnetic field directly changes the S/T ratio on the
backbone or the S/T ratio on the traps. The fact that the backbone MEL
decreases strongly with voltage and increases with electrical stressing suggests it
depends on the number of traps and their contribution to the device. This is
difficult to reconcile with an intrinsic change in the backbone S/T ratio, which
should not depend on the amount of traps. On the other hand, the trap-assisted
MEL remains relatively constant under varying voltage and electrical stress,
which does point at an intrinsic change of the trapped S/T ratio. Therefore, we
conjecture that all the MFEs (MC, bimolecular MEL and trap-assisted MEL)
in these thin film devices are dominated by microscopic spin mixing processes
occurring on the trap sites.



5.2 Experimental results 73

a b

c d
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Figure 5.3: Electroluminescence (EL), magneto-electroluminescence (MEL) and
magneto-conductance (MC) measurements for the blue backbone copolymer (B), the
copolymer with green dyes (BG) and the copolymer with green and red dyes (BGR).
In a) the normalized EL of the three different devices is shown at 2.8 V. b) The red dye
emission (640 nm) in the BGR polymer shows a strong voltage dependence w.r.t. the
backbone emission, while the green dye emission (520 nm) does not. In c) the MEL
of the devices is shown at 2.8 V. d) EL spectra for the BGR device with varying bias
voltage. In e) and f) the MC and MEL are shown as a function of voltage. Note that the
MEL in c) and d) was measured at constant current, while the MEL in e) was measured
at constant voltage as it was measured with a photodiode together with the MC. The
MC and MEL are shown for a fixed magnetic field strength of approximately 10 mT.
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Figure 5.4: Schematic overview of the possible spin-selective steps in a trap-assisted
recombination process. i) The electron trapping itself can be spin selective, resulting
in a magnetic field dependent trapping rate. ii) Competition between electron-hole
recombination and dissociation can be spin selective, resulting in a magnetic field
dependent (effective) recombination rate. iii) Spin-selective recombination of electron-
hole precursor pairs can result in a magnetic field dependent singlet/triplet exciton
ratio.

The experimental results from the BG and BGR polymers suggest that
capturing excitons generated from bimolecular recombination with the green
dyes has no effect on the MFEs, while adding electron traps with the red
dyes can significantly alter the MFEs. These results correspond again with
the conjecture that traps are at the origin of the MFEs and not the processes
occurring on the backbone. While electrical stressing enhances the MFEs by
creating additional traps with the same magnetic response, the red dyes have an
opposite MEL compared to the intrinsic traps, which results in a reduction of
the total MC and backbone MEL. These results indicate that the exact physical
origin of the traps has a drastic influence on both the strength and sign of the
MFEs.

5.3 Numerical calculations

Our experimental results suggest that a change in recombination at trap sites
can lead to an opposite response in the bimolecular recombination and current.
Previously, it was assumed that the S/T exciton ratio should change in favour
of the singlets on application of B to explain a positive MEL [89]. Now we
find the opposite in our experimental results regarding the blue copolymer: a
negative trap-assisted MEL indicates a reduction of the S exciton density at the
traps with B, which suggests an increase of T excitons (at the traps). But how
can this cause the observed MFEs at the backbone?

To answer this question we investigated multiple spin-dependent mech-
anisms at the traps. As illustrated in Fig. 5.4, trap-assisted recombination
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consists of multiple steps that could be spin selective. These steps include
electron trapping, electron-hole recombination and exciton formation. Within
the framework of a polaron pair model, a magnetic field can influence any of
these processes. Magnetic field dependent trapping could arise if the ground
state of the trap site is a spin radical, such as an oxygen complex. The trap itself
would then act as the second particle in a pair. Similar to electron-hole recom-
bination in a bimolecular reaction, a magnetic field can influence the effective
recombination rate[90] or the formed singlet/triplet exciton ratio [89]. We note
that unlike excitons created in a bimolecular process on the backbone, which
are free to move around, the excitons created in a trap-assisted recombination
process will most likely occupy the trap on which they were formed.

These mechanisms are investigated quantitatively with a drift-diffusion
device model, where the magnetic field effect is incorporated as a change in
a material parameter[73], such as the trapping coefficient. We recently ex-
ploited such an approach to describe magnetic field effects in polymer-fullerene
blends[80] and electrochemical cells[149]. This device model can easily incorpo-
rate bimolecular Langevin recombination, trap-assisted SRH recombination
and exciton formation.

The model includes free holes and electrons with a density p and n re-
spectively and mobility µ. Free electrons are trapped with a coefficient Cn
at the available trap sites density Nt, resulting in a trapped electron density
nt. For simplicity we implemented deep electron traps with a single energy
level Et below the LUMO. Electron trapping only occurs if a trap is empty.
The trapping rate thus depends not only on the number of traps Nt but also
on their occupation f = (nt + Tt)/Nt, which includes the trapped electron
density Nt and the (optional) trapped exciton density Tt. Trapped electrons
and free holes undergo trap-assisted recombination with a coefficient Cp. In
the case of exciton formation, triplet excitons are formed from this process
with a magnetic field dependent probability PT(B). We neglect the singlet
exciton density because of their short lifetime. The triplets will undergo a
monomolecular decay governed by their lifetime τT.

Most material parameters are taken from the device characterisation of
Nicolai et al.[29,144]. The LUMO and HOMO energy are 2.2 eV and 5.3 eV,
respectively. We used µ = 10−10 m2V−1s−1, Et = 0.8 eV and Cn = Cp =
9 × 10−19 m3s−1. Triplet lifetimes can be taken from the literature[168,169].
Monomolecular decay rates of more than 0.5 ms have been found for free triplet
excitons [168], while at trap sites triplets have been suggested to live longer than
100 ms at ambient temperature[169]. Here we take a triplet lifetime of τT = 5
ms, which still results in significant trap-occupation yet manageable calculation
times.
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Figure 5.5: a) Schematic overview of the spin-dependent trap-occupation mechanism
described in the text, where a magnetic field will increase the T/S ratio on the traps. b)
The calculated ratio between SRH recombination (RSRH) and Langevin recombination
(RL). c,d) The calculated MC and bimolecular MEL respectively, where PS is reduced
from 0.90 to 0.88. The MEL at low voltages cannot be measured in the experiments.
Trap densities of 1 (squares),2 (circles) and 4 (triangles) ×10−4 nm−3 were used.

Field dependent exciton formation

We first focus on the mechanism that explains the experimental results best: a
trap-occupation mechanism based on exciton formation, shown schematically
in Fig. 5.5a. Trapped electrons will recombine with holes and have a certain
probability to become triplet (PT) or singlet (PS = 1 − PT) excitons. Due
to the spin mixing from hyperfine fields, these probabilities depend on the
kinetics: a faster S exciton formation rate (kS) than for the triplets (kS >
kT) leads to PS > 1/4[89]. A magnetic field suppresses the spin mixing and
returns PS towards its statistical value of 1/4. The change in current and the
bimolecular EL arises due to the difference in S and T exciton lifetime. The
radiative, short-lived S will have a negligible density, while the long living T can
significantly occupy the trap sites, thereby blocking further polaron trapping
and recombination. For kS > kT a magnetic field thus results in more free
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charges, which subsequently enhances the current and luminescence. A big
difference with previous triplet-based mechanisms is that we no longer assume
kS < kT and we do not need specific reactions with other particles to account
for the MFEs[91,92,127], although such triplet-polaron mechanisms can also be
implemented.

Since we wish to focus on the effects of exciton formation at the trap sites
on the MFEs, we neglect the influences of free triplet excitons in the model.
In previous work we have already shown that interactions of free triplets
with polarons do not lead to the correct voltage dependence of the MFEs[73].
Transfer of backbone triplet excitons to the trap sites might actually influence
the MFEs, however, our experiments give a good indication that polaron
trapping, and not exciton transfer, is the dominant process at the intrinsic
traps. This can be concluded from the voltage dependence of the trap-assisted
luminescence (see Fig. 5.5b). If exciton transfer was the dominant process,
the trap-assisted luminescence would scale with the backbone luminescence
(similar to the green dye luminescence).

Figure 5.5b-d shows an overview of the simulation results for the trap-
occupation mechanism, starting with the ratio of trap-assisted SRH recombina-
tion RSRH versus backbone Langevin recombination RL in Fig. 5.5b. As can
be seen this ratio reduces strongly with voltage and increases with more traps,
similar to the experiments in Fig. 5.2b. The MC and bimolecular MEL of the
trap-occupation mechanism are shown in Fig. 5.5c and d respectively. The trap-
occupation mechanism can explain the experimental results (in Fig. 5.3c,d);
we find relatively large, positive MC with an even larger MEL and correct
voltage dependencies. The MEL peaks at lower voltages than the MC, which
can, unfortunately, not be confirmed by experiments, since we are unable to
measure the MEL at the low light intensities at voltages around the built-in
voltage. Furthermore, both the MC and MEL clearly increase with the trap
density in the model.

The exact value PS is not known (on the traps). In the calculations shown
in Fig. 5.5 we used PS = 0.88, but this could be different in reality. We found
that a smaller PS in the trap-occupation mechanism (due to larger kT) does
not significantly alter the MC and MEL, but will require larger changes to
account for the experimental magnitude. Additionally, we investigated the
influence of triplet-polaron quenching, which essentially reduces the triplet
exciton density. We found that as long as the triplet-polaron coefficient is
relatively small, triplet-polaron reactions do not significantly influence the
outcome. We should note that triplet-polaron reactions are generally used to
explain high field effects[80,149] and might therefore be required in a complete
physical picture of the magnetic field effects.
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a b

Figure 5.6: Calculations of the a) MC and b) MEL for magnetic field dependent
recombination (squares) or trapping (circles). A relative reduction of 5% in Cp and Cn
was used.

Other mechanisms

As mentioned before, other magnetic field dependent processes may occur on
the trap sites, even in lieu of exciton formation. Using polaron pair models,
it could be argued that a magnetic field effectively influences the trap-assisted
recombination or polaron trapping. Calculations of such mechanisms are
shown in Fig. 5.6. The first would be similar to an electron-hole pair mechanism
proposed in the past for bimolecular recombination[90]. In such a mechanism,
the effective e-h pair recombination is spin-dependent due to either asymmetric
singlet and triplet recombination rates (kS 6= kT) or dissociation rates (qS 6=
qT). However, in such a mechanism one has to assume that dissociation of
the e-h pairs is significant in OLEDs, which can be criticized on the basis
of energetic arguments and may only be relevant in organic photovoltaic
systems[80]. Nevertheless, this mechanism would result in a reduction of the
trap-assisted recombination, which can then enhance the current and backbone
luminescence.

The second possibility, magnetic field dependent trapping, could arise if the
ground state of the trap site is a spin radical, such as an oxygen complex. In that
case an electron may only be trapped (or be trapped more favourable) if it has
an opposite spin as the trap. Trapping will then depend on the spin mixing and
will reduce in an applied magnetic field. These two mechanisms are simulated
with a (magnetic field dependent) reduction of Cp and Cn, respectively. As
shown in Fig. 5.6 both these mechanisms lead to relatively small changes and
voltage dependencies different from the experimental results. Therefore, we
conclude that the the trap-occupation mechanism is the best explanation for
the experimentally observed magnetic field effects.
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Figure 5.7: Calculations of the a) MC and b) MEL for magnetic field dependent
exciton formation, when an increasing number of a second type of trap is added. Unlike
the initial ‘intrinsic’ traps, this second type does not allow for exciton formation,
resulting in a reduction of the MFEs. Added trap densities of 0 (squares), 1 (circles), 2
(upward triangles) and 4 (downward triangles) ×10−4 nm−3 were used, with a change
of PS from 0.90 to 0.88 and an intrinsic trap density of 2 ×10−4 nm−3.

Adding red dyes

Another question that presents itself is how the inclusion of red dyes could
reduce the MC and MEL. As Fig. 5.3 illustrated, the red dyes show an opposite
trap-assisted MEL. When the magnetic field effects are purely dominated by the
traps, a sign change on the traps would result in an opposite (negative) response
in the MC and bimolecular MEL. This in itself can explain the experimental
results. We note that in order to obtain a positive MEL in the polaron pair
model one needs kS < kT on the red dyes, while a negative MEL on the
‘intrinsic’ traps implies kS > kT. This suggests these rates might be strongly
material dependent.

