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Abstract

The emergent properties of hybrid magnetic Co/C60 bilayers is investig-
ated as a possible replacement for rare earth magnets. Inorganic/organic
phenomena have been investigated to gain a better understanding of this
system, and to test the viability of a ferromagnet/molecule structure for new
permanent magnet materials through magnetometry, x-ray characterisation
and micromagnetic simulations.

Spin transfer from a metal to the organic produces enhanced coercivity
in field cooled ferromagnet/C60 films which has been shown to arise due to
combination of ferromagnetic exchange coupling and exchange bias with a
training mechanism unique to organic systems. In this report, coercivites
of up to 0.9T and exchange bias of up to 330mT have been observed in
a Co/C60 bilayer. The reduction of this effect has also been observed in
Co/C70 which is attributed to a smaller energy barrier between C70 adsorp-
tion geometries.
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Chapter 1

Introduction
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1.1 Permanent Magnets

1.1 Permanent Magnets

In the past few decades there has been a large increase in demand for permanent
magnets: energy generation, magnetic memories (HDD, MRAM) and electric motors
for environmentally friendly transportation with prominent figures such as Tesla now
using permanent magnets in their electric motors [1]. Currently, the most versatile
magnets produced commercially are NdFeB magnets which were first discovered in 1984
[2, 3]. This family of RE magnets has been optimised to produce a very square hysteresis
loop with a large coercivity and magnetisation [4] (see Figure 1.1). And, has a Curie
temperature above 300◦C [5]. This combination of properties is required for a versatile,
high performance permanent magnet. The large coercivity allows a magnet to be used
in energy generation for many years, while a soft magnet would be quickly demagnetised
by the stray field from generated currents [6]. The large magnetisation produces light,
compact magnets with a large stray field. And, a high Curie temperature is useful for
aerospace and electronics applications where temperature fluctuates dramatically. A
high Curie temperature implies the magnet is stable and will not demagnetise, even after
long-term use. The energy product (BH)max is often used as a performance measure
for permanent magnets that is independent of the volume of a given magnet. This
is measured as half the product of the remanent magnetic flux density and coercive
field (see equation 1.1) and is equal to twice the energy stored in the stray field of the
magnet. NdFeB magnets have a minimum value of 300 kJ/m3 [2] (see Figure A.1).

(BH)max = BrHc

2 (1.1)

Since the development of RE magnets, there have been no new magnetic materials for
permanent magnet applications which is staving off innovation. These magnets are
also subject to geopolitical tensions as China produces 80% of the world’s RE supply
which causes large fluctuations in the cost of magnet production and insufficient global
supplies [7–9]. Mining these materials requires vast amounts of energy and produces
toxic effluent which is improperly disposed of [10, 11]. Thus, research has focused on
using novel methods to produce magnets fabricated from cheaper, more environmentally
friendly materials. We see this in many applications, for example, hard drive read heads
utilize the GMR effect to increase the change in resistance between different magnetic
orientations using EB to pin a reference magnetic layer in one orientation [12, 13].
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1.2 Organic Magnets and C60

Similarly, the processing of NdFeB magnets produces an exchange spring effect with
Nd rich phases leading to a large uniaxial anisotropy (∼ 5MJm−3 compared to 5kJm−3

in Fe) coupled to an Fe rich phase which has a large bulk magnetisation [14] (see Figure
1.1 and A.2). One of the most promising avenues of study, however, is that of organic
materials as they are abundant, easily recyclable and have complex structures leading
to electron densities of states that can’t be replicated in metallic systems.

Figure 1.1: Magnetisation curves of NdFeB at various temperatures. See Table A.2 for
magnetisation unit conversions. Printed from [4].

1.2 Organic Magnets and C60

The use of organic materials in existing technologies to produce novel properties has
increased over the past decade. The complex structures and mechanical flexibility of
these materials has been utilized by many industries to decrease costs and increase
performance of readily available products such as integrated solar cells (ie in win-
dow panes) [15], flexible OLED screens [16] and organic radio frequency identification
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1.2 Organic Magnets and C60

devices (OFRIDs) [17]. The integration of organic materials into such products is a
new and underdeveloped area. But, maturing technologies and cheaper production has
led to an increase in research around the field of organic functional materials. Thus,
the use of organics for permanent magnet applications will be explored in this report.

Since 1991, it has been shown that purely molecular systems can exhibit ferromag-
netic behaviour at liquid helium temperatures [18]. Recent developments in molecular
magnetism have produced single molecule magnets that have a net ferromagnetic mo-
ment at cryogenic temperatures by manipulating the DOS to overcome the Stoner
Criterion [19, 20]. The difficulty with these materials is that the net magnetic mo-
ment is small, often measured as a few µB per molecule, which can contain hundreds of
atoms. And, spontaneous ordering usually occurs at very low temperatures [18, 20, 21].
This is much less favourable than in the naturally occurring ferromagnets which have
typical values above 1µB per atom and have Curie temperatures hundreds of degrees
above room temperature (see Table A.3 for values). However, hybridisation effects have
been observed in metal/molecule systems [22–24]. In the case of Bairagi et al [24], this
has been used to enhance PMA in Co films due to strong induced surface anisotropy
attributed to the hybridisation of metal/molecule orbitals (anisotropy is discussed in
Section 2.2). And, Gruber et al [23], has shown that long range coupling between a
FM and a molecular layer can be used to tune the magnetic ordering in the organic
layer, even at room temperature. This highlights progress made in manipulating the
electronic structures of molecular systems to produce magnetic order. And, has led to
considerable interest in hybrid metal/molecule systems, which promises to combine the
recyclability and low cost of organic materials with the favourable physical properties
of traditional materials for use in electronics, spintronics and permanent magnets.
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1.2 Organic Magnets and C60

Figure 1.2: Structual representation of C60. Printed from [25].

Buckminsterfullerene (C60) is an allotrope of carbon which has a near-spherical
shape, high mechanical strength and high affinity to electrons (see Figure 1.2 for struc-
ture), and its discovery was awarded a Nobel prize in 1996 [26]. C60 is a stable,
non-toxic molecule that undergoes oxidation in oxygen rich environments via UV and
visible light irradiation [27, 28]. This stability is useful for functional materials where
degradation forms a vital part of producing competitive products. Along with these
characteristics, it was discovered to show ferromagnetic behaviour in the Canyon Di-
ablo meteorite: the meteorite had traces of magnetic iron but the measured magnetic
moment could not be solely attributed to this contribution [29]. This discovery has
led researchers to investigate C60 and organic compounds (namely carbon nanotubes
and MOEP [22, 30]) to produce hybrid organic ferromagnetism, despite the underlying
phenomena being poorly understood. The Condensed Matter group at Leeds has stud-
ied FM/C60 bilayers extensively [31–34]. With Co/C60 systems exhibiting coercivities
above 0.5T after field cooling in an effect which has been attributed to exchange bias
[31]. This project aims to characterise and increase fundamental understanding of the
coupling mechanisms and origins of enhanced coercivity in these systems.
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Chapter 2

Theoretical Background
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2.1 Hysteresis

2.1 Hysteresis

Magnetic hysteresis is a phenomenon that occurs in ferromagnets. The exchange inter-
action (see Figure A.3) makes the parallel alignment of spins energetically favourable,
but only occurs over distances of the order of Å (see Figure A.4). Defects in the crys-
tal lattice and grain boundaries produce small regions of uniform magnetisation called
domains. When subject to a sufficiently large magnetic field, all magnetic moments
will align parallel to the applied magnetic field. This is known as saturation and has
a characteristic value for the magnetisation of the sample, Ms. For a ferromagnet to
change its magnetisation from saturation, work has to be done to move out of this
energetically favourable state in the form of applying a magnetic field in the opposing
direction. In an ideal system, this would cause the coherent rotation of domains in
an elastic process which follows the analytical solution of the Stoner-Wohlfarth model
[35]. This model assumes a single domain, ellipsoid magnet which is a highly idealised
system and ignores inelastic processes such as domain wall formation and propagation.
Thus, the Stoner-Wohlfarth model produces an instantaneous switch of magnetisation
from +Ms to −MS (see Fig 2.2 for 0◦). In real systems, domains are flipped at defects
in the crystal lattice or grain boundaries in a process called nucleation. This occurs at
lattice defects as the value of the exchange interaction at these points differs from that
within the rest of a grain as it is a locally frustrated state, and couples with the applied
field more strongly, or couple with other local spins less. Once a domain is nucleated,
spins local to the nucleation point will couple to spins now oriented parallel to the
magnetic field, and the nucleated domain will propagate throughout the rest of the
magnet. The value of the applied field at which M is zero is known as the coercivity.
A magnetic material with a large coercivity is known as a hard magnet and materials
with a small coercivity are labelled soft. There is no rigorous definition of what value
of coercivity makes a material hard or soft, but the distinction is important as these
two types of materials have vastly different functions - low coercivity materials lose
little energy when magnetising and demagnetising (useful for transformers). And, hard
materials are used as permanent magnets. The domain structure in a magnet acts as
a memory, since the response to applying a magnetic field will depend upon whether it
was previously magnetised in the positive or negative direction. This produces an M/H
relationship that is not one to one and is known as the hysteresis loop, which derives
its name from the Latin of “to lag behind” (see Figure 2.1).
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2.2 Anisotropy

Figure 2.1: A sequence of magnetic images of a layered Gd-Fe system in a varying
applied magnetic field covering the complete hysteresis loop. The different stages sat-
uration (S), nucleation (N) and worm-like domains (W) are marked. Printed from
[36].

