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ABSTRACT

The unique magnetic properties of transition metal phthalocyanines (MPc) have
attracted considerable scientific interest for decades. So far, most of the research was
focused on single crystals. In this thesis, MPc materials were grown in thin film form
using vacuum-based methods, such as organic vapour phase deposition (OVPD) and
organic molecular beam deposition (OMBD). These methods were used to produce a
range of molecular film structures and morphologies of MPcs with different spin
states. We find that the magnetic properties are superior to single crystals, in terms of
Curie-Weiss constant and coercive fields. Understanding the film properties will be
essential for future device applications.
Firstly, OVPD was used to prepare MnPc thin films that crystallise as the
β-polymorph. Superconducting quantum interference device (SQUID) results show
that the films behave as canted ferromagnets with a Curie constant of 10.6 K and a
coercive field of 9 mT at 2 K. The texture of the MnPc film can be tuned by
introducing a molecular layer on to the substrate. Unexpectedly, we find a change of
polymorph from β-phase to ε-phase, which was verified by X-ray diffraction (XRD).
A strong axial anisotropy of the films was observed from the magnetic measurements.
Secondly, α-polymorph FePc films were grown by OMBD with different textures,
depending on whether a templating layer was used. Magnetic measurements show
that both films behave as canted ferromagnets with strong in-plane anisotropy and
have a similar ferromagnetic exchange coupling of 20 K. The coercive fields at 2 K of
non-templated and templated film are 85 mT and 35 mT, respectively.
Finally, in order to reduce dimensionality and explore a new crystal phase, FePc wires
with around 100 nm in width and a few microns in length were prepared by OVPD.
XRD indicates that FePc nanowires adopt the η-phase polymorph, identical to what
was observed in CuPc nanowires. Both the Curie constant and coercive field are
higher than the film form, reaching 40 K and 1 T, respectively.
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Chapter 1

Introduction

1. Introduction

Organic semiconductors are a class of electronic materials which have attracted
considerable attention for decades for their potential large scale and low cost
electronic applications [1-3]. Metal phthalocyanine (MPc) compounds are porphyrin
derivatives with a metal ion accommodated in the centre of the organic ring. Known
as the archetypal organic semiconductors, MPcs have been widely used for various
electronic applications, including organic light emitting diodes [4], solar cells [5, 6],
field-effect transistors [7] and gas sensors [8]. Furthermore, their crystal structures [911], optical properties [12-14] and growth [15, 16] have been extensively studied.
Apart from their semiconducting properties, MPcs with one or more unpaired
electrons from the metal ion may exhibit interesting magnetic properties. It is known
that the magnetic properties of MPc are highly dependent on their crystal structures
[17]. So far only a few kinds of Pc molecules exhibit ferromagnetic behaviour,
including the β-phase manganese phthalocyanine (MnPc) and α-polymorph iron
phthalocyanine (FePc), with most of the magnetic measurements carried out on their
single crystal forms [18, 19].
MPc thin films have been fabricated using different deposition methods for device
applications. The organic molecular beam deposition (OMBD) method, a commonly
used technique for molecular thin film growth, has demonstrated its capacity for high
quality molecular MPc film deposition with the help of computer-controlled source
heating and rate monitoring system [20]. One of the main disadvantages of this
method is that, due to the requirement of film homogeneity, a relatively large size of
the molecular beam needs to be formed, which leads to a great waste of the source
material. Keeping the deposition chamber under an ultra-high vacuum can also make
this method expensive.
Forrest et al. [21] has demonstrated a comparatively simple growth method as a low
cost alternative to high vacuum evaporation techniques, known as the organic vapour
- 19 -
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phase deposition (OVPD) method. A carrier flow was introduced to transfer the
sublimed molecules from the source to the substrate. More growth parameters, such as
the substrate temperature, carrier flow rate and chamber pressure can be finely
controlled to produce the desired thin films. Continuous developments have been
introduced to this method allowing for the fabrication of films with good homogeneity
[22]. The control over the growth parameters produces a large variety of MPc thin
films and nanostructures with different morphologies and crystal structures.
The aim of this work concentrates on the growth of MnPc and FePc thin films and
nanostructures using both the OMBD and OVPD methods. The thin film properties,
including the morphology, crystal structure and particularly the magnetic properties,
are characterised. The magnetic properties of the MPc thin films and nanostructures
are also investigated in order to explore their potential application in spintronic
devices.
The remainder of this chapter briefly reviews the relevant literature and discusses the
background of this work. The general physical properties of MPc molecules are
described in Section 1.1. The different crystal structures of MPc are then presented in
Section 1.2. Section 1.3 focuses on the MPc thin films and nanostructures, which is
arranged in three parts. First, the deposition methods used to produce organic
molecular thin films, in particular the OMBD and OVPD, are briefly reviewed. The
growth of MPc thin films and nanostructures is then discussed. The third part provides
the background of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), a
molecule used to change the molecular orientation of MPc thin films. In Section 1.4,
the fundamental magnetic properties, including the disordered, ordered magnetic
systems and the magnetic anisotropy are reviewed while in Section 1.5 the magnetic
properties of MnPc and FePc are discussed. Section 1.6 concentrates on a brief
introduction of organic spintronics. Finally, Section 1.7 describes how the thesis will
proceed in the chapters that follow.
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Introduction

1.1 Physical Properties of Phthalocyanine Molecules
Phthalocyanine was first discovered by accident as a by-product during the
ortho-cyanobenzamide synthesis by Braun and Tcherniac in 1907 [23]. About 20
years later, the copper phthalocyanine was synthesised by Diesbach and Weid [24];
systematic investigations of these complexes have been carried out ever since.
Linstead et al. further studied the basic syntheses and the characterisation methods
and have also correctly determined the chemical structures of both metal free and
metal phthalocyanines [25-28].
Figure 1.1 shows the chemical structures of metal-free phthalocyanine (H2Pc) and
metal phthalocyanine (MPc). Pc molecules consist of four identical units
(iminoisoindoline) forming a symmetric macrocycle supporting delocalised
π-electrons, commonly abbreviated as Pc2- [29]. The centre of the cavity can
accommodate a large variety of cations, and so far, more than 70 MPcs have been
synthesised with different central atoms or compounds [29]. For small divalent
transition metal cations, such as Cu2+, Zn2+, Fe2+, Mn2+, Ni2+, and Co2+, the planar
geometry of the Pc molecules can be retained. However, the cation can be out of
plane for heavy metal ions, for example Pb and Sn [30].

Figure 1.1. The chemical structures of, left: metal free phthalocyanine H2Pc and right:
metal phthalocyanine (MPc). The diameter of the molecule is around 1.4 nm.
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Phthalocyanines (Pcs) have played an important role in the dye industry due to their
low manufacturing cost, non-toxicity, high stability and particularly their unique
colours [31, 32]. Well known as organic semiconductors, Pcs and MPcs have been
extensively studied for the last three decades for their electronic properties, which led
to a wide range of applications such as catalysts [33-35], gas sensors [36-39], field
effect transistors (FETs) [40-44], solar cells [5, 45-47], and organic light-emitting
diodes [4, 48-50].

1.2 Review of Phthalocyanine Polymorphs
Polymorphism is defined as the existence of two or more crystal structures in the solid
state of a material. In solid state Pc the main sources of intermolecular interactions are
Van der Waals forces and π-π interactions, which lead to different spatial arrangement
of molecules [29]. The various stacking columnar structures, including different
tilting angles between the stacking axis and the molecular plane, and the interplanar
distance between two neighbouring molecules along the column can vary in different
Pc crystal structures. Pcs with a planar geometry are isomorphic, i.e. the H2Pc and
MPcs share the same polymorphs [51].
Two models have been proposed to describe the stacking arrangements of different
polymorphs of Pc molecules. One is referred to as the herringbone structure [11] and
the molecules stack with opposite angles between the adjacent columns, as shown in
Figure 1.2. In the other model, the Pc molecules stack in the same orientation in each
column and form the so called brickstack structure [52]. So far, more than 10 different
Pc crystal structures have been reported [53]. Two of these crystal polymorphs,
known as the α-polymorph and β-polymorph [9, 54, 55], are most commonly adopted.
Figure 1.3 shows the different crystal structures of α-phase [52] and β-phase CuPc [9].
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Figure 1.2. Illustration of the packing schemes of phthalocyanine columns. (a) The Pc
molecules stack along the stacking axis with a tilting angle θ between the molecular
plane and the stacking axis. Two stacking arrangements known as the (b) brickstack
and (c) herringbone structures are shown with their unit cells labelled as grey
rectangles.

The α-polymorph Pc is metastable and can be found in the thin film form using room
temperature organic molecular beam deposition (OMBD) [56] or acid paste method,
which is more commonly used in the pigment industry to produce polycrystalline
powder with diameters less than 50 nm [57]. The crystal structure of α-polymorph Pc
has been extensively investigated for decades and two models regarding the stacking
arrangement of the molecules have been proposed by Ashida [11] and Hoshino [52].
The Ashida model proposes that the molecules stack in a herringbone structure with a
65°angle between the molecular plane and the stacking axis (b-axis) [11], shown in
Figure 1.3 (a). However, Hoshino et al. have redetermined its crystal structure from
analysis of transmission electron diffraction patterns, and concluded that the
molecules adopt a brick-stack arrangement with the same orientation between the
neighbouring chains (see Figure 1.3 (b)). In chapter 4, a series of FePc thin films were
prepared by OMBD and their crystal structure was indexed as the α-polymorph using
the Hoshino model since two diffraction peaks found around 27°are not predicted in
the Ashida structure.
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Figure 1.3. The packing motifs and in-stack overlaps for various CuPc crystal
structures, including (a) α-polymorph proposed by Ashida [11], (b) α-polymorph
proposed by Hoshino [52], (c) β-polymorph proposed by Brown [9], (d) ε-polymorph
proposed by Erk [58], and (e) η-polymorph proposed by Wang [59].
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The β-polymorph is more stable compared with the α-form. It can be obtained by
annealing the α-phase sample at a temperature around 300°C [56, 60], or can be found
in the larger single crystals formed by thermal sublimation and condensation [61],
described in Section 2.1. Its crystal structure was first investigated in the 1930s by
Robertson and Linstead et al. [10, 27, 62], and later redetermined by Brown et al.[9].
It was found that the β-polymorph is monoclinic and adopts P21/a space group with
two molecules per unit cell (Z = 2). The packing motif of β-polymorph CuPc
proposed by Brown is shown in Figure 1.3 (c). The molecules stack in a herringbone
structure with a tilting angle of 45° to 46° between the molecular plane and the
stacking axis, therefore the angle formed between the molecules in adjacent chains is
around 90°.
Recently a new morphology of CuPc, the CuPc nanowire, has been obtained from
OVPD growth at room temperature [59]. Its crystal structure has been assigned to a
new η-polymorph according to Wang et al. [59] and Mauthoor [63]. It is reported that
the nanowire structure crystallises in the P21/c space group with the lattice parameters
listed in Figure 1.3 (e). Similar to the α-polymorph Ashida model, molecules stack
parallel to each other along the stacking b-axis with the neighbouring chains arranged
in a herringbone structure. Other works regarding the CuPc nanowire growth have
also been reported by Tong et al., synthesised using organic vapour phase deposition
at different substrate temperatures [64, 65]. They concluded that the nanowire
structure adopts the α-polymorph when deposited at 190°C, or the β-polymorph when
deposited above 210°C. Other Pc polymorphs, such as the γ- and ε-polymorph, have
been studied by Erk et al. [58]. The packing motif and the unit cell of ε-phase CuPc
are shown in Figure 1.3 (d).

1.3 Phthalocyanine Thin Films
The production of phthalocyanine thin films and nanostructures using various
deposition methods has been the subject of numerous studies due to their interesting
semiconducting properties, suitable for a wide range of electronic applications [66]. In
this section the deposition methods used for Pc thin film growth, including organic
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molecular beam deposition (OMBD) and organic vapour phase deposition (OVPD),
are reviewed (Section 1.3.1). The different morphologies of Pc thin films and
nanostructures obtained under various growth conditions are described in Section
1.3.2. The properties of the PTCDA molecular thin film used as the templating layer
are discussed in Section 1.3.3.

1.3.1 Thin Film Growth Methods
For device applications, it is crucial to be able to prepare the organic or inorganic
materials in their thin film forms. The growth techniques aiming to transfer the source
materials to the substrate and form thin films can be divided into three main
categories: (i) solution processing, (ii) chemical vapour deposition and (iii) physical
vapour deposition [67]. Different growth techniques are chosen based on the
requirements, such as film quality, material type, substrate type, cost as well as the
structural and morphological properties [68, 69].
One method of deposition from solution is called the Langmuir-Blodgett (LB)
method, which is used to produce monolayers and multi-layers by transferring the
material from the liquid-gas interface onto a solid substrate [70-72]. The deposition of
phthalocyanine derivatives as thin films using Langmuir-Blodgett method has been
reported [73].
For chemical vapour deposition (CVD), the thin film is deposited by exposing the
substrate to one or more volatile precursors. The thin films can be created on the
substrate surface via a gas phase chemical reaction during the process [74].
For the physical vapour deposition (PVD), the way that the source materials is
transferred from its solid state to form thin films is facilitated through physical
processes, such as sublimation or ionic impingement [75]. The conventional vapour
thermal evaporation (VTE) is one of the examples of PVD which is commonly used
for organic thin films. This method can be described as a three-step process: the first
step is the transition from solid material to its gaseous state by heating the source to
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its sublimation point, the second is to transfer the evaporated material to the substrate,
and the third is the formation of thin films.
The organic molecular beam deposition (OMBD) method has been utilised widely for
growing high quality molecular thin films in a high vacuum environment [20, 76, 77].
The source material is placed in a refractory source crucible which is heated by the
surrounding heating element (the whole assembly is also known as the Knudsen cell).
As the source temperature is finely controlled, the raw materials can be evaporated
with an accurately controlled rate and form a highly focused molecular beam towards
the substrate. OMBD is capable of growing ordered thin films with high purity [7779] with a high degree of control over deposition parameters, such as thickness,
growth rate and substrate temperature.
As a low cost alternative to the high vacuum evaporation OMBD method, a
low-pressure organic vapour phase deposition (LP-OVPD) method was developed by
Forrest et al. [21]. The source material is placed in a furnace and heated to its
sublimation point. One of the main features of OVPD compared with OMBD is to use
a carrier gas flow (normally Argon or nitrogen) to transfer the evaporated molecules
to the cooler substrate surface where the molecules condense and form thin films. The
growth parameters, such as source temperature, internal chamber pressure, carrier gas
flow rate and the substrate temperature, are controlled by the pre-programming and
monitoring units which allow for reproducible thin film growth.
Organic thin films fabricated using OVPD have been demonstrated for various
applications such as organic light emitting diodes (OLED) [80-82], organic thin film
transistors (OTFT) [83-85] and organic photovoltaics (OPV) [47, 86]. Compared with
the OMBD method, some features and advantages of the OVPD method are listed as
follows:


The source material is placed in a hot-walled furnace which prevents the
evaporated molecules from condensing onto the chamber wall. Consequently,
better material utilisation can be achieved [87].



Due to the nature of the carrier gas flow, the internal pressure of OVPD is only
maintained around a few mbar level compared with the OMBD system which
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needs be kept under much higher vacuum. As a result, the OVPD method can
be less time consuming and be performed at a relatively low cost.


For OVPD the growth parameters, such as the carrier gas flow rate, pressure
and the source and substrate temperature, can be finely controlled. It allows
for greater control over the thin film morphology and crystal structure, which
can be important for potential device applications [47, 86].

However, with the help of the high vacuum pumping system and the computercontrolled monitoring kits, the OMBD can still achieve a better performance to
produce high quality thin films with higher homogeneity and more accurate control
over the deposition rates [76].

1.3.2 Phthalocyanine Thin Films and Nanostructures
The growth of Pc thin films has been extensively studied on a large variety of
substrates via different growth methods [88]. As mentioned in Section 1.2, different
Pc crystal structures can be achieved with various growth conditions. Polycrystalline
Pc thin film deposited at room temperature adopts the α-polymorph, which contains
small spherical crystallites. Annealing of the α-phase film at high temperatures around
250°C [89, 90] to 325°C [54], can lead to a phase transition to its β-phase form with
elongated crystallites covering the substrate surface. And also, the β-phase thin film
can be obtained by growing at high temperatures close to the sublimation point of Pc
[91].
It is reported that various Pc morphologies can be produced using OVPD due to the
considerable control over the growth parameters, including thin films [47, 92],
nanoflowers [93, 94], nanoribbons and nanowires [64, 65]. Systematic studies
regarding the influence of the growth parameters, such as the substrate temperature,
internal pressure and the carrier flow rate, have been carried out by Din [95] and Yang
et al. [47]. It was shown that the morphology can be significantly changed by varying
the growth conditions, offering a way of considerable control over the morphology of
organic thin films.
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The Pc molecular thin films grown by thermal evaporation, even though they can be
highly textured along a certain plane, are normally polycrystalline with small
crystallites oriented randomly over the substrate surface. For device applications, the
existence of disordered crystallite orientations and grain boundaries can lead to a
higher density of defects, therefore lowering the carrier mobility [96]. This problem
can be improved by using Pc single crystalline nanostructures, particularly nanowires,
instead of the thin films. Some field effect transistors have been fabricated by Din
[95] using CuPc nanowires, showing an improvement of the overall I-V characteristics
compared with the devices based on CuPc thin films or other nanostructures [96-98].

1.3.3 PTCDA
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), is a planar aromatic molecule
which is used in industry as a red pigment. The structure of the PTCDA molecule is
shown in Figure 1.4 (a). It is also widely studied in thin film form due to its promising
optical and electronic properties [77, 99, 100]. It is known that PTCDA crystallises in
two different forms, referred to as the α- and β-polymorph [101]. Both polymorphs
adopt the monoclinic P21/c space group with two molecules per unit cell. Details of
the lattice parameters are included in Figure 1.4 (b) [102, 103]. Among these two
structures, the α-polymorph is more predominant in powders [104] whilst the
β-polymorph is often found in thin films [105].
Figure 1.4 (c) shows the packing motif of β-polymorph PTCDA with the molecules
arranged in a herringbone structure with a 90°angle between the neighbouring ones
along the long axes. It has been shown that the PTCDA molecules can form
well-ordered thin films on a large variety of substrates [106-110]. Lovinger et al.
investigated a series of PTCDA thin films and concluded that the PTCDA molecules
arrange with a preferred orientation which is almost parallel to the substrate with an
inclination angle of 10°to 15°[100].
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Figure 1.4. The chemical structure of (a) 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA), (b) the lattice parameters of β-polymorph PTCDA [102] and (c) the
packing motif of β-polymorph in a unit cell.

The templating effect of a PTCDA layer on Pc thin films was investigated by Heutz et
al. [111-113]. It is found that the structure of the subsequent Pc film can be
significantly modified by introducing a PTCDA templating layer. It is known that this
templating effect is due to the interaction between the π-orbitals of the PTCDA layer
and the H2Pc molecules [113]. As a result, instead of stacking in a herringbone
structure the H2Pc molecules adopt the underlying structure of the PTCDA layer with
an interplanar spacing of 3.33 Å and an intermolecular shift of 1.7 Å [111]. It has
been demonstrated by Sullivan et al. that this change of the Pc molecular orientation
increases the short circuit current of a CuPc/C60 solar cell by 60% [46], since charges
can flow more efficiently between the electrodes when the molecular stacking axis is
orientated approximately 65ºto the substrate.

1.4 Fundamentals of Magnetic Properties
A brief introduction to magnetism is provided in this section. Sections 1.4.1 and 1.4.2
cover the basic magnetic properties of disordered and ordered magnetic systems, such
as diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic, ferrimagnetic and
spin glass behaviours. Magnetic anisotropies, including the magnetocrystalline and
shape anisotropy, are discussed in Section 1.4.3.
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1.4.1 Disordered Magnetic Structures
When a material is placed in a magnetic field H, a field B will be induced inside the
material, given by Eq. 1.1 [114]:

B  0 ( H  M )
where M is the magnetization of the substance and

1.1

0 is the permeability of free

space.
Some types of materials have a linear relationship between the magnetisation and the
magnetic field, which can be expressed as Eq. 1.2 [114] :
M  H

1.2

where χ is a dimensionless scalar known as the magnetic susceptibility. For other
materials this linear response can only be observed at small field. In this case the
susceptibility is normally characterised by i

 dM dH , where  i is referred to as the

differential magnetic susceptibility [115].

Diamagnetism
A diamagnet is defined as a material that exhibits a negative susceptibility when
exposed to a magnetic field. As an external field is applied on an electron, a magnetic
moment is induced with the direction opposite to the magnetic field, described by
Lenz’s law [116]. As an atom or a molecule contains multiple electrons the
diamagnetic effect can be considered as an overall contribution from each individual
electron. Despite the contribution from every electron this effect is very small. For
materials which have filled electron shells, i.e. no net magnetic moments, the
diamagnetic contribution becomes the dominant term, while in other cases it is
normally too small compared with paramagnetic or ferromagnetic signals [117]. The
magnetic susceptibility of a diamagnet is temperature independent [117].
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Paramagnetism
The total magnetic moment in a material has contributions from both the electron spin
magnetic moment and electron orbital magnetic moment. In the case of 3d elements
the orbital moments become zero due to the orbital moment quenching as the electron
orbitals are fixed in the crystal lattice and cannot change their orientations when the
magnetic field is applied [118]. The main contribution to paramagnetism is from the
electron spin moment. An atom or a molecule contains multiple electrons. The spins
of each electron move in their own orbits, which give rise to the magnetic moments
orientating randomly with their own axis. If the electronic moments are not fully
cancelled out, the material has a net atomic (or molecular) magnetic moment. In
paramagnetic materials there are no significant interactions between the atoms (or
molecules), so all the magnetic moments randomly orientate due to thermal
activation, which leads to a zero net magnetic moment, see Figure 1.7 (a). However,
by applying an external magnetic field the randomly orientated moments tend to align
with the field and give rise to a non-zero magnetic moment along the field direction.
For paramagnetic materials, the magnetisation M increases linearly with magnetic
field H. In this case, the magnetic susceptibility increases with the decreasing
temperature, and this relationship can be expressed by Curie’s Law, see Eq.1.3 [116]:
  C /T

1.3
where C is a constant known as the Curie constant and T is temperature. The
behaviour of the paramagnetic susceptibility is shown in Figure 1.6.
For the atoms which have one or more unpaired electrons contributing to the magnetic
properties, the magnetisation, M, can be expressed as Eq.1.4:

M = NgJ B BJ (

gJ B o H
)
kBT

1.4

where N is the number of spins, g is the Landég-factor, J is the total atomic angular
momentum quantum number,
field,

is the Bohr magneton, H is the applied magnetic

is the permeability of free space,

k B is the Boltzmann constant and T is the
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BJ ( x) is called Brillouin Function, which describes the trend of

the paramagnetic behaviour, and can be expressed as Eq. 1.5:
BJ ( x) 

2J 1
2J 1
1
1
coth(
x) 
coth(
x)
2J
2J
2J
2J

1.5

1.4.2 Ordered Magnetic Structures
Ferromagnetism
Similar to paramagnetism, the precondition for ferromagnetism is the existence of
permanent atomic magnetic moments. A ferromagnetic material often divides into
small regions known as magnetic domains to reduce magnetostatic interactions, with
the boundaries between domains known as the domain walls. The magnetic moments
within each domain are aligned parallel to each other along the same direction due to
the strong exchange interaction, Jex, between them. The adjacent magnetic domains do
not necessarily have the same direction of the moment. For example, in demagnetised
samples the overall value of the magnetisation of the whole sample is zero.
As an external magnetic field is applied, the distribution of magnetic domains can be
modified in a way that the directions of each domain tend to align with the field,
resulting in a rapid increase of magnetisation on the macroscopic scale. Further
application of the magnetic field will eventually align all the domains with the field
direction which gives rise to a saturation of magnetisation, Ms. If the field is
decreased, instead of following its original field dependent curve, the magnetisation
decreases at a slower rate and doesn't return to zero as the external field is removed,
reaching a value called remanent magnetisation, Mr. In order to get it to decrease
further, a magnetic field with opposite direction needs to be applied. The
corresponding magnetisation curves form a closed loop as the applied field is swept
between its maximum values in each direction. This is known as a hysteresis loop.
The reverse field, HC, which is needed to bring magnetisation back to zero, is called
the coercivity or coercive field, shown in Figure 1.5.
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Figure 1.5. The hysteresis loop of a ferromagnet showing the response of the
magnetisation with the external magnetic field sweeping from zero to its maximum
values in both directions.