The red dyes also distinguish themselves in another manner from the in-
trinsic traps: they are much more luminescent. Many parameters can influence
their luminescent properties, which may also influence the MFEs caused by
these dyes. Here we investigate the possibility that the triplet lifetime is negligi-
ble on the red dyes, which means the dyes are not occupied by excitons. This
can increase the number of trapped electrons and their subsequent SRH recom-
bination with free holes (thus increasing their luminescence). Without triplet
excitons the dyes themselves do not lead to any appreciable MC. Nevertheless,
in Fig. 5.7 we show that when we add traps without excitons to the device, we
still find that the MC and bimolecular MEL reduce significantly. This is due to
the fact that the added traps compete with the intrinsic traps over free electron
density. When the traps without excitons dominate the trapping behaviour of
the device, the MC will be effectively quenched. These results show that to
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engineer the magnetic field effects in devices one should thus always add traps
with favourable parameters, such as a long triplet exciton lifetime.

5.4 Implications and conclusion

The experimental and numerical results are crucial for the fundamental un-
derstanding of magnetic field effects. A change in S/T ratio at the traps can
enhance the current and backbone luminescence. An increase in both singlet
and triplet exciton densities, as was measured in the literature[165,166], thus
occurs simply because the total electron-hole recombination increases on the
backbone. What should be measured instead are the magnetic field dependent
singlet and triplet densities at the trap sites. Our experimental results provide
the first verification that the singlet exciton density at the trap sites can indeed
decrease. Additionally, our results have implications for predictive OLED
models. We find that these should include long living excitations at the trap
sites.

In conclusion, the magnetic field dependent current and luminescence in
polymer thin films with radiative traps was investigated spectroscopically. Sur-
prisingly, we found an opposite response in the magneto-electroluminescence
(MEL) of the traps with respect to the backbone. The magnetoconductance
(MC) and MEL can be tuned by creating traps through electrical stressing or
incorporation of dyes. The experimental results strongly suggest that magnetic
field dependent processes at the trap sites affect the MC and MEL in the de-
vice. Numerical device calculations further elucidated that a magnetic field
dependent triplet exciton density at the trap sites can explain the magnetic
field effects. An increase in triplet excitons with magnetic field will lead to a
reduction in polaron trapping and recombination, which enhances the current
and backbone luminescence. These results show that trap sites and their in-
fluence on devices cannot be neglected—and might in fact dominate—in the
explanation of magnetic field effects and the underlying spin physics in organic
semiconductors.



6Anisotropic magnetoconductance
in polymer thin films

The dependence of the magnetic field sensitive current on the orientation of the
magnetic field has been investigated in organic semiconductor devices where the
active layer consists of the poly(p-phenylene vinylene) derivative ’Super Yellow’. Pre-
vious work on Alq3 suggested that the anisotropy was caused either by anisotropic
spin-spin interactions or by anistropic hyperfine fields, but no discrimination could
be made. In the present work, the anisotropy at the hyperfine field scale is best
explained by dipolar coupling between the spin of polarons. In addition, a high field
anisotropy is found with an opposite sign, different angle and voltage dependence.
Spin density matrix calculations were performed of polaron pair interactions for the
low field effect, and a ∆g-mechanism, triplet-polaron or triplet-triplet interaction
for the high field effect. The simulations confirm that the low field anisotropy can
indeed be explained by dipolar coupling. However, the proposed models can not
entirely account for the high field anisotropy. These results show that, although
contemporary models can account for (anisotropic) magnetic field effects in organic
semiconductors at low field scales, more experimental and theoretical research of
high field effects is highly desirable.

Published as: M. Cox et al., Phys. Rev. B 89, 195204 (2014)
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6.1 Introduction

Large changes in the current and luminescence with magnetic field have been
observed in organic semiconducting devices during the last decade. Such effects
have been investigated in organic light emitting devices (OLEDs) [46,72,81,83],
donor acceptor blends[78,80], field effect transistors[170,171], polymer light-
emitting electrochemical cells[149,172] and molecular wires[48]. These magnetic
field effects (MFEs) manifest themselves at room temperature and small mag-
netic fields of only a few millitesla, which has led to the suggestion of cheap
plastic sensor applications[49]. It was recently shown that the effects are angle
dependent[121] and can be exploited as a compass to detect the local earth
magnetic field[87]. The spin dependent processes at the origin of these mag-
netic field effects have undergone an extensive experimental and theoretical
investigation. Nowadays, this knowledge is used to analyse spin dependent
processes in greater detail, such as exciton fission in organic solar cells[173],
thereby turning the MFEs into a spectroscopic tool themselves. In order to
optimally take advantage of these magnetic field effects, a solid fundamental
understanding of the underlying physics is required.

Contemporary models regarding a magnetic field sensitive current, or mag-
netoconductance (MC), generally deal with pairs of spin carrying particles.
For example, such models can incorporate spin-blocking mechanisms between
polarons with the same charge[88,174] or spin dependent recombination of elec-
trons and holes[73,90–92]. In the past, it was claimed that the MC was isotropic
with respect to the magnetic field orientation [72,95]. For this reason, the models
did not investigate any mechanisms that incorporated anisotropy in the par-
ticle interactions. Wagemans et al. showed that the MC does exhibit a finite
angle dependence. In their work, the authors point out that spin-spin interac-
tions between polarons need to be included in the models. With simulations
they showed that in order to obtain an angle dependent MC there must be
anisotropy in either the spin-spin interactions—through dipolar coupling—or
in the hyperfine fields that are responsible for the mixing. However, they were
unable to discriminate between these two possibilities. Recently, the calcula-
tions on anisotropic spin-spin interactions were reconfirmed with a slightly
different method by Harmon and Flatté[174], who also pointed out the need
for additional experimental verification.

In this chapter, we report on angle dependent measurements of the MC
in OLEDs where the active layer consist of the copolymer poly(p-phenylene
vinylene) derivative ’Super Yellow’ (SY-PPV). We find a different angle depen-
dence compared to Wagemans et al. who investigated devices consisting of
Tris(8-hydroxyquinolinato)aluminium (Alq3)[121]. Additionally, both low and
high field components are found. The low field component arises at magnetic
fields on the order of the hyperfine field scale and shows a distinctive feature
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that can be explained by anisotropic dipole-dipole coupling in polaron pairs.
At higher field scales the angle dependence itself changes sign and shape, which
points at a different origin of anisotropy. Using spin density matrix simulations
we investigate the possible anisotropy in the ∆g-mechanism, triplet-polaron
quenching and triplet-triplet annihilation, which have been proposed in the
literature as possible high field effects for organic magnetoresistance. We find
that none of these mechanisms can unambiguously explain the observed high
field anisotropy.

6.2 Experimental details

The experiments were performed on typical OLED-devices with SY-PPV as
the active layer (90 nm). The magnetic field effects in this material have
been studied thorougly in the literature [73,81]. The bottom of the devices
consisted of patterned indium tin oxide glass substrates on which poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was spincoated
(50 nm). A top electrode consisting of LiF (1 nm)/Al (100 nm) was thermally
evaporated in a high vacuum system inside a nitrogen filled glovebox. All
devices were then transported under nitrogen atmosphere to another nitrogen
glovebox, where they were placed between the poles of an electromagnet. The
current I was measured using a Keithley 2400 series. The magnetic field depen-
dence of the current I(B) is calculated with MC(B) = [I(B)− I(0)]/I(0). A small
motor rotated the sample at a constant speed with respect to the magnetic field,
where the angle θ was defined with respect to the sample normal. This can be
used to measure the change in current and MC as a function of the angle at a
fixed magnetic field. Additionally, this motor can also be used to perform two
magnetic field sweeps in quick succession, while rotating the sample 90 degrees
in between the sweeps. Thereby, one can look at the difference between the
MC as a function of magnetic field in parallel and perpendicular alignment
with as little time delay as possible. We note that for all results corrections for
the drift in the current were performed.

6.3 Low field anisotropy

A typical MC measurement and the angle dependence at a constant magnetic
field can be seen in Fig. 6.1. The angle dependence is periodic over half a
rotation and shows a distinctive W-shape with two minima around θ = 60◦ and
θ = 120◦. These findings are in clear contrast to the previously reported cos2θ
dependency in the angle dependence of devices created with the small molecule
Alq3. However, the theory for such a W-shape has already been described in
the literature[121,174,175].
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a b

Figure 6.1: (a) The change in current of a SY-PPV device as a function of magnetic
field for a parallel and perpendicular orientation. The angle is defined with respect
to the normal of the sample and the device is operating at a bias voltage of 5 V. (b)
The MC as a function of the angle at a fixed magnetic field of 20 mT. The inset shows
the energy levels of the singlet and triplet precursor pairs. A magnetic field lifts the
degeneracy of the triplet levels, while the angle can alter the energy alignment of the
singlet and triplet states. The grey dashed line shows a fit of the data using only this
energy difference, while the solid red line shows a fit using the function described in
the text.

Most theoretical work on the MC has focussed on the question of how a
magnetic field can influence spin dependent interactions and reactions, such as
spin-blocking or the recombination of electrons and holes[88–91,106,121,174,175].
Prior to the actual reaction the particles will form precursor pairs in which the
total spin of the pair can be mixed due to dephasing of the individual spins, e.g.
by the random hyperfine fields in the organic material. For spin 1/2 particles,
the pairs will then mix in time between singlet (S) and triplet (T) character. A
magnetic field can reduce this spin mixing by Zeeman splitting the energy of
the T+ and T− states with an energy much larger than the hyperfine fields. As
a result, at high magnetic fields there will only be mixing between the S and T0.
A schematic diagram of the energy levels can be seen in the inset of Fig. 6.1(b).

Wagemans et al. found two causes of anisotropy, both requiring a finite
(exchange or dipole) interaction between the individual spins in the pair: (a) an
anisotropy in the hyperfine fields, while the spin-spin interactions are isotropic
or (b) an anisotropy in the spin-spin interactions. Since uniaxial anisotropy of
the hyperfine field distribution in a thin film will always lead to a cos2θ angle
dependence, we will focus on case (b), i.e. the spin-spin interactions.

The possible spin-spin interactions between two polarons are either ex-
change coupling or dipole coupling. The exchange interaction is considered to
be isotropic. However, the dipolar coupling depends strongly on the orienta-
tion of the spins and their separation vector R . At high magnetic fields (much
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larger than the hyperfine field scale), where only S-T0 mixing is relevant, one
can show that these spin-spin interactions will create an energy difference ∆
between the S and T0 state[121]:

∆(α) = 12 ∣∣∣D(1− 3cos2α)− 4J∣∣∣ , (6.1)

where α is the angle between the polaron separation vector and the applied
magnetic field, D is the dipolar coupling strength and J is the exchange interac-
tion strength. In the case that |J| > 1/2 |D| one finds a cos2α dependency, such
as was found in previous experimental studies. In the other case, additional
extrema are found, similar to our experimental findings in Fig. 6.1(b). This
strongly suggests the anisotropic dipole-dipole coupling of the polaron spins
is at the origin of the angle dependence. However, the energy difference of
Eq. 6.1 cannot perfectly describe the experimental results, mainly because the
minima around 60◦ and 120◦ are too sharply defined.

We found that a function derived by Groff et al. [175] does describe the
rounded features in our experimental data well. The authors showed with
lowest order perturbation theory that (at magnetic fields much larger than the
hyperfine fields) the fraction of triplet pair states scales with:

f (α) ∝ (∆(α)2 + c2)−1, (6.2)

in which ∆ is the energy difference defined by Eq. 6.1. The constant c is
independent of the electron-hole interactions, such as the dipolar coupling.
Thereby, c arises from anything else that influences the triplet fraction: the
Zeeman interaction, the hyperfine fields and/or the hopping dynamics. In their
work, Groff et al. investigated the angle dependence of the delayed fluorescence
in dye sensitized anthracene crystals under the influence of a magnetic field.
The authors used Eq. 6.2 for a qualitative study of the spin-spin interactions of
charge transfer states in these crystals.