The shape of the hysteresis loop for a given magnet is important. As discussed in
Section 1.1, for permanent magnets, a square hysteresis with large saturation magnet-
isation and coercivity is essential. There are a range of intrinsic and extrinsic properties
which determine the shape of a hysteresis loop. Some of these properties will be dis-
cussed in this chapter.

2.2 Anisotropy

Anisotropy is the name given to the tendency for the magnetisation to lie along a fixed
axis. There are many sources of magnetic anisotropy including shape, induced and
magnetocrystalline anisotropy. Shape and induced anisotropy are extrinsic properties
and will vary between different samples, whereas magnetocrystalline anisotropy is an
intrinsic property of a material. For the purpose of this report, only magnetocrystalline
and shape anisotropy will be discussed.
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2.2 Anisotropy

2.2.1 Magnetocrystalline Anisotropy

Mangetocrystalline anisotropy arises due to the crystal structure of a ferromagnet, spin
orbit coupling (see Figure A.5) and dipole interactions. SOC is the interaction of an
electron’s spin (S) and its orbital momentum (L) in an atomic lattice. Thus, when
the direction of an electron spin changes with respect to the crystal axes, there is a
change in potential energy. There is a secondary contribution for non-cubic crystal
lattices due to the shape of the charge distribution in the lattice. In cubic systems (see
Figure A.6a), this charge density has spherical symmetry so there are no contributions
to anisotropy. Hexagonal lattices do not have a spherical distribution of charge. This
produces an energy potential that is smaller along one crystallographic direction. Bulk
Co has a hcp crystal structure (see Figure A.6c), so has a unique easy direction along
the hexagonal [001] axis which is represented by an energy density as in Equation 2.1.
θ is the angle from the [001] easy axis, K1 is the first order anisotropy constant and K2

is the second order anisotropy constant in units of Jm−3. Fe and Ni, however, have an
fcc structure so 〈100〉 and 〈111〉 act as the easy and hard directions (see Figure A.7).

E = K1 sin2 θ +K2 sin4 θ (2.1)

This leads to different hysteresis loops for each crystallographic direction. For easy
axis loops, the curve appears square with a large difference between the behaviour
of M for increasing and decreasing applied field H (see Figure 2.2 for 0◦) with a
large remanent magnetisation. Whereas hard axis loops have near zero coercivity and
remanent moment (see Figure 2.2 for 90◦).
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2.2 Anisotropy

Figure 2.2: Magnetisation solutions of the Stoner-Wohlfarth model of single domain
ferromagnets. Angles in ◦ are between the applied field h and the easy axis of the
material. Printed from [37].

2.2.2 Shape Anisotropy

Shape anisotropy is the effect of the shape of a magnet (cuboid, ellipsoidal, etc) on
its preferred direction of magnetisation. This effect arises due to the size of the de-
magnetising field which opposes the magnetisation for a given geometry. And, this
phenomenon is why the magnetisation of a ferromagnet tends towards zero when left
in zero applied field for a long period of time. Consider equations 2.2 and 2.3, the
definition of magnetic flux density and Gauss’s law for magnetism. Inside a magnetic
material, these equations must also hold. By taking the divergence of Eq 2.2 and sub-
stituting into Eq 2.3, we expect Eq 2.4 to be true. In fact, H has two contributions.
For H residing within the magnet, this is known as the demagnetising field. And, for
the component outside the magnet, this is known as the stray field (see Figure A.8).

B = µ0(M +H) (2.2)
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2.2 Anisotropy

∇ ·B = 0 (2.3)

∇ ·H = −∇ ·M (2.4)

The demagnetising field is usually not uniform inside a given geometry. In fact,
only in an ellipsoid with a specific ratio of major and minor axes is this demagnetising
field uniform. Thus, different shaped magnets have a different amount of energy stored
in its stray field, which is given by Eq 2.5 [38]. This can be simplified for specific
geometries (and is often approximated for non-uniform shapes) through the use of a
demagnetisation factor, D, which is given in Eq 2.6, assuming the direction of M
lies along the axis with demag factor D. This has led to many commercially available
magnets to be produced in squat cylinders as these have demagnetisation factors of 1/2
for the radial direction and 0 for the z direction. This leads M lying preferrentially along
the z direction, increasing the longevity of the permanent magnet while increasing the
value of the stray field. This project works with thin films which have demagnetisation
factors of 0 parallel to the plane of the film and 1 perpendicular to the film which causes
M to lie preferentially along the plane of the film.

εm = −1
2µ0

∫
sample

H ·MdV (2.5)

εm = 1
2µ0V DM

2
s (2.6)

However, for extremely thin samples, the magnetisation of thin films can tend to lie
perpendicular to the film due to surface or magnetocrystalline anisotropy. This occurs
when a highly oriented thin film is grown such that its easy axis lies perpendicular to
the film. Or, when films are thin enough (one or two atomic layers), surface effects pull
the anisotropy out of plane [39]. This is known as perpendicular magnetic anisotropy
and is commonly used in magnetic storage devices, as longitudinal methods have a
limited achievable areal density due to the superparamagnetic limit [40]. Thus, the
development of permanent magnetis with large PMA is desirable for commercial use.
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2.3 Exchange Springs

2.3 Exchange Springs

An exchange spring system is one in which there are two magnetic materials deposited
in a repeating bilayer structure; one magnetically hard material, and one soft [41]. This
process combines the large coercivity of the hard material and the large magnetisation of
the soft material (see Figure 2.3). This occurs since the soft layer, which is sandwiched
between two hard layers, will be pinned when in a negative magnetic field by the
hard material through interlayer exchange coupling. Thus, the soft layer will remain
magnetised in a given direction until the hard material switches magnetisation. This
effect is smaller in bilayer systems as there is only one interface at which interlayer
exchange coupling occurs [42]. Instead of complete pinning of the soft layer, the soft
layer will begin magnetisation reversal [43]. This forms a region, perpendicular to the
plane of the bilayer film, in which the magnetic moments rotate in either a Bloch or
Néel configuration (see Figure A.9). This is because a large discontinuity in M has a
larger energy cost than a small switching region, even in dimensionally constrained in
thin films. This still has the effect of increasing the coercivity of the soft material, but
to a lesser extent than multilayer systems. Often this appears as a hysteresis loop with
two distinct phases (see Figure A.10). This also produces a larger reversible portion
of the hysteresis loop. If the soft layer has begun switching and the magnetic field is
removed, the hard layer will exert a magnetic torque on the soft layer, which will return
to near saturation [44]. This ‘springing’ action led to this phenomenon to be called an
exchange spring.

12



2.4 Exchange Bias

Figure 2.3: Schematic hysteresis curves of a soft magnet (orange), hard magnet (blue)
and an ideal multilayer exchange spring (green). The energy product is represented by
the black dot, which has a larger value for the exchange spring magnet. Adapted from
[45].

This effect was used in early magnetic recording media to produce non-volatile mag-
netisation states that represented bits [46, 47], and is a common tool in the processing
of permanent magnets to increase their coercivity.

2.4 Exchange Bias

Antiferromagnetism occurs when the exchange constant, J, is negative for a given ma-
terial. This causes spins to preferentially align in an antiparallel configuration. These
materials have zero net magnetic moment and do not couple strongly with external
magnetic fields (unlike paramagnetic and diamagnetic materials). These materials had
no practical applications in magnetic materials until the discovery of exchange bias -
despite this being a highly ordered magnetic system. In 1956, a new type of magnetic
anisotropy was discovered, unique in that it acts unidirectionally instead of uniaxially,
as with magnetocrystalline anisotropy [48, 49]. The hysteresis curves for Co micro-

13



2.4 Exchange Bias

particles with a CoO shell exhibited an increase in coercivity and a horizontal trans-
lation (known as exchange bias, see Figure A.11), dependent on whether or not the
sample was cooled below the Néel temperature in a saturating magnetic field. This
anisotropy was measured to be of the same order of magnitude as the magnetocrys-
talline anisotropy of Co, making this an important tool to produce a pinned system
which remains near positive saturation indefinitely. Exchange anisotropy occurs due
to the pinning of a ferromagnetic layer to an antiferromagnet across an interface [50].
When at a temperature higher than the Néel temperature, the AFM is disordered,
much like a FM above the Curie temperature. When cooled from between the Néel and
Curie temperatures to below the Néel temperature in a saturating magnetic field, the
ferromagnet applies an effective field on interfacial AFM atoms, producing symmetry
breaking and causing AFM domain formation that is coupled with the FM domains.
This introduces an additional energy term which must be overcome to switch the dir-
ection of magnetisation. The choice of which direction the cooling field is applied is
commonly known as setting the exchange bias, since the direction of the applied field
will determine the preferred magnetisation direction of the exchange biased system. If
the exchange interaction between the FM and AFM is sufficiently strong across the in-
terface, then it is possible to produce a system that is always saturated in zero applied
field (see Fig 4.9). This possibility has led to the production of spin-valves which utilise
EB and GMR for use as magnetic field sensors or magnetic memory read heads.