In a ferromagnet, the temperature dependent susceptibility above the transition
temperature is described by the Curie-Weiss law (Eq. 1.6),



C
T  p

1.6

where C is the Curie constant and θp represents a critical temperature.

Figure 1.6. The temperature dependent inverse susceptibility (χ-1) curves for
antiferromagnetic, paramagnetic and ferromagnetic materials described by the
Curie-Weiss law. The Curie temperature (TC) and the Néel temperature (TN) are also
specified.

For ferromagnetic materials, θp is positive and known as the Curie temperature, TC,
shown in Figure 1.6. This is the transition temperature from ferromagnetic to
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paramagnetic behaviour. Below this temperature, the magnetic exchange interactions
overcome the thermal activation and the magnetic moments align with each other
which lead to a spontaneous magnetisation. Above TC, thermal activation starts to
dominate and the substance behaves as a paramagnet, as shown in Figure 1.7 (b).

Antiferromagnetism
The behaviour of antiferromagnets can also be described by the Curie-Weiss law but
with a negative θp corresponding to the transition temperature from antiferromagnetic
to paramagnetic behaviour, which is also known as the Néel temperature TN, shown in
Figure 1.6. Below this temperature the magnetic moments align in a regular pattern
with neighbouring spins pointing in opposite directions due to the negative exchange
interaction, giving rise to an overall zero magnetisation. As the temperature increases
above TN, the moments become disordered and behave like a paramagnet (see Figure
1.7 (c)).

Ferrimagnetism
Ferrimagnets have a behaviour which is very similar to ferromagnets, i.e. they exhibit
a spontaneous magnetisation below some critical temperature even in the absence of
an applied field if magnetic moments are not fully compensated in neighbouring
domains. Above the transition temperature, TC, they behave as paramagnets. On the
other hand, ferrimagnets are also related to anti-ferromagnets. The exchange coupling
between adjacent spins leads to an anti-parallel alignment of the localised moment.
The macroscopic magnetic moment appears since the anti-paralleled moments do not
cancel each other completely. Figure 1.7 (d) is the schematic diagram showing the
spin alignment of ferrimagnetic behaviour with a net spin “up” magnetic moment.

- 35 -

Chapter 1

Introduction

Figure 1.7. Schematic illustration of the spin alignments of (a) paramagnetic
disordered spins, (b) ferromagnetic ordered (aligned) spins, (c) antiferromagnetic
ordered (opposed) spins and (d) ferrimagnetic ordered (opposed) spins [119].

Spin Glass
Another class of magnetic material which differs from the ferromagnetic and
antiferromagnetic materials is known as the spin glass. It can be defined as a random
magnetic system which contains mixed interactions with a random, yet cooperative,
arrangement of frozen spins [117]. The freezing temperature (Tf) is used to
characterise the spin glass behaviour. Above Tf the spin glasses behave as
paramagnets, below it a metastable frozen state appears without the usual magnetic
long-range ordering [120].
For ferro- or antiferromagnetic materials there is only one way for the magnetic
moment to arrange below the transition temperature which results in a minimisation
of energy (parallel to each other for ferromagnets and antiparallel for
antiferromagnets). However, due to the randomness of the frozen moment, the spin
glasses exhibit many possible ground state configurations which have the same
energy. This metastable, frozen ground state can be explained by the existence of
frustration [121].
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Figure 1.8. Schematic diagram of a triangular spin lattice with antiferromagnetic
interaction between the nearest neighbouring spins. Due to the frustration, it is
impossible for the third spin to satisfy the requirement of antiferromagnetic coupling
with the surrounding spins [122].

Figure 1.8 illustrates the easiest situation of a completely frustrated spin lattice, which
is a triangular lattice with antiferromagnetic interactions between the nearest
neighbour spins [122]. The two designated spins align antiparallel to each other due
to antiferromagnetic coupling. However, no matter which direction the third spin
takes, the antiferromagnetic requirement cannot be satisfied among both surrounding
spins. In terms of energy consideration, one of the two neighbouring spins will not
have their energy minimised. And also, the energy will be the same in the case of the
frustrated spin pointing up or down, which results in this multi degenerate,
metastable, frozen ground state for the spin glass.

1.4.3 Magnetic Anisotropy
The magnetic moments in a material tend to align along preferred directions, a
property known as magnetic anisotropy. This means that the magnetic properties are
dependent on the direction of the magnetic field applied during the measurements
[117]. The direction in which the specimen tends to be most easily magnetised is
called the easy axis and this tendency of magnetisation is described by the anisotropy
energy (Ea) [117]. Magnetic anisotropy arises from many sources such as the crystal
structure, the shape or some induced micro- or atomic scale texture. It can be
categorised into magnetocrystalline anisotropy, shape anisotropy and induced
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anisotropy [114]. In this section, we will focus on the magnetocrystalline and shape
anisotropy.

Magnetocrystalline Anisotropy
Magnetocrystalline anisotropy is intrinsic to the material. Magnetocrystalline
anisotropy arises from the spin-orbital interaction. Inside a crystalline solid the orbital
angular momentum is often quenched, fixed to the lattice. The spin-orbit interaction
couples the spin angular momentum to orbital, which is fixed to the lattice. This leads
to preferential directions with which the spins can align. The energy used to
magnetise the specimen along the easy axis is the lowest while a higher energy is
needed to make the magnetisation lie in harder directions.
For

a

uniaxial

symmetry material,

such

as

the

hexagonal

cobalt,

the

magnetocrystalline anisotropy energy Ea can be expressed as Eq. 1.7 [117]:

Ea  K1 sin 2   K2 sin 4   

1.7

where K1, K2,… are the anisotropy constants which are characteristic of a given
material and θ is the angle between the anisotropy axis and magnetisation M.
In a cubic symmetry system, this anisotropy energy term can be written as Eq.1.8
[114]:

Ea  K1 (1222  2232  3212 )  K2 12 2232  

1.8

where α1, α2, α3 are the direction cosines of the magnetisation and the x, y, z axes.
It is shown from the experiments that the magnitude of these terms decreases rapidly
as the power increases, therefore only the first term of the polynomial is normally
considered [114].

Shape Anisotropy
The shape anisotropy, as its name suggests, is due to the shape of a magnet associated
with the demagnetising energy. As a material is magnetised in a magnetic field, a
- 38 -

Chapter 1

Introduction

magnetisation M is induced pointing from the north pole to the south pole. However,
a magnetised body produces magnetic poles at the surface which produce a field
known as the demagnetising field, Hd, as it acts in the opposite direction to the
magnetisation. The relationship between the demagnetised field and the magnetisation
M can be expressed as Eq.1.9 [117]:

H d   NM
1.9
where N is a tensor called the demagnetising factor. For an ellipsoidal magnet with
the M orienting along the principal axes of the ellipse, the tensor can be expressed
with the demagnetising factors satisfying N x  N y  N z  1 [117].
In the case of the wire- or needle-like magnet, the factors can be calculated as Nz = 0
and Nx = Ny =1/2 (with elongated direction parallel to z), suggesting that the
magnetisation lies preferentially along the axis of the wire [114].

1.5 Magnetic Properties of Transition Metal Phthalocyanines
Apart from the interesting electro-optical properties found in MPcs, their magnetic
properties have also been extensively studied in the last four decades. In crystal forms
the MPc molecules stack in different columnar structures, such as the herringbone
[26] or brickstack structure [52], as described in Section 1.2. The different stacking
arrangement of molecules, i.e. different interplanar distance and tilting angles
between adjacent columns, are assigned to various crystal polymorphs [51]. It is
known that the magnetic properties of transition MPcs are highly related to their
crystal structures [17] and the d-electron configurations [18].
Most of the transition MPcs which exhibit one or more unpaired electrons are
paramagnetic, however, in some special cases, for instance α-phase FePc and β-phase
MnPc, behave as ferromagnets. The ferromagnetic property of the MPc molecules has
attracted considerable attention due to their potential device applications, such as
magnetic switches or magnetic storage. In this section, the magnetic properties of
MnPc and FePc are briefly reviewed.
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1.5.1 Manganese Phthalocyanine
MnPc single crystals have unique magnetic properties due to the unpaired electrons of
the central ion which couple into magnetic chains when ordered regularly in a crystal
[18, 123]. The electronic configuration on the manganese in the D4h framework of the
molecule has been extensively studied and it is generally agreed that the total spin is
S = 3/2. This has been attributed to a 4A1g state (due to occupancy of two Eg and one
Ag levels) as first proposed by Zener and Gouteman [124] and recently verified by Wu
et al. [125]. Another model by Liao et al. [126] proposed an electronic symmetry of
4

Eg ground state, which is in better agreement with experimental results of MnPc

single molecules but not applicable in the case of crystals. Barraclough et al. showed
ferromagnetic ordering in β-MnPc crystals [127] with a Curie temperature of
approximately 10 K proposed [18, 128, 129]. The ferromagnetic transition has been
attributed to the superexchange through Mn-N···Mn interaction between the nearest
neighbouring ions along the b-axis [128, 130], although a more recent interpretation
utilises a combination of superexchange and indirect exchange [18]. While the
interchain correlations have been proposed to be weakly antiferromagnetic [130], it
has also been suggested that the MnPc crystals are actually isolated ferromagnetic
chains with no three-dimensional ordering [131, 132]. As well as investigations of
bulk MnPc, molecular bean epitaxy (MBE) grown thin films have also been reported
by Yamada et al., with a large magnetic anisotropy observed [133]. The film adopted
the α-polymorph with a negative Weiss constant of -3 K. This indicates a weak
antiferromagnetic interaction, attributed to the stacking arrangement of the molecules
of α-phase MnPc. To the author’s knowledge, the growth and characterisation of
β-polymorph MnPc thin films has not been reported so far.

1.5.2 Iron Phthalocyanine
In the solid state, two polymorphs are normally adopted by FePc, known as α-phase
and β-phase. There are six d-electrons in an iron atom which can occupy orbitals of
different symmetries depending on the specific environment of the molecule. In an
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FePc molecule, due to its D4h point group symmetry, the electron configuration will
lose the degeneracy and the energy levels split up, resulting in different spin state.
Different electron configurations of FePc are still in debate and under investigation
[134-137]. A commonly used model by Dale et al. proposed an S = 1 state with the
electron configuration as (B2g)2 (Eg)3 (A1g)1 [137]. Evangelisti et al. verified this model
on the basis of magnetic measurements performed on the α-phase FePc powder and
also found that the α-phase FePc exhibits strong interactions forming ferromagnetic
chains with a transition temperature Tc ~ 10 K, as well as weak antiferromagnetic
couplings between the chains [19]. For the magnetic property of β-phase FePc,
previous studies have shown that it is paramagnetic [137-139]. The magnetic
anisotropy of FePc molecules was calculated by Wang et al. [140], who reported a
strong planar anisotropy energy, approximately 2.72 meV. Bartolomé et al.
demonstrated the growth of the FePc film deposited on a smooth Au substrate, with
the molecule planes lying almost flat on the substrate, using organic molecular beam
epitaxy. It was observed that the thin films exhibit planar (xy) anisotropy from the
magnetic measurements [141].

1.6 Organic Spintronics
Spintronics is a rapidly developing field which combines the electronic properties
with the spin degree of freedom [142]. For a spintronic device the electron spins are
manipulated to store or carry the information. This can be potentially much faster and
less energy consuming compared with the conventional electronic devices as the
energy used to manipulate electron spins is considerably smaller than dealing with the
charges [143].
One example of spintronic device is the spin valve (SV), which works by making use
of the giant magnetoresistance (GMR) effect, illustrated in Figure 1.9. The structure
consists of two ferromagnetic/ferrimagnetic layers (blue) separated by a non-magnetic
layer (red). The arrow in the ferromagnetic layer represents the direction of the
magnetisation, while the small arrow represents the orientation of the spin polarised
current entering the spin valve [144].
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Figure 1.9. Schematic illustration of a spin valve structure with two ferromagnetic
(labelled in blue) contacts (magnetization denoted by arrows) separated by a nonmagnetic (NM) spacer (labelled in red). One of the contacts is used as spin injector,
the other one as spin detector. For parallel magnetisation of the two FM layers, the
conductance is high (a) while for anti-parallel magnetisation, the conductance
becomes low.

In Figure 1.9 (a), the magnetisation directions in each ferromagnetic layer are parallel
to each other. For electrons with spin orientation parallel to the magnetisation
direction, it is easy for the electrons to pass the valve, thus the electric resistance is
small. On the other hand, Figure 1.9 (b), when the electron beam passes the second
ferromagnetic layer, which has anti-parallel magnetisation direction to the electron
spin orientation, many electrons can be scattered, leading to a much higher resistance.
Two ferromagnetic/ferrimagnetic layers must have different coercive fields, so by
applying an external magnetic field the relative magnetisation directions (parallel or
anti-parallel) can be altered. The spin valve works by controlling the current level as
high (1) or low (0) [145].
Although great efforts have been undertaken to investigate the inorganic spintronic
devices[144], recently the field of organic spintronics has attracted considerable
interest and experienced fast expansion [146, 147]. Organic spintronic devices can
benefit from the features of organic materials, including the low cost, light weight,
transparency, mechanical flexibility and processability [148, 149]. In 2002, Dediu et
al. demonstrated a direct spin polarised injection from a ferromagnetic layer into an
organic semiconductor [150]. This discovery inspired a research group in Utah who
realised a vertical spin valve with an organic active layer [151] two years later in
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2004. The magnetoresistance of the SV is measured as 40% at low temperature,
around 10 K [151]. A polymeric SV structure fabricated by Majumdar et al. shows a
magnetoresistance as high as 80% at 5 K and 1.5% at room temperature by using a
conjugated polymer as the spacer layer [152]. The findings triggered a growing
interest in the field of organic spintronics and subsequently further studies have been
carried out [153-156]. The unique ferromagnetic properties of MPc compounds have
always attracted attention in the field of spintronic applications.
This work aims to investigate and understand the fundamental magnetic properties of
MPc compounds, specifically the MnPc and FePc which can be utilised for potential
organic spintronic devices.

1.7 Thesis Layout
In the subsequent chapters this thesis develops as follows. Chapter 2 serves to
introduce the details of the sample preparation and the thin film growth techniques,
including OMBD and OVPD. The thin film characterisation techniques used in this
work are also described in this chapter.
The properties of MnPc thin films, particularly their magnetic properties are described
in Chapter 3. A series of MnPc thin films with different growth conditions are
prepared using the OVPD method. The first part (Section 3.1) describes the
morphology, crystal structure and magnetic properties of various MnPc films grown
with different deposition times. The second part of the chapter (Sections 3.2 and 3.3)
focuses on the comparison between non-templated and templated MnPc film in terms
of the morphological, structural and magnetic characterisations. The magnetic
anisotropy of these films is studied with the magnetic field applied perpendicular and
parallel to the film surface during the measurements.
In Chapter 4 the properties of FePc thin film grown by OMBD are discussed. The
properties of both a non-templated and a templated FePc film are characterised and
compared to understand the magnetic anisotropy.
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By using OVPD a new polymorph of FePc nanowires with high aspect ratio has been
produced. The growth of FePc nanowire structures and the characterisations of the
morphology, crystal structure and magnetic properties of the nanowires are discussed
in Chapter 5.
Finally the overall conclusions and the recommendations for future work are
presented in Chapter 6.
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2. Experimental Methods

In this chapter the growth methods and characterisation techniques used in this study
will be discussed. Organic molecular beam deposition (OMBD) was utilised to grow
films by thermal evaporation at ultrahigh vacuum. As a low-cost alternative to
OMBD, two organic vapour phase deposition (OVPD) systems were built, which give
rise to a large variety of morphologies and nanostructures.
The thin films were characterised using scanning electron microscopy (SEM), X-ray
diffraction (XRD), UV-Visible electron absorption spectroscopy (UV-Vis), and
superconducting quantum interference device (SQUID) magnetometry.

2.1

Substrate and Material Preparation

2.1.1 Substrate Preparation
Thin films were grown on a variety of substrates, depending on the application or
analysis to be performed. Glass slides were used as the substrate for UV-Vis light
absorption spectroscopy and SEM observations of the topography and morphology
due to its optical transparency, flatness and low cost. Silicon substrates were used for
the film thickness calibration as they are easy to cleave, providing a clean surface for
cross section observations. For the study of the magnetic properties of films grown
using OVPD, a thin strip was deposited onto a piece of Kapton, used for its flexibility
and thermal stability.
Before inserting the substrate into the chamber, it needs to be cleaned thoroughly to
avoid introducing any impurities or dust onto the film, which may affect the film
growth and characterising processes. In this work, all the substrates were immersed in
an acetone bath, followed by an isopropanol (IPA) bath and sonicated for ten minutes
in each of the cleaning agents. After the sonication, the substrates were rinsed by IPA
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and dried using a nitrogen gas flow before being loaded into the OVPD or OMBD
chamber.

2.1.2 Raw Material Purification
All of the MPc source materials used in this work are commercially available from
Sigma-Aldrich. When investigating the thin film properties, particularly the magnetic
properties, it is critical that the film is prepared from pure materials. The purchased
powder was therefore further purified before being used as a source material. Figure
2.1 shows the gradient sublimation system used for the MPc powder purification. It
consists of a furnace, inner and outer tubes and a turbo pump.

Figure 2.1: Schematic of the vacuum purification system with a furnace, sample tubes
and turbo pump.

A few grams of raw MPc powder were placed in a quartz crucible, which rested at the
bottom of the inner tube. The inner tube was then inserted into the outer tube and
placed into the furnace. A piece of glass wool was placed at the open end of the inner
tube to prevent the impurities in the MPc from being pumped into the turbo pump.
The temperature of the furnace was pre-programmed and heated up slowly at
0.5°C/min, which allowed most of the impurities to be pumped away before the
sublimation of the raw material. Over two or three days the sublimed MPc was
allowed to condense onto a cooler zone of the inner tube, forming β-phase single
crystals which were needle-like with a length of a few millimetres. The purified
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crystals were collected using non-magnetic tweezers to avoid introducing any
ferromagnetic impurities. To improve the purity further the process can be repeated
using the crystals as the source material. The MnPc and FePc used to deposit thin
films were twice purified single crystals. Other systems, such as the OVPD, were also
used for the raw material purification purposes, discussed in Sections 2.2 and 2.3.

2.2 Organic Vapour Phase Deposition
In this study, all the non-templated and templated MnPc thin films were grown using
a home-built Low-pressure organic vapour phase deposition (LP-OVPD) system.

Figure 2.2. (a) Schematic of the organic vapour phase deposition (OVPD) system with
a three zone furnace and carrier gas control units. Substrates were placed in the lower
temperature zone where the sublimed molecules can condense onto them and form
thin films. (b) The temperature profile of the furnace was measured using a
thermocouple placed inside the chamber in the conditions of flow and pressure
identical to those used during the growths.
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Figure 2.2 shows a schematic illustration of the OVPD system, which was first
described by Baldo et al. [157] as a low cost alternative to high vacuum evaporation
techniques such as OMBD. The source material is thermally evaporated and
transported by a carrier gas flow, for instance N2 or argon, to a cooler region where
the molecules can condense onto substrates to form thin films. Different deposition
parameters, such as substrate temperature, growth time, internal pressure and carrier
gas flow rate, can be modified to control the film growth [22].

2.2.1 Deposition chamber
The deposition chamber consists of 120 cm long quartz tube, with an outer diameter
of 2 cm, placed inside a 150 cm long quartz tube with an outer diameter of 3 cm,
which itself is placed inside a 100 cm long furnace (Carbolite HZS-12/900E). The
source boat, made from a quartz tube with a 2 mm thick porous sintered disc at one
end to homogenize the molecular flow, was placed in the middle of the sublimation
zone as defined below. One end of the outer tube was connected to a rotary pump.
The source material used in this work was MnPc single crystals which were twice
purified by gradient sublimation from commercially available MnPc powder (SigmaAldrich, 98% purity).
The furnace was divided into three zones by thermal insulators. The temperature of
each zone was controlled using a Eurotherm 2416CG temperature programmer. The
temperature of the first zone, sublimation zone, was set to be slightly above the
sublimation temperature (480°C) so that the molecules can be transferred by the
nitrogen carrier flow, through the other zones to the end of the furnace. The second
zone, normalisation zone, was maintained at a lower temperature (440°C) to form a
stabilised flow and temperature pattern. The flow rate was controlled using a mass
flow controller (MKS 1179A) and was usually set to 350 sccm (standard cubic
centimetres per minutes) during the growth. Between the normalisation and the third
zone, deposition zone, at the far end of the tube, a wider heat barrier (12 cm in width)
was used to decrease the temperature rapidly (180°C) so that the molecules could
condense to form a thin film. The films prepared for magnetic measurement were
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grown with a substrate temperature of 270°C, a flow rate of 350 sccm, 6 mbar internal
pressure, for a deposition time of 100 minutes.