Here we find that this function seems applicable for polaron pairs in disor-
dered organic semiconductors as well. From our fit in Fig. 6.1(b) we find only
a relatively small exchange interaction strength (J = 0.06D), as was suggested
before. The fact that a weak exchange interaction compared to the dipolar
coupling strength is observed in SY-PPV suggests that there is little polaron
wavefunction overlap in the precursor pair. This could be due to a relatively
large polaron pair separation distance in SY-PPV compared to other materials,
as the exchange interaction strength is considered to fall off more rapidly with
distance than the dipolar coupling strength[176].

In order to more quantitatively study the angle dependence, we have per-
formed numerical density matrix simulations of spin pairs using the stochastic
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Liouville equation. Such an approach has also been used to describe a large va-
riety of magnetic field dependent effects, such as magneto-electroluminescence
in organic semiconductors [89], magnetic resonance spectroscopy[111] and even
magnetoreception in birds[67]. For a complete overview of this calculation
method for the MC, we refer to Schellekens et al.[106]. It can be used to describe
both bipolaron[88,106] as well as e-h pair models [89,106]. Here we choose an
e-h pair approach with spin dependent exciton formation, although we note
that the conclusions drawn from this approach can also be generalized to other
models with a similar spin mixing mechanism at its basis.

For the calculations we assume a higher triplet polaron pair recombination
rate kT into excitons than the singlet recombination rate kS. This will result
in an increase in the formation of singlet excitons with magnetic field [89],
leading to a positive magneto-electroluminescence as has been observed in the
literature[37,78,81]. A ratio of kT/kS = 2 can be considered realistic based on
measurements of the singlet exciton fraction[89]. However, we emphasize that
the exact choice merely scales the total MC and does not really influence the
shape and relative size of the angle dependence. The increase in current is then
attributed to the reduction in triplet excitons with magnetic field, which are
generally assumed to hamper the polaron transport[91,100]. Such triplet-polaron
interactions are considered to be the dominant cause of the MC in OLEDs by
many[73,80,91,92,100,177].

For the hyperfine fields we use a Gaussian distribution with the hyperfine
field strength σhf as standard deviation. The dipolar coupling is incorporated
similar to Wagemans et al. with a coupling strength of D = 0.5σhf. We empha-
size that its exact value is not critical, and a good match with experimental data
can also be found with somewhat different values. Furthermore, we assume
that the hyperfine field strength in our SY-PPV is similar to the value of 1.2 mT
found for PPV based polymers[37]. In general, the dipolar coupling strength
is given by D = µ0g2µ2

B/(4πħhR3). Our specific parameter choice would then
correspond to a typical displacement of 1.5 nm, which is in the order of the
distance between hopping sites found for PPV based polymers[17]. Magnetic
resonance measurements of organic semiconductors have so far been unable to
detect dipolar coupling in polaron pairs [63], so the actual separation distance is
not known. Unfortunately, our magnetoresistive measurements are unable to
provide information on the exact dipolar coupling strength either. However, in
view of the fact that the precise coupling strength is not critical to match our
simulations with the experiments, we conclude that our choice of parameters
is not unrealistic. In our model, we then look at the triplet exciton fraction χT
and its relative change with magnetic field ∆χT(B) = [χT(B)−χT(0)]/χT(0). In
most of recent work, calculations were performed in the so called slow hop-
ping limit, where all the rates are much slower than the hyperfine precession



6.3 Low field anisotropy 87

a b

Figure 6.2: (a) Simulated change in triplet exciton fraction at large magnetic field
(B � σhf) when all rates that incorporate a hop are increased (q, kT , kS). In both the
parallel (0◦) and perpendicular (90◦) configuration the magnetic field effect is quenched,
but the relative difference (red circles) is already quenched at smaller hopping rates.
(b) Simulated change in triplet exciton fraction as a function of the angle between the
magnetic field and the displacement vector of the polaron pair for a hopping ratio
kT /ωhf = 4. For all simulations we used q = kT = 2kS and D = 0.5σhf.

frequency ωhf = gµBσhf/ħh, in which g is the polaron g-factor, µB is the Bohr
magneton and σhf is the hyperfine field strength.

In order to investigate whether the slow hopping assumption is affecting
the anisotropic MC, we first look at the influence of the hopping rate on the
total angle dependence. This is done by increasing the rates kT, kS and the e-h
pair formation rate q—all of which incorporate a hop—by the same amount. In
Fig. 6.2(a) the amplitude of the MC as a function of the hopping rate is shown
both for a parallel and perpendicular orientation of the magnetic field and
polaron separation vector. A clear trend can be observed in both the amplitude
of the MC and its angle dependence. In the slow hopping limit (kT � ωhf)
a surprisingly large angle dependence is found for a realistic dipolar coupling
strength. As the hopping rate is increased both the angle dependence and the
total magnetic field effect are quenched, however, the angle dependence already
starts to reduce at lower hopping rates. The quenching of the MFE occurs in
the intermediate hopping range where the rates are approximately equal to ωhf.
This intermediate range can be considered the range of polaron hops that still
have a reasonably large MC and contribute significantly to the total current.
Based on the above reasoning and the fact that the relative experimental angle
dependence is small (less than 2% of the total MC, see Fig. 6.1b) we propose
that the device under study operates in the intermediate hopping regime. We
do note that the actual amplitude of the angle dependence is a function of both
the dipolar coupling strength D and the hopping rate. Assuming a lower D
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a b

Figure 6.3: (a) The results of the angle dependence of the MC at various magnetic field
strengths, where the transition from the high field to low field component is clearly
noticeable. The pure high field effect (HFE) in the angle dependence was determined
by subtracting the low field effect (LFE) from the measurement performed at 500 mT
as described in the text. (b) The MC at a parallel and perpendicular orientation of the
magnetic field with respect to the sample normal. The difference shows the transition
is also observed in (a). The results in (a) and (b) were obtained at a bias voltage of 5 V.

will translate into a lower hopping rate in order to explain the experimental
amplitude.

Next, the actual shape of the angle dependence is calculated in the inter-
mediate hopping range (kT = 4ωhf). The result is presented in Fig. 6.2b. The
calculated shape seems to correspond well with the experimentally found shape.
We note that the angle dependence follows the energy difference of Eq. 6.1
when calculations are performed in the slow hopping limit, at large magnetic
fields, and with a perfect alignment of the magnetic field and polaron separation
vector[121]. However, when deviating from these limits we find that the curve
rounds naturally to the shape found in our experiments which can be described
with Eq. 6.2.

6.4 High field anisotropy

So far we have only discussed the angle dependence at low magnetic fields. We
will now discuss our study of the angle dependence as a function of magnetic
field up to 500 mT. An overview of these results can be seen in Fig. 6.3. What is
most remarkable is that the angle dependence is observed to change sign at high
magnetic fields, as can be seen in Fig. 6.3a. However, the effect at high fields
does not have exactly the same shape as at low fields. This is most noticeable at
intermediate fields around 200 mT where the angle dependence does not cancel
out to zero.

In Fig. 6.3b the MC is shown for the parallel and perpendicular orientation
of magnetic field with respect to the sample normal. From their difference one
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Figure 6.4: The relative difference in the MC of the angle dependence for different
bias voltages. The result measured at 5 V is fitted with a double non-Lorentzian
function (solid line), this allows for the extraction of the LFE (dotted line).

can estimate the amplitude of the angle dependence as a function of magnetic
field. This shows that at low fields the angle dependence first has an increasing
negative component, while at larger magnetic fields an increasing positive
component is observed, eventually leading to a sign change. For the total MC
it has already been established that a discrimination between a low field effect
(LFE) and a high field effect (HFE) can be made [80,150]. Here we find that a
LFE and HFE discrimination can be made in the angle dependence as well. The
main difference is that in the present device (and typical for pristine polymer
devices[73,80]) the HFE in the MC has the same sign as the LFE, whereas the
HFE in the angle dependence of the MC has an opposite sign. Clearly, the
trend of the angle dependence with magnetic field does not match the trend of
the MC, which is again in strong contrast to the work of Wagemans et al. on
Alq3.

In addition, we observed that the MC and its angle dependence reduce
with applied bias voltage for voltages above the built-in voltage. The reduction
in MC with increasing voltage is well known in the literature[72,73,81,83,91,121].
However, when normalizing the angle dependence to the MC, we observe an
almost constant LFE anisotropy while the amplitude of the HFE anisotropy
actually seems to increase with voltage. The normalized angle dependence is
shown in Fig. 6.4 for different applied bias voltages.

Fig. 6.4 also shows a fit of the angle dependence at 5 V. Here an empirical
double ’non-Lorentzian’ function is used

MC(B) = aLFEB2/(|B|+ BLFE)2 + aHFEB2/(|B|+ BHFE)2, (6.3)

to separate the low and high field effect with an amplitude aLFE and aHFE
respectively and a width BLFE and BHFE respectively. In the past, these non-
Lorentzian functions have been found to accurately describe the LFE in various
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materials[46] and numerical spin density matrix calculations can also account
for such functions [88,106]. Using two non-Lorentzians to discriminate between
the LFE and HFE is an approach that has already been used in the litera-
ture [80,150]. With this approach it is possible to extrapolate the size of the
LFE at large magnetic fields. Thereby, one can subtract the low field angle
dependence from the high field results to find the pure HFE component. In
Fig. 6.3a we have shown the pure HFE MC as a function of the angle.

At high fields the Zeeman interaction is much larger than the hyperfine
interaction. Therefore, changes in spin mixing have to be attributed to another
mechanism. Several suggestions have been proposed for the HFE in the lit-
erature, an overview of these is given by Schellekens et al.[106]. One distinct
HFE is called the ∆g-mechanism, where a (slight) difference in g-factor of the
polarons is considered to lead to a different spin precession at high fields and
thus more spin mixing. Additionally, the reaction of triplet excitons either with
polarons or other triplet excitons is spin dependent and considered to cause a
high field effect. The linewidth of the high field component is then attributed
to the zero field splitting (ZFS) of the triplet exciton, which is generally about
two orders of magnitude larger than the hyperfine interaction [178]. In the
remainder of this section, we will investigate these possible mechanisms for the
high field effect and its anisotropy. Similar to the LFE, we performed numeri-
cal density matrix calculations of spin pairs. However, we will find that these
mechanisms cannot unambiguously explain the observed HFE anisotropy.

The most unlikely candidate for the HFE and its angle dependence in the
present system is the ∆g-mechanism. First of all, an unrealistically large g-
factor difference is required to obtain a HFE in the correct field range. Secondly,
the HFE in the MC will always have a sign opposite to the LFE. Both of these
arguments have already been made in the literature[106]. Additionally, there
will be no change in the shape of the angle dependence as we observe in our
experiments, because the anisotropy in the HFE has the same origin as the
LFE, i.e. the dipolar coupling. All of these arguments are also confirmed by
our density matrix calculations, shown in Fig. 6.5a,b. The MC as a function of
magnetic field shown in Fig. 6.5a clearly shows the opposite sign of the HFE.
The angle dependence of this HFE will reduce to zero at large magnetic fields,
which can also be seen in Fig. 6.5b. We note that the g-factor itself could also
be slightly anisotropic. However, Wagemans et al. already excluded this as a
possible origin for the angle dependence, because it is generally negligible in
disordered organic semiconductors[121].

This leaves us with a triplet based mechanism. Such a mechanism can have a
completely different kind of anisotropy compared to a polaron pair spin mixing
mechanism, since it can have anisotropy in the zero field splitting of the triplet
exciton. This might explain why the HFE has a different angle dependence than
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Figure 6.5: Simulations of the MC high field contributions. The effect of a diffence
in g-factor on the magnetic field dependent triplet exciton fraction is shown in (a,b).
In (a) the magnetic field dependence is shown for a parallel (0◦) and perpendicular
(90◦) orientation of the magnetic field and polaron separation vector. In (b) the acutal
angle dependence is shown for various magnetic field strengths. These calculations
were performed with a dipole coupling strength D = 0.5σhf and a g-factor difference∆g/g = 0.03. In (c,d) the same is shown for the triplet-polaron quenching probability.
The angle β is defined as the difference in orientation between the zero field splitting
axis and the magnetic field. The magnetic field and angle dependence of triplet-
triplet annihilation chance is shown in (e) and (f) respectively. The angle γ is defined
as the difference in orientation between both zero field splitting axes—which are
perfectly aligned—and the magnetic field. The latter two processes are calculated with
Dzfs = 30µBσhf.

the LFE. In addition, the number of triplet excitons in a device will increase
with voltage, which could explain why the relative HFE angle dependence
increases with voltage. We note that around 1970 triplet-polaron and triplet-
triplet quenching mechanisms have already been suggested to be responsible
for magnetic field anisotropy in the fluorescence and photoinduced currents in
anthracene and tetracene crystals[57,179].