Antiferromagnets with Néel temperatures much higher than room temperature pro-
duce EB systems that can be used as permanent magnets, due to the always satur-
ated remanence, providing versatile permanent magnets [12, 52]. The pinning of an
FM/AFM bilayer can be reduced by multiple iterations of a field sweep. This reduces
the number of interacting interfacial spins in an effect known as training [53]. Cooling
in field produces many, small domains in the AFM which correspond with the grains
in the FM due to interlayer exchange coupling. Demagnetising and remagnetising the
ferromagnetic layer causes domain wall propogation in the AFM producing a system
with a random domain structure in the AFM - similar to oscillating a magnetic field
about 0 to produce a virgin state in a FM. It often takes many iterations to destroy
all exchange bias, as in [54], twenty loops are required to show agreement with the
hysteresis of zero-field cooled samples. Although, there are two contributions to the

14



2.5 Organic Hybridisation and Switching Mechanisms

Figure 2.4: Hysteresis loops of field cooled Co/CoO bilayers at 10K showing the training
effect between subsequent loops. Symbols represent experimental data, whereas the
curves are simulated. Printed from [51].

training effect: athermal and thermal training. The training method described above
for number of field sweeps n > 1, is attributed to thermal fluctuations randomly chan-
ging domain structures within the AFM and intergrain exchange coupling [55]. Some
systems have very weak intergrain exchange coupling so the only training effect ob-
served is for the n = 1 sweep. This is the athermal training effect and is the largest
source of training - up to 80% of the increase in Hc can be destroyed in the first sweep
for typical AFMs [55]. This is attributed to the irreversible switching of AFM domains
when the FM undergoes reversal (see Figure 2.4).

2.5 Organic Hybridisation and Switching Mechanisms

In metals, the electron DOS consists of a band structure which, for the room temper-
ature ferromagnets Fe, Co and Ni, is split between spin-up and spin-down orientations
at the Fermi level (see Figure A.12). This leads to an energetically favourable state in
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2.5 Organic Hybridisation and Switching Mechanisms

which local spins align parallel, and becomes disordered above the critical Curie tem-
perature (TC) at which point thermal fluctuations destroy magnetic order. It has been
shown in hybrid metal/organic systems that it is possible to produce ferromagnetism in
paramagnetic Cu via interfacial hybridisation with C60 [33]. When well separated from
a metal, molecules have discrete energy levels. But, in close proximity (ie in a bilayer
system) the s orbital of the organic molecule and 3d orbital of the metal produce a hy-
brid state in which there is an overlap of these orbitals (see Figure 2.5). This produces
a weak, spin polarised band structure in the organic layer which leads to magnetic be-
haviour that can be either ferromagnetic or antiferromagnetic. More accurately, there
is spin-polarised transfer of electrons from the metal to the organic layer due to the
large electronegativity of the C60 and natural spin order in the ferromagnet. If this
coupling is antiferromagnetic then a suppression of magnetic moment in the sample is
observed and has been reported in Co/C60 bilayers [31].

Figure 2.5: Hybridisation of Co and C60 density of states when well separated (left,
blue level is the HOMO and the red level is the LUMO) and in close proximity (right).
Printed from [32].

C60 has two crystalline phases. At room temperature, the C60 cages form an fcc
lattice, but when cooled below 120K this transitions to a SC structure. Due to the
spherical symmetry of C60, the cages can freely rotate between lying on a carbon
hexagon-hexagon (HH), pentagon-pentagon (PP) or hexagon-pentagon (HP) bond, or
a hexagon (H) or pentagon (P) face, which have an energy barrier between them of
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2.5 Organic Hybridisation and Switching Mechanisms

the order of 0.1eV per cage (see Table B.1). When cooled further, to below 90K,
energy from thermal fluctuations is smaller than the energy between these different
states - thermal energy of one C60 cage is approximately 0.2eV at this temperature
(60 carbon atoms with 1

2kBT energy) which corresponds to the energy barrier for the
transition from a HP to HH geometry (see Table B.1) [56, 57]. So, cages are effect-
ively frozen into one orientation, with each orientation coupling differently to a metallic
layer. DFT calculations have shown that C60 couples both ferromagnetically and anti-
ferromagnetically to a Co layer (see Figure 2.6). And, that a HH geometry has stronger
antiferromagnetic coupling due to shorter range electron transfer from Co to C60 than
a HP geometry. This AFM coupling reduces the net magnetic moment of the system,
giving a saturation magnetisation of less than the literary value of 1440emu/cc. The
spin distribution within a C60 cage in either HP or HH geometry is asymmetric (see
Table B.1). Thus, when an external magnetic field is applied, a torque is exerted on
cages in these geometries which will cause switching to a more symmetric H or P state.
This process causes a large enhancement of the coercivity upon the first sweep in an
irreversible switching process which is of interest for permanent magnet applications
(see Section 2.1).

Figure 2.6: DFT calculations of the distribution of injected spins from a positively
magnetised hcp cobalt layer to a C60 cage in a HP geometry. Printed from [31].
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3.1 Fabrication

3.1 Fabrication

Samples were fabricated using DC magnetron sputtering for metallic layers, and thermal
evaporation for C60 deposition. Samples were grown on thermally oxidised silicon sub-
strates that were (8 × 8)mm or (4 × 4)mm in size. The substrates were cleaned using
acetone in a sonicator to remove impurities from the surface. This also has the effect
of degassing the substrate. Samples were then dried using compressed air to reduce
the risk of dust adhesion. This process is repeated using isopropanol. as acetone leaves
more residue on the surface but is a better solvent. Substrates are then attached to
trapezes, ensuring that the smooth side is pointing upwards to ensure growth occurs on
a homogeoneous, atomically smooth surface which ensures minimal roughness of grown
films. These trapezes are then loaded onto a sample wheel which is moved mechanically
in the system during growth between different guns to allow multilayer structures to
be produced.

Sputtering allows the production of high purity samples with a good polycrystalline
structure and surface roughness of a few Å due to a highly controlled environment in
which growth occurs. This is achieved by creating a high vacuum environment with the
use of two pumps (see Figure 3.1). The two pump design is required to achieve a high
vacuum as high vacuum pumps do not work efficiently at pressures above the order of
mTorr (often this will damage a high vacuum pump). And, regular roughing pumps
cannot achieve this level of vacuum. First, the system is pumped from atmospheric
pressure to < 25mTorr using a mechanical roughing pump. At this pressure, the
composition of residual gases which form the load on the pump is mostly water vapour
(water is very stable, even under vacuum conditions), as the true gases like N2 and
O2 are easily removed [58]. Once a rough vacuum is achieved, the roughing pump is
switched off, then the cryopump is switched on. This step of switching off one pump
before another is switched on is important, as the throughput of the cryopump will
be much greater than that of the roughing pump. So, if this step is omitted, there
would be backflow of gas and oil into the system which would both cause damage to
the roughing pump and crypump - oils would freeze on the cryopanels, reducing the
effectiveness of the pump, which would have to be taken apart to be cleaned. And,
the lack of a clean vacuum would render that grown cycle unusable. The cryopump
works in diffuse atmospheres to condense residual gases onto plates which are kept at
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3.1 Fabrication

temperatures below 20K. This ensures that residual gases, as well as water vapour, are
condensed and removed from the atmosphere. This process can take a long time to
produce a high vacuum of 10−7 Torr, or better, due to the weak (mostly Van der Waals)
forces that act on residual gas in this physical process (as opposed to chemisorption
type pumps) [59]. Thus, the crypump is left overnight to achieve a high vacuum.

Figure 3.1: Schematic diagram of the sputter deposition system, including all relevant
components. Adapted from [34].

At high vacuum, the gas pressure is low enough to use an RGA. This works in a
similar process to mass spectrometry, in which gas species in the chamber are ionised
and separated by their momentum. For an RGA, a high gas pressure is equivalent to
a very high current through the device (movement of ionised species hitting a detector
plate) which can damage the RGA, or be a health and safety risk of electrocution. So,
it is only used once a high vacuum has been achieved. The system has an integrated
Meissner shroud (see Figure 3.1). And, when a high vacuum is achieved, mostly H2O

remains in the chamber, which is undesirable due to the possibility of oxidation of
samples (some metals are reactive and readily form oxides with water as with rusting
Fe). The Meissner shroud has liquid nitrogen pumped through it for at least two hours
before growth starts. This produces a large surface on which water will condense and
freeze on to remove it from the vacuum. This large surface area is important as the flow
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of molecules in the vacuum chamber is no longer viscous but molecular, so the removal
of water is mostly affected by the fraction of the surface area which the Meissner shroud
occupies. With all the above steps a vacuum of 10−8 Torr is achievable which yields
very low impurity levels in grown samples.

Figure 3.2: A schematic diagram of a sputter gun. Labelled sections of the diagram are:
1) the anode 2) sample substrate, onto which material will be sputtered 3) metal target
which forms the cathode 4) copper spacer to prevent demagnetisation of the magnetron
5) the magnetron 6) shielding to prevent a build up of static charge. Printed from [32].

Since sputtered samples produced for this project are made from metallic materi-
als, only DC sputtering will be discussed. Although RF, reactive and co-sputtering are
used for insulating, molecular and alloyed materials respectively. From this point, sput-
tering will be used to refer to DC sputtering. Sputtering is a PVD method of sample
fabrication which encompasses any method to produce films in which a solid target
undergoes vaporisation produced via physical methods (ie evaporation or plasma form-
ation) that is sublimated onto a substrate to produce a film. The process of sputtering
uses an inert gas, usually Ar due to its large atomic mass which efficiently transfers
momentum to sputtered atoms, and a large electric field applied between the target
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(cathode) and substrate (anode) to break down Ar into an ion and an electron which
are then accelerated by the electric field and produces a plasma arc (note this potential
differs dependent on the distance between electrodes and the gas considered). These
initial Ar ions will collide with the cathode and impart its momentum to metal atoms
which introduces more electrons to the system, sustaining the plasma arc (see Figure
3.2). This bombardment of the metal target by Ar ions results in back scattering of
metal atoms, which sublimates onto the substrate, producing a thin film. The use of
a magnetron produces a magnetic field shaped in a ring around the cathode such that
the density of ions and electrons is increased in this region. This produces antiparallel
cyclic motion of the positive ions and negative electrons by the Lorentz force, which
increases the number of collisions with neutral Ar, further increasing the bombardment
of the metal target. This increases the efficiency of the process and decreases growth
times. To reduce oxidised phases and to degas the targets, a presputter procedure is
adopted. When at high vacuum, guns are lit for 30 seconds to remove oxide layers that
have formed on the high purity targets and excite gas molecules that have diffused into
the targets. This improves the quality of grown films and reduces surface roughness
which is vital when investigating interfacial effects. To ensure films are the correct
thicknesses, voltages are used that have been calibrated by sputtering thick films of
these materials which are analysed using XRR (see Section 3.3) to accurately determ-
ine the thickness which is then used, along with growth times, to calculate a deposition
rate.