2.2.2 Temperature Gradient
The pre-programmed temperature ramping rates in the different zones are shown in
Figure 2.3. The maximum temperatures in the three zones were achieved by ramping
at rates of 20°C/min to 400°C, 380°C and 140°C respectively, dwelling for 20 min,
then heating at a rate of 5°C/min to 10°C less than the final temperatures, dwelling for
10 min, reaching the maximum temperature of 480°C at a rate of 1°C/min. The actual
temperature profile along the furnace, once stable conditions were achieved, was
measured using a thermocouple placed inside the chamber, with the result of the
calibration plotted in Figure 2.2(b). The thermocouple was placed at each point for
two minutes to obtain more stable and accurate readings.
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Figure 2.3. Temperature ramping rates of the OVPD system in the sublimation,
normalisation and deposition zones. The rates were controlled by three Eurotherm
2416CG temperature programmers.
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The substrate was placed 70 cm from the hot end of the furnace, which corresponds to
a temperature of 270 ± 2°C during the non-templated film growth. For the templated
MnPc OVPD films, in order to avoid the sublimation of the PTCDA templating layer,
the substrates were placed 71 cm from the hot end of the furnace, corresponding to a
substrate temperature of 255 ±2°C.

2.3 Organic Vapour Phase Deposition-Elite System
As discussed in section 2.2, the OVPD system can produce thin films with a large
variety of morphologies and crystal structures depending on the growth parameters.
Compared with the OVPD system described in section 2.2, a larger version of the
OVPD system was built for the purposes of film growth as well as raw material
purifications. By varying the growth conditions a new polymorph, with molecular
nanowire structure, of different metal phthalocyanines was obtained. In this section
the set-up of this larger OVPD system is described.

2.3.1 Deposition chamber
The set-up of this larger version of the OVPD system is shown in Figure 2.4. Similar
to the one discussed in Section 2.2, it consists of a furnace, outer and inner quartz
tubes and the nitrogen carrier gas together with the flow control unit. The furnace
used in this set-up is a TMH12/75/750 Elite furnace. In order to distinguish this
system from the previous smaller version, the larger one is referred to as the EliteOVPD, (E-OVPD), after the brand name of the furnace. For the nanowire growth,
twice purified MPc was distributed evenly in a rectangular alumina crucible of
100 mm in length, 10 mm in width and 5 mm in depth. The source crucible was then
placed into the inner tube, which had a length of 180 cm, and inner diameter of 4 cm.
The inner tube was then inserted into the outer tube, with a length of 200 cm and a
diameter of 5.4 cm, and together rested in the furnace, 30 cm away from the edge of
the inner tube. Another difference between the E-OVPD and the previous OVPD
system is that there are no thermal barriers between the zones. The substrate
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temperature decreases rapidly at the end of the furnace, where the tube is in a room
temperature region. Detailed dimensions of this system and the temperature profile at
the stabilised stage are shown in Figure 2.4.

Figure 2.4: A schematic illustration of the large OVPD system, with an Elite
TMH12/75/750 furnace (E-OVPD), used for the Nanowire growth and raw material
purifications. The arrangement of the sample source and the tubes with respect to the
furnace is displayed. The stabilised temperature profile was measured using a thermal
couple moving along the chamber in 2 cm steps.

2.3.2 Temperature Gradient
The furnace is divided into three zones, each 330 mm in length. No thermal barrier
was used between the zones due to the configuration of the system. The temperature
of each zone was controlled by a programmable control unit. The temperatures of the
three zones were set to 480°C, 320°C, and 250°C respectively, along the gas flow
direction. The stabilised temperature profile was measured using a 180 cm long
thermal couple moving along the tube furnace in 2 cm steps, as shown in Figure 2.4.
- 51 -

Chapter 2

Experimental Methods

The MPc source was placed in the first zone, the sublimation zone, which was set at
the highest temperature (480°C) to cause sublimation. The second zone, the
normalisation zone, is set at a lower temperature (320°C) to regulate the flow pattern.
The last zone, the deposition zone, was set at the lowest temperature (250°C) for the
sublimed molecules to condense and form nanostructures. During the deposition, the
flow rate of the nitrogen carrier gas was regulated at 1.0 litre/min (equivalent to
1000 sccm) by a Platon VA flowmeter. No vacuum pumping process was involved
during the growth. The outlet end of the tube was connected to an exhaust pipe with a
trap, used to maintain a stable and clean pressure environment.
For the FePc nanowire growth, a large piece of 25 μm thick Kapton, 125 mm in width
and 800 mm in length, was inserted into the inner tube and used as the substrate,
cleaned according to the procedure described in section 2.1.

2.4 Organic Molecular Beam Deposition
All the FePc non-templated and templated films studied in this work were grown
using an organic molecular beam deposition (OMBD) system from Kurt J. Lesker
Ltd. The system configuration is illustrated in Figure 2.5. It is specially designed with
features that allow accurate control of the film quality as well as the in-situ growth of
multiple films:
(1) Four organic sources, together with two metal sources provide the in-situ
growth for multiple/multilayer films.
(2) The internal pressure is maintained at approximately 10-6 mbar during the
deposition and approximately 10-7 mbar before and after the deposition using
cryogenic pumping.
(3) A three-shelf sample cassette is used to accommodate multiple sample holders
and masks. The whole sample cassette rotates during the deposition which
ensures thin film homogeneity.
(4) A transfer arm is used to bring a sample holder to the deposition shelf without
breaking the vacuum.
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(5) The deposition rate and film thickness are monitored by four calibrated quartz
crystal microbalance (QCM) sensors.
(6) The substrate shutter, set beneath the deposition shelf, is opened when the
deposition rate reaches the desired level and is closed as the final thickness is
achieved.

Figure 2.5: An illustration of the organic molecular beam deposition (OMBD) system
from Kurt J. Lesker Ltd.

The FePc source material used was twice purified FePc powder (Sigma-Aldrich,
98%), obtained by gradient sublimation. The source crucibles were made of alumina
due to its good thermal stability. The FePc material was placed into the crucible and
heated up to the pre-programmed temperatures by resistive wires within a Knudsen
cell. The material was first heated up to a temperature which is lower than the
sublimation temperature to outgas remaining impurities. After the degassing process,
the source temperature was increased above the sublimation point, giving rise to a Pc
molecular beam. Four QCM sensors were used to monitor the deposition rate. Once
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the rate stabilised at the desired level, the substrate shutter was opened and the film
growth began. When the final thickness was achieved, both the substrate shutter and
the source shutter were closed to complete the whole growth process.

2.5 Thickness Calibration of OMBD
The film thickness can be crucial to device manufacturing and is essential in order to
estimate the number of molecules in the film. During the OMBD growth, the film
thickness was monitored by the calibrated QCM sensors. This section describes how
the thickness of the films deposited on silicon was calibrated using SEM.
Cross section SEM observations were used to obtain the real thickness of the OMBD
films. During the OMBD film growth, the final thickness is monitored by QCM
sensors with a given tooling factor. The tooling factor, which is defined as the ratio of
the amount of material deposited on the film and on the QCM sensors, was used as a
calibration parameter for the film thickness determination.
To investigate the MPc film thickness an estimated tooling factor was applied for a
trial growth of a 100 nm CuPc film, grown at 1 Å/s onto a silicon substrate. After the
growth the silicon sample was cleaved and mounted vertically onto an SEM holder
for cross section observations. Based on the thickness observed from SEM, a
corrected tooling factor was obtained by Eq 2.1.

TFCalibrated  TFEstimated  (

TSEM
)
TQCM

2.1

where TFCalibrated and TFEstimated are the tooling factors, TSEM and TQCM are the film
thicknesses from SEM observations and the QCM reading.
An example of the thickness calibration of a 100 nm CuPc film is shown in Figure
2.6. An estimated value of 16 was used for the tooling factor. From Figure 2.6 (a), the
thickness of the film observed using SEM was approximately 200 nm. By applying
Equation 2.1, the tooling factor should change to 32. Figure 2.6 (b) shows an SEM
image of a 100 nm film grown using the calibrated tooling factor value of 32. The
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thickness observed from SEM is consistent with the QCM reading. In addition,
previous calibration using atomic force microscopy (AFM) has shown a surface
roughness of approximately 1.3 nm of a 100 nm thick CuPc OMBD thin film. Due to
the roughness of the film surface and the existence of voids within the film, a rough
estimation of an overall 10% error is taken into account.

Figure 2.6. SEM cross-section observations of different 100 nm thick MnPc OMBD
films; (a) before the calibration with a tooling factor of 16, (b) after the calibration
using a tooling factor of 32.

As discussed in Section 2.9, for the solid thin film samples the film thickness is
proportional to the absorbance of the sample, obeying the Beer-Lambert law. After
the film thickness was calibrated using the cross-section SEM images, the linearity of
the QCM readings was explored. A series of MnPc films grown on glass substrates
with different thicknesses, including 5, 10, 20, 50 and 100 nm, were measured using
UV-Vis absorption spectrometry. Figure 2.7 (a) shows the absorption spectra of films
with various thicknesses and their absorption intensities, obtained by integrating the
Q-band spectra [158], ranging from 550 nm to 900 nm. The integrated intensities are
plotted as a function of measured thicknesses from the calibrated QCM readings,
shown in Figure 2.7 (b). It can be seen from the linear fit that the absorption
intensities of the films obeys the Beer-Lambert law and that the linearity of the QCM
readings are consistent with film thicknesses obtained from the UV-Vis spectra.
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Figure 2.7. (a) UV-Vis absorption spectra of MnPc thin films grown using OMBD
with various thicknesses. (b) The absorption intensities of the films as a function of
the film thickness, obtained from the QCM reading. The linear fit shows that the
integrated intensity is in agreement with the calibrated film thickness, obeying the
Beer-Lambert Law.

2.6 Scanning Electron Microscopy
The scanning electron microscope (SEM) uses a focused beam of high-energy
electrons to generate a variety of signals at the surface of solid specimens. It provides
high resolution images with a three-dimensional appearance of the surface of samples.
Figure 2.8 shows the schematic structure of a scanning electron microscope, including
the electron gun, magnetic lens system, scanning coils, amplifying system and display
system. A high energy electron beam is generated then focused onto the sample by
passing through the magnetic lens focus system. An electric field is applied by the
scanning coils to control the electron beam, allowing it to scan across the sample.
As the electron beam interacts with the sample, different signals are generated from
the varied interaction volume as shown in Figure 2.9. The types of signals produced
include secondary electrons (SE), back-scattered electrons (BSE) and characteristic
X-rays. SE are generated within a few nanometres of the surface because of the low
energy (e.g. < 50 eV) of inelastic scattering. Because the intensity of secondary
emission is strongly dependent on the local morphology and topography of the
sample, the area map is a magnified image of the sample [159].
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Figure 2.8. Schematic illuratration of the configuation of a scanning electron
microscope (SEM).

The conductivity of the MPc thin films is not sufficient to release the electric charge
rapidly as the electron beam scans across the specimen. As a result, high-energy
electrons accumulate on the sample surface and cause thermal and radiation damage
to the film. In order to enhance the conductivity of the sample and eliminate electric
charge during the observation, a thin layer of chromium, normally 15 to 30 Å, was
deposited onto the films using a sputter coating technique.

Figure 2.9: The interaction volume from which secondary electrons (SE), electrons
backscattered (BSE) and X-rays are emitted [160].
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The SEM used in this work was a field emission gun scanning electron microscope
LEO GEMINI 1525 FEGSEM with an optimum resolution of ~3nm. The system
operates at a high vacuum (~10-6 Torr) with the detector setting in the secondary
electrons mode for observing the film morphologies. The conductive chromium layer
was deposited using an Emitech K-575X sputter coater.

2.7 Superconducting Quantum Interference Devices
For organic molecular thin films such as the MPcs, the density of spins is
approximately 7.4 ×1020 /cm3. For a 1 cm2 100 nm thick film, this corresponds to
approximately 7.4 ×1015 molecules. If the material is in an S = 1 state, this number of
molecules leads to a magnetic moment of approximately 1.4 ×10-4 emu. In order to
measure such a small signal, instrument with great sensitivity is essential for
investigating the magnetic properties of thin films. In this work the magnetic
characterisations were performed using a superconducting quantum interference
device (SQUID) magnetometer.
The SQUID is one of the most sensitive magnetometers and can measure magnetic
moments as low as 10−10 Am2 or 10-7 emu [161]. It is therefore used in a wide range
of studies to measure a physical quantity that can be converted to magnetic flux [162].
A DC SQUID consists of a superconducting loop linked with two Josephson
junctions. The Josephson junction is made of two layers of superconducting materials
separated by a very thin insulating layer [163-165]. Superconducting electrons can
tunnel through the potential barrier created by the insulating layer. Figure 2.10 (a)
displays a DC SQUID with two weak links (tunnelling junctions) together with the
pick-up coils in a second order gradiometer.
During a SQUID measurement the sample moves through the pick-up coils of the
gradiometer, along the applied external magnetic field. The changes of magnetic flux
generated in this process induces a current in the gradiometer, which is inductively
coupled to the SQUID through an input coil. When the induced current is larger than
the critical current of the Josephson junctions, a voltage can be detected between the
superconducting rings. The SQUID is configured in such a way that the detected
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voltage is proportional to the electrical current within the SQUID loop. As a result,
the detected output voltage can be converted to the magnetic moment of the sample
[114, 161].
The moment of the sample is measured either as a function of the applied field at a
fixed temperature, known as MH curves, or as a function of the temperature in a fixed
applied field, known as MT curves. Before each moment versus field measurement
the samples were first heated up to 150 K, well above the ordering temperature, and
then cooled down to the specified measuring temperature with no magnetic field
applied. Hysteresis loops at different temperatures were obtained by sweeping the
field from 0 to 7 T, then from 7 T to -7 T and finally back to 7 T. Various magnetic
properties of the material can be determined, such as: the transition temperature, Curie
temperature TC for ferromagnets and Néel temperature TN for anti-ferromagnets; unit
magnetic moment of a single atom/molecule; the saturation magnetisation Msat; and
the coercivities at different temperatures.
For the measurement of the temperature dependent magnetic moment, two different
cooling protocols were used, zero-field cooled, ZFC, and field-cooled, FC. The
samples were first heated up to a high temperature well above the transition point,
normally 150 K for MPc compounds, towards a paramagnetic state of the materials.
The ZFC protocol is to cool down the sample in the absence of a magnetic field to the
lowest temperature, typically 2 K, and then apply the field for the magnetic
measurements. The FC protocol, however, is to cool down the sample in the presence
of an external applied field, with the data collected by heating the sample in the same
field [166]. A difference between the ZFC and FC magnetisation curves is one of the
characteristic features of spin glass behaviour [122].
The magnetic measurements were performed using a Quantum Design Magnetic
Property Measurement System (MPMS) superconducting quantum interference
device (SQUID) magnetometer with a 7 T magnet. With the help of the cryostat
system, a wide range of temperatures from 2 K up to 400 K can be accessed. The
reciprocal sample option (RSO) configuration was used for a better sensitivity and
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signal to noise ratio, with the signal obtained by averaging several scans, typically 3
times, for each measurement.
Figure 2.10 (b) shows a schematic of a second order gradiometer together with the
arrangement of the pick-up coils. Two measuring coils are wound with the same
direction in the middle while two compensation coils are wound with opposite
directions at each side. With this configuration, the noise in the detecting coils can be
significantly reduced.
In order to measure the small signal for the MPc thin film, the samples were deposited
and mounted in a special way to eliminate the background contribution from the
Kapton substrate, a method which was first proposed by Heutz et al. [17]. All the
MnPc and FePc films were grown as a rectangular strip of 3 mm in width in the
middle of a flexible 25 μm thick Kapton substrate, which is then rolled and inserted
into the sample straw. The length of the Kapton substrate at each side was longer than
the scanning length, of the measuring coils, typically 3 cm, of the second order
gradiometer. This arrangement, shown in Figure 2.10 (b), allows for the signal arising
from the Kapton to be compensated, giving no contribution to the magnetic signal.

Figure 2.10: Schematic of (a) the DC SQUID with two Josephson junctions and (b) a
second order gradiometer with the directions of wire wounding. The length of the
Kapton background at each side of the sample is longer than the whole range of the
pick-up coils which allows full cancellation of the background signal from the
substrate.
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2.8 X-ray Diffraction
2.8.1 General Features of Crystals
A crystal can be defined as a three-dimensional repetition of some motif, a group of
atoms or molecules, which arrange in a periodic space pattern [167]. The smallest
repetition unit which makes up the crystal is known as the unit cell. The unit cell is
defined by three vectors, a b and c, which are referred to as the crystal axes. The
volume of a unit cell can be calculated by Vunit = a ·b × c [168]. A schematic of a unit
cell is displayed in Figure 2.11.

Figure 2.11: A schematic of the structure of a three-dimensional unit cell showing the
three crystal axes, a b and c, and the angles between them (α β and γ).

In a crystal, a crystallographic plane with a certain direction can be described by a set
of three integers, h k and l, which are referred to as the Miller indices. The Miller
indices can be obtained by taking the reciprocals of the intercepts of the
crystallographic plane along x, y and z axes. The notation of (hkl) represents a set of
crystallographic planes while [hkl] represents a vector with the direction
perpendicular to the (hkl) planes [167]. Figure 2.12 shows an example of Miller
indices of some important planes in a cubic unit cell.
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Figure 2.12: Miller indices of some important planes in a cubic crystal.

2.8.2 Bragg’s Law
X-ray diffraction (XRD) is a non-destructive analytical technique which can be used
to determine the crystal structures of materials. In most crystals, the size and distance
between atoms is comparable to the wavelength of X-rays [169]. The repeated pattern
of the crystal lattice acts like a diffraction grating for X-rays, as shown in Figure 2.13.

Figure 2.13: A schematic showing X-ray diffraction from a crystal lattice in which the
scattering centres (atoms or molecules) are shown as spheres and the X-ray beam
shown as solid line with arrows. As noted in the figure, θ is the incident angle of the
X-ray beam, d is the lattice spacing between the crystal planes and λ is the wavelength
of the X-ray.
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The incident X-ray beam will be scattered by the atoms or molecules of the material,
with the scattered X-rays interfering destructively when they are out of phase. At
certain directions, however, where the outgoing X-rays are in phase, constructive
interference will occur leading to high intensities of X-rays received by the detector.
Figure 2.13 illustrates the diffraction of two X-ray beams with an incident angle of θ
between the incoming beam and the sample surface. For constructive interference the
optical path difference, δ, should be an integer multiple of the wavelength of the Xray, which can be expressed as:

  2d  sin   n

2.2

where d is the inter-planar spacing, θ is the Bragg angle, n is the order of diffraction,
and λ is the wavelength of the incident x-ray. This relationship is known as Bragg’s
Law [169].

2.8.3 Scherrer formula
The average size of crystallites smaller than 200 nm, can be estimated from the
broadening of the diffraction peak [168]. The relationship between the width of a
diffraction peak and the size of the crystallites is described by the Scherrer Equation
[168]:

LScherrer 

K
B  2  cos

2.3
where LScherrer is the average crystal dimension perpendicular to the reflecting plane, K
is the correction factor, λ is the wavelength of the X-ray, B(2θ) is the full width at half
maximum (FWHM) in radians of the diffraction peak and θ is the Bragg angle. Note
that the value of the correction factor K is normally around 1 but can vary due to the
different shapes of crystallites, which gives rise to an error of up to 20% for the grain
size [103].
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Figure 2.14. Schematic illustration showing the diffractometer configuration in a θ-2θ
operation mode.

In this work, the crystal structure was studied using a Panalytical X’Pert PRO MPD
X-Ray diffractometer, with Ni filtered Cu Kα radiation, λ = 1.54 Å, at 40 kV and 40
mA. The XRD scans were operated in a θ-2θ mode, see Figure 2.14, in the range of 5°
to 30°of 2θ angle with a step size of 0.33ºand a scan time of approximately 10 min.

2.9 UV-Visible Absorption Spectroscopy
The UV-Visible absorption spectroscopy is a common technique for probing the
electronic levels of solid, thin films and relatively diluted solutions within the
wavelength range of 200 nm to 1100 nm.
Considering the chemical bonds, the electrons which are of interest in ultravioletvisible absorption spectroscopy are σ-electrons which form a single bond, π-electrons
which form double bonds and n electrons which do not form a bond [132]. In organic
molecules, the different energy levels of electrons are σ*>π*>n>π>σ, where *
represents the anti-bonding electrons. After absorbing energy, electrons can be excited
to a higher energy level. This excitation can take place between bonding and antibonding levels (π to π* or σ to σ*), or between non-bonding and anti-bonding levels
(n to π* or n to σ*) [29, 170]. The molecular electronic energy levels and the possible
electronic transitions are displayed in Figure 2.15.
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Figure 2.15: Energy levels of possible electronic transitions [132].

Excitation to the σ* states usually occurs at wavelengths less than 200nm, which is
not within the detector range of the UV-Vis spectrometer. The transition between π to
π* state, known as the Q-band for phthalocyanines [14, 158], is the most important
transition in this study as it gives the most intense absorption peak and represents the
excitation from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of phthalocyanine molecules. Due to the
different molecular vibration modes, extra peaks or shoulders can be observed in the
spectrum.
Figure 2.16 shows a schematic of the optical path of the spectrometer. Light with a
single wavelength is selected by a monochromator and then split into two beams, a
sample beam and a reference beam. Two detectors are used to measure the incident
intensity of each beam. One of the beams with intensity Io irradiates the sample,
inducing electronic transitions, and exits the sample with a weaker intensity It due to
absorption. Here the absorbance (A) is defined as the logarithmic ratio between the
intensities of the incident (Io) and transmitted light (It).

A  log

Io
It
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The relationship between the absorbance, concentration and thickness of the sample
can be expressed by the Beer-Lambert Law, as in Eq 2.5:

A   bc

2.5

where b is the length of the optical path, c is the concentration of the absorbing
species and ε is the molar absorption coefficient, which is a characteristic constant for
a certain compound at a certain wavelength. In terms of solid thin film samples, this
relationship can be described as proportional to the absorptivity (α) and the film
thickness (L). In practice, the film thickness can be estimated by integrating the area
under the absorption curve.

A L

2.6

In this work a Perkin Elmer Lambda 25 UV-Vis spectrometer was used to obtain the
UV-Vis absorption spectra, scanning a wavelength range between 300 and 1100 nm.

