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Chapter 1 

Introduction 

This chapter highlights the motivation behind the research on organic-inorganic hybrids 

undertaken in this thesis. It shortly demonstrates how a combination of organic and 

inorganic units at the molecular level allows the access to a wide spectrum of 

functionalities. Such materials hold great promise for an entirely new generation of low 

cost, light weight and flexible electronic devices. However, the scientific community is 

facing several challenges in exploiting the full potential of these materials. These issues are 

discussed here briefly. The aim of the thesis and a short outline of the chapters follow at the 

end of this chapter. 
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1.1. Hybrids: A land of multidisciplinarity 

Organic-inorganic hybrids represent a unique class of materials formed by cooperative 

assembly from organic and inorganic precursors
1-2

. The interest in organics stems from the 

ability to deposit films on a wide variety of low-cost substrates, their tuneable electronic 

properties, convenient processing, and structural flexibility
3-5

 . Significant progress is being 

made in the realization of electronic devices based on organic molecules such as 

photovoltaic cells, thin film transistors, and sensors
3,6-7

. The advanced organic electronic 

systems are already available in market, e.g. highly efficient full-colour thin displays based 

on organic light emitting diodes
8
 (OLEDs) and electronic paper. Inorganic materials, on the 

other hand, are the basic ingredient for conventional electronics due to their robustness and 

long life
9
. Inorganic materials are extensively used for technological applications, however, 

these materials often require high-tech and expensive processing techniques for device 

fabrication.  Hybrid organic-inorganic materials combine the best of both the organic and 

the inorganic worlds. Hence, these materials represent a creative alternative for the design 

of entirely new materials with potential impact in both academic research and technological 

applications such as optics, electronic, mechanics, sensors, and catalysis
10-11

.  

The concept of ‘hybrid’ materials is quite young. The oldest organic-inorganic based 

hybrids come from the paint industry where inorganic pigments were suspended in organic 

solvents or surfactants. This field started growing with the development of polymer 

industry. A tremendous number of materials can be created through rational assembly of 

functional inorganic and organic molecules. Such materials may exhibit potentially unique 

electronic properties due to the modulation of electronic structure of the constituent 

materials on the nanometre length scale. However, integration of organic and inorganic 

components in one composite most often results in hybrid systems that lack long-range 

structural order. In this thesis we shall particularly discuss the promising class of hybrid 

systems composed of well-ordered functional organic layers alternating with ultra-thin 

crystalline sheets of inorganic units
12

. Such materials have the advantage that they can be 

structurally characterized through X-ray or neutron diffraction techniques
13-14

  and their 

functional properties can be tuned through crystal structure modulation.     
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Figure 1.1. Schematic representation of a crystalline organic-inorganic hybrid, where 

conductivity and magnetism coexist. Single magnetic sheets involving localized electrons are 

sandwiched between organic donor molecular layers with quasi two dimensional electronic 

character. 

Figure 1.1 demonstrates one such example of organic-inorganic hybrid that consists of 

stacks of π-conjugated donor molecules alternating with inorganic sheets of magnetic 

anions. The interaction of delocalized π-electrons with localized spins at the interface leads 

to novel phenomena such as negative magnetoresistance, spin polarization of π-electrons 

etc., which have been experimentally observed in various hybrid systems
15

.  

1.2. Motivation 

Hybrid organic-inorganic materials provide a creative way to combine functional properties 

of different compounds within a single molecular composite. Among these, crystalline 

materials which comprise  layers of organic molecules alternating with inorganic sheets 

have been widely studied due to their potential application in integrated devices
16-17

. The 

layer-by-layer growth of functional molecular materials allows not only build highly 

efficient devices where each constituent layer exhibits a unique character but also has the 

potential to generate new physical phenomena due to coupling of individual functionalities. 

Moreover, the contemporary trend towards ever smaller electronic devices has driven the 
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interest of the scientific community to this research area
18

. For example, the number of 

publications on molecular electronics and spintronics has increased rapidly over the last 

decade
19-20

. Various types of molecule-based functional materials have been engineered up 

till now, namely  molecular conductors, superconductors, conducting magnets, 

multiferroics
21-23

 However, their utilization in devices requires the deposition of thin films 

and the ability to integrate them with other components. Another major challenge that 

needs to be addressed is the complete control over both the in-plane and out-of-plane 

structure in order to achieve the desired lateral organization of the molecular units, the 

required spacing between different functional layers and the needed film thickness
24

 . 

Various strategies have been reported in the literature for thin film deposition of organic-

inorganic hybrids such as spin coating, dip coating, ink-jet printing, stamping, spray 

coating, layer-by-layer assembly and evaporation techniques
25

. Each of these methods has 

its own advantages and limitations.  