Both C60 and C70 were used in this project which follow the same deposition tech-
nique. An ampoule containing the organic material is heated in stages by applying an
electric current through a tungsten filament which ensures uniform heating and degases
the molecules. This reduces the risk of oxidation and decomposition into other organic
compounds which are lighter and evaporate more easily. This would act as an impurity
in organic films so should be avoided. The current is ramped to 21.5A which heats fila-
ment to a few hundred Kelvin. In atmospheric conditions, this would not be sufficient
to sublimate such large molecules, as it has been seen to occur readily at 800◦C under
a nitrogen atmosphere [60, 61]. But, in high vacuum conditions, sublimation occurs
much more readily, and lower temperatures reduce the risk of thermal decomposition
of C60 [62]. The deposition rate varies between 0.1-0.3Å/s as measured by a quartz
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oscillator. This measures the damping of oscillations by an increase in adsorbed mass
over time. Such a low deposition rate increases the order of deposited C60, although
previous work has shown this is not crystalline [32, 63], ensuring maximal interfacial
effects are observed. A decrease in this rate implies that the ampoule has been emptied
of organic material, whereas an increase implies that lighter organic matter is being
deposited - either due to a current level that is too high, or a large amount of oxygen
in the system causing the decomposition of C60. It is important to ensure Ar gas flow
is switched off when organic films are being deposited as an excess in gas would cause
collisions between gas molecules and C60. This increases spread of the plume of organic
material, decreasing the amount of material deposited onto the substrate as compared
to the quartz oscillator (the oscillator is positioned within the C60 housing so collisions
have minimal impact).

3.2 Magnetometry

The primary method in which these magnetic samples were characterised was through
the use of a VSM. A VSM uses Faraday’s law (see Equation 3.1) to measure the induced
potential difference in pickup coils from a vibrating magnetised sample, which oscillates
at a fixed, well defined frequency (55Hz), producing a change in magnetic flux through
the pickup coils (dΦ

dt in Eq 3.1). This is effective, as it is much easier to measure a
potential difference than to use a magnetic field sensor - electrical measurements are
often more sensitive than field sensors. And, this removes the background contribution
from the applied magnetic field, so magnetisation, M , is measured directly, as opposed
to measuring the magnetic flux density, B, (see Eq 2.2) which would require additional
processing of raw data.

emf = −dΦ
dt

(3.1)

The magnetic field is provided by a split-pair of superconducting coils, located in a
liquid helium bath. To reduce helium boil off, and reduce the risk of quenching the
superconducting magnet, the cryostat has a layered structure (see Figure 3.3). This
ensures the VTI and helium reservoir is very well insulated from the external environ-
ment. The use of superconducting coils allows magnetic fields up to 8T to be produced.
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The system at the University of Leeds is a VSM inside a helium flow cryostat which
allows samples to be measured in a large range of temperatures (< 4K − 300K). The
temperature is controlled by balancing the flow of liquid helium (at 4.2K) and the
current through a DC heat exchanger. The use of a DC heater reduces the electrical
noise during measurements as only AC signals are measured. It is possible to achieve
temperatures lower than the boiling point of He since the LHe is being moved from
an area of high pressure (LHe reservoir) to a rough vacuum with very low pressure.
This decrease in pressure reduces the temperature thermodynamically and can be well
approximated using the ideal gas equation (see Figure A.13) which allows temperat-
ures below 3K to be achieved. This requires additional consideration when operating
at such low temperatures for extended periods of time as the lambda point of He is
around 2.1K [64].

Figure 3.3: Schematic diagram of the VSM system. Printed from [32].

The sample is attached to a PEEK rod using teflon tape which is then attached
to a carbon fibre rod which is specially designed to reduce noise in the oscillations by
having a finely tuned resonant frequency. To ensure there are no magnetic impurit-
ies introduced, a workbench reserved for non-ferrous tools and equipment is used for

24



3.2 Magnetometry

sample preparation and mounting. When loading, the VTI is overpressurised, has a
temperature above 100K and helium flow is at 100%, ensuring that little atmospheric
gas enters the system to reduce the risk of liquid oxygen and nitrogen formation (liquid
oxygen boils at 90K) as well as reduce water vapour intake which would freeze on, and
jam the needle valve used to control helium flow. After loading, the system is pumped
down to a rough vacuum and a small helium flow is passed through the VTI to ensure
a uniform temperature is maintained throughout. Before taking measurements, the
sample has to be centred. This ensures that the sample is subject to the full magnetic
flux which corresponds to the value assumed by the software. And, so that the pickup
coils are measuring the whole signal from the magnetised sample. This z-centring pro-
cess must be done in the presence of a small magnetic field (around 0.05T) to ensure
the sample is magnetised and to measure the diamagnetic signal of sample substrate.
This produces a well defined spectrum when measuring the absolute electrical signal
against z which has a three peak form; two minor peaks between a major peak (see
Figure 3.4). The two minor peaks correspond to the diamagnetic component from the
sample substrate (although the PEEK sample stick and PTFE tape contribute, this is
smaller than the specific susceptibility of SiO2 [65]), with the major peak corresponding
to the ferromagnetic sample (note minor peaks have a negative signal but the software
plots absolute values).
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Figure 3.4: Example of an ideal z centring curve for a ferromagnetic sample in a VSM.

3.3 X-Ray Reflectometry

XRR was used to structurally characterise calibration samples of Ta to probe surface
roughness and sample thickness. The advantage of using x-rays is that this is a non-
destructive method to probe atomic scale structural characteristics of a sample. The
experimental technique of XRR is built on a simple concept: collimated x-rays are
shone onto a smooth surface of a known element at a small variable angle and the
number of x-ray photons reflected speculatively are measured.

n1 sin θ1 = n2 sin θ2 (3.2)

nλ = 2d sin θ (3.3)

For metals, the refractive index, n, experienced by x-rays is less than one (the approx-
imate value of the refractive index of air). Thus, by Snell’s law (Eq 3.2), there exists
some critical angle that total external reflection occurs (similar to total internal reflec-
tion but for materials with n < 1) [66]. This is why, in Fig 3.5 for small angles, we
see an increase in intensity, up to a critical angle. After this critical angle, fringes are
observed, which are dependent on the thickness of the film being measured. Reflection
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3.3 X-Ray Reflectometry

occurs due to Bragg’s law (see Eq 3.3) when the photon wavelength is similar to the
atomic spacing of the material, an interference pattern is produced. Each atomic layer
in the sample being measured contributes to these fringes. Reflected photons from dif-
ferent layers have a small phase difference which produces constructive and destructive
interference for specific values of θ, with constructive interference fringes determined by
Bragg’s law. So, in highly amorphous samples (no crystal structure) it is expected that
these fringes are barely discernible and that the signal drops off quickly with increasing
angle due to a large portion of diffuse reflection. In crystalline samples, these fringes
- known as Keissig fringes - are very clear. The distance between adjacent fringes is
related to the sample’s thickness by Eq 3.4 where θc is the critical angle, n is the Keissig
fringe number, λ is the wavelength of light and t is the sample thickness. The effect
of surface roughness is to increase the amount of diffuse reflection of reflected photons.
This increases the drop-off rate of the overall intensity.

θ2 − θ2
c = n2

(
λ

2t

)2
(3.4)

Figure 3.5: XRR curve highlighting the effect sample thickness, roughness and density
on an XRR curve. Printed from [67].

27



Chapter 4

Characterisation of Co/C60 Bilayers
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4.1 Enhanced pinning in Co/C60

Initial work with samples Co/C60 bilayers was to verify that field cooled samples ex-
hibited pinning when cooled in a saturating magnetic field (see Figure 4.1). To ensure
surface roughness was constrained to a few Å, and that samples had a good poly-
crystalline structure grown in a known direction, a seed layer of Ta was used. This
non-magnetic element grows, as deposited, as a bcc lattice [68] (see Figure A.6b) which
promotes deposited Co layers to grow in a similar structure. This structure has a higher
surface packing density than hcp which increases the points of contact between Co and
C60, which in turn increases the effective interlayer exchange coupling. An Al capping
layer was used to prevent C60 oxidation. This was 8nm thick, much larger than the
thickness of usual capping layers, as oxygen penetration forms an alumina layer up to
4nm thick [69]. The deposition of Al directly onto C60 produces clustering, and an
uneven distribution in thinner Al layers. Some samples showed no pinning, despite
being in the same growth cycle under the same conditions as the sample pictured be-
low. This is attributed to a failed interface in which interfacial coupling is negligible,
although this has not been confirmed experimentally. In addition, samples which ex-
hibit no pinning also show a very small coercivity (∼ Oe) as compared with samples
of similar composition, which confirms an exchange spring effect when spin-polarised
electron transfer is present (see Figures B.1 and 4.1 (red curve)). This implies that the
anisotropy of C60 cages which exhibit this behaviour is much greater than that of a
deposited bare Co film. This increase in coercivity is observed at temperatures much
higher than the blocking temperature of field cooled samples - up to 120K has been
measured, although Hc(T ) has not been measured in ZFC samples. This suggests the
effective Curie temperature of C60 cages is greater than the effective Néel temperature
of around 94K. The raw data is given as a magnetic moment so, to calculate a mag-
netisation, the area of the sample was measured and the thickness considered was that
of the Co layer, not the entire stack. Thus, any variations from 1440emu/cc is due to
AFM coupling of C60 quenching of the net moment (similar to a ferrimagnet).
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4.2 Temperature Dependent VSM

Figure 4.1: Consecutive hysteresis loops of a Ta(4nm)/Co(2.7nm)/C60(20nm)/Al(8nm)
multilayer, field cooled from 120K to 3K. First sweep (black), second sweep (red).