Halogen lamp

M = Mirror
M1,M4, and M5 = Plane Mirror
M2 = Toroidal Mirror
M3 = Spherical Mirror

M2*
Deuterium
lamp
M1
Filter wheel

Reference
M5

Detector

Slit 1’
M3

Lens

Slit 2’
Beam Splitter
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Grating
(Monochromator)

M4
Sample

Detector

Figure 2.16: An illustration of the UV-Vis spectrometer showing both the sample
beam and the reference beam (redrawn from the Lambda 25 spectrometer user
manual).
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3. Properties of MnPc OVPD Thin Films

As an organic semiconductor, metal phthalocyanines have attracted considerable
attention for a large variety of applications for years. A lot of research has been
carried out to understand its crystal structures [9, 11, 52, 58], morphologies [65, 171],
optical properties [13, 172] and the growth methods for Pc thin films [42, 173, 174].
The manganese phthalocyanine (MnPc), which is known as the first molecular magnet
in the Pc group, has also been extensively investigated for its interesting magnetic
properties [18, 129]. It is known that the magnetic properties of MnPc are closely
related to its structural differences [17]. Previous studies have shown that the MnPc
thin films prepared using organic molecular beam deposition (OMBD), in its
α-polymorph form, is known to be weakly antiferromagnetic [17]. For the
β-polymorph MnPc, investigations carried out on single crystals showed that it
exhibits ferromagnetic behaviour with a Curie temperature approximately 9 K [127,
175], in a spin state with S = 3/2. The growth of MnPc thin film using MBE was
reported by Yamada et al. and found antiferromagnetic interactions in the film
adopting the α-polymorph [130]. However, to the author’s knowledge, no work has
been performed on the preparation and characterisation of β-phase MnPc thin films.
As most device applications require the deposition of material in its thin film form, it
is important to investigate the growth of the ferromagnetic MnPc material as well as
to understand the thin film properties.
As a low cost alternative to high vacuum evaporation techniques such as OMBD, an
organic vapour phase deposition (OVPD) system was utilised to grow thin films and
nanostructures of phthalocyanines. Our recent studies have shown that thin films [17]
and nanostructures [138] of phthalocyanines can also display magnetic couplings,
although their sign and magnitude depend on the crystal phase adopted by the film.
Therefore, for potential device applications, it is important to investigate their thin
film properties as well as their growth methods.
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In this chapter, the film growth method and the sample preparation details will be
descried. A series of MnPc thin films were prepared using OVPD system and their
properties were characterised by scanning electron microscopy (SEM), X-ray
diffraction (XRD) and superconducting quantum interference devices (SQUID)
magnetometry. Three sets of films were considered, including a non-templated MnPc
film deposited on Kapton substrates with a substrate temperature of 270°C (Section
3.1); a non-templated MnPc film deposited at 255°C (Section 3.2); and a templated
MnPc film grown at 255°C on top of a 20 nm PTCDA templating layer (Section 3.3).
In order to explore the magnetic anisotropy of the MnPc films, two sample
arrangements were used to have the magnetic field applied parallel or perpendicular to
the sample surface for the non-templated and templated MnPc film grown at 255°C.

3.1 MnPc OVPD Thin Films
The preparation, deposition and characterisation of MnPc thin films are described in
this section. MnPc thin films were deposited on Kapton substrates at 270°C using
OVPD. A series of MnPc films with different deposition times, ranging from 60 min
to 300 min were grown. Their morphologies and crystal structures were explored
using SEM and XRD respectively. The magnetic properties were characterised using
SQUID magnetometry for the film deposited for 100 min.

3.1.1 Sample Preparation
Kapton substrates were utilised for the growth of the MnPc thin films due to their
good thermal stability, and more importantly, its flexibility. A schematic of the
detailed dimensions of the sample is displayed in Figure 3.1. The MnPc films were
grown as a rectangular strip 3 mm in width in the middle of a flexible 25 μm thick
Kapton substrate. The strip was then rolled up and inserted into the sample straw for
SQUID measurements. As discussed in section 2.7, in order to compensate the
background contribution from the substrate, the length of the Kapton substrate at each
side was 4 cm, longer than the total scanning length of the SQUID measuring coils. A
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Kapton mask, which has a rectangular hole in the middle, was applied to obtain a
distinct edge of the thin films. Details of the OVPD set-up and the growth conditions
were described in Section 2.2.

Figure 3.1. A schematic of the sample preparation for the growth of MnPc OVPD thin
films with detailed dimensions of the Kapton substrate and the mask. The Kapton
substrate with the MnPc film was then rolled and inserted into a SQUID sample straw
for the magnetic measurements.

3.1.2 Morphology
It is known that a large variety of morphologies of MPc thin films can be obtained
using OVPD [47]. To understand the growth mechanism of MnPc thin films produced
by OVPD, a series of samples with varying deposition times were prepared and their
morphologies were observed by SEM.
The time required to achieve the final stable temperature profile of the furnace, as
shown in Figure 2.3, is about 70 min after switching on the furnace. The growth time
stated in the text is measured from the start of the temperature ramping. Therefore the
film grown for 60 min is indicative of growth at a slightly lower temperature
compared to the other films in the series.
- 69 -

Chapter 3

Properties of MnPc OVPD Thin Films

Figure 3.2 shows the morphology of MnPc films deposited on Kapton substrates with
growth times ranging from 60 to 300 min. Two kinds of crystallites can be found at
the onset of growth: nearly cubic (marked by a white triangle) with side length of
300 nm to 400 nm and elongated (marked by a white circle) with a width of typically
400 nm and length of 2 to 3 µm, see Figure 3.2 (a). These two morphologies in the
60 min film suggest that two different growth regimes occur during the initial stage of
growth. In the 70 min film (Figure 3.2 (b)) similar morphologies can be observed,
though the crystallites have grown larger and denser. As the deposition time extends
to 100 min, shown in Figure 3.2 (c), this trend continues and leads to much wider
crystals, although the nucleation density stays approximately constant, with the two
kinds of morphologies of cubic and elongated crystallites retained. For longer
deposition times, the crystallites start to merge and form much larger crystals. As can
be seen from Figure 3.2 (d), after 150 min the elongated crystals become larger and
start to dominate the morphology on the substrate surface. Vertical growth of thinner
wires, which emerge from the background of dense large elongated platelets, is most
likely originating from the cubic precursors identified at the onset of the growth. In
the film grown for 300 min, shown in Figure 3.2 (e), almost the entire surface is
covered with much wider (typically at least one micron wide) elongated crystals. The
thin structures have almost disappeared, either because they have been flattened and
embedded in the growing film or through post-growth diffusion in a process similar to
Ostwald ripening.
Cross-section SEM images of MnPc films were also obtained, shown in Figure 3.2 (f).
As expected, the films become thicker as the growth time increases. However, the
film surface is very rough and porous, which leads to difficulty in determining the
actual film thickness. For the films grown for 100 min, the two types of crystallites
lying down and vertical to the substrate can be clearly identified, shown in Figure
3.2 (f). As the film gets denser and thicker, crystallites tend to lie down on the
substrate. The film with 100 min growth time was chosen for the magnetic
characterisation as the film is entirely covered by both cubic and elongated
crystallites.
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Figure 3.2. Representative FEG-SEM images showing the different morphologies of
MnPc OVPD films deposited at 270°C for different growth times on Kapton
substrates. At 60 min deposition time (a) both cubic (marked by a triangle) and
elongated (marked by a circle) crystallites can be observed. After 70 min deposition
time (b) crystallites grow bigger and more numerous. The crystals grow in size after
100 min deposition time (c). The two types of crystals are still observed after 150 min
deposition time (d), whereas crystals start to merge and form more elongated crystals
after 300 min deposition time (e). (f) Cross-section image of the 100 min film
showing the rough and porous surface of the thin film which leads to the difficulties
of film thickness determination from the image. The preparation of the cross-section
also perturbs the appearance of the film with an increased disorder of the crystal
orientations. Note that (f) is on a different scale to (a-e).
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3.1.3 Crystal Structure
XRD measurements were performed in reflection geometry for MnPc films deposited
at 270°C for 100, 150 and 300 min on Kapton substrates, shown in Figure 3.3.
The 100 min film shows XRD peaks at 2θ = 7.1° and 9.2° which correspond to
diffraction from the (001) and (20-1) planes of β-phase MnPc respectively [9, 176].
This crystal phase is typical of Pc films grown at high substrate temperature by OVPD
[65] although to the author’s knowledge, it is the first time that this has been observed
for MnPc. The absence of other diffraction peaks indicates that the film is
preferentially oriented with the (001) and (20-1) planes parallel to the substrate.

300 min
150 min

Intensity (arb.u.)

x0.1

100 min

5.0

(200) (20-2)

(20-1)

(001)

7.5

10.0

2 /

12.5

(002)

15.0

o

Figure 3.3. Reflection XRD scans for MnPc OVPD films deposited at 270°C for
different deposition times of 100, 150 and 300 min. The peaks at 2θ = 7.1° and
2θ = 9.2° are attributed to diffraction from the (001) and (20-1) planes of β-phase
MnPc, respectively. As the deposition time increases the peak from the (001) plane
starts to dominate which implies that the film is increasingly textured. The dashed
lines are the positions of the theoretical peaks of the powder.
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Similar results were obtained in the film when the total growth time was extended to
150 min. The first peak at 2θ = 7.1°doubles in intensity compared to what is observed
at shorter growth time, but the intensity of the second peak at 2θ = 9.2° remains
identical. Therefore, further growth favours the (001) orientation of the crystals onto
the substrate and it is expected that this crystallographic orientation corresponds to the
elongated crystal morphology, whereas the (20-1) can be related to the square
crystals. Furthermore, a new peak appears at 2θ = 10.6°, corresponding to the β-phase
MnPc (200) plane, but it is difficult to attribute its presence to any particular crystal
morphology observed by SEM.
As the deposition time increases to 300 min, diffraction from the (001) plane becomes
much more intense with a second order diffraction peak from the (002) plane
observed at 2θ = 14.1°. The comparatively small increase in the XRD peak from the
(20-1) plane correlates with the absence of square crystals on the film surface, which
is now dominated by elongated crystallites. The clear sharpening of the diffraction
peaks is in agreement with the increased crystal size observed. The (001) and (20-1)
planes are shown in the unit cell in Figure 3.4 and represent the orientation of the
substrate in the thin films that diffract from those planes in the θ-2θ configuration.
While the stacking axis of the columns (b-axis) is parallel to the planes in all cases,
the angle formed between the molecular and crystallographic planes is 77°and 45°for
the (001) and (20-1) cases respectively. The prominence of the (001) plane indicates
that most molecules form an angle of 77°with the substrate and that the herringbone
axis is parallel to the substrate. This orientation is similar to what was previously
observed for -H2Pc films obtained by annealing [54] but the (20-1) orientation has,
to our knowledge, not been observed in such films before.
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Figure 3.4. Schematic diagram of packing motif and the unit cell of β-polymorph
MnPc [9]. The MnPc molecules stack in a herringbone structure with a 90° angle
between the adjacent columns. The crystallographic planes of (a) (001) (red) and (b)
(20-1) (blue) correspond to the diffraction peaks at 2θ = 7.1° and 2θ = 9.2°
respectively. The angles between the molecular plane and the (001) and (20-1) planes
are 77°and 45°.

To further investigate the preferential orientations of the films with different
deposition time, the texture coefficients have been calculated using the following
equation [177]:

TC (hkl ) 

I (hkl ) 1
I (hkl )
/ 
I 0 (hkl ) n n I 0 (hkl )

3.1

where TC(hkl) is the texture coefficient of the considered orientation, I(hkl) is the
relative intensity measured from the certain orientation, Io(hkl) is the relative intensity
theoretically calculated from the powder pattern and n is the number of diffraction
peaks found in the sample. For the films without a preferential orientation along the
considered direction, the texture coefficient TC(hkl) should be unity. However, the
TC(hkl) increases if the film favours a certain orientation and decreases if an
orientation is less favourable.
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Figure 3.5. The texture coefficient TC(hkl) calculated from the diffraction of the (001)
and (20-1) crystallographic planes for different MnPc OVPD thin films. The films
were grown with various deposition times of 100, 150, and 300 min. It can be seen
that the molecules adopt a preferential orientation along the (001) plane as the growth
time increases.

The effect of deposition time on the orientation of the crystallites is shown in Figure
3.5. The texture coefficients were calculated for both the (001) and (20-1) diffraction
planes of the MnPc thin films, deposited for 100, 150, and 300 min. For the film
deposited for 100 min both the TC(001) and TC(20-1) are close to unity, which
suggests that no preferential orientation is adopted at this stage. However, as the
deposition time increases to 150 min the TC(001) rises to approximately 1.3 while
TC(20-1) decreases to approximately 0.7. This shows that the molecules tend to stack
along the (001) plane, rather than the (20-1) plane, as the deposition time is extended.
This trend carries on as the growth time increases to 300 min with the texture
coefficient of (001) and (20-1) reaching 1.4 and 0.6, respectively. The understanding
of the crystallite orientations can help us to further investigate the magnetic properties
of the MnPc thin films.
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Table 3.1. Structural analysis of the MnPc OVPD films deposited for various growth
times from 100 to 300 min. FWHM values were obtained by Gaussian fit of the
diffraction peaks and used to estimate the grain size estimation.
Peak Positions
2θ (°) [±0.1°]

7.1°
(001) plane

9.2°
(20-1) plane

Deposition Time
(min)

FWHM
B(2θ) (°)

Scherrer Size
L (nm)

100

0.11

82 ±16

150

0.10

93 ±19

300

0.07

129 ±26

100

0.15

58 ±12

150

0.15

59 ±12

300

0.12

75 ±15

The average grain size of the MnPc crystallites was estimated using the Scherrer
formula, discussed in Section 2.8.3. It can be seen that for both crystallites, orientated
along the (001) and the (20-1) crystallographic planes, the grain size increases as the
deposition time extends. This is consistent with the conclusion drawn from the SEM
observations discussed in Section 3.1.2.

3.1.4 Film Thickness Determination
Since the films are highly porous, accurate determination of thickness cannot be
achieved by SEM cross-sectional analysis. Instead, in order to calibrate the number of
molecules on the thin film, the MnPc film was completely dissolved and the
absorption intensity of the resultant solution was compared to a calibration curve,
generated with standards of known concentrations.
To prepare stock solutions for thickness calibration measurements, a needle-like
MnPc crystal from the gradient purification weighing 0.18 ±0.01 mg was dissolved in
5 ml of 1-chloronaphthalene. The solution was then diluted into a series of lower
concentrations for UV-Vis absorption measurements. A reference sample with pure
1- chloronaphthalene was used to compensate the contribution from the solvent and
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leave only the spectrum of MnPc. The MnPc film, which had been used for the
magnetic measurements, was dissolved into 5 ml 1-chloronaphthalene for UV-Vis
spectroscopy. The UV-Vis absorption spectrum of the solution has the characteristic
shape of monomer absorption [158], as shown in Figure 3.6. An intense peak can be
found at 726 nm (1.7 eV) for all the stock solution concentrations as well as the
dissolved film. This is due to the first π-π* transition of the Pc ligand, usually referred
to as the Q-band [158]. Small peaks at 520 nm (2.4 eV) are due to the charge transfer
from the Mn2+ ion to the organic ring [178, 179].
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Figure 3.6. UV-Visible absorption spectrum of MnPc crystal and MnPc OVPD film
dissolved in 1-chloronaphthalene and diluted to different concentrations.

There are three main sources of errors in the procedure of preparing the solutions with
different concentrations: one arises from the error of the mass of the single crystal; the
other two are related to the volume, brought about by the error of the volumetric flask
and the adjustable-volume pipette. The mass of the signal crystal is weighed as
0.18 ±0.01 mg, which gives a 5.6% error on the mass; the volume of the volumetric
flask is 5 ±0.02 ml, which gives a 0.4% error; and the adjustable-volume pipette has
an accuracy of 0.8%. As the single crystal was first dissolved in a 5 ml flask and then
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diluted into lower concentrations in another flask, the error in the flask will be
doubled, giving a 0.8% error. The total relative error can be expressed by Eq. 3.1 as:
y
y


max

i

xi
xi

3.1

During this stock solution preparation process, a total relative error of approximately
7.2% could be introduced.
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Figure 3.7. MnPc solution concentration against integrated area of Q-band absorption
spectrum (black squares) following a linear relationship which obeys the BeerLambert law (red solid line). The data point for the OVPD film (black filled circle) is
positioned on the line as given by the Beer – Lambert law from the integrate intensity.
The number of molecules deposited on the film for SQUID analysis can be calculated
as approximately (7.6 ± 0.5) × 1015.

The areas under the Q-band spectrum for three different calibration solutions were
integrated, from 600 to 900 nm, to correlate with the MnPc concentration. Figure 3.7
shows a linear relationship between the solution concentration and the integration
area, which is as expected from the Beer-Lambert law. The number of molecules in
the MnPc film can be determined by plotting the integrated intensity of the Q-band for
the solution used in the SQUID measurements, with a growth time of 100 min. From
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Figure 3.7, the total mass of the MnPc molecules for the sample grown for 100 min
was estimated to be 7.2 ±0.5 µg, corresponding to (7.6 ±0.5) × 1015 MnPc
molecules. For the thin film, an extra error comes from the estimation of the area of
the film which is 114.0 ±4.1 mm2 (a 3.6% error). As a result, the equivalent film
thickness can be calculated as 40 ±4 nm. This is much thinner than the thickness
observed from the cross section image due to the roughness and porosity of the film
surface, shown in Figure 3.2 (f).

3.1.5 Magnetic Properties
As described in Section 3.1.1, the MnPc thin film with 100 min growth time is rolled
and inserted into the sample straw for the magnetic characterisations. During the
measurements, the magnetic field is applied along the sample straw, i.e. parallel to the
substrate surface. The magnetisation of the samples was measured as a function of the
applied field at different temperatures (MH curves) as well as a function of the
temperature at different applied fields (MT curves).
Figure 3.8 shows the field dependent magnetisation curves measured at different
temperatures for the MnPc film. A simulated Brillouin function at 2 K for S = 3/2 and
g = 2, which describes the paramagnetic behaviour, is also plotted to compare with
the results of the β-phase MnPc film with S = 3/2 spin state. As can be clearly seen the
Brillouin function is not a good fit to the data, indicating that the sample is not a
paramagnet. For temperatures below 10 K the magnetic moment increases rapidly to
1.3 μB/Mn as the applied magnetic field is increased to approximately 0.3 T. Further
increase of the magnetic field leads to an increase of the magnetic moment at a lower
rate. This distinct change in susceptibility indicates that the magnetic moments in the
film are ferromagnetically ordered.
The magnetisation does not appear to saturate, even at the highest field of 7 T, in
contrast to the behaviour expected for a paramagnet, shown by the Brillouin function,
which does saturate at 3 μB/Mn at 5 T. The magnetic moment increases almost
linearly from 2 T and reaches approximately 2.6 μB/Mn at 7 T, which is close to the
3.0 μB/Mn expected for the S = 3/2 state of MnPc. The gradual increase in
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magnetisation at fields higher than 1 T implies canted ferromagnetism where the
applied field is not parallel to the preferred spin orientation of MnPc molecules [130].
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Figure 3.8. Magnetisation versus applied field curves at different temperatures of the
270°C MnPc film. Full hysteresis loops were measured at 2, 4 and 10 K; only the
virgin curves from 0 to 7 T were measured for other temperatures. The Brillouin
function at 2 K is shown as a solid line for S = 3/2 and g = 2. For measurements below
10 K, the magnetisation at small fields increases rapidly followed by a slower increase
of the magnetisation from 1 to 7 T. This trend shows a canted-ferromagnetic
behaviour of the MnPc OVPD film.

Figure 3.9 illustrates the changes of the magnetic moment alignment as the applied
external magnetic field increases, proposed by Awaga et al. [130]. The MnPc
magnetic moment has axial anisotropy, and in zero applied field four kinds of
magnetic domains can exist depending on the relative orientation of the spin chains in
the neighbouring columns, shown in Figure 3.9 (a). When an external field is applied
parallel to the b-axis, the four domains will no longer be degenerate and the domain
with the moments closest to the direction of the field will dominate. This gives rise to
a significant increase of the magnetic moment at the onset of magnetisation, shown in
Figure 3.9 (b). As there is a 45°angle between the molecular spin moment and the
b-axis, the moments will need to overcome the magnetic anisotropy to align parallel
- 80 -

Chapter 3

Properties of MnPc OVPD Thin Films

with the field, resulting in the slow increase of magnetisation at fields between 1 and
7 T, see Figure 3.9 (c). As a result, the magnetisation will continue to increase at
higher fields and saturation is not attained within the fields accessible in this study.
This canted ferromagnetism has also been discussed by Mitra et al. in terms of the
strong magnetic anisotropy of MnPc [129]. As the grains are randomly oriented
azimuthally on the substrate, with the crystallographic b-axis and field parallel to it,
the interpretation using the four different configurations of the easy magnetic axis
provide a reasonable account of the data.

Figure 3.9. Change in the magnetic moment alignments in the ordered state of MnPc
with increasing field along the b-axis. Two arrows show the moments on the
neighbouring chains. (a) Four kinds of magnetic domains at zero field. (b) Single
domain under the applied magnetic field. (c) Rotation of the magnetic moments
towards the higher magnetic field [130].

Figure 3.10 shows the hysteresis loops of the MnPc film obtained at T = 2, 4 and
10 K. Coercive fields of 9 and 1.5 mT are observed at 2 and 4 K, respectively. No
hysteresis is observed at 10 K. These coercivities are higher than the values
previously reported in the literature for single crystals, i.e. 1.5 mT at 2 K [131].
Figure 3.11 shows the temperature dependent magnetisation curves at different
applied fields of 25 and 50 mT. The magnetisation was measured using both
zero-field cooled (ZFC) and field cooled (FC) protocols.
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Figure 3.10. Hysteresis loops of the 270 °C MnPc film collected at different
temperatures by sweeping the external field between 7 and -7 T. Hysteresis can be
observed for T = 2 K and 4 K with coercive fields of 9 mT and 1.5 mT, respectively.
No coercive field was found for the 10 K measurements.
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Figure 3.11. Magnetisation versus temperature curves of the 270°C MnPc film at
applied fields of 25 and 50 mT using both the ZFC and FC protocol.