The work presented in this thesis is an effort towards controlled engineering of 

multifunctional organic-inorganic hybrid materials with a precise control over the size and 

the growth directions. The experimental work undertaken focuses on molecule-based 

conductors, conducting magnets, and multiferroic organic-inorganic hybrid thin films 

fabricated by the Langmuir-Blodgett technique. The  latter was chosen because it enables 

the  stacking of different individual layers at ambient conditions and thereby the creation of 

well-ordered heterostructures on almost any kind of substrate with outstanding control
26

. 

The produced films were characterized for what concerns their composition as well as their 

structural, electrical and magnetic properties.  

This dissertation is organized as follows: 

Chapter 2 introduces and outlines the experimental techniques employed in the research 

subject of this thesis. The Langmuir-Blodgett (LB) technique, employed to deposit hybrid 

films, is discussed in detail in the first part of chapter. The chapter then presents the 

analytical tools used to determine the crystal structure and functional properties of the 

deposited hybrid LB films.  

Chapter 3 gives an overview of the recent developments in the field of organic-inorganic 

hybrid LB films particularly with regards to molecule-based conductors and conducting 

magnets and summarizes the state-of-the-art.  

Chapter 4 reports on the deposition of molecule-based conductors. 

Bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF), a well-known organic donor molecule, 
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was used in conjunction with fatty acids to construct a quasi-two-dimensional conducting 

network. This chapter presents a systematic study of the relation between the molar ratio of 

the starting materials (fatty acid, BEDO-TTF) in the solution from which a Langmuir film 

was prepared and the structural and electrical properties of the resulting hybrid LB films. 

In Chapter 5 presents a simple strategy to introduce a magnetic character in the molecule-

based conducting films (discussed in chapter 4) by incorporating Cu/Gd complexes 

between the organic layers. A detailed study of the composition and crystal structure of 

these hybrid LB films is presented. 

Chapter 6 reports on the electrical and magnetic transport properties of the hybrid LB 

films discussed in chapter 5, namely films comprising arachidic acid and donor 

bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF) as organic component and Cu/Gd 

complexes as inorganic component.   

In Chapter 7 the successful deposition of perovskite-based hybrid LB films is described. 

This work derived the inspiration from recently reported work on multiferroic hybrid 

crystals with the molecular formula (C6H6CH2CH2NH3)2CuCl4.  

At the end, we summarize the results and give an outlook on future research directions in 

this field. 
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Chapter 2 

Experimental Details 

This chapter outlines the key experimental techniques utilized to collect the results 

presented in this thesis. First the Langmuir-Blodgett (LB) technique, which was used to 

prepare the multilayer films, is described and the analytical tools employed to characterize 

the Langmuir films, namely pressure-area isotherms and Brewster angle microscopy are 

introduced. In the following we report the instrumental parameters and conditions applied 

when X-ray diffraction and photoelectron spectroscopy were put into operation to determine 

respectively the structure and composition of the hybrid films. In the final part of the chapter the 

setups for determining the electric and magnetic transport properties are illustrated. 
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2.1. The Langmuir-Blodgett technique 

The Langmuir-Blodgett (LB) technique consists in preparing a (multi)layered film by 

(repeatedly) transferring a floating monolayer formed at the air/water interface onto a solid 

substrate and is one of the most promising methods for producing ultrathin films with a 

good control over internal layer structure down to the molecular level
1-2

. It is named after 

Irving Langmuir and Katharine Blodgett, researchers at the General Electric Company in 

the first half of the 20th century. Langmuir, who was awarded the Nobel Prize for 

Chemistry in 1932 for his studies of surface chemistry, used floating monolayers to learn 

about the nature of intermolecular forces. Working principally with fatty acids, Katharine 

Blodgett, together with Langmuir, refined the method of transferring the floating monolayer 

onto solid supports. The most appealing features of the technique are the precise control of 

the film thickness, the possibility to vary the film composition and to deposit of a 

homogeneous film on a large variety of substrates without altering the intrinsic structure, 

and the complete control over how the structure grows both in-plane and out-of-plane 
3-4

. 

Taking advantage of such outstanding features of the LB method, various kinds of tailored 

functional materials can be engineered  to satisfy the demands for  organic and hybrid 

organic-inorganic devices for both fundamental and applied purposes
5
. The following sub-

sections cover a brief introduction on the LB technique along with the fundamental aspects 

relevant to LB film formation. 

2.1.1. The surfactant monolayer at the air/water Interface – Langmuir 

film  

The LB deposition starts with the fabrication of a Langmuir film, a term which refers to an 

insoluble molecular layer on the surface of water (called the subphase) formed by the 

spreading of surface active substance (surfactant) onto the surface and compressing it. 