4.2 Temperature Dependent VSM

To ascertain whether this pinning effect in field cooled samples is due to an exchange
spring, or exchange biased system, temperature dependent hysteresis loops were meas-
ured. To ensure that any differences measured are due to temperature variation, all
measurements were taken in the same measurement cycle so z-centring and the mount-
ing position in the VSM weren’t additional sources of variation. The freezing tem-
perature of C60 has been measured to be 90K [56, 57], although thermal fluctuations
still occur within the system, so the timescale at which switching between orienta-
tions occurs is greater than that of taking a measurement (according to a Boltzmann
distribution of temperatures). This meant the system had to be at a very stable tem-
perature before taking a measurement since small changes in temperature would cause
a large change in the negative coercivity of the first sweep. Thus, when the desired
temperature was reached, the system was left for at least half an hour before taking a
measurement to ensure thermal drift within the sample was mitigated. The hysteresis
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4.2 Temperature Dependent VSM

curves at varying temperatures are given in Figure B.2 after being processed to remove
the diamagnetic contribution from the sample holder, sample substrate and teflon tape.

For an exchange spring system, the temperature dependence of the coercivity is
reliant on the hard layer’s behaviour (in this case C60) [70–72]. The coercivity of any
ferromagnet can be mapped to Kneller’s law (see Equation B.3) [73]. If instead, this is
a simple EB system, the temperature dependence of the EB is expected to have a linear
or inversely proportional relationship to temperature [74, 75]. However, for partially
frustrated spin systems such as this, exchange bias has been fitted to an exponential
decay [22]. The temperature relationship with EB has been plotted and fitted to each
of these functions (see Figure 4.2a), with a maximum exchange bias above 230mT. This
value is much larger than has been reported in literature for hybrid organic/inorganic
systems [22]. A similar curve for the first reversal coercivities against temperature can
be found in Figure 4.2b. Clearly, linear and inversely proportional relationships do not
hold for this system. However, both Kneller’s law (exchange spring) and exponential
decay (partially frustrated FM/AFM) agree very well with the measured data. Thus,
from this data alone, the system could be a pure exchange spring system in which C60

cages are rotated from a HP geometry to a H or P geometry at negative saturation,
which has a lower anisotropy, causing the reduction in coercivity for the second reversal.
Or, to a partially frustrated FM/AFM system. Coercivities were determined by using
the ‘Level Crossing’ application in Origin. This introduces a small, undeterminable
error in coercivity as it assumes a straight line between adjacent points in a hysteresis
loop. The blocking temperature was calculated as 94K (see Fig B.3) which shows good
agreement with the temperature at which rotational orientations of C60 are frozen
out. This could be an effective Néel temperature at which AFM ordering occurs,
although this is phenomenologically different to the Néel temperature of a metallic AFM
as this corresponds to a phase transition temperature as opposed to a spin ordering
temperature in typical antiferromagnetic materials. And, the blocking temperature is
usually below the Néel temperature [74], although accumulated error in determining
coercivities, fitting and error intrinsic to the measurement could account for this as
the absolute theoretical sensitivity of the Oxford Instruments VSM is 10−5emu and
measured samples have saturation moments of the order 10−4emu.

µ0Hc = µ0H
0
c [1− (T/TB)α] (4.1)
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(a) (b)

Figure 4.2: Temperature dependence of a) exchange bias and b) first reversal coercivity
in a Co(2.7nm)/C60(20nm) bilayer with fitted curves: exponential decay (red), Kneller’s
law (blue) and 1/T (green). Fitting parameters can be found in Tables B.2, B.3. Note:
parameters for the green curve were omitted due to poor fitting.

4.3 Thickness Dependent VSM

Cobalt thickness dependence of this pinning effect was investigated to determine the op-
timum composition and calculate the energy product to assess this material’s usefulness
in a scaled magnet. C60 thickness was not investigated as the optimum value of 20nm
has already been determined by T. Moorsom [76]. To ensure maximum uniformity, all
samples had the same seed and capping layer thicknesses, and all measurements were
field cooled from 120K to 3K. This introduces additional variations in the z-centering
and diamagnetic background contributions, although this was minimised by data pro-
cessing. The result of this investigation for samples grown in the same vacuum cycle
can be seen in Figure 4.3. The y-axis is plotted as both the effective exchange bias
(4.3a), half the sum of the left and right coercivities, as this is the generally accepted
way of measuring EB [22]. And as the first reversal coercivity (4.3b). Non-conformity
of samples with Co thickness less than 3nm occurs in all FM/AFM systems (AFM
oxides, metals and organics) and has been suggested to be due discontinuities in the
FM layer [22, 77]. Epitaxial growth methods may be able to overcome this but this is
expensive and time intensive.
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(a) (b)

Figure 4.3: Cobalt thickness dependence of a) the effective exchange bias and b) the
first reversal coercivity in field cooled Co(t nm)/C60(20nm) bilayers. Fitted equations
are µ0Heb = 0.649

t − 0.013 (a) and µ0H
−
c = 2.575

t − 0.116 (b).

Of the samples measured, the largest energy product was 251kJm−3 at 3K in one
of the two Co(2.7nm)/C60(20nm) samples. Interestingly, the second largest energy
product was a sample of the same composition at 235kJm−3 (see Figure 4.4). To ob-
tain a more accurate optimal composition, further investigation of samples near this
composition will be required. This value is large, the first NdFeB magnets had values
between 110 − 290kJm−3 in their bulk, sintered form [2, 3]. Thus, if this phenomena
can be produced at higher temperatures, and in a bulk magnet using cobalt nano-
particles suspended in an organic matrix as a possible delivery method, the number of
pinning sites per Co would be increased, as would the effective exchange coupling. This
would further increase the coercivities of these systems to levels that could yield energy
products larger than early NdFeB magnets, if not current, market leading iterations.
In the figure below (4.4), the shape of the hysteresis loops are significantly different,
despite these samples being of the same composition and produced in the same growth
cycle. The red curve shows a clear vertical domain switching at zero field as evidence of
exchange spring behaviour, whereas the green curve shows a gradual decline suggesting
magnetisation dynamics closer to coherent rotation or slow domain wall propagation.
This could be due to the existence of a pinning site nucleating magnetisation reversal
in the red curve which is absent in the sample that produced the green curve. To
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confirm this, XMCD or Kerr microscopy would have to be employed, although Kerr
microscopy would have limited resolution due to the non-linear optical effects of C60.
This highlights that small differences in Co surface texture and crystal structure have
large influences on this effect and that another delivery method will be required for
commercial magnets to ensure uniformity across samples.

Figure 4.4: Hysteresis loops of two FC Co(2.7nm)/C60(20nm) samples, highlighting
the large difference in hysteresis character between samples.

4.4 C70 Fullerene

One of the most interesting avenues of investigation to understand the phenomena in
Co/C60 bilayers was to substitute the C60 for another material with similar electronic
properties, but fewer rotational degrees of freedom. C70 is, structurally, very similar
to C60 with the addition of a ring of hexagons along its equator (see Figure B.5), so
was chosen for this purpose. The addition of hexagons along the equator produces an
ellipsoidal shape, reducing the rotational degrees of freedom to two: spinning along its
equator and spinning about the plane of deposition - compared to the three rotational
degrees of freedom of C60. In addition, about the equator of the minor ellipsoid axis,

34



4.4 C70 Fullerene

it possible that it has an energy barrier less than 0.2eV between similar orientations.
Although, the study of C70 is much less common than C60, so this is uncertain. If
this is the case, lesser pinning in field cooled samples is expected, and a lower blocking
temperature. However, if this is not the case, the converse is expected to be true. Below,
the relationship between temperature and both effective exchange bias (4.5b) and first
reversal coercivity (4.5b) is plotted for Co(3nm)/C70(20nm) - a similar composition as
Figure 4.2.

(a) (b)

Figure 4.5: Temperature dependence of a) exchange bias and b) first reversal coercivity
in a Co(3nm)/C70(20nm) bilayer with fitted curves: exponential decay (red), Kneller’s
law (blue). Fitting parameters can be found in Tables B.2 and B.3.