As described in Section 2.7, the ZFC consists of cooling the sample in a zero
magnetic field from high temperature above the Curie temperature, whilst in the FC
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protocol the sample is cooled down with the presence of a magnetic field. Note that a
bifurcation of magnetisation between the ZFC and FC curves can be observed,
approximately at 3.4 K.
Two interpretations have been proposed regarding this decrease of magnetisation
observed below 3 K from the ZFC temperature dependent magnetisation curve.
Miyoshi et al. [175] have attributed this effect to the antiferromagnetic coupling
between the neighbouring chains which leads to a partial cancellation of the magnetic
moment. However, the AC susceptibility and heat capacity measurements performed
on β-MnPc single crystal by Taguchi et al. suggest that β-MnPc does not display any
three-dimensional order [131] and that the result is in agreement with a glass-like
transition with a slow relaxation process.
In order to elucidate the nature of this interaction, we performed a detailed estimation
of the energy scales of the temperature and the applied magnetic field. Taking the FC
protocol with the external magnetic field of 50 mT as an example, the difference
between ZFC and FC curves indicates that the energy of 50 mT (corresponding to
2μBB ~ 6.6 × 10-2 K) is sufficient to align the spins along the direction of the applied
field. However, the peak of the magnetisation shown in the ZFC curve occurs at
3.4 K, which is much higher than the energy related to the field. The interpretation of
this bifurcation as weak antiferromagnetic coupling between the chains is not
supported by the data in Figure 3.11 as the thermal energy is two orders of magnitude
higher than the energy from the external field, therefore Miyoshi’s interpretation is
unlikely.
Furthermore, decoupled one-dimensional magnets cannot order at finite temperature,
and the magnetic specific heat data in [131] could be the signature of a broadened
three-dimensional transition. Therefore, a third interpretation of the difference
between the ZFC and FC data is proposed, consistent with what is expected for
single-chain ferromagnets. As the sample is cooled from a high temperature down to
2 K, it experiences a transition from paramagnetic to ferromagnetic behaviour at
around 10 K. Below the transition temperature the magnetisation increases rapidly
due to the ferromagnetic interaction within the individual chains. However, as the
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temperature keeps decreasing, the single chain magnetisations keep rising and induce
frustrated magnetic dipole interactions, which tend to align the chain moments in
opposite direction. At low temperature, they become large enough to compete with
the interchain exchange interactions responsible for the Curie point near 10 K.
Consequently, a decrease of magnetisation can be observed at lower temperature, in
this case 3 K. The effect that the system developed from a paramagnetic state to an
ordered ferromagnetic state and then to a non-magnetic disordered state is referred as
the re-entrant spin glass behaviour [117, 180, 181].
The inverse susceptibility (χ-1) calculated from the temperature dependent
magnetisation, measured at applied fields of 25 and 50 mT for both the ZFC and FC
protocols, is shown in Figure 3.12. By applying a linear fit to the data from 13 K to
25 K, we can extract the ferromagnetic transition temperature of the MnPc film using
the Curie-Weiss law. The ferromagnetic coupling is approximately 10.6 K, somewhat
above the values reported previously for β-phase MnPc crystals which range from 6 to

-1 (mol/m3)

10 K [17, 18, 128, 129].
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Figure 3.12. The inverse differential susceptibility (χ-1) calculated from temperature
dependent magnetisation was collected at 25 and 50 mT for both the ZFC and FC
measurements. A linear fit from 13 to 25 K shows a Curie-Weiss constant of 10.6 K.
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3.2 Magnetic Anisotropy of MnPc OVPD Films
So far, as discussed in the previous section, we have demonstrated the growth of
MnPc molecular thin films with various growth times using OVPD method. The XRD
scans verified that the films adopt the β-polymorph. In addition, SQUID
measurements show that the films exhibit ferromagnetism with a ferromagnetic
coupling of approximately 10 K.
In this section, another set of MnPc films, prepared at a slightly lower substrate
temperature of 255°C, were investigated to explore the effect of the substrate
temperature. Furthermore, in order to understand the magnetic anisotropy of the
MnPc film, the sample was mounted in two configurations so that the magnetic field
can be applied either parallel or perpendicular to the substrate surface. Another reason
for using 255°C as the substrate temperature is to compare with the templated MnPc
film, with this temperature below the sublimation point of the templating PTCDA
layer. More details regarding the templated film will be described in Section 3.3.

3.2.1 Morphology and Crystal Structure
By placing the sample 1 cm further away from the previous position at 270°C, another
MnPc OVPD thin film was produced with a substrate temperature of 255°C. The
growth conditions were kept the same, including the 350 sccm carrier gas flow rate,
6 mbar of the internal pressure and 100 min growth time.
The morphology of the MnPc film deposited at 255°C was observed using SEM. As
can be seen from Figure 3.13, the morphology shares a great similarity with the film
deposited at 270°C. Two forms of crystallites, cubic and elongated ones, can be found
covering the whole substrate surface. The cubic crystallites are approximately 500 nm
in side length whilst the elongated ones are roughly 300 to 400 nm in width and 2 to
3 μm in length. Considering that the films created in this region are roughly
homogeneous, a similar morphology was expected for these two films.
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Figure 3.13. SEM images showing the morphologies of MnPc OVPD films deposited
on a Kapton substrate at 255°C for 100 min. The morphology is very similar to the
MnPc film grown at 270°C for the same deposition time.

3.2.2 Crystal Structure
The crystal structure of the MnPc OVPD films grown at 255°C for 100 min was
determined using XRD with a representative scan shown in Figure 3.14. For
comparison purposes the data obtained from the MnPc film grown at 270°C, for the
same deposition time, are also included. Similar to the 270°C film, two diffraction
peaks at 2θ = 7.1°and 9.2°can be seen for the 255°C MnPc film, corresponding to
diffraction from the (001) and (20-1) crystallographic plane of β-polymorph
respectively. The high intensity of these two diffraction peaks indicates that
crystallites on the film are highly textured along the (001) and (20-1) planes. Note that
the peaks of the 270°C film show a small mismatch, approximately 0.1°, from the
predicted peak positions. This can be attributed to the fact that the film was not
mounted perfectly flat but with a tiny tilting angle.
The texture coefficient for the (001) and (20-1) plane calculated for the 255°C and
270°C MnPc films are listed in Table 3.2. Both the TC(001) and TC(20-1) of the
255ºC film are close to unity, suggesting there is no preferential orientation along
these directions, i.e. approximately half of the crystallites lie along the (001) plane
with an angle of 45ºbetween the molecular plane and the substrate, whilst the other
half stack along the (20-1) plane at an angle of 77º.
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Figure 3.14. XRD patterns of MnPc OVPD films deposited at 270°C (above) and
255°C (below) for 100 min. Diffraction peaks found at 2θ = 7.1°and 9.2°correspond
to the (001) and (20-1) plane of the β-polymorph. The small mismatch with the
predicted peak position found in the 270°C film is attributed to the sample mounting.

Table 3.2 also shows a comparison of the average grain sizes, estimated from the
FWHM of the diffraction peak of both the 270°C and 255°C MnPc films. It can be
seen that the crystallites of the 255°C film are slightly smaller than those of the 270°C
film. Even though this decrease of the grain size is within the estimated error,
determined using the Scherrer formula (Eq. 2.3), the difference in mass between the
two films can also contribute to this effect. As mentioned in Section 2.2, during the
OVPD growth the temperature drops rapidly in the deposition zone to realise the
re-condensation of MPc molecules, forming thin films. Since the position of the
255°C film is 1 cm further away from the source compared with the 270°C sample, it
is plausible that fewer MnPc molecules will be found in the 255°C film, leading to a
smaller crystallite size. Note that the sticking coefficient is temperature dependent,
and should tend to reduce the thickness as the temperature decreases. However, at
these temperatures, it does not seem to vary. This reduction in the number of
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molecules was also confirmed from the mass estimation determined using the UV-Vis
absorption spectrum, presented in Section 3.2.3.

Table 3.2. Structural analysis of the MnPc OVPD films deposited at 270°C and 255°C
for 100 min. The texture coefficients are all close to unity which shows no
preferential orientation is adopted by the crystallites. The average grain size of the
film deposited at 255°C is slightly smaller than that deposited at 270°C, which can be
attributed to a reduction in the number of MnPc molecules in the film and to the error
from the mass estimation.
Peak position
2θ(°)

Tsub (°C)

TC(hkl)

FWHM
B(2θ) (°)

Scherrer Size
L (nm)

7.1°
(001) plane

270

0.98

0.11

82 ±16

255

0.96

0.12

72 ±14

9.2°
(20-1) plane

270

1.02

0.15

59 ±12

255

1.04

0.15

58 ±12

3.2.3 Magnetic Properties MnPc OVPD film (255°C)
The number of molecules of the MnPc OVPD thin film grown at 255°C was obtained
using the same method as that for the 270°C film. Figure 3.15 shows the integrated
intensity of the MnPc absorption spectrum as a function of the solution concentration.
The errors from the MnPc solution preparation and the tested MnPc 255°C thin film
are estimated in the same way as for the 270°C thin film, described in Section 3.1.4.
The total mass of the MnPc thin film deposited at 255°C for 100 min was estimated as
6.5 ±0.5 µg, equivalent to (6.9 ±0.5) × 1015 MnPc molecules. Considering the area of
the film is 114.0 ±4.1 mm2, the film thickness is calculated to be 36 ±4 nm.
Compared with (7.6 ± 0.5) × 1015 molecules obtained from the 270°C film, the
number estimated for the 255°C is approximately 9% less. This is attributed to the
fact that the 255°C film is placed 1 cm further away from the MnPc source, with
fewer molecules carried along as the transfer gas flows along the deposition zone.
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Figure 3.15. MnPc solution concentration against integrated area of the Q-band
absorption spectrum. A linear relationship can be seen, obeying the Beer-Lambert law
(red solid). The number of molecules of the MnPc OVPD film deposited at 255°C
was calculated to be approximately (6.9 ±0.5) × 1015. Insert: UV-Visible absorption
spectrum of MnPc stock solutions and the MnPc film.

The magnetic properties of the MnPc OVPD film deposited at 255°C for 100 min
were characterised using SQUID magnetometry. As for the 270°C MnPc film
presented in Section 3.1, this 255°C MnPc sample was rolled and inserted into a
SQUID sample straw. During the magnetic measurements the magnetic field was
applied along the long axis of the sample, i.e. parallel to the film surface.
Figure 3.16 shows the field dependent magnetisation curves of the 255°C MnPc
OVPD film obtained at various temperatures. Hysteresis loops were measured at 2 K.
Virgin curves from 0 to 7 T were measured for the other temperatures up to 40 K. It
can be seen in the curves obtained at 2, 4 and 10 K that the magnetisation increases
rapidly to 1.1 μB/Mn as the external magnetic field reaches 0.3 T. This sudden
increase of the magnetisation suggests that the film is ferromagnetic with the spins
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aligning parallel to each other at a relatively low magnetic field. As the applied field
is increased, the magnetic moment rises gradually and reaches approximately
2.4 μB/Mn at 7 T. For a spin state of S = 3/2, it is expected that the saturation moment
of magnetisation should be 3 μB/Mn. The fact that the magnetic moment is not fully
saturated and increases with the external field implies that the film has a canted
ferromagnetic behaviour, where the easy axis of the spins is not in the same direction
as the applied magnetic field.
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Figure 3.16. Field dependent magnetisation curves taken at different temperatures for
the MnPc OVPD film grown at 255°C for 100 min. The film was rolled into the
sample straw with the magnetic field applied parallel to the substrate surface during
the SQUID measurements. For measurements below 10 K, the magnetisation at small
fields increases rapidly followed by a slower increase of the magnetisation from 1 to
7 T. The curves show a canted-ferromagnetic behaviour.

The trend of the MH curves of this MnPc film, deposited at 255°C, is very similar to
the MnPc grown at 270°C, which suggests that both films behave as canted
ferromagnets. However, two differences from MH curves of these two films have
been observed. Firstly, the magnetisation at 0.3 T for the 270°C MnPc film is
1.3 μB/Mn while this value drops to 1.1 μB/Mn in the 255°C film. Secondly, the
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magnetisation of the 255°C film at 7 T, measured at 2 K, is about 2.3 μB/Mn. This is
approximately 0.3 μB/Mn lower than the value observed for the 270°C sample.
The decrease of magnetisation can be due to the different orientations of the
crystallites within the films and also to the error from the estimation of the number of
molecules.
As calculated in Section 3.2.2, the texture coefficients TC(001) and TC(20-1) for both
the 270°C and 255°C thin films are all close to unity, indicating that the crystallites do
not have a preferential orientation. The decrease of magnetic moment should therefore
not originate from the orientation of MnPc molecules. On the other hand, recalling
from Section 3.1.4, a 7.2% error was introduced during the estimation of the film
mass when integrating the UV-Vis absorption spectrum. The difference of
magnetisations between the two films lies within this error. Therefore the discrepancy
between the magnetic moment is most likely due to the error in the mass of the films.
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Figure 3.17. Hysteresis loop of the MnPc 255 °C film collected at 2 K by sweeping
the external field between 7 and -7 T. A coercive field of 6 mT can be observed at
2 K.
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The hysteresis loop of the 255°C MnPc film, measured at 2 K, is shown in Figure
3.17. The magnitude of the coercive field is 6 mT, slightly smaller than the value of
9 mT found in the 270°C film. As this small difference of the coercive field is even
less than the gap between each measured point, 10 mT per step in this case, it is
attributed to the experimental error during the measurement.
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Figure 3.18. Magnetisation versus temperature curves for the 255°C MnPc film
measured with the applied fields of 25 and 30 mT using both the ZFC and FC
protocols. The inset is a blown-up version obtained at lower temperatures; showing a
bifurcation of magnetisation between ZFC and FC curves at 3.4 K.

Figure 3.18 shows magnetisation versus temperature curves at different applied fields
of 25 and 30 mT. Notice that between the FC and ZFC curves a bifurcation of
magnetisation can be observed at approximately 3.4 K. This behaviour has also been
observed in the 270°C film. As discussed in Section 3.1.5, this effect is attributed to
the classic re-entrant spin glass behaviour. As the temperature decreases, the magnetic
moment of each molecular chain increases, inducing magnetic frustration due to the
dipolar interactions between the neighbouring chains. This eventually leads to a
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decrease of the magnetisation found in the ZFC temperature dependent magnetisation
curves. The inverse differential susceptibility (χ-1) against temperature curves are
shown in Figure 3.19. By applying a linear fit to the data from 14 to 30 K, a
Curie-Weiss constant is found to be approximately 9.4 K.
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Figure 3.19. The temperature dependent inverse differential susceptibility (χ-1) of the
255°C MnPc film. A linear Curie-Weiss fit from 14 to 30 K shows a ferromagnetic
exchange coupling of approximately 9.4 K.

3.2.4 Magnetic Properties MnPc OVPD film (255°C, piled configuration)
Due to the limit of the SQUID configuration, the external magnetic field can only be
applied along the long axis of the sample straw, i.e. parallel to the substrate surface
when the film is rolled up in the straw. However, for the investigation of the magnetic
anisotropy of the MnPc films, the magnetic field needs to be applied both parallel and
perpendicular to the surface. In this section the results of the magnetic measurements
performed on the same 255°C MnPc thin film, discussed in Section 3.2.3, will be
presented but with the magnetic field applied perpendicular to the film surface. The
magnetic measurements of the 270°C thin film are also included, with the orientation
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of the crystallites taken into account when trying to understand their magnetic
behaviours.
The procedure of mounting the MnPc thin film perpendicular to the external field is
illustrated in Figure 3.20. After the MnPc 255°C thin film sample was being tested as
a roll, it was taken out from the straw, cut into 3 mm × 3 mm square pieces, and piled
up into a column. The whole column was then inserted into a sample straw vertically
with the film surface lying perpendicular to the longitudinal direction of the straw.
Two Kapton rolls were then inserted to fix the sample at each side. With this
arrangement, the external field can be applied perpendicular to the film surface during
the measurements. This sample arrangement is not ideal as it is difficult to
compensate fully for the background signal arising from the Kapton substrates.
Subsequently, a small diamagnetic signal is superimposed onto the curves. This
contribution was determined from analysis of the temperature dependent
magnetisation curves and subsequently removed from the data for presentation
purposes.

Figure 3.20. Schematic of the sample mounted in the piled configuration allowing the
external field to be applied perpendicular to the film surface during the SQUID
measurement. The sample strip is cut into small square pieces, piled into a column
and then inserted into a sample straw.
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In order to distinguish between the two configurations, the film which is rolled into
the straw, with the external field pointing parallel to the substrate, will be referred to
as the rolled configuration. For the case where the small square film pieces were piled
into a column, with the field applied perpendicular to the substrate, it will be referred
to as the piled configuration.
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Figure 3.21. Magnetisation versus applied field curves for the 255°C MnPc OVPD
film arranged in the piled configuration with the external field applied perpendicular
to the substrate surface. The shape of the MH curves suggests a canted ferromagnetic
behaviour.

Figure 3.21 shows the field dependent magnetisation curves of the 255°C MnPc film
mounted in the piled configuration, allowing the external magnetic field to be applied
perpendicular to the film surface. The results are similar to those obtained in the
rolled configuration. However, a close look at the shape of these field dependent
magnetisation curves shows the differences between both configurations.
Figure 3.22 compares the field dependent magnetisation curves at 2 K from three sets
of experiments, the 270°C film mounted in the rolled configuration, as well as the
255°C film mounted in both the rolled and piled configurations. The shape of the
magnetisation curves for the 270°C and 255°C film, measured in the rolled
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configuration, look very similar up to approximately 4 T. The overall magnetic
moment of the 255°C film is slightly smaller than that of the 270°C sample. This is
attributed to the error in estimating the number of molecules in the films. In addition,
it can be seen that the initial point of magnetisation is not always at the origin. This is
a systematic error, most probably due to that the magnet is not properly demagnetised.
The difference between these two curves is insignificant and therefore can be
neglected. Above 4 T, the magnetisation of the 255°C film does not increase as fast as
the 270°C film, with the two curves starting to deviate. Recalling the discussion in
Section 3.1.5, as a high magnetic field is applied the molecular spin moments start to
align parallel to the field direction, giving rise to a slow increase of magnetisation
observed between 1 and 7 T. It should be noted that in this region the field step size is
four times smaller for the 270°C film than the 255°C one, i.e. the 270°C film is
exposed to a high magnetic field for a much longer time. It is believed that this longer
measurement period gives the spin moment more time to respond to the external field,
leading to the larger magnetic moment found in the 270°C sample.
2.8

Magnetisation (B/Mn)

2.4
2.0
1.6
1.2
0.8
o

270 C, H parallel to Film
o
255 C, H parallel to Film
o
255 C, H perpendicular to Film

0.4
0.0
0

1

2

3
4
Field (T)

5

6

7

Figure 3.22. Comparisons between the field dependent magnetisation curves at 2 K of
different MnPc OVPD films deposited at 270°C and 255°C for 100 min. Two sets of
measurements were performed on the 255°C film with the external field applied both
parallel and perpendicular to the substrate at each time.
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When analysing the 255°C film, measured in both the rolled and piled configurations,
it can be seen that the main difference between the two curves occurs at lower fields,
rather than in the high field region. The shape of these two curves appears almost
identical between 3 and 7 T, as the time between each field is identical for the
measurements. When measured in the piled configuration, the sample has a slightly
lower magnetic moment. This is most likely due to the loss of a small amount of
material during the mounting procedure. However, the magnetisation discrepancy
between the two configurations becomes more significant at 0.3 T, with 1.1 μB/Mn
and 0.7 μB/Mn found for the rolled and piled configurations, respectively. This can be
explained by considering the molecular orientation of the crystallites on the film. As
discussed in Section 3.2.2 two XRD peaks were observed in the 255°C thin film,
corresponding to diffraction from the (001) and (20-1) crystallographic planes of
MnPc in the β-polymorph. Figure 3.23 illustrates the molecular orientations of
β-polymorph MnPc stacking along these two planes. For the (001) plane, the
molecules stack with a 77° angle between the molecular plane and the substrate
surface, whilst for the (20-1) plane the angle becomes 45°.

Figure 3.23. The molecular orientations of β-polymorph MnPc moleclues stacking
along the (a) (001) and (b) (20-1) crystallographic planes. When mounted in the rolled
or piled configuration, a different component of the magnetic moment is measured,
leading to a difference in the shape of the field dependent magnetisation curves.
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During the magnetic measurements, only the longitudinal component of the magnetic
moment (parallel to the applied field) can be detected. For the MnPc film mounted in
the rolled configuration, this component can be considered as S ·sin(77°) and
S ·sin(45°) for the (001) and (20-1) planes respectively, where S represents the
magnetic moment of the molecular spin (see Figure 3.23 (a)). However, these
components become S ·sin(13°) and S ·sin(45°) if the sample is mounted in a piled
configuration with the external field pointing perpendicular to the substrate (see
Figure 3.23 (b)). Previous calculations of the texture coefficients of the 255°C MnPc
film showed that the (001) and (20-1) orientations are almost equally favourable for
the MnPc molecules, with both TC(001) and TC(20-1) close to unity.
By assuming that there is approximately an equal number of molecules in each
orientation, the ratio of the magnetisation for the rolled and piled configurations can
be estimated by:
(S ·sin(77°) + S ·sin(45°)) / (S ·sin(13°) + S ·sin(45°)) = 1.8
This is in good agreement with the ratio obtained from the experimental data, at low
fields of 0.3 T, calculated to be 1.6. Therefore the difference in the shape of field
dependent magnetisation curves, between the rolled and piled configurations, can be
attributed to the magnetic anisotropy and the molecular orientations that the MnPc
molecules adopt. In addition, the data obtained from the SQUID measurements are
also consistent with the structural analysis, based on the XRD scans.
A blown-up version of the hysteresis loop, measured at 2 K, shows a coercive field of
approximately 4 mT for the MnPc 255 °C film mounted in the piled configuration,
shown in Figure 3.24. This coercivity is almost the same as that obtained when
measured in the rolled configuration.
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Figure 3.24. Hysteresis loops of the 255°C MnPc film mounted in the piled
configuration, with the field pointing perpendicular to the substrate. A coercive field
of 4 mT was measured at 2 K.
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Figure 3.25. Magnetisation versus temperature curves of the piled MnPc 255°C film.
The inset is a blown-up version of the graph at lower temperature showing a
bifurcation of magnetisation between ZFC and FC curves at 3.4 K.
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Figure 3.25 shows the magnetisation versus temperature curves for the piled 255°C
sample. As observed in the film measured in the rolled configuration, a bifurcation of
magnetisation can be observed at lower temperature, approximately 3.4 K, between
the ZFC and FC curves. This is attributed to the dipolar interaction between the
magnetic chains which causes spin frustration, leading to a decrease of the
magnetisation. Figure 3.26 shows the inverse differential susceptibility obtained for
applied fields of 25 and 30 mT. By fitting to the Curie-Weiss law from 14 to 30 K, a
ferromagnetic transition temperature was found around 8.6 K, slightly smaller than
the temperature measured in the rolled configuration.
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Figure 3.26. The inverse differential susceptibility (χ-1) of the piled MnPc 255°C film
calculated from MT data collected at 25 and 30 mT. A linear Curie-Weiss fit from 14
to 30 K shows a ferromagnetic coupling of approximately 8.6 K.

3.3 Templated MnPc OVPD Thin Films
It has been observed that by depositing Pc thin films onto a layer of perylene-3, 4, 9,
10-tetracarboxylic dianhydride (PTCDA), the texture of the film can be altered [46,
111], with molecules preferentially aligning parallel to the substrate, as opposed to
nearly perpendicular to the substrate when PTCDA is absent. In order to investigate
this templating effect on MnPc thin films, a templated MnPc film was prepared by
- 100 -

Chapter 3

Properties of MnPc OVPD Thin Films

depositing MnPc on top of a 20 nm PTCDA layer using OVPD. The growth
conditions of the templated MnPc film were kept the same as the non-templated
MnPc film discussed in Section 3.2.
In this section the morphological and structural properties of the PTCDA templating
layer were characterised. The properties of the templated MnPc OVPD thin film were
investigated and compared with the non-templated MnPc film grown under the same
conditions. The magnetic measurements were performed on the templated MnPc film
in two configurations, rolled or piled, with the magnetic field applied parallel or
perpendicular to the substrate surface. This allows the magnetic anisotropy of the
MnPc films to be explored.