Triplet excitons can react with polarons in the following manner:

T + e⇔ [T + e]⇒ S0 + e∗, (6.4)

where S0 is the ground state, and e and e∗ are the electron and an excited
electron respectively. We note that the reaction with a hole proceeds in an
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identical way. The reaction in Eq. 6.4 has been suggested in the literature to
significantly influence the current[73,91], either by releasing trapped polarons
or by trapping of free polarons. The reaction to the ground state (last step in
Eq. 6.4) is only possible if the total spin state of the triplet-polaron pair is 1/2,
which means it needs to have a doublet character. Therefore, we have, similar
to Schellekens et al., calculated the probability Pq that the triplet-polaron pair
is quenched. This density matrix implementation also incorporates a triplet-
polaron pair formation rate k1 and dissociation rate k−1 into free triplets.
Additionally, it has a quenching rate k2 towards the ground state when the pair
has a doublet character.

For the triplet-triplet reaction we take a similar approach. Two triplet
excitons can annihilate and create a ground state and a singlet exciton:

T + T ⇔ [T + T ]⇒ S0 + S1. (6.5)

Spin conservation rules require the triplet-triplet pair to have zero total spin
in order to annihilate, i.e. it needs a singlet character. For that reason, we
calculated the effect of a magnetic field on the annihilation chance Pa via a
singlet state. This density matrix implementation also incorporates a triplet-
triplet pair formation rate k3, dissociation rate k−3 and annihilation rate k4
towards the ground state when the pair has a singlet character[106]. A zero
field splitting parameter Dzfs = 30σhf is taken for both the triplet-polaron and
triplet-triplet reaction. The results of our calculations for triplet-polaron and
triplet-triplet interactions are shown in Fig. 6.5c-f.

The downside of taking a single zero field splitting axis, i.e. a single molec-
ular orientation, is that our calculations show features that are clearly not
observed in the experiments. When the magnetic field is aligned parallel to
the ZFS axis, there will be strong level crossing resonances at the magnetic
field strength equal to Dzfs. At these level crossings, states that were initially
nondegenerate at zero magnetic field due to the zero field splitting become
degenerate, resulting in additional spin mixing. In the literature it is known that
these features average out when averaging over all molecular orientations[106].
Additionally, so called ‘anti-crossings’ could affect or cause an absence of these
peaks[180].

The angle dependence at large magnetic fields does look different than the
angle dependence caused the ∆g-mechanism. At a first glance, this suggests that
anisotropic triplet quenching mechanisms could be at the origin of the high field
component. However, what is clear from our calculations is that the amplitude
of the angle dependence of such triplet quenching mechanisms will reduce with
increasing magnetic fields. This is in contrast to the experimental results shown
in Fig. 6.3 and Fig. 6.4, where the high field anisotropy is observed to increase
with magnetic field. Therefore, we conclude that triplet quenching mechanisms
can also not unambiguously explain the high field anisotropy.
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6.5 Conclusion

In conclusion, using experiments and spin density matrix calculations we
investigated the source of anisotropy in the magnetic field sensitive current of
the organic semiconducting polymer ‘Super Yellow’ PPV. Both a low and high
field component were identified. The shape of the angle dependence of the low
field component of the MC can be explained by anisotropic dipolar coupling.
The amplitude of this low field component can most readily be explained if the
device is assumed to operate in the intermediate hopping regime. In addition,
the experimental results show an anisotropic high field contribution with
opposite sign, slightly different shape as a function of the angle and alternative
voltage dependence compared to the low field contribution. A difference in
g-factor is an unlikely candidate for this high field component. Reactions of
triplet excitons with other spin carrying particles are more likely candidates,
though they can not fully explain the observed magnetic field dependence of
the anisotropy either. These results suggests a more solid theoretical model is
required for the high field effects.





7∆B-mechanism for fringe-field
organic magnetoresistance

Fringe fields emanating from magnetic domain structures can give rise to magne-
toresistance in organic semiconductors. In this article, we explain these magnetic
field effects in terms of a ∆B-mechanism. This mechanism describes how variations
in magnetic field strength between two polaron hopping sites can induce a differ-
ence in precessional motion of the polaron spins, leading to mixing of their spin
states. In order to experimentally explore the fringe field effects, polymer thin film
devices on top of a rough in-plane magnetized cobalt layer are investigated. The
cobalt layer can be described by a distribution of out-of-plane magnetic anisotropies.
With a magnetic field perpendicular to the cobalt layer, fringe fields are created
because some domains are magnetized out of plane while the magnetization of
other domains remains approximately in plane. By varying the distance between
the polymer layer and the cobalt layer, we find that the magnetoresistance arising
from these fringe fields reduces with the gradient in the fringe fields, in agreement
with the ∆B-mechanism.
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7.1 Introduction

Many organic semiconducting devices exhibit intrinsic magnetic field effects
in their conductive or luminescent properties at low magnetic fields[46]. This
makes organic semiconductors interesting for magnetic field sensing applica-
tions[49]. Local hyperfine fields are involved in the origin of these magnetic field
effects[37]. These hyperfine fields can cause mixing, or intersystem crossing, of
spin states. The suppression of this spin mixing by an applied magnetic field is
believed to be responsible for the magnetic field effects[60,89]. Unfortunately,
relying on hyperfine fields offers only very little control over the amount of
spin mixing. They are determined by the organic material itself and vary only
little between different materials. However, there are also other sources of
spin mixing. In particular, the (inhomogeneous) fringe fields emanating from
magnetic domains or nanoparticles could play a role similar to that of hyperfine
fields[181]. Such fringe fields depend on the properties of the magnetic material,
which can be controlled, for example, by patterning.

Recently, this idea was applied to organic semiconductors by Wang et
al.[50] In their work the magnetoconductance in an organic device on top of a
ferromagnetic layer was shown to depend on the magnetized state of the layer.
In the presence of fringe fields emanating from the magnetic domains in this
layer, the magnetoconductance was found to decrease significantly. Control
experiments showed that the observed effect was not related to spin injection.
An explanation based on mixing of spin states of a spin pair on adjacent sites
prior to their reaction (‘two-site model’) by differently oriented magnetic fields
at these sites was dismissed by the authors, because of the large correlation
length of the fringe fields, resulting in almost completely aligned fields at
adjacent sites. On the other hand, Harmon et al. recently suggested the fringe
field gradients might cause additional spin mixing[182]. These gradients are in
the order of a few millitesla per nanometer, which is comparable to the size of
the hyperfine fields.

In this manuscript, we will show that a straightforward two-site model
can explain the enhanced spin mixing due to the fringe field gradients, even
at large applied magnetic fields. A small difference in magnetic field ∆B at
the two sites can lead to a difference in precession frequency of the two spins
and hence to mixing between their spin states. Because this mechanism is
similar to the so-called ∆g-mechanism, we coin it the ∆B-mechanism. We
investigate devices with a magnetic layer causing fringe fields in the active
organic layer. By increasing the distance between the magnetic and active layer
the magnetoresistance caused by the fringe fields decreases. The reduction of
this fringe-field magnetoresistance is found to correlate well with the calculated
distance dependence of the fringe field gradients emanating from the magnetic
layer.
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7.2 ∆B-mechanism

In a two-site model, magnetic field effects such as magnetoresistance are gen-
erally described by the alignment of the effective magnetic fields at the two
sites when an external magnetic field is applied[89,106,183]. When these sites
are occupied by two spin-1/2 polarons subject to random hyperfine fields, the
spin mixing between the singlet S and T0 triplet with the T− and T+ triplet
states is suppressed due to this alignment. However, even with perfectly aligned
magnetic fields spin mixing can still take place between the S and T0 state. A
reaction between the polarons can take place by hopping of one of the po-
larons to the site of the other. When the hopping rate is much slower than
the hyperfine precession frequency and the singlet and T0 triplet are exactly
degenerate, complete mixing takes place. When either of these two criteria is
violated, the amount of spin mixing becomes dependent on the difference in
precession frequency.

To understand why this is the case, consider an electron or hole polaron
in a magnetic field B. The spin of the polaron will precess about the magnetic
field with a frequency given by

ωB = gµBB/ħh, (7.1)

in which g is the g-factor of the polaron, µB is the Bohr magneton and ħh is the
Planck constant. A difference in precession frequency between two polarons at
adjacent sites can to linear order be written as

∆ωB = µB

ħh
(∆gB + g∆B) . (7.2)

The first term ∆gB describes how a difference in g-factor between the two
polarons, ∆g, causes a difference in precession frequency proportional to
the applied magnetic field. The resulting dephasing of the polaron pair’s spin
configuration leads to an increase in spin mixing between the S and T0, partially
compensating for the loss in spin mixing due to the alignment of the effective
magnetic fields at the two sites [106]. In the literature, this is referred to as the∆g-mechanism, which has been used to explain magnetic field effects observed
at large applied fields [78,80]. The second term g∆B could arise due to fringe
fields, where ∆B is the difference in magnetic field at the two sites. Similar to
the ∆g-mechanism, a difference in precession frequency due to ∆B should also
result in additional spin mixing. Fig. 7.1a illustrates the spin dephasing of two
polarons at adjacent sites due to a difference in magnetic field ∆B. In analogy
to the ∆g-mechanism, we call this the ‘∆B-mechanism’.

It is possible to derive an analytical expression for the ∆B-mechanism and
its corresponding magnetic field effect. Here we consider an electron and a hole
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Figure 7.1: a) Dephasing of a spin pair due to a different in magnetic field ∆B at
the two sites. Unshaded arrows: initial spin configuration, corresponding to a T0
triplet. Shaded arrow: spin configuration after some time, with mixing in of singlet
character. b) The deviation of the singlet fraction χS away from the statistical ratio of
1/4 as a function of the hopping rate relative to the hyperfine precession frequency
r = khop/ωhf resulting from the ∆B-mechanism, where ∆B is due to random hyperfine
fields (black lines) with a hyperfine field strength Bhf or due to fringe fields (red lines)
with arbitrarily chosen ∆B = 10 Bhf. Calculations can be done either without dipolar
coupling (solid lines) or with dipolar coupling (dashed lines, D = 0.5Bhf). c) The
resulting magnetic field effect without (solid lines) or with (dashed lines) dipolar
coupling. Both χS and the MFE have been linearized with respect to (γ − 1).
that are about to form an exciton, but the obtained results are also valid for two
electron or hole polarons forming a bipolaron. Experimental results suggest
that magnetic field dependent singlet and triplet exciton formation is responsi-
ble for the large magnetic field effects observed in several organic light emitting
devices (OLEDs) [80,126]. An increase in singlet excitons will be accompanied
by a decrease in triplet excitons on application of a magnetic field [89]. The
long living triplet excitons influence the polaron transport, which results in the
observed magnetoresistance [91,92,127]. Therefore, we assume that the magnetic
field dependent singlet fraction χS is a measure for the magnetoresistance in the
OLEDs studied in this work.