This C70 sample shows a much smaller pinning effect than C60 samples: coerciv-
ity of Co/C70 at 3K was measured to be 0.4T, whereas a C60 sample at the same
temperature was measured to be 0.9T. The blocking temperature is also reduced at
around 60K (see Fig B.2). This suggests that deposited C70 has a very small energy
barrier between orientations along the equator. This means it is likely for only two
energetically favourable geometries to be present in adsorbed molecules (HH and H).
Similarly, FM coupling, which produces an enhanced coercivity compared to a bare
cobalt layer, is smaller than in C60 samples. The value of the second sweep coercivity
at 30K for Co(3nm)/C70(20nm) was 0.16T, and 0.36T for Co(2.7nm)/C60(20nm). The
cobalt layer thickness is slightly different, however, a difference of 0.2T is more likely
due to the different molecule used than the structure of the cobalt film. Although, the
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fitted curve of Figure 4.3 would suggest 3nm cobalt thickness corresponds to a coerciv-
ity of around 0.2T. But, 2.7nm has not been identified as the optimal composition, so
this thickness may correspond to a value higher than 0.36T.

4.5 Surface Roughness

Part way through this project, the Ta target in the sputtering system was replaced as the
old target was very thin. This thinness meant that there was uncertainty in the growth
as the sputter rate varies drastically between growths. And, if the target sputtered
through, the samples in that growth cycle could not be used as their structure would
be unknown. This change of target produced samples of Co/C60 that showed much less
pinning than previously grown samples (0.3T coercivity, see Fig B.7). Initial conclusions
were that this target produced an interface with higher roughness than the old target.
However, this was counter-intuitive. The new Ta target had a higher purity (99.999%
rather than 99.995%) so it would be expected that this produced higher quality films.
XRR data (see Fig 4.6) was taken for calibration samples of both targets and curves were
simulated using a Bruker software package (Bede). This simulation software minimises
the differences between data and simulated curves by changing the parameters density,
roughness and thickness. The inclusion of multiple layers allows density variation as a
function of depth. The density is related to the quality of the crystal structure, with
100% density attributed to a single crystal, whereas lower values are due to lengthening
of the average lattice constant from grain boundaries and imperfections. This showed
that the new Ta target had a total stack roughness of 26Å compared to 17Å for the old
target (see Table B.4), this increase in roughness produces comparable roughness in the
Co layer which reduces the number of pinning sites for C60 adsorption. This presents
a viable explanation of the reduced pinning observed when using the new Ta target.
Although, further investigation using atomic force microscopy and XMCD would probe
surface texture and differences is magnetisation dynamics more accurately - this would
not be possible with Kerr microscopy due to the thick Al and C60 layers. This further
cements the importance of a smooth interface for these effects to occur. The lower
roughness of the less pure target is attributed to a smaller grain size and impurities
increasing the surface mobility of atoms, producing a smoother Ta seed.
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(a) (b)

Figure 4.6: XRR data (black) of a 20nm calibration of the old Ta target (a) and a
30nm target of the new Ta target (b) with simulated curves in red. Values of fitted
parameters can be found here B.4.

4.6 Micromagnetic Modelling

To compliment experimental work, modelling of these systems was undertaken. Mu-
max3 was used as this is a versatile, open source, finite difference micromagnetic simula-
tion package that allows many different phenomena to be modelled, including exchange
bias, 3D grains (to replicate surface roughness) and variable interlayer exchange coup-
ling. Mumax3 3.10β was used as this has additional functionality over the most recent
stable release (3.9 at the time of writing). Although, this presented difficulties, for large
simulations (usually including 3D grains due to more intensive calulcation) this led to
a metastable solution in which magnetisation would remain near zero (see Figure C.2).
This meant that simulation boxes had to remain small, as semi-infinite calculations (ie
a similar size to samples produced in the lab) proved too large, incurring this error.
Antiferromagnets are not directly modelled using this software, however, a ferromag-
net can be used with equal Ms to the FM being modelled and its demagnetising field
switched off so that non-atomistic calculations are equivalent to those for an AFM since
only adjacent grains (ie interfacial grains) experience any effect from this psuedo-AFM
through the exchange coupling constant (labelled as Aex in this software see Eq 4.3 and
4.4) and intergrain exchange scaling (exchange coupling between specific regions can
be multiplied by some factor) which is defined in the input script. This is acceptable
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for a micromagnetic model in which many individual spins are substituted with cells of
finite dimensions (∼ µm) and is given bulk values for different parameters. This allows
spin dynamics to be modelled using a classical equation (Eq 4.2 is the form of the
LLG equation used by Mumax3), the numerical solutions of which produce the mag-
netisation dynamics of the system. In magnetic materials, spins do not point in a fixed
direction, but precess about a fixed axis. In the case of a ferromagnet in a saturating
magnetic field, the spins precess about the axis of the applied field. This precessional
motion has a damping factor to ensure the system relaxes to an equilibrium state for a
given set of extrinsic parameters. In real systems, the damping comes from the Gilbert
damping parameter which has been derived from the expansion of the Dirac equation,
and has been attributed to the dynamics of SOC [78] - this is an intrinsic property
of a given material. For micromagnetic simulations, α is the damping parameter of
the system and influences how quickly the system will reach an equilibrium state. The
effect of anisotropy and other effects are implemented by an effective field embedded
in the Heff (see Eq 4.2). For the purpose of this report, α is kept as the default value
as the dynamics of the magnetisation are not investigated and hysteretic properties
are modelled without the evolution of time. All simulations are modelled in a zero
temperature environment due to the lack of thermal training observed experimentally
in Co/C60 system (see Section 2.4).

dMs

dt
= γµ0

1 + α2Ms ×Heff −
αγµ0

Ms(1 + α2)
Ms × (Ms ×Heff ) (4.2)

Aex ≈
kBT

2a0
(4.3)

Eex = Aex(∇m)2 (4.4)

The interlayer exchange between different materials is calculated by a harmonic mean
[79], and, the use of the interlayer exchange scaling allows pinhole contact and other
interface dependent effects to be accurately modelled by decreasing the average inter-
layer coupling to values obtained from experimental results: simple calculations of this
for an EB system assumed a perfect interface and were estimated to be of the order of
100mJ m−3 which is three orders of magnitude higher than in FeMn which has been
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4.6 Micromagnetic Modelling

measured to be 0.1mJ m−3 experimentally [80].

Initial simulations were of a thin film exchange spring of dimensions (320 × 320 ×
6)nm, with one polycrystalline bcc Co layer (see Section 3.1) with parameters Ms =
1.4 × 106Am−1, exchange stiffness Aex = 30pJm−1 and uniaxial anisotropy constant
K1 = 2× 104Jm−3. Uniaxial anistropy axis was the x-axis (100) with a random mis-
alignment introduced to each grain with 10% standard deviation. Above this, a harder
ferromagnetic material was modelled. This was given the same saturation magnet-
isation as Co (to ensure even splitting of energy across the interface when an AFM
is introduced [81]), exchange stiffness of 4pJm−1 and uniaxial anisotropy constant of
2 × 106Jm−3, and similar anisotropy axis initiation. This is an unconventional setup
given the stiffness of the hard material is less than the soft material. This implies a
smaller Tc of the hard material (approximated by Eq 4.3). This was introduced as a
precursor to the introduction of an AFM layer since it is expected that the Néel tem-
perature is smaller than the Curie temperature for exchange bias to be observed. Both
the total magnetisation of the stack, and magnetisation of individual layers was given
as an output. The total magnetisation of this simulation can be seen below in Figure
4.7. This hysteresis shows good agreement with experimental results for a system of
this type (see Figure A.10) with a well defined two phase switching mechanism.

Figure 4.7: Simulated hysteresis curve of an exchange spring.
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4.6 Micromagnetic Modelling

Follow up simulations were to identify the effect of rotatable antiferromagnetic
grains on the behaviour of the ferromagnetic layer [82, 83] (see Figure 4.8). This was
implemented by using the same script as for above with the inclusion of no demag-
netising contributions from the magnetically hard layer. Thus, coupling between the
two layers isn’t influenced by the ferromagnetic behaviour of the hard layer. This is
equivalent to an AFM with no net magnetisation. This has produced a hysteresis loop
that looks like bare cobalt at first glance, however, an increase in coercivity is observed
(approximately one order of magnitude higher) due to the pinning of cobalt grains at
the interface (see Figure C.3). This is precisely equivalent to an exchange spring system
if only the magnetisation of the soft layer is considered. And, as expected, no exchange
bias was observed. This is because interfacial AFM grains coupled to the FM have an
anisotropy constant small enough to be able to be rotated between positive and negat-
ive spin orientations in the direction of applied fied by the combined contributions of
the demagnetising field of the FM and the externally applied field, so FM grains are
not pinned by these rotating AFM grains.

Figure 4.8: Simulated hysteresis of the ferromagnetic layer of a two layer system con-
sisting of a FM and an AFM with rotatable grains.

Exchange bias was also simulated by attributing a value of the anisotropy K1 =
2.7 × 107Jm−3 (this value was taken from [81]). This is sufficiently large that AFM
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4.6 Micromagnetic Modelling

grains won’t rotate with the combined contributions of the demagnetising field and
external applied field [81], pinning FM grains at the interface, producing exchange
bias (see Figure 4.9). The field cooling procedure was implemented by setting the
magnetisation as uniform in the applied field direction, then relaxing the system in a
2T field. Note, this curve has a much smaller coercivity than Fig 4.8 due to a lack of
rotatable AFM grains.

Figure 4.9: Simulated hysteresis of an exchange biased system attributed to pinned
AFM grains.