3.3.1 Sample preparation
The PTCDA layer was deposited on a 25 μm thick Kapton substrate by OMBD. The
pressure of the OMBD system was maintained at approximately 5 × 10-6 mbar. The
deposition rate of 0.1 Å/s and the final thickness of 20 nm were monitored by the
calibrated QCM sensors during the deposition. Details of the sample size and the
preparation process are illustrated in Figure 3.27. The PTCDA layer was grown as a
rectangular strip, 3 mm in width and 38 mm in length, in the middle of a
38 mm × 83 mm Kapton substrate.
It has been found that the PTCDA layer will sublime at temperatures higher than
255°C, so the substrate temperature of 270°C used in section 3.1 could not be used to
create templated films. Consequently the MnPc growth was performed at 255°C by
placing the strip 1 cm away from the 270°C film position. All other growth
parameters were the same as the standard condition, i.e. 6 mbar of internal pressure,
350 sccm of nitrogen flow rate, 100 min deposition time and the same temperature
ramping rate.
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Figure 3.27. Schematic diagram of the sample preparation process of the templated
MnPc OVPD film deposited at 255°C for 100 min. A Kapton mask was introduced to
shadow the substrate leaving only the PTCDA film exposed. The MnPc film was
subsequently deposited onto the templating layer.

A PTCDA layer was deposited onto the substrate through a Kapton mask. Detailed
dimension of the substrate and the mask can be found in Figure 3.27. In order to have
the subsequent MnPc deposited only onto the PTCDA layer, a Kapton mask was
again introduced to shadow the rest of the substrate area. The mask is 83 mm long and
40 mm wide and has a rectangular hole cut in the middle with exactly the same size as
the PTCDA film. The subsequent MnPc layer was therefore only deposited onto the
templating layer as a strip, with the rest of the substrate remaining clean. This allowed
for the background signal to be compensated during the magnetic measurements.

3.3.2 PTCDA Thin Film
In this section the morphology and crystal structure for a 20 nm PTCDA thin film are
investigated using SEM and XRD.
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Figure 3.28. SEM image of a 20 nm PTCDA thin film deposited on Kapton at room
temperature using OMBD.

Figure 3.28 shows a representative SEM image of the surface morphology for a
20 nm PTCDA film deposited by OMBD on Kapton at room temperature. It can be
seen that the PTCDA film contains grains which are roughly spherical with a diameter
of 30 to 40 nm. The grains are, however, slightly elongated and are randomly oriented
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Figure 3.29. XRD scan of 20 nm PTCDA OMBD film grown on Kapton. Inset:
Gaussian fit of the diffraction peak at 2θ = 27.7° with a FWHM of 0.48°,
corresponding to a grain size of 20 ±4 nm.
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The crystal structure of the PTCDA film was determined by XRD with scans obtained
from 5°to 30°. As can be seen in Figure 3.29, only one diffraction peak is visible,
located at 2θ = 27.7°. The FWHM of this peak is 0.48°, corresponding to an estimated
grain size of 20 ±4 nm using the Scherrer formula (Eq 2.3).
It has been reported that PTCDA adopts two polymorphs; the α-polymorph, normally
found in powders; and the β-polymorph, often adopted in thin films [102, 104, 105].
The XRD peak at 2θ = 27.7°corresponds to the diffraction from the (10-2) plane of
β-phase PTCDA. Figure 3.30 displays the orientation of the PTCDA molecules on the
(10-2) plane. It can be seen that the PTCDA molecules lie almost parallel to the
substrate with a small angle of 6° between the molecular plane and the substrate
surface, see Figure 3.30 (a). A top view of the molecular orientation with respect to
the (10-2) plane clearly shows that the PTCDA molecules follow a planar growth on
the substrate, shown in Figure 3.30 (b).

Figure 3.30. The molecular orientation of the (10-2) plane of β-phase PTCDA with
respect to the substrate. (a) PTCDA molecules stack in a herringbone structure with
an angle of 6°between the molecular plane and the (10-2) plane. (b) Top view shows
good planar adhesion of PTCDA molecules on the substrate.

3.3.3 Morphologies of Templated MnPc Films
The morphologies of a non-templated MnPc and a templated MnPc film, observed by
SEM, are shown in Figure 3.31. Both films were deposited under the same conditions
at a substrate temperature of 255°C for 100 min using OVPD.
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As described in Section 3.2, the morphology of the non-templated film grown at
255°C looks very similar to the 270°C MnPc film. Two kinds of crystallites, the cubic
and elongated, can be observed. The size of the cubic crystallites is approximately
500 nm in side length. For the elongated crystallites the width is roughly the same as
the cubic but the length can reach as long as 2 to 3 μm, see Figure 3.31 (a) and (b).

a

b

c

d

Figure 3.31. SEM images taken with different magnifications comparing the
morphologies of (a), (b) a MnPc non-templated OVPD film and (c), (d) a MnPc
templated OVPD film. Both films were grown at 255°C for 100 min.

By introducing a PTCDA templating layer the morphology of the MnPc film changes
significantly. As can be seen in Figure 3.31 (c) and (d), MnPc forms small crystallite
islands on the substrate. These island-like grains are multifaceted with overall lengths
and widths of approximately 500 and 300 nm respectively. Between the MnPc grains
the PTCDA templating layer can be observed. The morphology of the PTCDA film is
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not the same as that found in a single PTCDA layer, see Figure 3.28. The grain
boundaries of the PTCDA crystallites seem to merge and are not as distinct as in the
single layer case. This change of morphology can be attributed to the higher substrate
temperature during the OVPD growth.

3.3.4 Crystal Structure of Templated MnPc Film
The crystal structures of both the non-templated and templated MnPc OVPD films
grown at 255°C for 100 min were determined by XRD, with representative scans
shown in Figure 3.32. In the non-templated film two XRD peaks at 2θ = 7.1°and 9.2°
can be found, corresponding to diffraction from the (001) and (20-1) plane of β-phase
MnPc respectively. This is similar to what was observed from the film deposited at
270°C, see Section 3.1.2.
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Figure 3.32. XRD patterns of a non-templated (above) and templated (below) MnPc
OVPD films deposited at 255°C for 100 min. For the non-templated film two
diffraction peaks found at 2θ = 7.1° and 9.2° correspond to the (001) and (20-1)
planes of β-phase MnPc. However, the diffraction peaks found in the templated film
at 2θ = 27.2°and 28.4°suggest that the film adopts a completely different structure,
the ε-polymorph, with the crystallites lying along the (122) and (132) crystallographic
planes.
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Figure 3.32 displays the XRD pattern of the templated MnPc film deposited at 255°C
for 100 min with the background signal from the substrate and the contribution from
the 20 nm PTCDA templating layer removed. It can clearly be seen that for the
templated MnPc film, diffraction peaks at 2θ = 7.1°and 9.2°were not observed. Two
new peaks appear at 2θ = 27.2°and 28.4°suggest that the texture or structure of the
MnPc is significantly altered by the templating layer. When trying to index these two
new peaks, it was noticed that these two peaks are not present in the powder pattern of
the β-polymorph MnPc. This implies that the presence of the PTCDA layer
effectively templates the subsequent MnPc film and changes it into a new crystalline
phase. As the β-polymorph is excluded, other polymorphs were investigated for the
peak indexing. The position of these two peaks found in the templated film was then
compared with other MPc polymorphs, however, no match was found between any
commonly adopted polymorph, including the α-polymorph. As the α-polymorph is
normally obtained during room temperature growth and consists of small spherical
crystallites, it is expected that the templated film will not adopt this polymorph since
the substrate temperature is much higher and its morphology is distinct from the
spherical grains. Further investigation has shown that both peaks at 2θ = 27.2°and
28.4° are consistent with diffraction from the (122) and (132) planes of the
ε-polymorph proposed by Erk et al. [58].
The molecular orientations of the (122) and (132) crystallographic planes in the unit
cell of the ε-polymorph MnPc are shown in Figure 3.33. In the ε-polymorph, MnPc
molecules stack in a herringbone structure with an angle of 126.4°between molecules
in adjacent columns. The angle between the molecular planes and the (122)
crystallographic plane are 43.5°and 10.8°for the two different molecular orientations
within the crystal, shown in Figure 3.33 (a). For the (132) plane, these two angles
become 51.0°and 4.4°, shown in Figure 3.33 (b).
In addition, for the non-templated MnPc film, the stacking axis lies parallel to the
substrate. However, in the case of the templated film, the stacking axis tends to orient
more perpendicular to the substrate surface with the MnPc molecules lying almost flat
on the substrate. As discussed in section 3.2.2, the PTCDA molecules arrange almost
parallel to the substrate surface along the (102) plane. Consequently, this initial
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molecular layer changes the growth of the subsequent MnPc film and templates the
MnPc molecules in one column to lie more parallel to the substrate.
By introducing a templating layer of PTCDA, not only is the texture of the subsequent
MnPc OVPD film altered, the crystal structure of the film changes from β-polymorph
in the non-templated case to ε-polymorph. To the author’s knowledge, this is the first
time the ε-polymorph MnPc has been obtained in thin films.

Figure 3.33. Crystal structure and unit cell of ε-polymorph MnPc with the
crystallographic planes of (a) (122) and (b) (132), corresponding to diffraction peaks
at 2θ = 27.2° and 28.4°, respectively [58]. MnPc molecules stack in a herringbone
structure. The stacking axis orients more perpendicular with respect to the substrate
surface in the templated film compared with lying parallel to the substrate in the
non-templated case.

Table 3.3 summarises the structure analyses of the templated MnPc deposited at
255°C for 100 min, determined by XRD. Results from the non-templated MnPc film
grown under the same conditions are also included for comparison purposes. The high
- 108 -

Chapter 3

Properties of MnPc OVPD Thin Films

peak intensity at 2θ = 28.4° implies that the film is more textured along the (132)
orientation. By using Eq. 3.1, the texture coefficients of TC(122) and TC(132) were
calculated as 0.52 and 1.48 respectively, which is in agreement with the results from
the XRD scans. In addition, the average grain size of the templated film is estimated
as roughly 90 nm, also consistent with the SEM observation, see Figure 3.31.

Table 3.3. Structural analysis of both the non-templated and templated MnPc OVPD
films deposited at 255°C for 100 min. The diffraction peaks at 2θ = 27.2°and 28.4°
indicate that the templated MnPc film adopts the ε-polymorph when deposited on top
of a PTCDA templating layer. The calculated texture coefficients of the templated
film suggests a preferential orientation along the (132) plane. The average grain size
estimated by the Scherrer formula is consistent with the SEM observations.
Peak
positions
2θ (°)

Polymorph

TC(hkl)

FWHM
B(2θ) (°)

Scherrer Size
L (nm)

Nontemplated
film (255 °C)

7.1°

β - (001)

0.98

0.12

72 ±14

9.2°

β - (20-1)

1.02

0.15

58 ±12

Templated
film (255 °C)

27.2°

ε - (122)

0.52

0.11

90 ±18

28.4°

ε - (132)

1.48

0.13

78 ±16

MnPc OVPD
films

3.3.5 Magnetic Properties of Templated MnPc Films
As discussed in the previous section, we have demonstrated the growth of a templated
MnPc thin film using OVPD by depositing MnPc onto a 20 nm PTCDA templating
layer. XRD scans show that the templated MnPc film adopts the ε-polymorph, with
molecules lying almost parallel to the substrate surface in a herringbone structure.
This is the first time a MnPc thin film has been observed in the ε-polymorph. In this
section the magnetic properties of templated MnPc OVPD films deposited at 255°C
were investigated using SQUID magnetometry. Two sets of the magnetic
measurements were performed with the film mounted in both rolled and piled
configurations, the same as those used when measuring the 255°C non-templated
MnPc film. From previous experiences, the magnetic measurements of the PTCDA
strip have shown negligible signal even for centring the sample in the first place,
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suggesting the magnetic moment of the 20 nm thick PTCDA thin films is too small to
be detected using SQUID. In addition, the PTCDA strip used for templating the MnPc
film was only half the size of that used for the attempted SQUID measurements. The
contribution from the PTCDA layer was therefore neglected.
The field dependent magnetisation curves for a templated MnPc film measured in
both configurations are shown in Figure 3.34. Below a field of 0.3 T, with a
temperature below 10 K, the magnetisation increases rapidly to approximately 0.2 and
0.3 μB/Mn in the rolled and piled configurations, respectively. As the external field is
increased further, the magnetic moment rises almost linearly from 1 T to 7 T. This
gradual increase of magnetic moment found in both samples indicates that the
ε-polymorph MnPc film exhibits canted ferromagnetic behaviour. This is similar to
the behaviour found in the β-phase MnPc films. It can also be seen that in the rolled
configuration the magnetic moment increases to approximately 1.7 μB/Mn at 7 T
whilst in the piled configuration the moment reaches approximately 2.4 μB/Mn. This
difference in magnetisation can be explained in terms of the molecular orientation
adopted by the templated film. As shown in Figure 3.33, in the templated film the
MnPc molecules tend to lie almost parallel, at a small angle of just 4°or 10°, to the
substrate. Due to the axial anisotropy of MnPc magnetic moment, the magnetisation
should be larger if an external field is applied perpendicular, rather than parallel, to
the film surface. This explains the observation of a larger magnetic moment when the
sample is mounted in the piled configuration. It can also be seen that in the piled
configuration, below 10 K, the sample magnetisation increases steadily up to a field
of approximately 4 T, at which point a small increase occurs. The exact origin of this
effect is unknown but a possible explanation is proposed. As shown in Figure 3.33,
the MnPc molecules in the templated film adopt two different orientations with
molecules nearly parallel or at an angle of approximately 50° to the substrate in
neighbouring columns. As the field is applied perpendicular to the substrate, the
magnetic moment of the molecules adopting the flat orientation should be easy to
align with the field, leading to a quick saturation of magnetisation whilst in the other
orientation the magnetic moment rises slowly as the field increases due to the canted
ferromagnetic behaviour. The overall magnetisation will be a superposition of these
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two cases, so the step in the magnetisation curve can be attributed to the point at
which the field becomes large enough to overcome the magnetic anisotropy in the
templated film.
The hysteresis loops of both the rolled and the piled templated MnPc film, measured
at 2 K, are shown in Figure 3.35. The shape of the loops is very similar but a higher
magnetisation was measured in the piled configuration. The coercive fields measured
in the rolled and piled configurations are 30 and 40 mT respectively. These are
significantly larger than the values observed in the non-templated film, which were 6
and 4 mT in the rolled and piled configurations, respectively.
The magnetisation versus temperature curves of the templated MnPc film are shown
in Figure 3.36. As the temperature decreases below approximately 10 K, the
magnetisation starts to increase dramatically, indicating that the ε-phase MnPc film
behaves as ferromagnet below this temperature. As the temperature further decreases,
a bifurcation of magnetisation can be observed at 4.4 K from the ZFC curves. A
similar effect was also observed in non-templated MnPc OVPD films.
The differential inverse susceptibility of the templated 255 °C film is shown in Figure
3.37. By applying a Curie-Weiss fit from 10 to 25 K, a ferromagnetic coupling was
extrapolated to be approximately 6.5 K for the ε-phase templated MnPc film, slightly
lower than 9 K obtained in the β-phase non-templated film. This decrease in Curie
constant is attributed to the longer intrachain distance between the FePc molecules.
The projections of two adjacent molecules within a molecular chain in the β- and
ε-polymorph are shown in Figure 1.3. The intrachain distance between the
neighbouring molecules increases as the crystal structure changes from β-phase to
ε-phase. This leads to a weaker intrachain exchange coupling within the chain and
subsequently a lower ferromagnetic transition temperature, observed in the templated
ε-phase MnPc film.
A summary of the structural analysis and magnetic characterisations of all three sets
of MnPc films grown for 100 min using OVPD is shown in Table 3.4.
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Figure 3.34. Magnetisation versus field curves of a templated MnPc film grown at
255°C. The film was mounted in two configurations: (a) rolled, with the magnetic
field applied parallel to the substrate, and (b) piled, with the magnetic field applied
perpendicular to the substrate. The slower increase of magnetisation observed in the
rolled configuration indicates that the field is applied along the hard axis. This
observation is consistent with the structural analysis of the templated film.
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Figure 3.35. Hysteresis loops of the templated MnPc 255 °C film measured in both
rolled and piled configurations at 2 K. The coercive fields are found to be 30 and
40 mT respectively.
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Figure 3.36. Temperature dependent magnetisation curves of the templated MnPc film
in the (a) rolled and (b) piled configurations. The inset shows the bifurcation of
magnetisation found between ZFC and FC curves at approximately 4.4 K.
- 114 -

Chapter 3

Properties of MnPc OVPD Thin Films

(a)
5

8.0x10

FC
ZFC
5

3

 (mol/m )

6.0x10

5

-1

4.0x10

5

2.0x10

0

5

10

15

20

25

20

25

Temperature (K)

(b)

5

5x10

FC
ZFC

5

-1

3

 (mol/m )

4x10

5

3x10

5

2x10

5

1x10

0

5

10

15

Temperature (K)

Figure 3.37. The inverse differential susceptibility (χ-1) curve of the templated MnPc
film in the (a) rolled and (b) piled configurations. A linear Curie-Weiss fit from 10 to
25 K gives a Curie-Weiss constant of approximately 6.5 K.
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3.4 Conclusions
In this section a series of MnPc films were prepared using OVPD: a set of films
deposited at 270°C for various growth times; a non-templated MnPc film deposited at
255°C for 100 min; and a templated film grown under the same conditions.
The polymorph of films deposited at 270°C was determined by XRD to be β-phase.
The texture coefficients of different crystallographic planes implies a preferential
orientation along the (001) plane as the growth time is extended. SEM images showed
that a large variety of morphologies can be observed, starting from a combination of
cubic and elongated crystallites at low growth times, evolving into fibre-like crystals
for longer growths. The crystallites adopt two main orientations with the stacking axis
parallel to the substrate in both cases. The magnetic properties of MnPc OVPD films
were investigated using SQUID magnetometry. The fact that the field dependent
magnetisation curves do not saturate even at the highest applied magnetic field of 7 T
suggest the presence of canted ferromagnetism. The divergence of the FC and ZFC
temperature dependent magnetisation curves below 3 K is attributed to slow
relaxation of single ferromagnetic chains frozen in a spin glass with no
three-dimensional ordering. A linear fit in the temperature range from 13 to 25 K
yields a Curie-Weiss constant of 10.6 K, consistent with previous measurements on
MnPc β-phase crystals, while the coercive field of the MnPc thin film is higher than
that of the single crystals.
The properties of the film deposited at 255°C are very similar to those deposited at
270°C, indicating the homogeneity of film growth within the deposition zone.
Analysis of the morphologies reveals two kinds of crystallites, the cubic and
elongated ones, covering the whole substrate. XRD scan verifies the β-polymorph of
the film and also indicates that two main orientations, (001) and (20-1), are almost
equally adopted by the crystallites. Two sets of magnetic measurements were
performed on the film mounted in the rolled and piled configurations, with the
external field applied parallel or perpendicular to the film surface respectively. The
overall magnetic behaviour is almost the same as the 270°C film. However, the
difference in the field dependent magnetisation curves between the two mounting
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configurations was interpreted by considering the molecular orientations and the axial
anisotropy of MnPc molecule. Furthermore, this interpretation is also consistent with
the structural analysis from XRD measurements.
A templated MnPc OVPD film has been produced by depositing the material on top
of a templating PTCDA layer. SEM images show a significant change of morphology
from the cubic and elongated crystallites to the island-like crystallites. XRD scans
indicate that not only is the texture of the subsequent MnPc film altered, the crystal
structure of the film is also changed to a new polymorph, the ε-phase. The shape of
the field dependent magnetisation curves suggests that the ε-phase templated MnPc
film also exhibits a canted ferromagnetic behaviour. The difference in the MH curves
between the rolled and piled configurations can be explained in terms of the flat
molecular orientation adopted by the MnPc molecules in the templated film. In
addition, a bifurcation between the ZFC and FC temperature dependent magnetisation
curves found at 4.4 K is attributed to the dipolar interaction between neighbouring
chains, which induces magnetic frustration and leads to a decrease of magnetic
moment. By fitting the Curie-Weiss law from 10 K to 25 K, a ferromagnetic coupling
is found to be 6.5 K.
We have demonstrated the ability to control the morphology and crystal structure of
MnPc thin films using OVPD. Through the use of a templating layer we have been
able to produce the first experimental observation of MnPc films which adopt the
ε-polymorph. The ability to control the crystal structure, and subsequently the
magnetic property, makes these ferromagnetic phthalocyanines promising candidates
for use in future devices.
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Table 3.4. Summary of the crystal structures and the magnetic properties of the MnPc non templated 270°C, non templated 255°C and templated
255°C OVPD thin films grown for 100 min (both 255°C MnPc films were tested in the rolled and piled configurations).

Sample

Growth
Mounting
temperature Polymorph
configuration
(°C)

MnPc
non-templated
film

270°C

β-phase

MnPc
non-templated
film

255°C

β-phase

MnPc
templated film

255°C

Curie-Weiss
constant (K)

Coercive
Temperature of Magnetisation at Magnetisation at
field at 2 K
bifurcation (K) 0.3 T (μB/Mn)
7 T (μB/Mn)
(mT)

Rolled

10.6

9

3.4

1.3

2.6

Rolled

9.7

6

3.4

1.1

2.3

Piled

8.6

4

3.4

0.7

2.1

Rolled

6.5

30

4.4

0.2

1.7

Piled

6.5

40

4.4

0.3

2.4

ε-phase
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4. Properties of FePc OMBD Thin Films

MPc systems can exhibit interesting magnetic properties due to the unpaired spin
accommodated in the divalent metal ion. In the previous chapter we investigated the
magnetic properties of β-phase MnPc thin films grown using OVPD, which exhibit
canted ferromagnetic behaviour with a Curie-Weiss constant around 10 K. Another
transition metal phthalocyanine molecule, FePc, has also received considerable
interest due to its magnetic properties. In the solid state there are two polymorphs
adopted by FePc, α and β-phase. Previous studies of β-phase FePc have shown it
behaves paramagnetically [19, 138]. In the α-phase, however, FePc behaves as a
ferromagnet below approximately 10 K [19], although this was only observed in
powder form, not in thin films. The growth of a textured α-phase FePc thin film was
reported by Bartoloméet al. using OMBE. The film was deposited on top of an Au
buffer layer with the molecular plane almost parallel to the substrate surface [141].
From the magnetic measurements, it was observed that the FePc film exhibits strong
planar (xy) anisotropy, however, the Curie temperature of the film was found to be
approximately 6 K, lower than that of the α-phase FePc powder.
In this chapter a 100 nm non-templated FePc thin film was grown by organic
molecular beam deposition (OMBD). In order to investigate the effect of orientation
on the magnetic properties of FePc, a 100 nm templated FePc film deposited onto a
20 nm PTCDA layer, was also prepared. The morphologies of the molecular thin
films were characterised by SEM and the crystal structures determined by X-ray
diffraction. SQUID measurements were performed on the films to explore the
magnetic properties.