We assume that the g-factor difference between the polarons is negligible
and that the effective magnetic fields at the two sites are perfectly aligned. The
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latter would correspond to the case where a large external magnetic field is
applied (in the z-direction). The spin Hamiltonian of this system is given by

H = gµBBeSz,e/ħh+ gµBBhSz,h/ħh, (7.3)

in which Sz,e(h) is the spin operator in the z-direction for the electron (hole).
The steady-state fraction of singlet excitons χS that is formed from polaron
pairs can be derived using a stochastic Liouville equation[89,106]. We investigate
polaron pairs that are formed with a rate ku and from which singlet and triplet
excitons are created with rates kS and kT, respectively. Because large aligned
magnetic fields are assumed, mixing with the T− and T+ is suppressed due
to the large Zeeman interaction. Therefore, these states can be neglected in
the deriviation. The steady-state density operator is found by demanding
time-independence of the stochastic Liouville equation:

0 = ∂ρ
∂t = − i

ħh [H, ρ]− 12 {Λ, ρ}+ Γ, (7.4)

in which Λ = Σλkλ|λ〉〈λ|, with λ = S, T0 and Γ = kuI/4, where I is the identity
operator. As formation rates, we take kT = khop/γ and kS = khop. Here γ is
taken as the ratio between the singlet and triplet exciton formation rates, which
have to be different to obtain magnetic field dependent exciton fractions [89].
From the obtained density matrix one can straightforwardly derive the singlet
exciton fraction χS, which is given by:

χS = γ1 + γ
14
(2− γ − 1(gµB∆Bγ/khopħh)2 + γ

)
. (7.5)

Figure 7.1b shows how χS evolves with the relative hopping rate for ∆B =10Bhf (solid black curve). Because γ is generally considered to be close to
unity[89], we have linearized χS with respect to (γ − 1) in order to show the
most general result. The relative hopping rate is defined as r = khop/ωhf,
with the hyperfine frequency ωhf = gµBBhf/ħh at a hyperfine field Bhf. The
statistical singlet fraction is 1/4, but spin mixing changes it to γ/2(1 + γ) at
slow hopping (r � 1). When the hopping rate increases, the exciton formation
rate becomes faster than the precession frequency, thereby quenching the spin
mixing. The transition occurs around r = ∆B√γ/Bhf.

In the absence of fringe fields, the hyperfine fields are still capable of causing
mixing between the S and T0 states. With a large external magnetic field B~z,∆B is given by the difference in the z-component of the hyperfine fields. ∆B
can then be described with a Gaussian distribution with standard deviation2Bhf. Averaging Eq. 7.5 over the hyperfine fields is done analytically (not
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shown here). As can be seen in Fig. 7.1b, the transition from the slow-hopping
to the fast-hopping result is slighty less abrupt than with a fixed ∆B. Note that
in reality the gradient in the fringe fields experienced by all the polarons in a
device may also have a certain distribution.

In the transition from slow to fast hopping, the spin mixing is gradually
quenched. When polarons form excitons with intermediate hopping rates,
we find that the amount of spin mixing and thus the singlet exciton fraction
depends on the strength of ∆B. By controlling the fringe fields, e.g. with
domains in a magnetic layer, the singlet and triplet exciton fractions can be
influenced and hence the magnetoresistance.

The above describes the main aspects of the ∆B-mechanism, but other
ingredients can be added. For example, incomplete spin mixing arises at slow
hopping rates due spin-spin interactions in the form of dipolar coupling or
exchange interaction, because these lead to an energy difference between S and
T0. Dipolar coupling generally dominates the exchange interaction at larger
distances [176]. Therefore, we will here consider how dipolar coupling influences
the ∆B-mechanism. For the case that the two polarons are separated from each
other in the z-direction (assuming polaron transport takes place along the
magnetic field), the following term has to be added to the Hamiltonian:

Hdip = −2gµBDSz,eSz,h/ħh, (7.6)

in which the dipolar coupling strength is given by D = µ0gµB/(4πR3). For a
typical separation distance R of 1.5 nm [17] and a hyperfine field strength of
1 mT[37] the dipolar coupling strength would be equivalent to D = 0.5Bhf,
but the exact coupling strength is not critical for the present work. Similar
to the derivation above, it is possible to find a density matrix from the steady
state solution of Eq. 7.4. The result for χS with dipolar coupling is also shown
in Fig. 7.1b (dashed lines). Essentially, the spin-spin interactions suppress the
spin mixing and shift the singlet fraction towards the statistical ratio of 1/4.
The amount of suppression depends on the relative strength of D/∆B, which
explains why the effect is best observed for the calculation with the hyperfine
fields. With the addition of a larger ∆B due to the fringe fields, spin mixing can
thus also be increased at slow hopping rates.

The singlet and triplet fractions and other quantities that depend on them,
such as the current, are magnetic field dependent. The singlet fractions derived
above are the saturated values at large magnetic fields. As we have shown,
these values depend on the size of ∆B, which can be increased by ‘turning on’
fringe fields. One can define a relative magnetic field effect caused by the fringe
fields as (χS,hf − χS,fringe)/χS,fringe. This magnetic field effect (MFE) is shown
in Fig. 7.1c as a function of the relative hopping rate. The size of this MFE
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depends on the hopping rate, spin-spin interactions and the dynamics of the
spin-dependent processes (the latter is included in γ for the case of exciton
formation).

7.3 Fringe-field magnetoresistance

In order to investigate the influence of fringe fields on the magnetoresistance,
we fabricated devices with a layer stack similar to OLEDs, only with a mag-
netic cobalt layer inserted close to the organic layer. In contrast to previous
work[50,184,185], we use a single (rough) cobalt layer with an in-plane magne-
tization due to shape anisotropy. The cobalt layer can be placed on a seed
layer underneath the functional device or on top of the device, however, the
experiments in this work will focus on devices with a cobalt layer on top.
By applying a magnetic field in-plane or out-of-plane the fringe fields can be
turned off and on respectively, making this a convenient system to study the
magnetoresistance arising from fringe fields. A Superconducting Quantum In-
terference Device (SQUID) was used to characterize the magnetic properties of
the cobalt layers and Atomic Force Microscopy (AFM) was used to investigate
their roughness.

The results of the magnetization and roughness are shown in Fig. 7.2a,b for
a cobalt layer on top of an aluminum seed layer. We note that we found similar
results for cobalt layers on top of an organic layer. As expected, when the
magnetic field is applied in plane, we find an abrupt switch with a coercive field
of 1.2 mT. When the magnetic field is applied out of plane, the magnetization
slowly reaches saturation at more than 1.5 T. For an ideal in-plane magnetized
layer the magnetization should follow a linear function according to Stoner-
Wohlfarth theory [186]. However, we find two regimes; at fields roughly below
200 mT the magnetization changes more rapidly than at higher fields. The
existence of these two regimes can be explained from the roughness of the layer,
shown in Fig. 7.2b, leading to different local out-of-plane shape anisotropies.
In some regions the layer is thicker than in other regions and in these regions
the magnetization may be pulled out of plane more easily. The fact that there
are two distinct regimes is indicative of two separate distributions of shape
anisotropies. This means that at a magnetic field around the transition between
these two regimes, some parts of the cobalt layer are completely magnetized
out of plane, while the other parts hardly are.

Fringe fields occur when a magnetic layer has domains with different mag-
netizations. Based on the magnetic characterization, a rough cobalt layer can
thus be used to create fringe fields by applying moderate out-of-plane mag-
netic fields. The devices consist of glass substrates with pre-patterned indium
tin oxide (ITO) and 40 nm of spincoated poly(3,4-ethylenedioxythiophene):
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Figure 7.2: a) Measured in-plane and out-of-plane magnetization of a 30 nm cobalt
layer. b) AFM height topography of a 30 nm cobalt layer on top of an 100 nm
aluminum layer. c) The measured magnetoconductance for a device with a 10 nm
spacer layer using either a parallel or perpendicular applied field. d) The relative MC
at 500 mT for varying aluminum spacer layer thickness d. The red line is a fit with a1/(d+ d0)2 function, where we found d0 = 15 nm for the case shown.

poly(styrenesulfonate) (PEDOT:PSS) as bottom electrode. The active layer is
comprised of phenyl-substituted poly(p-phenylene vinylene) copolymer (PPV)
also known as ’super yellow’ PPV, which is known to exhibit large magnetic
field effects[81,127,149]. The top contact consisting of LiF (1 nm)/Al (10-100
nm) was thermally evaporated inside a high-vacuum system in another glove-
box. On top of the LiF/Al layer we thermally evaporated 15 nm of cobalt,
which was capped with 100 nm of Al. The first aluminum layer acts both as
electrical contact and spacer layer between the cobalt and the organic layer.
All measurements were performed inside a nitrogen-filled glovebox, where the
sample is placed between the poles of an electromagnet. The current density
J is measured with a Keithley 2400 series. The magnetoconductance (MC) is
defined as [J(B)− J(0)]/J(0).

Figure 7.2c shows the MC for a magnetic field applied parallel and perpen-
dicular to the plane of the device. These two orientations result in distinctly
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different responses. For a parallel orientation we find a monotonously in-
creasing MC, which is generally found in the literature for standard OLED
devices[46,81,91,127]. For a perpendicular magnetic field the MC first follows
this trend, but then deviates from it and eventually even decreases again. This
deviation occurs at the transition between the two regimes in the magnetization
measurement in Fig. 7.2a, where domains with different magnetization are
present. Wang et al. also found a reduction of the MC when magnetic domains
in the magnetic layer are created. This reduction is indicative of enhanced
spin mixing due to the presence of fringe fields, as can be explained with the∆B-mechanism. At larger field we expect the perpendicular MC to return
to the value of the parallel MC, because then the entire cobalt layer will be
magnetized in the same direction, leading to vanishing fringe fields. However,
our measurement setup is unable to reach such fields.

The same measurements were performed with varying aluminum spacer
thickness. Fig. 7.2d shows the relative difference in MC at 500 mT (δMC =(MC||−MC⊥)/MC||) as a function of the spacer thickness. The δMC is normal-
ized with respect to the regular (hyperfine) MC given by MC|| to account for
device variations in the MC. As the organic layer is further separated from the
magnetic layer, the fringe fields in the organic layer will reduce. Accordingly,
the relative MC reduces with increasing spacer thickness, as can be observed
in Figure 7.2d. We find that this reduction can be described with a (d+ d0)−2
function, where d is the spacer thickness and d0 an offset distance. Note that
the relative MC will not completely approach zero at large d, because of a
small intrinsic angle dependence[86]. In the next section, we will show that the
gradients in the fringe fields are also expected to follow a similar dependence as
a function of the distance away from the magnetic layer. The d−2 dependence
can readily be understood intuitively. For a magnetic dipole, the magnetic field
reduces with 1/R3, where R is de distance from the dipole. After performing a
surface integral, the magnetic field depends on distance d to the plane as 1/d
and its gradient as 1/d2. The offset distance could arise, because the relevant
polaron pairs are not positioned at d = 0, but some distance away from the
plane into the organic layer. Therefore, d0 might be related to the location of
the recombination region. We will show in the next section that d0 can also
be related to the magnetic domain structure. Finally, we note that our results
show that with a hybrid device the weak intrinsic angle dependence of organic
magnetoresistance can be enhanced by the insertion of magnetic materials with
angle dependent fringe fields.

7.4 Fringe-field magnetoresistance calculations

In order to investigate how the fringe-field magnetoresistance depends on the
distance to the magnetic layer, we use the ∆B-mechanism and a straightforward
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Figure 7.3: (color online). a) Cross-section of the calculated magnetic field lines above
the magnetic layer. In the red (blue) regions Bz is positive (negative). The opaqueness
indicates the size of Bz . b) The average gradient σz in the fringe fields as a function
of the angle between the magnetization of the different domains. c) The average
fringe-field gradient as a function of the distance z above the magnetic layer for cos(θ)
= 1. The red line is a fit with a 1/(z + z0)2 function, where we found z0 = 12 nm for
the case shown.

model of the magnetic layer. Magnetic fields emanating from a magnetic
layer can easily be calculated with a discrete dipole approximation, where the
magnetic layer is divided into (small) segments that are treated as single magnetic
dipole moments. The magnetic fields are then calculated by summing over all
dipoles. Based on the spatial dimension of the roughness of the experimental
layer (Fig. 7.2b) we investigate a layer with domains with a size of 160 nm, where
half of the domains are magnetized in-plane and the other half out-of-plane.
This should correspond to the experimental results at low to intermediate
magnetic fields, where the domains with the lowest out-of-plane anisotropy
have their magnetization pulled out-of-plane. Figure 7.3 shows an overview
of the results of our calculations, where Fig. 7.3a shows a cross-section of the
calculated magnetic field lines for such a domain structure. We show results for
the average gradient σz = 〈∂|B|/∂z〉 of the fringe fields in the z-direction. The
z-direction is the direction along the normal of the plane. In the experiments
the z-direction is also along the flow of current, so this should be the direction
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along which polarons are predominantly separated from each other. Our
calculations show that the fringe fields and their gradients depend strongly on
the orientation of the magnetization of the domains and the position above the
layer.