After these phenomena were confirmed to be implemented correctly in Mumax3,
Co/C60 bilayers were modelled. The FM was given properties as discussed at the be-
ginning of this section. All AFM grains were given an exchange stiffness of 4pJm−1 and
the majority of AFM grains were given an anisotropy of 2× 106Am−1 to simulate ex-
change bias. However, a third of these grains were given an anisotropy of 5× 105Am−1

to simulate rotatable grains and produce the increase in coercivity which is observed
experimentally. To replicate the switching mechanism observed in Co/C60 systems,
after the first reversal of magnetisation, pinned grains had their anisotropy reduced to
the same value as rotatable grains. Thus, for subsequent reversals, no exchange bias
was observed. This can be seen below in Figure 4.10. To obtain a curve that agreed
with experimental results, an iterative process of refining the value of the anisotropy
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4.6 Micromagnetic Modelling

constant for the C60 layer and interlayer exchange coupling between Co and C60 was
used. The figure above used a value of K1 = 5 × 105Am−1. A comparison of the
first and final simulated Co/C60 shows the importance of this process (see Figure C.1).
Further simulations would improve hysteresis texture and the values of coercivity to
replicate that of real samples by fine tuning parameters including grain size, anisotropy
constants and directions, and intergrain exchange coupling. Plus, the implementation
of a grain structure in the FM would simulate the polycrystaline nature of real sys-
tems, giving the hysteresis more texture and show more complex switching dynamics.
However, due to the limitations discussed earlier, this was not possible. And, inclusions
of the temperature dependence of this effect would not be able to reproduce what is
observed experimentally due to the molecular nature of the system, unless custom code
is produced which includes values for energy barriers and fine energy structure of the
molecular systems - this would be computationally intensive and it could be argued that
DFT models would be easier to implement as quantum levels are already implemented
in specialised software packages.

Figure 4.10: Two sweeps of a simulated Co/C60 system exhibiting both exchange bias
and exchange spring phenomena.
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This report has showcased that the source of enhanced coercivity in FC Co/C60 bilayers
is due to exchange bias with a unique training mechanism induced by the irreversible
switching of C60 cages through the magnetic torque applied by an external field. And,
that samples show exchange spring behaviour, after exchange bias has been destroyed,
through an increase in coercivity as compared to bare cobalt which has been confirmed
through micromagnetic simulation and previous DFT models. This is a more complex
mechanism than has been proposed by literature thus far and presents a new direction
of study for organic/metal systems to better predict the behaviour of these materials.
This guides research to study molecules which are highly electronegative to induce or-
bital hybridisation, have multiple adsorption sites with energy barriers of around 10meV
per atom in the molecule which is expected to produce this effect at room temperature.

As this research has presented a full set of mechanisms for the enhanced coercivity
and exchange bias in Co/C60 bilayers, future research should focus on identifying mo-
lecules with these properties to produce increased coercivities at higher temperatures
in thin films through the collaboration of condensed matter physicists and chemical
scientists, which is increasingly prevalent through the study of molecular magnetism.
And, to investigate possible delivery methods which can deliver up to 0.9T coercivities
in bulk magnets. The molecules could be in the form of aromatic compounds with sim-
ilar symmetries to C60, with the addition of a lipid tail which would provide the large
energy barriers between orientations. And, delivery methods of metallic nanoparticles
suspended in resin or polymer compounds which are set in a magnetic field in a similar
process to sintering in NdFeB magnets, but at much lower temperatures increasing
the efficiency of the manufacturing process. This will further increases anisotropy by
producing many pinning sites with approximately uniform anisotropy direction. Or,
MOFs could be employed to introduce both hybridisation and a stable structure for
magnets that don’t degrade, as long as the ferromagnetic clusters are large enough to
not exceed the superparamagnetic limit. This would reduce the reliance on a smooth
interface for bilayer structures and mitigate the use of additional materials like Ta and
Al which do not contribute to the effect but provide a smooth surface and increase the
longevity of samples by preventing oxidation. It would be prudent to investigate the
causes of failed interfaces as discussed in Section 4.1 to further understand the dynam-
ics of the molecular interface. Although, this would likely require the use of a TEM
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as x-ray experiments are dependent on the transparency of materials used, and the
nonlinear optical effects of C60 would make this difficult to discern any real structural
characteristics from artefacts of the nonlinear system.

The investigation of PMA configurations of Co/C60 bilayers would be interesting as
the perpendicular nature may lead to a compensated AFM interface which would not
produce EB. This is important for verifying this material’s usefulness, not only in bulk
permanent magnets, but in non-volatile persistent magnetic memory for computing
applications.
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Parameter H H B
Units Am-1 Oe Tesla

H Am-1 1 4π × 10−3 µ0

H Oe 103/4π 1 10−4

B Tesla 1/µ0 104 1

Table A.1: Magnetic field conversion table. Conversions are from row value to column
by multiplying by the value in the table.

Parameter M M
Units emu/cc emu/g

M emu/cc 1 1/ρ
M emu/g ρ 1

Table A.2: Magnetisation conversion table. Conversions are from row value to column
by multiplying by the value in the table.

Figure A.1: Historical development of different types of permanent magnets, plotted
against their maximum energy products (BH)max. Printed from [84].
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TC m M s N↑↓(εF ) I

(K) (µB/atom) (kAm−1) (eV ) (eV −1)
Fe 1044 2.17 1710 1.54 0.93
Co 1360 1.71 1440 1.72 0.99
Ni 628 0.58 488 2.02 1.01

Table A.3: Intrinsic properties of the ferromagnetic 3d elements at room temperature.
Adapted from [85].

Figure A.2: Bright-field TEM micrograph of a NdFeB magnet, showing Nd2Fe14B
matrix grains and Nd-rich grain boundary phase. Printed from [86].

H = −Js1 · s2

Figure A.3: Exchange Hamiltonian, H, for direct exchange (ie the 3d ferromagnets
Fe, Co, Ni) between two adjacent spins s1 and s2. J is the exchange constant. In
ferromagnets, J is positive which produces an energy minimum when spins are parallel
and a maximum when spins are antiparallel.
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Figure A.4: Relevant length scales in magnetism. Printed from [87].

U = ΛL · S

Figure A.5: Energy due to the spin-orbit interaction where Λ is the SOI coupling con-
stant and is dependent on the element considered, L is the orbital angular momentum
of electrons in an atom and S is the net spin of the electronic structure of an atom
according to Hund’s rules.

(a) (b)
(c)

Figure A.6: Example crystal lattice structures: a) FCC b) BCC c) HCP.

E = K1(α2β2 + β2γ2 + γ2α2) +K2(α2β2γ2)

Figure A.7: Cubic anisotropy energy density to second order. K1 and K2 are the first
and second order anisotropy constants, resp. and are measured in Jm−3. α, β and γ

are the direction cosines of the magnetisation. More rigorously, magnetisation is given
as M = Mxı̂+My ̂+Mzk̂ and α is given as Mx ·̂ı

|M| . β and γ are expressions of the same
form with differing unit vectors.
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Figure A.8: Graphical representation of the relationship between B, M and H. Printed
from [80].

Figure A.9: Schematic representation of the spin structure of the hard and soft layer
during reversal through (a) the Bloch-like mode and (b) the Néel-like mode. In the
Néel-like mode, the spins rotate out of the plane of the film. Printed from [44].
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Figure A.10: Hysteresis of an exchange coupled bilayer which shows the switching of
the soft and hard layers as distinct phases. Printed from [88].

Figure A.11: Hysteresis loop of a field cooled FeF2/Fe bilayer at 10K, indicating the
exchange bias and coercivity. Printed from [77].
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Figure A.12: Cobalt density of states, resolved into spin majority (top) and minority
(bottom) bands. Printed from [89].

PV = NkBT

Figure A.13: The ideal gas equatioin. P is the pressure of the gas in Pa. V is the
volume of the gas in m3. N is the number of gas molecules. T is temperature in Kelvin.
And, kB is Boltzmann’s constant (approximately 1.38× 10−23JK−1).
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Adsorption ∆E Eads ∆M M(Co) M(C60)
site (eV) (eV) (µB) (µB) (µB)
H +0.96 -5.50 -1.83 108.7 -0.20
P +0.70 -5.76 -1.75 108.8 -0.14

HP 0.00 -6.46 -1.95 108.6 -0.12
HH +0.21 -6.25 -2.56 107.81 -0.17

Table B.1: DFT calculation of a Co/C60 bilayer between different adsoption orienta-
tions of C60 on the Co lattice. ∆E represents the energy barrier between orientations
with respect to the HP geometry for one C60 molecule. ∆M is the change in Co mag-
netisation compared to a bare Co layer. M(Co) and M(C60) are the total magnetic
moments for Co and C60 in the model. This data was produced by Dr. Gilberto
Teobaldi at the Scientific Computing Department, STFC RAL.

Figure B.1: Hysteresis loop of Ta(4nm)/Co(3nm)/C60(20nm)/Al(8nm), field cooled
to 3K. This sample exhibited no pinning and a coercivity of the order of Oe and a
magnetisation very close to literary value of 1440emu/cc (≈ 1380emu/cc).
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Figure B.2: Hysteresis loops of a Co(2.7nm)/C60(20nm) bilayer at various field cooled
temperatures. Inset shows the same data, centred about the negative coercivities.
Straight lines between points are included as a guide for the eye.

µ0Hc = µ0H
0
c [1− (T/TB)α]

Figure B.3: Fitting function for Kneller’s law (blue curves of Fig 4.2) and 4.5. α was
fixed to 1/2 as in [71, 72]. Fitted parameters can be found below. µ0H

0 is the zero
temperature extrapolation of µ0H and TB is the blocking temperature.
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Sample Figure µ0H
0 TB

(T) (K)
Co(2.7nm)/C60(20nm) 4.2a 0.28725 94.473
Co(2.7nm)/C60(20nm) 4.2b 1.1107 148.06
Co(3nm)/C70(20nm) 4.5a 0.11415 60.137
Co(3nm)/C70(20nm) 4.5b 0.47506 105.66

Table B.2: Kneller’s law fitting parameters, plotted as the blue curves in Figures 4.2
and 4.5.