4.1 Sample preparation
The FePc source material used for deposition was purified using a gradient
sublimation system from α-FePc powder (98% purity) which was commercially
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available from Sigma-Aldrich. Kapton thin film was used as the substrate due to its
thermal stability and flexibility. The substrate was cleaned using the procedure
described in section 2.1. The 100 nm FePc film was grown using a commercial Kurt
J. Lesker OMBD system under a vacuum of 3 × 10-6 mbar. For the templated FePc
film, a 20 nm PTCDA layer was deposited onto the Kapton substrate, followed by a
100 nm thick FePc layer on top. During the growth, stable growth rates of 0.5 Å/s and
0.1 Å/s were used for FePc and PTCDA depositions respectively. The deposition rate
and the final thicknesses were monitored by a quartz crystal microbalance (QCM)
sensor, calibrated by the procedure described in Section 2.5.

Figure 4.1. Preparation of the FePc OMBD thin films. A mask with a rectangular hole
in the middle was used for the growth of the SQUID samples. For the templated film,
a 20 nm thick PTCDA strip was deposited first, followed by the FePc layer.

Recalling the discussion in Section 2.7, in order to eliminate the signal arising from
the background substrate, each side of the Kapton was longer than the range of the
measuring coils. This causes the background signals to compensate each other and
cancel out. As shown in Figure 4.1, both of the FePc non-templated and templated
films were grown as a rectangular strip with dimensions 3 mm × 95 mm, in the
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middle of the Kapton substrates. The sample were then rolled up and placed inside
sample straws for magnetic measurements.

4.2 Morphology of the FePc OMBD Films
Representative SEM images of 100 nm non-templated FePc film, 100 nm templated
FePc film and 20 nm PTCDA layer are shown in Figure 4.2. The non-templated film,
shown in Figure 4.2 (a), consists of small spherical grains, with 30 to 40 nm diameter,
uniformly covering the substrate. This morphology, with spherical crystallites, is
normally found in the α-polymorph MPc thin films deposited at room temperature by
OMBD [111]. For the PTCDA templating layer, shown in Figure 4.2 (e), the
morphology is almost the same as the non-templated film, consisting spherical
crystallites approximately 30 to 40 nm in diameter, shown in Figure 4.2 (c).
Both the templated and non-templated films, deposited on silicon substrate from the
same growth batches, were cleaved for cross-sectional SEM observations. As can be
seen in Figure 4.2 (b) and (d), a 100 nm thick layer of FePc was observed in both
cases, with the 20 nm PTCDA templating layer visible in the templated film. This is
consistent with the reading from calibrated QCM sensors.
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Figure 4.2: Representative FEG-SEM images showing the morphologies of FePc thin
films deposited using OMBD. (a) Top view and (b) cross-section images of the
100 nm non-templated FePc film. (c) Top view and (d) cross-section images of the
100 nm templated FePc film, with a 20 nm of templating PTCDA layer underneath.

4.3 Crystal structures of FePc thin films
The XRD patterns obtained from the 100 nm non-templated and templated FePc films
are shown in Figure 4.3. For the 100 nm non-templated FePc film, an intense peak at
2θ = 6.9°was observed, corresponding to diffraction from the (100) plane of α-phase
FePc [52]. The high intensity of this peak and the absence of other peaks suggests that
the film is preferentially grown with the (100) plane parallel to the substrate [52].
Another small peak at 2θ = 13.8°arises from the (200) plane which is the second
harmonic peak. Figure 4.4 (a) shows the (100) plane along with the unit cell of
α-phase FePc. The angle between the crystallographic and molecular plane is 82°,
with the stacking axis parallel to the substrate.
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Figure 4.3: XRD scans from 100 nm non-templated and 100 nm templated FePc
OMBD thin films. An intense diffraction peak found at 2θ = 6.9° for the
non-templated indicates that the film is highly textured along the (100) plane of the
α-polymorph [52]. For the templated film, two new peaks appear at 2θ = 26.7°and
27.8°, corresponding to diffraction from the (01-2) and (11-2) planes, respectively
[52].

For the 100 nm templated FePc film, no peak can be found at 2θ = 6.9°. Two other
diffraction peaks, however, were observed at 2θ = 26.7°and 27.8°, corresponding to
diffraction from the (01-2) and (11-2) planes of α-polymorph respectively [52]. The
(01-2) and (11-2) planes of the α-polymorph FePc unit cell are shown in Figure 4.4
(b) and (c). It can be seen that by introducing a PTCDA templating layer, the
molecules now tend to grow parallel to the substrate surface. This templating effect,
however, only alters the texture of the film, the polymorph of the films remain the
same, the α-phase [52]. The angles between the molecular and crystallographic planes
of (01-2) and (11-2) are 9.0° and 7.5° respectively. The high intensity of the
diffraction peak from (11-2) plane implies that the templated FePc film preferentially
orientates along the (11-2) plane which may be due to the flatter molecular
arrangement, see Figure 4.4 (c).
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Figure 4.4: The packing motifs and unit cell of α-phase FePc proposed by Hoshino
[52] along different diffraction planes. (a) Diffraction peak from the (100) plane of
non-templated FePc film indicating that molecules grow almost perpendicular to the
substrate. Diffraction peaks from the (b) (01-2) and (c) (11-2) planes of templated
FePc film, indicating that molecules intend to grow more parallel with respect to the
substrate surface.

The Gaussian fits for the diffraction peaks at 2θ = 6.8° of the non-templated and
2θ = 26.7°and 27.8°for templated films are shown in Figure 4.5. The full width at
half maximum (FWHM) for the Gaussian fit can be used to estimate the grain size of
the crystallites through the Scherrer equation (Eq. 2.3). The FWHM obtained for the
non-templated film at 2θ = 6.8° is 0.22, equivalent to an average grain size of
41 ±8 nm. For the templated FePc film, the estimated FWHM from the Gaussian fit
at 2θ = 26.7°and 27.8°are 0.31 and 0.29, corresponding to grain sizes of 30 ±6 and
32 ±6 nm, respectively. It can be seen that the estimated grain sizes of both
non-templated and templated films are similar, approximately 30 to 40 nm. This is in
good agreement with the SEM observation for the films.
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Figure 4.5: Gaussian Fit of XRD peaks at, (a) 2θ = 6.9°of 100 nm non-templated
FePc thin film (blue dashed line) and (b) 2θ = 26.7°and 27.8°of 100 nm templated
FePc film (green dashed line). The FWHM obtained from the peak fittings are used to
estimate the average grain size of the films.

4.4 Magnetic Properties of FePc OMBD Films
The magnetic properties of non-templated and templated FePc OMBD films were
investigated using SQUID magnetometry. The magnetisation was measured either as
a function of the external applied field, at fixed temperatures, or as a function of the
temperature, at different fields.
Figure 4.6 shows the field dependent magnetisation curves for both the 100 nm
non-templated and templated FePc films, obtained from 2 K up to 60 K. It can be seen
that below approximately 20 K, the magnetisation increases rapidly to approximately
0.8 and 1.3 μB/Fe at a field of 0.3 T for the non-templated and templated films,
respectively. However, the rate of increase in the magnetic moment is reduced as the
magnetic field further increases. This feature indicates that the magnetic moments in
both films are ferromagnetically ordered. It can be seen that the overall magnetisation
of the templated film is larger than that of the non-templated film. In addition, the
magnetisation curve for the templated film is more saturated at the high-field region
up to 7 T. This difference between the two films is attributed to the existence of the
magnetic planar anisotropy [141] and will be further analysed in the discussion
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section. Hysteresis loops measured at 2 and 4 K are shown in Figure 4.7, with
coercive fields of 85 and 35 mT obtained for the non-templated and templated films,
respectively. This increase of coercivity found in the templated film is also attributed
to the in-plane anisotropy of FePc films.
The temperature dependent magnetisation curves measured at applied fields of 25 and
30 mT using both ZFC and FC protocols for the non-templated and templated FePc
OMBD thin films are shown in Figure 4.8. Below 20 K the magnetic moment
increases dramatically, indicating a ferromagnetic coupling for both FePc films. Note
that a bifurcation of magnetisation can be observed at lower temperature,
approximately 4 K, between the ZFC and FC curves. This difference in the
magnetisation can be explained by the behaviour of a spin glass [131].
Figure 4.9 shows the inverse differential susceptibility (χ-1) calculated using the data
from the 25 and 30 mT temperature dependent magnetisation curves of both films. A
Curie-Weiss fit from 30 to 50 K, yields similar Curie-Weiss constants of 20 and 19 K
for the non-templated and templated FePc films, respectively.
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Figure 4.6: Field dependent magnetisation curves obtained at various temperatures for
(a) 100 nm non-templated and (b) 100 nm templated FePc films. For the curves below
approximately 20 K, the magnetisation at small fields increases rapidly followed by a
slower increase of the magnetisation from 1 T to 7 T. The shape of the MH curves
suggests a canted ferromagnetic behaviour.
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Figure 4.7: Hysteresis loops at 2 and 4 K for (a) 100 nm non-templated and (b)
100 nm templated FePc films. Inset shows a blown-up version, with a coercive field
of 85 and 35 mT observed at 2 K for the non-templated and templated films,
respectively. No hysteresis was observed at 4 K in either of the films.
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Figure 4.8: Temperature dependent magnetisation curves for the (a) 100 nm
non-templated and (b) 100 nm templated FePc films. The inset shows the bifurcation
of magnetisation found between ZFC and FC curves at approximately 4 K.
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Figure 4.9: The inverse differential susceptibility (χ-1) for the (a) 100 nm
non-templated and (b) 100 nm templated FePc films. The linear fits from 30 to 50 K
give Curie-Weiss constants of approximately 20 and 19 K for the non-templated and
templated films, respectively.
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4.5 Discussion
So far we have demonstrated the growth of non-templated and a templated FePc thin
film using OMBD. Both films were determined to be in the α-polymorph, with the
film texture significantly altered by the introduction of a PTCDA templating layer.
SQUID results showed that both films behave as ferromagnets with a Curie
temperature of approximately 20 K. In this section the difference in the field
dependent magnetisation curves for both films, including the canted ferromagnetic
behaviour and the magnetic planar anisotropy, is discussed further. The nature of the
spin glass behaviour found in the films is also described.
Figure 4.10 compares the field dependent magnetisation curves for both the
non-templated and templated FePc films. It can be seen from the figure that the
magnetisation of the templated film is larger than that of the non-templated film.
Although there are errors on the absolute number of FePc molecules estimated for the
films, the relative error for the films, grown with the same thicknesses, will be
negligible as the same procedure is used to relate the film thickness to the number of
molecules. As the thicknesses of these two films are both 100 nm, they will consist of
approximately the same number of FePc molecules. The higher magnetisation found
in the templated film therefore implies that the external field is applied more parallel
to the spin easy axis of FePc molecules. It is known from the XRD scans that in the
templated film the FePc molecules lie almost parallel to the substrate surface. As the
external magnetic field was applied parallel to the substrate surface during the SQUID
measurements, this suggests that the easy axis for the magnetic moments lies parallel
to the molecular plane, which is consistent with the calculation proposed by Wang et
al. [140]. A similar behaviour was also observed in the FePc thin film grown on an
Au substrate using OMBE [141]. In addition, the larger coercivity found in the
non-templated film can also be explained by this planar (xy) anisotropy as a large
field is needed to align the magnetic moment if the direction of the field is
perpendicular to the easy axis.
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Figure 4.10. Comparisons between the field dependent magnetisation curves at 2 K
for non-templated and templated FePc films grown using OMBD.

Another difference in the two magnetisation curves can be seen in the high-field
region. The magnetisation does not appear to saturate in ether film even at the highest
field of 7 T. Instead, it increases almost linearly from 1 to 7 T, reaching
approximately 1.1 and 1.4 μB/Fe for the non-templated and templated films. This
gradual increase of the magnetic moment with applied field may be due to canted
ferromagnetism, as the external field is not parallel to the easy axis of the spins in the
FePc molecules. For both FePc thin films, the spins lie along their easy axis within the
molecular plane due to the planar (xy) anisotropy. When a small external field is
applied parallel to the substrate surface during the magnetic measurements, the spins
tend to rotate within the molecular plane to an orientation which gives rise to the
largest component of the magnetic moment along the direction of the external field.
This leads to a significant increase of the magnetic moment at the onset of the
magnetisation curves. As the magnetic field increases further the magnetic moments
start to rotate away from their easy axis and align parallel with the field direction,
resulting in a slow increase of magnetisation observed at fields between 1 and 7 T.
This canted ferromagnetic behaviour is similar to what has been observed in MnPc
thin films.
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It can be seen from figure 4.10 that the magnetisation of the templated film is almost
saturated at the highest field, 7 T. The magnetic moment per molecule, however, is
still not close to 2.0 μB/Fe, expected for the S = 1 state of FePc. This suggests that the
number of FePc molecules in the films has been overestimated. As the number of
molecules is estimated by assuming that they are perfectly packed, i.e. no voids in the
film, this gives an upper limit to the number of molecules in the film. This could
account for the lower magnetic moment observed at high fields but as the films, nontemplated and templated, are only compared in relation to each other, an accurate,
absolute value for the magnetic moment is not essential.
Given that the FePc films exhibit a planar (xy) anisotropy, further analysis can be
carried out to investigate the canted ferromagnetic behaviour of the films. Due to this
in-plane anisotropy, spins have random orientations within the molecular plane in the
absence of a magnetic field. For non-templated films the FePc molecules are almost
perpendicular to the substrate with an 82°angle between the molecular plane to the
substrate surface, see Figure 4.4 (a). The molecular orientations, with respect to the
external field, for the FePc thin films are illustrated in Figure 4.11. During the SQUID
measurements the magnetic field was always applied parallel to the substrate.
Although all the FePc grains orient with the (100) plane parallel to the substrate, they
can adopt any orientation azimuthally, i.e. within the plane of the film. Therefore the
grains will adopt every possible orientation between molecular plane almost
perpendicular to the field, and parallel to it, shown in Figure 4.11.
For the non-templated film, if the molecule is directly facing the applied field, the
largest component will be S ·sin8°, shown in Figure 4.11 (a) and (d). If the molecule
is parallel to the field, however, the largest component can be as big as S ·sin90°,
shown in Figure 4.11 (b) and (e). As the external field increases the spins will be
forced to align along the field, leading to a slow increase in the magnetic moment. By
considering two situations that: (1) at a small field, all the spins orient within the
molecular plane ferromagnetically; and (2) at a much higher field, all the spins are
perfectly aligned with the external field; a ratio of the magnetic moment in these two
scenarios can be estimated as:
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From the field dependent magnetisation curves of the non-templated film, shown in
Figure 4.10, this ratio is estimated to be 0.73. As the magnetic moment still increases
and has not saturated at 7 T, it is expected to be larger than 0.69.

Figure 4.11. Schematic of the molecular orientations of α-polymorph non-templated
and templated FePc OMBD thin films. The Kapton substrate is represented by the
yellow background. For the non-templated FePc film the molecules are stacking along
the (100) crystallographic plane, with the stacking axis orientated randomly within the
plane of the substrate. Two extreme molecular orientations are considered as the
external field is applied, which are: (a) perpendicular to the field direction, and (b)
parallel to the field direction. Due to the planar anisotropy the components of
magnetic moments found in each case are (d) S ·sin8°and (e) S ·sin90°, respectively.
For the templated film these components increase as the molecules lie almost parallel
to the substrate, see (c) and (f). These components are used to estimate the value of
the spontaneous magnetisation observed at low magnetic fields.
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In the templated film FePc grains orient along the (01-2) and (11-2) planes with
angles of 9.0° and 7.5° between the substrate and the molecular plane, shown in
Figure 4.11 (c) and (f). The texture coefficients TC(01-2) and TC(11-2) were
calculated, using Eq. 3.1, to be 0.3 and 1.7 respectively. The high texture coefficient
of the (11-2) plane indicates that this plane is the preferred orientation adopted by the
FePc grains. Using the same method as the non-templated film, the ratio of
magnetisation can be described by:
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This estimation suggests that the magnetisation of the templated film at 7 T is closer
to saturation than that of the non-templated film. This is in good agreement with what
was observed from the field dependent magnetisation curves, shown in Figure 4.10.
From the temperature dependent magnetisation curves for both types of films, a
bifurcation of magnetisation between the ZFC and FC protocols can be observed at
approximately 4 K. Similar effects have also been observed in MnPc OVPD films and
were attributed to a spin glass behaviour. The FePc molecules are ferromagnetically
coupled within each molecular chain. At low temperatures the magnetic moment of
individual chains increases and induces magnetic dipole interaction between the
chains. As the temperature further decreases, this dipolar interaction starts to build up
and becomes large enough to compete with the ferromagnetic interchain interaction,
forming a frustrated spin glass state. This leads to a reduction in the magnetic
moment. During the whole temperature decreasing process, through the ordering
temperature to the lowest 2 K, the film experiences an ordering transition from
paramagnetism

to

ferromagnetism,

followed

by

another

transition

from

ferromagnetism to spin glass ordering. This is considered as classic re-entrant spin
glass behaviour [180].
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4.6 Conclusions
In this work an OMBD system was used to grow the 100 nm non-templated and
templated FePc films. The film morphology, observed by SEM, showed spherical
grains roughly 30 nm in diameter. This is similar to other α-phase MPc thin films
deposited at room temperature using OMBD. The α-polymorph was confirmed by
XRD for both films.
The magnetic properties of the films were explored using SQUID magnetometry.
Both FePc film, templated and non-templated, are ferromagnetically coupled with a
similar Curie-Weiss constant of approximately 20 K. The non-templated film showed
canted ferromagnetic behaviour with the magnetic moment still increasing at 7 T. The
magnetisation for the templated film, however, was almost saturated at high fields.
This indicates that FePc films exhibit magnetic planar (xy) anisotropy. The bifurcation
of ZFC and FC temperature dependent magnetisation curves at approximately 4 K for
both films can be explained as classic re-entrant spin glass behaviour.
By comparing XRD scans from both films, it was shown that the texture can be
altered through the introduction of a templating PTCDA layer. The crystal structure,
however, remains the same. The FePc molecules change orientation from almost
perpendicular to the substrate in the non-templated films to almost parallel to the
substrate in the templated films. As the electrons preferentially hop between the
molecules within the molecular chains, the ability to control the molecular orientation
through the templating effect can be potentially useful for the enhancement of the
electron mobility and conductivity, critical for future device applications.
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5. A New Polymorph-FePc Nanowires

It is known that MPc can be prepared with different morphologies, crucial if these
materials are to be utilised in organic electronic and optoelectronic devices. Recently,
there has been a lot of interest in the development of one-dimensional nanostructures,
such as nanorods [182], nanowhiskers [125], nanoribbons [65] and nanowires [97], as
the molecular arrangement leads to an enhancement of the conductivity along the
stacking axis [183].
In this section a new FePc nanostructure, FePc nanowires, grown using a modified
OVPD system (E-OVPD) will be discussed. One of the advantages of OVPD is that a
wide range of morphologies and crystal structures can be produced by varying the
growth conditions, discussed previously in Section 3.2.1. The properties of CuPc
nanowires, grown using the same system, were reported by Wang et al. [59]. It was
found that the CuPc nanowires, typically with a diameter of 10 to 100 nm, were
highly directional and had large aspect ratios. The crystal structure of CuPc nanowires
was determined by Mauthoor et al. who found that they adopt a new polymorph,
labelled as η, with molecules stacking along the long axis of the wire [59, 63]. Despite
intensive studies of the growth and crystal structure of MPc nanowires, there is very
little knowledge of their magnetic properties.
It has been discovered that the magnetic properties of MPcs are closely related to their
crystal structures [17]. In the case of CuPc, it is reported that the α-polymorph is
antiferromagnetic, with a Néel temperature of approximately 3 K; the β-polymorph is
paramagnetic; whilst the η-phase nanowires are also antiferromagnetic, but the
coupling is weaker than the α-phase [17, 59]. In terms of FePc, the α-polymorph has
been found to be ferromagnetic with a Curie-Weiss constant of 20 K (see Chapter 4),
whilst previous studies have shown the β-polymorph to be paramagnetic [138].
In this chapter the growth of FePc nanowires, using E-OVPD, is demonstrated and
their properties are discussed. The morphology and crystal structure was characterised
- 137 -

Chapter 5

A New Polymorph-FePc Nanowires

using SEM and XRD, respectively and the magnetic properties were investigated
using SQUID magnetometry.

5.1

Sample preparation

The samples were prepared in the E-OVPD system described in Section 2.3.1. The
set-up of the E-OVPD system and its temperature profile, at the stabilised stage, are
shown in Figure 2.4. The FePc source material was placed in the sublimation zone
which was set to the highest temperature, around 480°C. Carried by the transfer
nitrogen gas flow, the evaporated molecules travelled through the normalisation zone
(zone 2) and condensed at the last part of the furnace. The temperature of this part is
set at 250°C, a relatively lower temperature compared with the sublimation zone,
forming a sharp temperature gradient for quick condensation. The duration of the
growth was approximately 24 hours. Details regarding the set-up of the E-OVPD
system can be found in section 2.3.
In order to collect the FePc nanowires after the growth, a large piece of 25 μm thick
Kapton (polyimide) substrate was used to cover the wall of the inner tube, 125 mm in
width and 800 mm in length, on which the nanowires would grow. The preparation of
the FePc nanowires for SQUID measurements is similar to that of the MnPc OVPD
films mounted in the rolled configuration, see Figure 3.1. After the growth, the
Kapton substrate was removed and a rectangular strip, containing FePc nanowires,
was then cut and rolled into the middle of the sample straw. The size of the sample
strip was 3 mm wide and 70 mm long. In order to eliminate the background signal
from the Kapton substrate, two pieces of 25 μm thick Kapton, 100 mm long and
70 mm wide, were inserted into the straw at each side of the sample.
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5.2 Morphologies of the FePc Nanowires
Different FePc morphologies obtained within one growth are shown in Figure 5.1.
Due to the differences in the substrate temperature, three main morphologies of FePc
material can be observed: single crystal, continuous films and nanowires.

Figure 5.1. Photographs showing FePc samples grown using E-OVPD. (a) FePc
nanowires grow across the diameter of the quartz inner tube; (b) β-polymorph FePc
single crystals; (c) dense fibrous FePc thin film obtained within a temperature range
from 50°C to 300°C and (d) FePc nanowires on the Kapton substrate with a
preferential orientation perpendicular to the tube.