Figure 7.3b shows the dependence of the fringe-field gradient on the orien-
tation of the domains. When the magnetization of half of the domains is pulled
out of plane the average gradient of the magnetic flux density above the layer
increases with increasing magnetization angle between domains. This explains
the increasing difference with applied magnetic field between the parallel MC
and perpendicular MC in Fig. 7.2c, where a larger magnetic field will pull more
of the domains with a low anisotropy out of plane. With higher perpendicular
fields, there will be larger fringe-field gradients and thus more spin mixing. Ad-
ditionally, the fringe-field gradient as a function of the distance to the magnetic
layer is shown in Fig. 7.3c. We find that the fringe-field gradient decays with
an approximate 1/(z + z0)2 dependence, where z is the distance to the plane
(which is related to the aluminum thickness d in the experiments). Different
orientations of the domains do not significantly influence the z dependence,
except for the total amplitude. Interestingly, we also find an offset z0 is required
to obtain a good fit, similar to the experiment results.

This offset is related to the size of the domains and requires some expla-
nation. Due to the nature of the dipole, the magnetic field is zero above an
infinite magnetic film with a single magnetization. Close to a finite plane it is
approximately constant. The 1/z dependence of the magnetic field (and thus a1/z2 gradient) only arises above a change in magnetization, i.e. at the edge of
two domains. By taking the average over many domains in our calculations,
the 1/(z+ z0)2 dependence is found for the gradients. For smaller domain sizes,
so on average more domain edges, we find that the offset z0 decreases, thereby
approaching the expected 1/z2 dependence.

These results indicate that the magnetoresistance caused by the magnetic
layer in our experiments is proportional to the size of the fringe-field gra-
dients. This implies that we are in the linear regime of the ∆B-mechanism.
For larger ∆B the singlet fraction in Eq. 7.5, and hence the magnetic field
effect, will saturate at fixed r. Therefore, in order to be in the linear regime,
one needs either small ∆B or a large hopping rate (see khop in Eq. 7.5). We
numerically simulated the magnetic field effect corresponding to the fringe
field distributions calculated in this section. Figure 7.4 shows the results as a
function of the height above the magnetic layer for different hopping rates.
Taking the perpendicular MFE⊥ as (χS,fringe,B − χS,hf,0)/χS,hf,0 and the paral-
lel MFE|| as (χS,hf,B − χS,hf,0)/χS,hf,0, then the relative magnetic field effect is
δMFE = (χS,hf,B−χS,fringe,B)/(χS,hf,B−χS,hf,0), which corresponds to the exper-
imental definition used in Fig. 7.2d. For lower hopping rates, the δMFE does
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Figure 7.4: (color online). Magnetic field effect as a function of the distance above the
magnetic layer for different relative hopping rates r. No dipolar coupling was used.
The dashed line is a fit with a 1/(z + z0)2 function.

not follow the 1/z2 dependence of the fringe fields gradient. Instead it reaches
only a saturated value at small z, i.e. at large ∆B. For increasing hopping rates
this does not happen, and the distance dependence seems to approach the 1/z2
dependence.

7.5 Conclusion

We have presented a mechanism, coined the ∆B-mechanism, for a new type of
magnetoresistance in organic semiconductors that is based on magnetic field
gradients. Magnetic field gradients can be created with fringe fields emanating
from a magnetic layer. We created such gradients by magnetizing a rough cobalt
thin film out of plane, which was placed in proximity to a conductive organic
layer. Our experimental results combined with calculations of the magnetic
fields above such a magnetic layer show that the resulting magnetic field effects
are proportional to the gradients in the fringe fields. We conclude that fringe
fields can be used to control magnetic field effects in organic semiconductors
and that these effects can be explained in a natural way with the ∆B-mechanism.



8Future research and applications
of organic spintronics

In recent years, much advancement has been made in the application of organic
materials for spintronics. Here we investigate several ongoing and novel avenues
for future research. First the possibility to sense individual magnetic domain walls
is described, which could result in the application of a nanoscale, molecular sensor
to read out magnetic information. Then we discuss research opportunities for
spin-polarized transport and detection with organic materials in order to improve
our insights into organic spin valve technology. Finally, this chapter ends with
several proposals to engineer organic magnetoresistance based the insights gained
from this thesis, in order to make organic magnetoresistance more appealing for
future applications.
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Figure 8.1: a) In a typical spin valve, a ferromagnet leads to spin polarization of an
electron current resulting in the injection of more majority (up) than minority (down)
spins into the spacer layer. b) By applying a spin filter (such as a molecular layer) in
between the ferromagnet and spacer layer, minority electrons are effectively blocked,
thereby enhancing the spin polarization.

8.1 Introduction

Several magnetic field sensing applications present themselves for organic semi-
conductors. As already mentioned in section 1.2, organic magnetoresistance
can be used directly to detect magnetic fields or it can sense the presence of
fringe fields emanating from magnetic domains. In the latter case, the magnetic
domains can act as information which is read out by the organic layer. In the
next section, we will theoretically investigate the possibility to sense single
magnetic domains, in order to detect magnetic information on the nanoscale.

Spin valve devices provide an another appealing route for detecting mag-
netic fields. Such sensors are used in the read heads of hard disk drives and many
other applications. Replacing the spacer layer in between the two magnetic
electrodes by an organic layer could be cost effective. Such organic spin valve
devices fabricated during the past decade have shown appreciable magnetore-
sistance[40]. However, the room temperature magnetoresistance is relatively
weak and recently the working principle of the spin valve has been called into
question[187]. In section 8.3, we propose a novel method to investigate spin-
polarized currents in organic spin valves in order to shed more light on these
magnetic field sensing devices.

Another interesting development is the discovery of spin-dependent elec-
tron trapping at a ferromagnet/organic interface between cobalt and Alq3 [188].
Using spin-resolved two-photon photoemission spectroscopy the authors found
that minority (down) spins are trapped longer in the hybrid Co/Alq3 interface
state. This suggests the ferromagnet/organic interface can act as (tunable) spin
filters, increasing the spin polarization of the ferromagnet. Fig. 8.1 illustrates
how an organic layer could simply be used to enhance the spin polarization
from the ferromagnet into another material, instead of using the organic mate-
rial as a complete spin transporting layer.
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A large part of this thesis focusses on intrinsic organic magnetoresistance.
Such magnetoresistance can be used directly to measure magnetic field strengths
with a high sensitivity in specifically engineered device structures[49]. On the
other hand, the origin of organic magnetoresistance is believed to be similar to
that of avian navigation, which suggests organic semiconductor devices can be
used as magnetic compasses. The angle dependence described in Chapter 6 is
proof of this concept, however, its size is relatively small. Based on our insights,
we believe increasing the size of the angle dependence will require tailoring
of the spin-spin interactions or reducing the hopping rates in the polaron
pair, which may require intricate molecular engineering. Both applications
(the sensor and compass) will benefit greatly from a large magnetoresistance,
in order to overcome effects of drift in the current and enhance the overall
sensitivity. In the last section of this chapter we investigate several routes to
further engineering of organic magnetoresistance for future applications.

8.2 Magnetic domain wall sensing

In the previous chapter, we have shown that fringe fields emanating from
a magnetic layer with magnetic domains cause and influence magnetic field
effects in organic semiconductors. The approach was rather macroscopic; the
magnetoresistance of the entire organic layer could only change in the presence
of an abundance of magnetic domains. In principle, it should also be possible to
detect single magnetic domain walls with an organic semiconductor, resulting in
a sensor that is truly nanoscale. In this section, we investigate the fundamentals
of such a magnetic domain wall sensor.

The fringe fields emanating from the transition between two magnetic
domains can be approximated analytically by taking a surface integral of the
magnetic dipole equation. As illustrated in Fig. 8.2a, we consider two semi-
infinite magnetic planes that meet at x = 0 where one is magnetized upwards
and the other downwards. For this case, no magnetic field exist in the y-
direction and in the x and z-direction it is given by:

Bx = +4dµ0MS4π z
x2+z2 ,

Bz = −4dµ0MS4π x
x2+z2 , (8.1)

in whichMS is the saturation magnetization of the magnetic material and d the
‘thickness’ or amount of magnetic material. Fig. 8.2b shows how the magnetic
field strengths increase near the domain wall, leading to large gradients in the
vicinity of the domain wall.

According to the ∆B-mechanism described in the previous chapter, such
magnetic field gradients lead to magnetic field effects in organic semiconductors.
The gradients cause mixing of spin states in polaron pairs, resulting in, for
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example, a change in the formed singlet exciton fraction χS. Such a change
influences the luminescent and resistive properties of the organic material. One
can either utilize the gradients in the x-direction or in the z-direction depending
on the exact orientation of the polaron pair separation vector ~r. Fig. 8.2c shows
calculations of such changes in χS near the domain wall. The density matrix
method described in section 2.2 was used for this purpose. For polaron pairs
separated in z-direction, χS decreases monotonically as the domain wall is
approached. If they are separated in x-direction, χS returns to the statistical
ratio at x = 0, because the Bx has a maximum (i.e. no gradients) and Bz is
zero at x = 0. We note that the strength and spatial distribution of the effect
depends strongly on all the involved parameters such as the ratio kS/kT, khop
and the size of ∆B, where the latter depends on d, x, z and ~r. Additionally, the
spin mixing of the hyperfine fields has to be overcome in order to observe the
effect.

These results show that a molecular sensor could detect single magnetic
domain walls, either by moving it across the domain wall or by moving the
domain wall itself. Multiple well-defined magnetic domains in sequence would
then result in the presence or absence of fringe fields at certain positions, which
could be read out much like digital information, as illustrated in fig. 8.2d.
One-dimensional, molecular devices have shown intrinsic magnetoresistance
approaching 2000%[48]. So a nanoscale, molecular sensor that is swept across
the magnetic surface similar like a read head in a hard disk drive could be
used to efficiently detect the magnetic domain walls. Similarly, a static sensor
could be used to detect domain walls in a ‘racetrack memory’[32]. Since such a
sensor might be challenging to engineer, proof-of-principle experiments can be
performed with local measurements on organic semiconductor material placed
in proximity of the magnetic layer. For example, using conductive atomic force
microscopy (AFM) on a thin film of organic material, the current is measured
locally. By contacting the organic semiconductor and moving the magnetic
domain wall underneath, the current should change. Another alternative is to
use optical microscopy on an OLED device positioned on top of a magnetic
layer with domains. The emitted light should have a different intensity above
a magnetic domain wall. The spatial distribution of the fringe field magnetic
field effect, which extends a significant distance away from the domain wall,
would be a benefit for an optical approach with a limited resolution.

8.3 Spin detection with magneto-optical methods

Transporting spins over long distances is an important aspect in spintronics
applications. Giant magnetoresistance (GMR) sensors make use of spin trans-
port in conductive materials stacked between two ferromagnetic electrodes.
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Figure 8.2: The principle of domain wall sensing. a) Fringe fields are calculated for
an infinite plane with upward magnetization for x < 0 and downward magnetization
for x > 0, with an magnetization corresponding to magnetic material with thickness
d. To calculate the change in spin mixing a two site model is used, where the sites have
a separation distance r and the particles hop with a rate khop. b) The magnetic field in
the x and z-direction. c) The corresponding singlet fraction χS where the polarons are
either separated in the x-direction or in the z-direction. The relevant parameters for
these calculations were khop = 108 s−1, kS/kT = 1/2, r = 2 nm, d = 2 nm and MS =
1.5 × 105 A/m. d) Using the fringe field magnetoresistance, a molecular, nanoscale
sensor could read out a sequence of magnetic domain walls.

Organic semiconductors are particularly interesting for such spin-valve appli-
cations due to the long observed lifetimes in these organic materials. Organic
spin valve devices fabricated during the past decade have shown appreciable
magnetoresistance[40], however, the spin injection into and transport of spins
in organic semiconductors has been called into question.

In inorganic semiconductors spin injection and accumulation has been
convincingly demonstrated using the Hanle effect, where a transverse mag-
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netic field induces spin precession and thereby strongly affects the device resis-
tance[189–192]. However, the absence of the Hanle effect in organic spin-valve
structures has cast doubts on the spin injection and transport in organic semi-
conductors [187]. On the other hand, muon spin rotation measurements [43],
two-photon photoemission experiments [42] and spin polarized tunneling into
a superconductor[193] indicate spin injection is feasible.