µ0H = µ0H
0
ebe

−T
τ + C

Figure B.4: Exponential decay fitting function (red curves of Fig 4.2 and 4.5). A
small constant C was included, but restricted to small values, to account for a small
systematic error in the calculation of µ0H discussed in Section 4.2. Fitted parameters
can be found below. µ0H

0 is the zero temperature extrapolation of µ0H, and τ is some
temperature scaling.

Sample Figure µ0H
0 τ C

(T) (K) (T)
Co(2.7nm)/C60(20nm) 4.2a 0.29154 54.564 -0.04345
Co(2.7nm)/C60(20nm) 4.2b 1.00973 76.258 -0.06257
Co(3nm)/C70(20nm) 4.5a 0.0903 24.7406 0.00763
Co(3nm)/C70(20nm) 4.5b 0.2666 0.1639 20.8751

Table B.3: Exponential decay fitting parameters, plotted as the red curves in Figures
4.2 and 4.5.
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Figure B.5: Structural representation of C70. Printed from [90].

Figure B.6: Hysteresis loops of a Co(3nm)/C70(20nm) bilayer at various field cooled
temperatures. Inset shows the same data, centred about the negative coercivities.
Straight lines between points are included as a guide for the eye.
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Figure B.7: Two consecutive hystersis curves of Ta(4nm)/Co(3nm)/C60(20nm) with
the new Ta target. First sweep (red), second sweep (black). Coercivity of the first
reversal measured as 330mT.
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Sample: Old Tantalum
Material Thickness (Å) Roughness (Å) Density (%)

Si ∞ 0.00 100.00
SiO2 706.70 4.39 88.21
Ta 210.88 5.21 95.98
Ta 6.28 3.08 87.93

Ta2O5 16.05 4.42 92.36
Total 233.21 17.1

Sample: New Tantalum
Material Thickness (Å) Roughness (Å) Density (%)

Si ∞ 0.00 100.00
SiO2 37.00 12.68 85.01
Ta 288.79 0.04 92.02
Ta 19.24 11.11 82.99

Ta2O5 0.14 2.35 99.55
Total 308.17 26.18

Table B.4: Fitting data for the simulated XRR curves found here 4.6.
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Figure C.1: Simulated hysteresis loops of a Co/C60 bilayer with the inclusion of C60

switching at negative saturation. The red curve includes exchange coupling between
Co and the FM moment of C60.

Example Mumax3 script which produced Figure C.1 (red curve only).

Cz := 3e-9

setgridsize(128, 128, 2)

Setcellsize(2.5e-9, 2.5e-9, Cz)

Setgeom(Cuboid(3.2e-7, 3.2e-7, 6e-9))

ext_makegrains(12e-9, 100, 98473)

Defregion(100, layer(0))

Msat = 1400000

Afm := 3e-11

Aafm := 4e-12

Kfm := 2e4

Kafm := 2.7e7

Kspr := 5e5

amax := 100

for a:=0; a<amax; a++{

anisU.setregion(a, vector(1+(0.1*randNorm()), 0.1*randNorm(), 0.1*randNorm()))

Ku1.setregion(a, Kafm)
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Aex.setregion(a, Aafm)

nodemagspins.setregion(a, 1)}

anisU.setregion(100, vector(1, 0, 0))

Ku1.setregion(100, Kfm)

Aex.setregion(100, Afm)

m = uniform(1, 0, 0)

for b:=0; b<100; b++{

ext_ScaleExchange(b, 100, 0.5)}

B_ext = vector(1500e-3, 0, 0)

Relax()

Bmax := 1500e-3

Bstep := 2e-4

MinimizerStop = 1e-6

TableAdd(B_ext)

TableAdd(CropLayer(m, 0))

TableAdd(CropLayer(m, 1))

for i:=Bmax; i>=-BmaX; i-=Bstep{

B_ext = vector(i, 0, 0)

minimize()

tablesave()

save(m)}

for b:=0; b<amax; b++{

Ku1.setregion(b, Kspr)

Aex.setregion(b, Afm)

nodemagspins.setregion(b, 0)

ext_scaleexchange(b, 100, 1)}

for i:=-Bmax; i<=BmaX; i+=Bstep{

B_ext = vector(i, 0, 0)

minimize()

tablesave()

save(m)}

for i:=Bmax; i>=-BmaX; i-=Bstep{

B_ext = vector(i, 0, 0)

minimize()

tablesave()

save(m)}

for i:=-Bmax; i<=BmaX; i+=Bstep{

B_ext = vector(i, 0, 0)

minimize()

tablesave()

save(m)}
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Figure C.2: Example of a failed simulation due to the use of a β release of Mumax3.

Figure C.3: Simulation box showing magnetisation of individual cells with the top
layer as the AFM and bottom layer, the FM. Magnetic field applied is 0.219 (T) in
the negative x direction. Blue represents cells aligned parallel with the field. Circled
region highlights interfacial pinning producing a reduction in magnetisation in the form
of rotation of magnetisation along the z-axis.
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[36] P. Fischer, T. Eimüller, G. Schütz, P. Guttmann, G. Schmahl, K. Pruegl, and
G. Bayreuther, “Imaging of magnetic domains by transmission x-ray microscopy,”
Journal of Physics D: Applied Physics, vol. 31, no. 6, pp. 649–655, 1998.

[37] C. Tannous and J. Gieraltowski, “The Stoner-Wohlfarth model of ferromagnetism,”
European Journal of Physics, vol. 29, no. 3, pp. 475–487, 2008.

[38] J. Dubowik, “Shape anisotropy of magnetic heterostructures,” Physical Review B
- Condensed Matter and Materials Physics, vol. 54, no. 2, pp. 1088–1091, 1996.

[39] M. Rewienski, “Magnetic Surface Anisotropy in Ferromagnetic Thin Films with
two rough surfaces,” Acta Physica Polonica, vol. 69, 1995.

[40] R. L. White, “Physical boundaries to high-density magnetic recording,” Journal
of Magnetism and Magnetic Materials, vol. 209, no. 1-3, pp. 1–5, 2000.

68



REFERENCES

[41] R. Hawig, E. F. K. Member, and R. Hawig, “The Exchange-Spring Magnet:,”
IEEE Transactions on Magnetics, vol. 27, no. 4, pp. 3588–3600, 1991.

[42] F. Wang, J. Zhang, J. Zhang, C. Wang, Z. Wang, H. Zeng, M. Zhang,
and X. Xu, “Graded/soft/graded exchange-coupled thin films fabricated by
[FePt/C]5/Fe/[C/FePt]5 multilayer deposition and post-annealing,” Applied Sur-
face Science, vol. 271, pp. 390–393, 2013.

[43] A. Bill and H. Braun, “Magnetic properties of exchange springs,” Journal of Mag-
netism and Magnetic Materials, vol. 272-276, pp. 1266–1267, 2004.

[44] J. S. Jiang, S. D. Bader, H. Kaper, G. K. Leaf, R. D. Shull, A. J. Shapiro, V. S.
Gornakov, V. I. Nikitenko, C. L. Platt, A. E. Berkowitz, S. David, and E. E.
Fullerton, “Rotational hysteresis of exchange-spring magnets,” Journal of Physics
D: Applied Physics, vol. 35, no. 19, pp. 2339–2343, 2002.

[45] K. Son, Tailored Magnetic Properties of Exchange-Spring and Ultra Hard Nano-
magnets. PhD thesis, 2017.

[46] D. Suess, “Multilayer exchange spring media for magnetic recording,” Applied
Physics Letters, vol. 89, no. 11, pp. 1–4, 2006.

[47] D. Suess, M. Fuger, C. Abert, F. Bruckner, and C. Vogler, “Superior bit error rate
and jitter due to improved switching field distribution in exchange spring magnetic
recording media,” Scientific Reports, vol. 6, no. June, pp. 1–13, 2016.

[48] W. H. Meiklejohn and C. P. Bean, “New Magnetic Anisotropy,” Physical Review,
vol. 102, no. 5, pp. 1413–1414, 1956.

[49] W. H. Meiklejohn and C. P. Bean, “New Magnetic Anisotropy,” Physical Review,
vol. 105, no. 3, pp. 904–913, 1957.

[50] J. Nogués, D. Lederman, T. J. Moran, and I. K. Schuller, “Positive Exchange Bias
in Fe F2 -Fe Bilayers,” Physical Review Letters, vol. 76, no. 24, pp. 4624–4627,
1996.

[51] J. Geshev, T. Dias, R. Giulian, H. Liu, J. E. Schmidt, C. Van Haesendonck,
K. Temst, A. Vantomme, and E. Menéndez, “Rotatable anisotropy driven training

69



REFERENCES

effects in exchange biased Co/CoO films,” Journal of Applied Physics, vol. 115,
no. 24, p. 243903, 2014.

[52] B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D. R. Wilhoit, and
D. Mauri, “Giant magnetoresistive in soft ferromagnetic multilayers,” Physical
Review B, vol. 43, no. 1, pp. 1297–1300, 1991.

[53] A. P. Malozemoff, “Mechanisms of exchange anisotropy,” Journal of Applied Phys-
ics, vol. 63, no. 8, pp. 3874–3879, 1988.

[54] K. Zhang, T. Zhao, and H. Fujiwara, “Training effect of exchange biased
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