Needle-like β-phase FePc single crystals, approximately 0.5 mm in width and up to
40 mm in length, are formed closer to the source at the substrate temperature of
350°C to 400°C, shown in Figure 5.1 (a). Within the temperature range between 50°C
and 320°C, evaporated molecules form continuous thin films, shown in Figure 5.1 (b).
As the substrate temperature cools down to approximately 20°C, the FePc nanowires
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starts to form, found on the last part of the substrate. Figure 5.1 (c) shows a
photograph of the FePc nanowires growing inside the quartz tube. The nanowires
were found in an area of 200 to 600 mm from the cooler end of the inner tube, where
the substrate temperature is close to ambient. Note that the nanowires are
preferentially grown almost perpendicular to the substrate surface, not along the
direction of the carrier gas flow. Some of the nanowires grow radially inside the tube
and reach a length of approximately 40 mm. The nanowires collapse onto the surface
of the substrate with random orientations after the substrate is removed from the
growth tube, shown in Figure 5.1 (d).
The FePc morphologies were explored in more detail using SEM. Figure 5.2 (a) - (c)
shows SEM images, with different magnifications, of the FePc thin film. It can be
seen that the film is made of thin, wire-like crystallites, approximately 50 to 100 nm
in width and a few microns in length, entangling with each other. It is also observed
that the wire-like crystallites orient randomly and uniformly with respect to the
surface of the substrate. The morphology of the FePc thin film grown from the
E-OVPD system is quite different from that observed in the MnPc β-phase thin films
prepared in the OVPD system, which consisted of elongated and cubic crystallites,
shown in Figure 3.2. As can be seen in Figure 5.2 (d) - (f), the morphology of the
FePc nanowires is very similar to that of the FePc thin film.
Compared with the thin film sample, the nanowires grow slightly wider,
approximately 100 nm, however, the density of the wires is not as high. Due to the
lower density individual wires are easily distinguishable, showing lengths of tens of
microns. These appear to be much longer than the wire-like crystals in the film. It is
not surprising to observe such an elongated wire morphology as bunches of wires
grow radially almost across the whole diameter of the inner tube (40 mm in diameter),
as can be seen in Figure 5.1 (c).
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Figure 5.2. SEM images, at different magnifications showing the morphologies of the
FePc thin films (a-c) and FePc nanowires (d-f) grown in the E-OVPD system. The
thin film sample is made up of wire-like crystallites entangled with each other in
random orientations. The size of the crystallites is around 50 nm in width and a few
microns in length. The FePc nanowire sample consists of crystallites with an average
size of 100 nm in width and a few millimetres in length.
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5.3 Crystal structures of FePc nanowires
XRD scans were performed in a θ-2θ configuration on the FePc thin film and
nanowires prepared in the E-OVPD system. Figure 5.3 shows the XRD scan of the
FePc thin film and nanowire samples grown with substrate temperatures of 200°C and
room temperature respectively. The background contribution from the Kapton
substrate has been removed for presentation purpose.

(001)

FePc thin film using E-OVPD
FePc nanowire using E-OVPD
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Figure 5.3. XRD patterns for FePc E-OVPD thin films and nanowire samples
deposited on Kapton at 200°C and room temperature, respectively. The peak at
2θ = 7.1° for both samples corresponds to diffraction from the (001) planes of
η-polymorph FePc [59]. The high intensity of the peak indicates that both the FePc
thin film and the nanowires are highly textured along (001) plane.

Two diffraction peaks can be seen in the XRD scan, at 2θ = 7.0°and 15.8°. The peak
at 2θ = 7.0° corresponds to diffraction from the (001) plane of η-polymorph FePc.
This peak was also observed in XRD scans of CuPc nanowires prepared under the
same conditions [59]. The peak at 2θ = 15.8°, however, cannot be attributed to any
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known polymorph of FePc, to the author’s knowledge. The higher intensity of the
peak at 2θ = 7.0° indicates that the film is preferentially orientated with the (001)
plane parallel to the substrate surface. As can be seen in Figure 5.5 (a), applying a
Gaussian fit to the peak 2θ = 7.0°, for the E-OVPD film, gives a FWHM of 0.34°.
This corresponds to an average grain size of 26 ±5 nm estimated using the Scherrer

Intensity (arb.u.)

formula (Eq. 2.3).
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Figure 5.4. UV-Vis absorption spectra of (a) FePc nanowire grown using E-OVPD
and (b) FePc OMBD thin film in α-polymorph.

The diffraction peak observed at 2θ = 7.0°in the FePc E-OVPD samples, however, is
within the 0.1°error to the 2θ = 6.8°peak which arises from the (100) plane of the
α-polymorph. In order to distinguish the polymorph, UV-Vis absorption spectra were
compared between the FePc E-OVPD samples and α-phase FePc thin films, grown
using OMBD. As can be seen in Figure 5.4, the absorption spectrum of the nanowire
sample has two main peaks at 635 and 800 nm, with a broader shape compared with
the α-phase OMBD films. This broadening of the absorption spectrum was also
observed in the CuPc nanowires, grown using the same system, whose crystal
structure was verified as the η-polymorph [59]. Furthermore, the fact that the
morphology of the wire-like crystallites is significantly different from the spherical
grains observed in the α-phase film, and the same as the morphology observed in
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η-phase CuPc nanowires, provides further evidence to verify the polymorph of the
nanowire sample as the η-phase.
For the FePc nanowires, only one diffraction peak is found at 2θ = 7.0°,
corresponding to diffraction from the (001) plane of η-phase FePc. The weak intensity
of the peak and poor signal-to-noise ratio of the XRD pattern is due to the small
amount of FePc nanowires deposited onto the substrate. The absence of other peaks in
the diffraction pattern implies that the nanowires are highly textured with the (001)
crystallographic plane parallel to the substrate. Figure 5.5 (b) shows a Gaussian fit to
the diffraction peak at 2θ = 7.0°of the FePc nanowire sample. The FWHM obtained
from the fit is 0.20°, which gives an average grain size of 45 ±9 nm. The estimated
grain size of the FePc nanowires is therefore approximately twice as large as that of
the thin films. This is in good agreement with the morphologies observed using SEM,
shown in Figure 5.2.
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Figure 5.5. Gaussian fit to the diffraction peak at 2θ = 7.0°for (a) the FePc thin film
and (b) the FePc nanowire samples grown using E-OVPD. From the FWHM obtained
from the fit, the average grain size of the thin film and nanowire are estimated to be
26 ±5 nm and 45 ±9 nm, respectively.

The molecular orientation of η-polymorph FePc, with respect to the (001) plane is
shown in Figure 5.6. The FePc molecules lie almost perpendicular to the substrate
with an angle of 75.1°between the molecular plane and the substrate surface. The
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molecules stack in a herringbone structure, with an angle of 131.5°between adjacent
columns.

Figure 5.6. The unit cell and molecular orientation of η-polymorph FePc nanowires
texturing along the (001) plane. FePc molecules stack almost perpendicular to the
substrate surface with an angle of 75.1°between the molecular plane and the substrate
in a herringbone structure [59]. The angle between the adjacent molecular columns is
131.5°.

5.4 Mass Determination
From SEM images of the α-phase OMBD FePc thin films and η-phase E-OVPD FePc
thin films and nanowires, it can be seen that there are significant differences in the
morphology. The OMBD films consist of spherical crystallites, with a diameter of
approximately 40 nm, covering the whole substrate surface homogeneously. E-OVPD
films and nanowires, however, are made up of elongated, wire-like structures
entangled with each other. Due to the porous and non-uniform nature of the η-phase
films and nanowires, the amount of FePc materials was estimated using UV-Vis
absorption spectroscopy.
As discussed in Section 3.1.4, similar procedures for the mass determination of the
MnPc OVPD films were used to determine the mass of the E-OVPD FePc samples: a
stock solution was obtained by dissolving a twice purified FePc single crystal
weighing 0.13 ± 0.01 mg in 5 ml of 1-chloronaphthalene. The stock solution was then
diluted into a series of lower concentrations with UV-Vis absorption spectra recorded,
shown in Figure 5.7. The FePc thin film and FePc nanowire samples, whose magnetic
properties were investigated using SQUID magnetometry, were dissolved into 10 ml
and 50 ml 1-chloronaphthalene, respectively, for UV-Vis measurements. Errors
- 145 -

Chapter 5

A New Polymorph-FePc Nanowires

associated with the procedure of mass determination discussed previously, were also
taken into account. The mass of the FePc single crystal was determined to be
0.13 ±0.01 mg, with a 7.7% error, due to the accuracy of the balance. The single
crystal was fully dissolved in a 5 ±0.02 ml volumetric flask, with the error in the
flask volume giving an extra 0.4% error. Different amounts of the solution were then
taken by an adjustable-volume pipette into another 5 ml flask to make the stock
solutions. Extra errors, approximately 0.8% from the pipette and 0.4% from the flask,
were introduced during this process. In total, the error in the mass estimation was
therefore estimated to be 9.3%.
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Figure 5.7. UV-Visible absorption spectrum obtained for FePc crystals, FePc
E-OVPD thin films and nanowires, all dissolved in 1-chloronaphthalene with different
diluted concentrations.

The UV-Vis absorption spectra for the solutions with different known concentrations,
and the dissolved film show a characteristic FePc monomer absorption shape, seen in
Figure 5.7. The intense peak observed at 662 nm (1.9 eV) for all the solutions can be
attributed to the π-π* transition of the Pc ligand, which is also known as the Q-band
[178]. The weak peaks observed at 840 nm (1.5 eV) are assigned as the charge
transfer peaks from the metal ion to the organic ligand [135].
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Figure 5.8 shows the integrated areas under the Q-band spectra, from 560 to 950 nm,
for the diluted stock solutions as a function of FePc concentration. The experimental
points obey a linear relationship, which is described by the Beer-Lambert law. The
number of molecules in the FePc η-phase samples can therefore be determined from
the UV-Vis absorption spectra. The estimated number of molecules for the FePc thin
film and nanowire samples grown using E-OVPD are (2.7 ±0.3) × 1017 and
(1.8 ±0.2) × 1016, respectively.
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Figure 5.8. FePc solution concentration against integrated area of the Q-band
absorption spectrum (black dot) showing a linear relationship, i.e. obeying the BeerLambert law (red solid line). The numbers of molecules deposited on E-OVPD
samples (red dot) are approximately (2.7 ±0.3) × 1017 for the η-phase FePc thin film,
and (1.8 ±0.2) × 1016 for the FePc nanowire sample.

5.5 Magnetic Properties of FePc E-OVPD Samples
In this section the magnetic properties, investigated by SQUID magnetometry, of the
FePc η-phase thin film and nanowire E-OVPD samples will be discussed. The
magnetic characterisations were carried out by measuring the magnetisation of the
sample as a function of applied field, at different temperatures, and as a function of
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temperature, at different external fields. For the latter measurements, both zero-field
cooled and field cooled curves were obtained.
Figure 5.9 shows the field dependent magnetisation curves at different temperatures
for the FePc thin film and nanowire samples grown using E-OVPD. Full hysteresis
loops were measured at 2 and 4 K by sweeping the magnetic field between 7 and -7 T,
whilst only the virgin curves were measured for higher temperatures. The
magnetisation curves for both the thin film and nanowires appear very similar to each
other. It can be seen from the field dependent magnetisation curves above 60 K that
the magnetisation increases almost linearly all the way up to 7 T. This implies that the
film and the nanowire samples are paramagnetic at these temperatures. At
temperatures below 40 K the magnetic moment increases rapidly as a low field is
applied. Further increasing the field causes only a small increase in the magnetic
moment. This behaviour suggests that the samples are ferromagnetic.
As the magnetic field rises from 1 to 7 T, the magnetisation does not appear to
saturate, but increases almost linearly to 1.8 and 1.6 μB/Fe for the thin film and
nanowire samples, respectively. Similar behaviour has been observed in OVPD MnPc
and OMBD FePc thin films. This may be due to canted ferromagnetism, with the easy
axis of the spins not in the same direction as the applied magnetic field. As the
magnetic field increases the Zeeman energy starts to dominate, forcing the spins to
rotate away from their easy axis and align along the direction of the magnetic field.
This leads to a slow increase of the magnetisation, observed between 1 and 7 T.
The hysteresis loops measured at 2 K for both the FePc thin film and nanowire
samples are compared in Figure 5.10. A surprisingly large coercive field of
approximately 1 T is found in both samples. This is an order of magnitude larger than
that of the OMBD FePc thin films, and is the largest coercive field reported for
Pc-based ferromagnetic films or nanostructures. This large coercivity observed in the
η-polymorph FePc thin film can be attributed to a strong shape anisotropy, expected
in the wire-like crystallites. As can be seen in the SEM images in Figure 5.2, the
crystallites which make up the thin film have a large aspect ratio being 50 nm to
100 nm in width and tens of microns in length. This leads to a much stronger shape
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anisotropy than for the spherical grains found in the FePc OMBD films. In the case of
these long nanowire structures, it is expected that the preferential magnetisation
direction is dominated by the strong shape anisotropy. Consequently, the easy axis of
the spins is expected to lie along the long axis of the nanowires.
By considering the direction of the applied field with respect to the long axis of the
wires, the magnetic behaviour can be estimated. If the external magnetic field is
applied parallel to the long axis of the wire, the magnetic moments can align easily
with the field. This gives rise to a large coercivity as the field is swept in the opposite
direction. If the field is applied perpendicular to the long axis, however, no hysteresis
should be observed. As can be seen from SEM images shown in Figure 5.2, the
wire-like crystallites found in the η-phase FePc samples are randomly orientated. This
randomness of the wire orientation has an overall contribution to the observed large
coercive field of approximately 1 T for the FePc thin film as well as the nanowire
sample. Given that the coercive fields found in the thin film and the nanowire samples
are roughly the same, it is expected that the wire-like crystallites in the nanowire
sample are also randomly orientated. This is consistent with the morphological
observation of the nanowire sample, shown in Figure 5.2 (d)-(f). In addition, it can be
seen from Figure 5.10 that the overall magnetisation of the nanowire sample is
approximately 11% less than that of the thin film. As there is a 10% error in the
estimation of the number of molecules, the magnetisations of the two samples agree,
within error. The similar magnetic behaviour of the two samples is further evidence
that the thin film can be considered as a dense collection of nanowires.
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Figure 5.9. Field dependent magnetisation curves measured at different temperatures
of (a) the FePc thin film and (b) the FePc nanowire samples grown by E-OVPD. The
increase of the magnetisation shows two stages, a rapid increase followed by a slow
linear increase from 1 to 7 T. The behaviour indicates that both the film and the
nanowire sample exhibit canted ferromagnetism.
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Figure 5.10. Comparison between the hysteresis loops measured at 2 and 4 K of the
η-phase FePc thin film and nanowire samples grown by E-OVPD. A large hysteresis
can be seen at 2 K, with a coercivity of approximately 1 T in both samples. This is
attributed to strong shape anisotropy, expected in the wire-like crystallites in both
samples. No hysteresis was observed at 4 K.

The temperature dependent magnetisations, obtained with applied fields of 25 and
30 mT are shown in Figure 5.11. It can be seen that the magnetisation starts to
increase rapidly with decreasing temperature below approximately 30 K for both the
ZFC and FC protocols. This response of the magnetic moment indicates that the film
is ferromagnetically ordered below this temperature. For the FC curves measured at
25 and 30 mT, the magnetisation increases almost linearly with decreasing
temperature. For the ZFC curves, however, a bifurcation of magnetisation was
observed at approximately 7 K. This bifurcation of magnetisation has also been
observed in the OMBD FePc and OVPD MnPc films, and was attributed to the
frustrated magnetic dipole interactions between weakly exchange coupled
ferromagnetic chains. As the temperature decreases the magnetisation of each
magnetic chain increases. The frustrating dipole interaction between the adjacent
chains also increases, competing with the ferromagnetic exchange interactions. This
leads to a decrease in the magnetic moment, observed in the ZFC curve [167]. During
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the cooling process, through the ordering temperature, to 2 K, the sample experiences
an ordering transition from paramagnetism to ferromagnetism, followed by another
transition to spin glass ordering. This is considered as classic re-entrant spin glass
behaviour [181].
The inverse differential susceptibility (χ-1) curves for the FePc thin film and nanowire
samples grown by E-OVPD are shown in Figure 5.12, which is calculated using the
data from the 25 and 30 mT temperature dependent magnetisation curves. Appling a
linear fit, described by the Curie-Weiss law, between 50 and 100 K gives a
ferromagnetic exchange coupling of approximately 35 and 40 K for the η-polymorph
FePc thin film and nanowire samples, respectively. This is currently the highest Curie
temperature reported for the ferromagnetic MnPc and FePc thin films or
nanostructures.
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Figure 5.11. Temperature dependent magnetisation curves measured at applied fields
of 25 and 30 mT using both the ZFC and FC protocol of (a) the FePc thin film and (b)
the FePc nanowire samples grown by E-OVPD. The inset shows the bifurcation of
magnetisation found between ZFC and FC curves at approximately 7 K for both
samples.
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Figure 5.12. The inverse differential susceptibility of (a) the FePc thin film and (b) the
FePc nanowire samples grown by E-OVPD. The Curie-Weiss fits from 50 to 100 K
give a ferromagnetic coupling of approximately 35 and 40 K for the FePc thin film
and nanowire sample, respectively.
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5.6 Conclusions
A modified organic vapour phase deposition system was used to fabricate FePc
samples. Different morphologies of FePc, including single crystals, thin films and
nanowires, were obtained at various positions along the tube, arising from the change
in temperature. SEM images reveal that the thin film sample is made up of wire-like
crystallites with high aspect ratio orientated randomly on the substrate. This is similar
to the morphology observed in the CuPc nanowires grown using the same method.
The crystal structure of the FePc film and nanowire samples were determined using
XRD, attributed to the η-polymorph, highly textured along the (001) diffracting plane.
This is also consistent with the previous observations in the CuPc nanowire crystal
structures.
Magnetic measurements were performed on the FePc thin film and the nanowire
samples using SQUID magnetometry. From the field dependent magnetisation curves,
it was concluded that both samples exhibit ferromagnetic properties. A surprisingly
large coercivity of 1 T is found at 2 K for both samples, attributed to the strong shape
anisotropy of the wire-like crystallites. The bifurcation of magnetisation between the
ZFC and FC temperature-dependent magnetisation curves found around 7 K is due to
frustrated dipolar interactions between the chains, described by a classic re-entrant
spin glass behaviour. By applying a Curie-Weiss fit between 50 and 100 K, the
Curie-Weiss constants were determined to be 35 and 40 K for the FePc thin film and
nanowire samples respectively.
The FePc nanowire described in this work is, to the authors knowledge, the first
observation of a one-dimensional organic ferromagnetic nanostructure. Further
understanding of the growth mechanism and magnetic properties of the wires is
essential if they are to be utilised for future applications. The large coercivity, the
largest ever reported for a ferromagnetic Pc, makes this a particularly exciting system
for application in high density magnetic data storage.
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6. Conclusions and Future Work

The aim of this study was to investigate the growth of MPc thin films and
nanostructures, using different growth techniques, and to characterise their
morphological, structural and magnetic properties. MnPc and FePc thin films and
nanowires were produced using two growth methods, organic vapour phase
deposition (OVPD) and organic molecular bean deposition (OMBD), with a large
variety of morphologies and crystal structures observed using scanning electron
microscopy (SEM) and X-ray diffraction (XRD).
Using OVPD a series of β-phase MnPc thin films were deposited onto Kapton
substrates, found to consist of a combination of cubic and elongated crystallites for
short growth times, turning to fibre-like crystallites for longer growths. Through the
use of a perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) layer it was shown
that the morphology, texture and crystal structure could be significantly altered with
the templated films adopting the ε-polymorph, consisting of island-like crystallites.
This is the first observation of the ε-polymorph in MnPc thin films. PTCDA was also
used to alter the molecular orientation of FePc films grown using OMBD, with the
templated films having the stacking axis more perpendicular, approximately 60º, to
the substrate rather than parallel. Although the orientation was altered the morphology
and crystal structure remained unchanged with both films adopting the α-polymorph,
consisting of spherical grains roughly 30 nm in diameter. FePc films were also grown
using E-OVPD with a new morphology observed, with films adopting the
η-polymorph, consisting of randomly orientated, wire-like crystallites with high
aspect ratios.
SQUID magnetometry was used to explore the magnetic properties of the films,
particularly the effect of changing the morphology or crystal structure. The field
dependent magnetisation curves obtained for the MnPc films, grown using OVPD,
suggest canted ferromagnetism with a Curie-Weiss constant of approximately 10 K.
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Using a layer of PTCDA, it was found that the templated films adopted the
ε-polymorph, leading to a drop of the Curie-Weiss constant to approximately 6.5 K,
although the film still behaves as a canted ferromagnet. Below 3 K both films
exhibited classic re-entrant spin glass behaviour with no three dimensional ordering.
The magnetisation curves from the non-templated and templated FePc films, grown
using OMBD, showed that both were ferromagnetically coupled with Curie-Weiss
constant of approximately 20 K, with field dependent curves indicating a planar (xy)
anisotropy. For the FePc films and nanowires grown using E-OVPD the
ferromagnetic coupling increases to almost 40 K, although the films again exhibit
canted ferromagnetism with a spin glass behaviour observed at low temperatures. A
remarkably large coercivity, approximately 1 T, was observed at 2 K, attributed to the
strong shape anisotropy of the wire-like crystallites.
The ability to alter the crystal structure and/or morphology of MPc is crucial if MPcs
are to be utilised in future devices. In this study the ability to control the morphology,
crystal structure and subsequently the magnetic properties of MnPc and FePc thin
films and nanostructures was demonstrated. Control of the molecular orientation
ensures that the charge can flow more efficiently along desired directions, since
charge or exciton mobility is known to be higher along the molecular columns. This is
particularly important if these materials are to be used as a charge, spin or exciton
transporting layer between two electrodes. Being able to control the morphology and
polymorph adopted by the film is of particular importance for spintronic applications
as this allows for the intrachain exchange coupling to be varied, which can lead to
significant changes in the magnetic properties such as anisotropy, Curie temperature
and coercivity. This makes these materials promising candidates not just for current
technologies such as organic spin-valves, particularly with the discovery of large
coercivities of approximately 1 T, but it also opens up the possibility of future devices
that make use of both their spin and semiconducting properties.
Despite the advances made in this study there remain areas which need to be explored
further. As discussed in Section 3.3, the magnetic properties were investigated using
SQUID magnetometry, with the field applied in two directions. The field itself,
however, could not be altered but instead the sample was mounted in two
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configurations. Greater flexibility in the field direction would not only make the
sample measurement process simpler but would also allow for a greater understanding
of the magnetic anisotropy, particularly if the magnetisation curves could be explored
as a function of field angle. This is of particular importance for the newly discovered
ε-polymorph adopted by the templated MnPc films, grown using OVPD, for which
there are currently no reports of the magnetic properties.
As well as investigating the magnetic properties in greater detail, a greater
understanding is required for the growth of MPc films, particularly the newly
discovered wire-like crystallites observed in the FePc films, grown using E-OVPD.
Although high aspect ratios were observed for the crystallites their orientation
appeared random across the substrate. Improving the directionality of the crystallites
could lead to enhanced mobilities, crucial in these films due to the large resistance.
Further development of the growth technique could also allow for the production of
large, isolated FePc nanowires which would have many potential application,
especially as they are one dimensional ferromagnetic structures. One interesting
application for such nanowires would be in transistors as the morphology and lack of
grain boundaries between source and drain could lead to an enhancement of the
mobilities, allowing for larger current flows than in conventional MPc thin films. The
ferromagnetic coupling could also lead to interesting effects under the application of a
magnetic field, magneto-transport. This offers a possible bridge between the use of
these materials in organic electronic devices and in the relatively young field of
organic spintronics.
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