Another approach may be called for to effectively detect spin transport in
organic semiconductors. Besides the Hanle effect, one of the most convincing
methods for this purpose it to utilize magneto-optical techniques. With such
techniques the polarization of the light can be linked to the spin states in a
material, either through reflection, transmission or emission of such light. For
example, spin-polarized currents have been detected in light emitting diodes by
measuring the circular polarization of the emitted light[194].

Spin-polarized currents in organic semiconductors could be detected with
magneto-optical methods in two ways: (1) with the organic material itself
or (2) by inserting suitable materials such as quantum dots into the organic
device. Unfortunately, these magneto-optical methods requires strong spin-
orbit coupling, which is generally weak in organic materials, making the
first option less viable. A solution to this problem would thus be to insert
materials with a high spin-orbit coupling in the organic material, thereby
locally measuring the spin-polarization. By fabricating devices with such spin-
detecting layers at different locations, the spin-polarization can be tracked as a
function of the distance away from the spin-injecting electrode. Spin can be
injected and detected in inorganic quantum dots (QDs) [195–197]. Fabrication
methods already exist for hybrid organic QD devices, where the QDs can even
be placed as a single layer at a fixed position within the device[198–200].

Several routes to use MO methods with QDs inside the organic device are
depicted schematically in Fig. 8.3. Electrically injected spins from a (single)
ferromagnetic electrode will populate the QDs and can be detected in two ways.
Either by detecting the circular polarization of spin-polarized electrons (holes)
that recombine with unpolarized holes (electrons) inside the quantum dots,
or by measuring the magneto-optical Kerr rotation from linearly polarized
light reflected from the ensemble of QDs. We note that it is also possible to
achieve the opposite of the first method: by irradiating the QDs with circularly
polarized light one can spin selectively excite carriers inside them, which are
then injected into the organic semiconductor.

Our own experiments have focussed on Cadmium Selenide (CdSe) quantum
dots with a Zinc Sulfide (ZnS) shell. Such QDs can be inserted, for example,
into a layer of the wide bandgap polymer polyfluorene to create hybrid LEDs
with good light emitting properties[201]. We found that several bottlenecks
present themselves for the utilization of such devices for spin detection methods.
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Figure 8.3: Possible routes to utilize magneto-optical (MO) methods in a non-
magnetic (NM)/organic semiconductor/ferromagnet (FM) device structure with in-
corporated high spin-orbit coupling materials (such as quantum dots (QDs)). a) Spin-
polarized electrons injected from the FM electrode recombine with holes and emit
circularly polarized light. b) Spin-polarized electrons can be detected at the QDs with
the MO Kerr effect, via the rotation of linearly polarized light. c) Circularly polarized
light can spin-selectively excite charge carriers, which are separated into the organic
semiconductor.

First of all, the QDs have a very strong electron affinity. Their low lying valence
band makes injection of holes from the polymer matrix into the QD virtually
impossible. Light emission from the QDs mainly takes place through energy
transfer of excitons created in the organic layer. This means detection of circular
polarization of spin-polarized electrons that recombine with unpolarized holes
inside the quantum dots, as illustrated in Fig. 8.3a, will not be achieved, because
no direct recombination of electrons and holes takes place in the quantum dots.

We also investigated the spin lifetimes in the QDs with circularly polarized
photoluminescence. With this technique one can spin selectively excite excitons
inside the QDs. When these excitons decay again without any spin dephasing
the same amount of circularly polarized light should be detected from the pho-
toluminescence of the QDs. However, we observed no circularly polarization
in the photoluminescence at room temperature, which indicates complete spin
dephasing. This suggests QDs are not suitable for room temperature detection
and injection of spin-polarized currents in organic semiconductors.

As an alternative to quantum dots, one could use metal-organic complexes,
which should exhibit higher spin-orbit coupling than general organic materials.
On the other hand, Yu has shown with a first principles approach that the spin-
orbit coupling in certain molecules, such as Alq3, might be higher than one
expects from their elemental compound[74,140]. This suggests magneto-optical
methods could already be applicable to such molecules. Shikoh et al. have taken
the first steps on this road, by demonstrating the emission of circular polarized
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Figure 8.4: a) The magnetoconductance (MC) for varying LiF thickness at a fixed
magnetic field of approximately 83 mT and a bias voltage of 4 V. The dashed line is
a guide to the eye. b) The MC at 4 V of devices where the SY-PPV is spincast from
two different solvents: chlorobenzene (CB) and dichlorobenzene (diCB). The devices
consist of ITO/PEDOT:PSS/SY-PPV (∼ 50 nm)/LiF/Al.

light in Alq3 based devices with a magnetic electrode[202–204]. Therefore, we
conclude that using magneto-optical methods for spin detection in organic
devices is a viable and interesting research area.

8.4 Engineering organic magnetoresistance

Organic magnetoresistance could be utilized to create cheap plastic magnetic
field sensors[49], to detect magnetic domain walls (see section 8.2) or to create a
magnetic compass similar to that of birds[87]. To profit fully from the organic
materials, the magnetoresistance should be as large as possible. We believe this
requires engineering of the spin-dependent mechanisms through material and
device optimization.

Throughout this thesis, we tried to understand why some of the materials
used in typical OLED devices are already relatively efficient. Our results
indicate that traps play an important role. Damage in the form of electron
radiation or current stressing can significantly enhance the magnetoresistance,
but might not be the most ideal method to create the traps. More controlled
methods, such as chemical synthesis, may result in a better optimization with
less chance of device breakdown. Unfortunately, our attempts to engineer
the traps in order to enhance OMAR have not been successful so far. Strong
electron acceptors are detrimental to the magnetoresistance, even if the HOMO
of the dyes is perfectly aligned with that of the host material. A big issue is
that the exact nature of the inherent traps is still elusive. Oxygen complexes
have been suggested as the common origin in polymers[23], however, placing
the devices in oxygen or air diminishes the magnetoresistance. This indicates
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the traps responsible for the magnetoresistance are different in nature. Further
(material) research is imperative in order to engineer organic magnetoresistance
in cheap thin film structures.

So far little is known about how to engineer organic magnetoresistance by
optimizing the device structure. However, one can assume that the underlying
mechanisms will depend strongly on many parameters and processes (besides
the traps), such as electron injection and morphology. In Fig. 8.4a we present a
preliminary study of the effect of the electron injection on the MC magnitude
by varying the LiF thickness. LiF is a dusting layer in between the aluminum
electrode and the organic semiconductor and helps to overcome the large
difference in work function. In the investigated range, we found that a thicker
LiF layer resulted in a higher luminescence efficiency. However, the MC is
maximized at rougly 0.5 nm, which suggests suboptimal electron injection
is beneficial for a large magnetic field sensitivity. As illustrated in Fig. 8.4b,
another aspect in the fabrication process can significantly alter the MC. By
changing the solvent from which the organic layer is spincoated, the MC
increases from 2.5% to more than 7%. Here the organic layer thickness is kept
approximately constant, as changes in thickness are known to influence the
MC magnitude [205]. It could be that a different evaporation rate of the solvent
induces a change in morphology and disorder, which influences many processes
in the organic semiconductor. Clearly, besides material research, OMAR can
already be further enhanced by optimizing the device.

Another approach focussing on the device architecture was proposed by
Mahato et al., who were able to achieve 2000% magnetoresistance in organic
devices[48]. They focussed on confining the charge transport by inserting
molecules into the nanometer sized channels of a zeolite crystal, which results
in organic wires of only one molecule thick. By placing the zeolites onto a
conductive substrate and contacting it with a conductive AFM tip, the mag-
netoresistance was measured. Due to the (probably) unipolar charge injection
and strong lateral confinement, the bipolaron mechanism is most likely at the
origin of this magnetoresistance. We should note that the authors also need
traps inside the channels to explain the magnitude of the magnetoresistance,
so trap-related research seems unequivocally relevant for engineering magne-
toresistance. The zeolite crystals are difficult to integrate into a functional
device, which is a disadvantage of the above approach. Other techniques to
fabricate single molecule or nanometer sized channels are thus called for, such
as lithography or self-assembly.

We find that several routes present themselves for the engineering of large
magnetoresistance in organic semiconductors. First of all, the results in this
thesis have clearly shown that the spin-dependent processes can be influenced
with material engineering. We especially found the strong influence of traps on
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the magnetoresistance. For example, in Chapter 4 these traps are deactivated
with dopants and the magnetoresistance is completely quenched. Finding the
physical origin of these traps will result in viable strategies to chemically engi-
neer the traps and strongly enhance organic magnetoresistance. Secondly, the
device architecture can be optimized. We have briefly shown that straightfor-
ward strategies targeting the electron injection at the electrodes or processing of
the organic layer can have pronounced effects. Finally, reducing the dimension-
ality of the system has been found to lead to huge magnetoresistance. Finding
cheap and reliable methods to create similar 1D organic structures is another
promising research route. In conclusion, with many viable research strategies
ahead we envision a bright future for engineering of organic magnetoresistance.



Summary

Magnetism and Molecular Materials

Investigating magnetic field effects in organic semiconductors

Organic semiconductors hold the promise to become the next generation
of cheap, low-power electronics. By exploiting the role of spin in organic
semiconductors, the field of organic spintronics has added magnetic storage
and magnetic field sensing applications to this promising class of materials.
With recent reported values of over 2000% magnetoresistance at small field and
room temperature, organic semiconductors now rank among the most sensitive
materials for the detection of magnetic fields. This might suggest cheap, plastic
magnetic field sensors are almost available on the market. However, several
obstacles block the route towards applications. The huge magnetoresistance
is only observed in complex devices produced with difficult and expensive
processes, while easy-to-process devices are still lacking in magnetoresistance.
A fundamental knowledge of the physical processes underlying the magnetic
field effects in organic semiconductors is required in order to create large
magnetoresistance in cheap devices.

From the research so far, several insights have already been gained. Most
importantly, local hyperfine fields in the organic material seem to be involved
in the origin of the magnetic field effects. These hyperfine fields can cause
mixing, or intersystem crossing, of the spin states of particle pairs prior to a
spin-dependent process, such as exciton formation from electron-hole pairs.
The suppression of this spin mixing by an applied magnetic field is believed to
be responsible for the magnetic field effects. However, there is no consensus
about exactly which particles are involved, what reaction they undergo and how
the charge transport is influenced so dramatically. In this thesis we investigate
the magnetic field effects to analyse the underlying processes in greater detail in
order to move beyond the microscopic picture.

The experiments are performed on thin film devices, consisting of an
organic semiconductor sandwiched between (metal) electrodes. A wide range
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of materials and material combinations is investigated, in order to elucidate
the underlying physical processes of the magnetic field effects. Our findings
suggest that traps in the semiconductor bandgap play an important role in the
magnetic field effects. Additionally, we investigated novel functionalities for
the magnetoresistance, such as its angle dependence and ability to sense fringe
fields. The experiments primarily consist of detailed (magneto)resistance and
(magneto)luminescence measurements. The experimental results are analysed
within the framework of spin mixing mechanisms, as developed over the past
decades for magnetic field dependent molecular reactions. Investigating such
mechanisms in organic semiconductors is relatively new and the influence of
device physics on the magnetic field effects has so far not been investigated. For
this purpose, numerical finite element, drift-diffusion models of the devices
were developed where the magnetic field effects are incorporated as changes in
material parameters or particle densities. We use these models to explain the
voltage dependence of the magnetoresistance and magneto-electroluminescence.

To explain the remarkable large magnetic field effects in organic light emit-
ting devices, we developed a model which combines traps, triplet excitons
and the spin physics known to occur in organic semiconductors. The model
involves the spin dependent formation of triplet excitons at trap sites and their
subsequent spin selective reaction with free polarons. We can show, with an-
alytical and numerical calculations, that such a model is able to describe the
experimental magnetic field and bias voltage dependence of the magnetocon-
ductance in several thin film OLEDs. In follow-up experimental studies, we
have tried to elucidate the exact role of traps with specialized molecular dopants
and chemically engineered polymers. We show that processes on the traps may
be solely responsible for the large magnetic field effects observed in the entire
device.

The first of these experimental studies involved the doping of polymer thin
film devices with an electron donor, to deactivate the initial electron traps, and
with an electron acceptor, to add additional electron traps. Deactivating the
electron traps led to a quenching of the magnetoresistance. However, doping
with the electron acceptor also led to a reduction of the magnetoresistance.
These results suggest that while the initial electron traps in the polymer lead to
a large magnetoresistance, the traps induced by the electron acceptor do not,
and competition of the latter with the initial traps leads to an eventual decline
of the magnetoresistance.

In another study we investigated a polymer in which dye monomers can be
inserted, which act as electron traps and recombination centres. Surprisingly,
we found trap-assisted radiation in the backbone polymer itself. By investi-
gating the spectrum of the magnetoelectroluminescence, we found that the
luminescence at the trap sites has an opposite response to a magnetic field with
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respect to the backbone luminescence. Together with numerical modelling,
these results indicate that spin mixing at the traps can create the large magnetic
field effects observed on the backbone. The added dyes that act as electron
traps reduced the magnetoresistance, but also showed an opposite magnetoelec-
troluminescence as the initial traps, which indicates that their spin physics is
different from the initial traps. Clearly, more molecular engineering is required
to find dopants or dyes that enhance the magnetoresistance.

Furthermore, it is known that magnetic field effects depend on the angle
between the device normal and the applied magnetic field, which means such or-
ganic semiconductors could be used as a magnetic compass. However, the exact
origin of this anisotropy was still unknown. We investigated the anisotropy of
the magnetoconductance in a super yellow PPV polymer device. The shape of
the found angle dependence at low magnetic fields strongly suggest that dipolar
coupling between polaron spins plays an important role in the anisotropy of
the magnetic field effects. We also found a high field effect anisotropy, which
could not be accurately explained with contemporary models.

In another approach, we investigated the influence of gradients in a magnetic
field on the magnetic field effects. This was done by placing the organic
semiconductor on a magnetic layer in which magnetic domains can be created.
When magnetic domains are present, fringe fields emanating from this layer can
lead to strong field gradients. This can significantly change the magnetic field
effects. The fringe field effects reduce strongly with distance, which correlates
with the decay of the gradients over distance. We find that such fringe field
magnetic field effects can be analysed with a so called ∆B-mechanism, where
spin mixing occurs due to differences in magnetic field amplitude at adjacent
molecular sites.

We proposed several routes for future research and applications of organic
spintronics. With the ∆B-mechanism, we have shown that nanoscale organic
sensors could detect single magnetic domain walls. Additionally, we proposed
new methods to detect spin-polarized currents in organic semiconductors. Fi-
nally, based on the knowledge gained from our research into intrinsic magnetic
field effects, we provide future researchers with a guide to further engineer
organic magnetoresistance.





Samenvatting

Magnetisme and Moleculaire Materialen

Onderzoek naar magneetveldeffecten in organische halfgeleiders

Organische halfgeleiders zijn veelbelovende materialen voor de nieuwe gen-
eratie van goedkope elektronica met een laag energieverbruik. Naast het ge-
bruik van lading voor elektronische toepassingen, probeert het onderzoeksveld
organische spintronica ook de spin van elektronen te gebruiken in organis-
che halfgeleiders. Dit maakt het mogelijk om applicaties omtrent magnetis-
che dataopslag en magneetvelddetectie toe te voegen aan het potentieel van
deze organische materialen. Het lijkt er tegenwoordig zelfs op dat organis-
che halfgeleiders tot de meest gevoelige materialen behoren voor het meten
van magnetische velden, want in de literatuur zijn gigantische magnetoweer-
standswaardes van meer dan 2000% gerapporteerd bij kamertemperatuur en
kleine magnetische velden. Deze ontwikkelingen suggereren wellicht dat goed-
kope, plastic magnetometers binnenkort commercieel verkrijgbaar zijn. Er
zijn echter verschillende obstakels die deze toepassing nog in de weg staan.
De enorme magnetoweerstandswaardes zijn enkel waargenomen in organis-
che toepassingen met een complexe structuur en bijbehorende dure fabricage,
terwijl eenvoudig te fabriceren organische toepassingen tot nu toe minder
gevoelig blijken voor magnetische velden. Om grotere magnetoweerstanden te
ontwikkelen in goedkope organische toepassingen is een fundamentele kennis
van de onderliggende fysische processen van groot belang.

Wetenschappelijk onderzoek heeft tot nu toe al verschillende inzichten
opgeleverd. Het blijkt bijvoorbeeld dat hyperfijnvelden zeer belangrijk zijn
voor het veroorzaken van de magneetveldeffecten in organische halfgeleiders.
Deze hyperfijnvelden zijn een soort lokale, willekeurige magneetvelden die
door het organische materiaal zelf worden gecreëerd en randomiseren (of mixen)
de spintoestanden van deeltjesparen voordat ze een spinafhankelijke reactie
ondergaan, zoals excitonvorming vanuit een elektron en een gat. Een extern
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magnetisch veld onderdrukt deze randomisatie en kan daarmee de reacties
beïnvloeden, wat tot de magneetveldeffecten leidt. Het is echter nog steeds
niet duidelijk welke deeltjes precies een rol spelen, welke spinafhankelijke
reacties ze ondergaan en hoe deze de stroom en ladingstransport door de
organische halfgeleider zo sterk beïnvloeden. In deze dissertatie hebben we de
magneetveldeffecten beter bekeken om de uit te vinden wat de onderliggende
oorzaak nu precies is en hoe we ze kunnen verbeteren.

De experimenten zijn uitgevoerd op organische halfgeleiders die zijn gefab-
riceerd met dunne-filmtechnologie, waarbij de organische halfgeleider tussen
twee (metalen) elektrodes is geplaatst. Een grote hoeveelheid materialen en
materiaalcombinaties is onderzocht om de onderliggende fysische processen
beter te begrijpen. Onze resultaten wijzen erop dat ladingsvallen (Engels: traps)
een grote rol spelen in de oorzaak van de magneetveldeffecten. Verder hebben
we ook nieuwe functionaliteiten onderzocht, zoals de oriëntatieafhankelijkheid
van de magnetoweerstand en de mogelijkheid om gradiënten in het magneetveld
te detecteren. Al deze resultaten zijn geanalyseerd met de spinrandomisatie
mechanismen, die de afgelopen decennia zijn ontwikkeld voor magnetisch-
veldafhankelijke moleculaire reacties. De toepassing van zulke mechanismen op
organische halfgeleiders is relatief nieuw en vooral de invloed van ladingstrans-
port is onbekend. Daarom hebben we numerieke modellen ontwikkeld voor
de ladingstransport, waar de magneetveldeffecten worden gesimuleerd met
veranderingen in materiaalparameters of deeltjesdichtheden. Deze modellen
kunnen we gebruiken om bijvoorbeeld de spanningsafhankelijkheid van de
magnetoweerstand en magnetoluminescentie te begrijpen.

Om de relatief grote magneetveldeffecten in organische lichtgevende diodes
(OLEDs) te verklaren, hebben we een model ontwikkeld dat de kennis omtrent
ladingsvallen, excitonen en spinfysica combineert. Het model omschrijft de
spinafhankelijke formatie van triplet excitonen in ladingsvallen en de spinse-
lectieve reactie van deze triplet excitonen met vrije ladingen (polaronen). Met
analytische en numerieke berekeningen kunnen we laten zien dat dit model
de magnetisch-veldafhankelijkheid en spanningsafhankelijkheid van de magne-
toweerstand in verschillende OLEDs goed beschrijft. In vervolgstudies hebben
we de exact rol van de ladingsvallen beter bestudeerd, door middel van ma-
teriaalonderzoek met gespecialiseerde moleculaire dotering en ontwikkelde
polymeren. Met deze studies kunnen we laten zien dat de processen op de
ladingsvallen de relatief grote magneetveldeffecten geheel kunnen verklaren.

In de eerste van deze studies doteerden we dunne-film, polymeren lagen
met enerzijds een elektronenacceptor en anderzijds met een elektronendonor.
De elektronendonor deactiveert de ladingsvallen en onze resultaten laten zien
dat de magnetoweerstand hiermee wordt uitgeschakeld. De lagen doteren met
een elektronenacceptor leidt tot meer ladingsvallen, maar leidt ook tot een ver-
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mindering van de magnetoweerstand. Deze studie laat zien dat de ladingsvallen
die initieel in de polymeren laag aanwezig zijn tot de magnetoweerstand leiden,
maar dat de elektronenacceptoren niet dezelfde spinfysica omvatten, en dat
competitie tussen deze nieuwe ladingsvallen en de initiële ladingsvallen tot een
vermindering van de magnetoweerstand kan leiden.

In een opvolgende studie hebben we een polymeer bestudeerd waar monomeren
in geplaatst kunnen worden die als ladingsval en recombinatiecentrum fungeren.
Opmerkelijk genoeg vonden we al recombinatie in de ladingsvallen van het
initiële polymeer. Door het spectrum van de magneto-elektroluminescentie te
onderzoeken, vonden we dat de luminescentie van de ladingsvallen tegengesteld
reageert op een magnetisch veld als de luminescentie van het polymeer zelf.
Samen met de resultaten van numerieke modellen, kunnen we nu aantonen
dat spinrandomisatie op de ladingsvallen de geobserveerde magneetveldeffecten
op het polymeer veroorzaakt. De toevoegde monomeren, die als ladingsvallen
fungeren, verminderen de magnetoweerstand, maar laten ook een tegengestelde
magneto-elektroluminescentie zien als de initiële ladingsvallen op het polymeer.
Dit suggereert dat hun spinfysica anders is dan die op de initiële ladingsvallen
plaats vind. Het is duidelijk dat meer onderzoek nodig is naar moleculen of
monomeren die zowel als ladingsval fungeren en de magnetoweerstand ver-
hogen.

Naast deze studies hebben we onderzoek gedaan naar de afhankelijkheid
van de oriëntatie van het magneetveld ten opzichte van de organische laag
op de magnetoweerstand. Het is bekend dat er een oriëntatieafhankelijkheid
bestaat, wat nuttig is voor het ontwikkelen van een organisch kompas, maar de
exacte oorsprong van deze anisotropie was onbekend. Wij hebben onderzoek
gedaan naar de anisotropie van de magnetoweerstand in ’super yellow’ poly(p-
phenylene vinylene) polymeren lagen. De vorm van de oriëntatieafhanke-
lijkheid suggereert dat bij kleine magnetische velden de dipool-dipool kop-
peling tussen de ladingsdragers een grote rol speelt in het veroorzaken van
de anisotropie. Verder vonden we ook een anisotropie bij hoge magnetische
velden, die we niet goed konden verklaren met de huidige modellen.

We hebben ook onderzoek gedaan naar de invloed van gradiënten in het
magneetveld op de magneetveldeffecten. Dit kan door een organische halfgelei-
der op een magnetische laag te plaatsen waarin magnetische domeinen worden
gecreëerd. Wanneer de magnetische domeinen aanwezig zijn, ontstaan er mag-
netische randvelden vanuit de magnetische laag met sterke gradiënten, wat de
magneetveldeffecten significant beïnvloed. De ontstane ’randveldmagneetveld-
effecten’ verminderen snel als de afstand tussen de magnetische laag en de
organische laag wordt vergroot, wat overeenkomt met een vermindering van
de gedetecteerde gradiënten in de organische laag. Zulke randveldmagneetveld-
effecten kunnen goed beschreven worden met het zo door ons genoemde
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∆B-mechanisme, waarmee spinrandomisatie wordt beschreven onder invloed
van verschillende magneetveldsterktes op verschillende locaties.

In een laatste hoofdstuk beschrijven we verschillende mogelijkheden voor
toekomstig onderzoek en toepassingen van organische spintronica. Met be-
hulp van het ∆B-mechanisme, kunnen we laten zien dat moleculaire sensoren
gebruikt kunnen worden om magnetische domeinmuren te detecteren, wat
interessant is voor nieuwe geheugenelementen. Daarnaast stellen we nieuwe
methoden voor om spin-gepolariseerde stromen te detecteren in organische
halfgeleiders. Als laatste leveren we met de opgedane kennis in deze dissertatie
duidelijk advies aan toekomstige onderzoekers om organische magnetoweer-
stand verder door te ontwikkelen.
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