Surfactants are amphiphilic in nature because they comprise hydrophilic (water soluble) 

and hydrophobic (water insoluble) parts. The hydrophilic region, usually a polar group such 

as -OH, -COOH, -NH3
+
 etc., preferentially stays  in contact with the water surface, while 

the hydrophobic part, usually long hydrocarbon or fluorocarbon chains, points away from 

the water surface and prevents the molecule from dissolving in the water. However, for the 

surfactant to spread on the water surface requires that the attraction force between 

molecules and water is higher than the intermolecular attractive force. Hence, the behaviour 

of amphiphilic molecules in solution and their affinity for interfaces is determined by the 

size and shape of the hydrophobic tail as well as by the size, charge and hydration of the 
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hydrophilic head group. As illustrated in figure 2.1, various  structures such as micelles and 

vesicles
6-7

 are observed for different kinds of surfactant. If the hydrophobic character of the 

amphiphilic molecule is less pronounced than the hydrophilic one, micelles are formed at 

the water surface in spite of the insoluble nature of the molecules. Theses micelles are 

soluble in water and prevent the monolayer formation at the interface. Micelle formation is 

usually observed in molecules with hydrocarbon chain length smaller than 12 hydrocarbon 

groups. If instead the hydrocarbon chain in the amphiphilic molecule is too long, monolayer 

formation is prevented due to crystallization at the water surface. Hence, a suitable balance 

between hydrophobic and hydrophilic character within amphiphilic molecule is required for 

the formation of a stable monolayer at air/water interface.  The amphiphiles used in the 

research presented in this dissertation were arachidic acid and octadecyl ammonium 

chloride whose chemical structure is depicted in figure 2.2.  

 

Figure 2.1. Schematic sketch of structures formed when amphiphilic molecules are deposited at 

a water surface:  a monolayer (a), a micelle (b) and a vesicle (c). An amphiphile molecule is 

described here as a combination of circle (polar head) and wiggly line (apolar tail). 

Since amphiphilic molecules are insoluble in water, a volatile solvent that is slightly 

miscible with water is used to dissolve the molecules prior to spreading them onto the 

water. The subphase used for our experiments was ultrapure, ion free water having a 

resistivity of greater than 18 MΩ-cm and obtained by passing double distilled water 

through the filtering and deionizing columns of a Milli-Q Millipore unit. Ultrapure water is 

very important to avoid incorporation of dust or organic contaminants into the Langmuir 
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film. Moreover, temperature and pH must be controlled in order to achieve stable and 

reproducible films.  

 

Figure 2.2. Arachidic acid (a) and octadecyl ammonium chloride (b) 

2.1.2. Surface pressure 

It is important to understand and measure the forces involved at the air/water interface in 

order to study the behaviour of the Langmuir film in terms of molecular organization. 

Water in the liquid state is held through the electrostatic interaction between the molecules 

due to the net dipole moment. This electrostatic attraction, also called cohesion, is isotropic 

in the bulk of the water. However, molecules at the surface experience an imbalance of 

forces due to larger attraction towards the water than towards the air or gas. The presence of 

this net inward force leads to migration of surface molecules into the bulk of water until an 

equilibrium state is reached when the number of surface versus bulk molecules is 

minimized. The force acting on any surface is called as surface tension (γ) and corresponds 

to the excess free energy per unit area; γ is measured in N/m.  

For contamination-free, ultrapure water γ amounts to ~ 73 mN/m at 20 
o
C. Compared to 

other liquids, such a high value of the surface tension makes water a very good subphase 

for Langmuir film formation. However, the surface tension of water can be lowered by 

various factors such as by increasing the temperature, contaminants in the water or adding a 

surfactant at the water surface. Hence, appropriate precautions should be taken to exclude 

the possibility of dust or other contaminants being present when the Langmuir film forms at 

the water surface. Moreover, experiments must be conducted in controlled temperature and 

pH conditions. The equipment employed for the formation and study of Langmuir film is 

traditionally referred to as a Langmuir trough. Figure 2.3 shows the photograph of the 

Langmuir trough used for the experiments described in this dissertation. It is made of 

Teflon to prevent any leakage of the subphase; Teflon does not contaminate the subphase 

because it is inert. The trough has two barriers for film compression and a Wilhelmy plate 
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electrobalance to measure the surface pressure. The trough is thermostated and the 

temperature of the subphase controlled by circulating water in channels placed underneath 

the trough. 

 

Figure 2.3. Photograph of the thermostated NIMA Technology Langmuir trough employed for 

the preparation and study of Langmuir and Langmuir-Blodgett films in this thesis. 

The surfactant is dissolved in an appropriate volatile solvent and dispensed onto the 

subphase surface with the help of a clean microsyringe. Upon solvent evaporation the 

molecules spread out over the available subphase surface. In this uncompressed state the 

intermolecular distance is too large for any electrostatic interaction between them to take 

effect and the monolayer can be regarded as a two-dimensional gas which does not have a 

sizable effect on the surface tension of the subphase. It is only upon compression that the 

molecules start to exert a repulsive force on each other, leading to a change in surface 

tension. The surface pressure can be computed from the difference between the surface 

tension of pure subphase (γ) and the same subphase covered with a monolayer of surfactant 

(γo).  
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The surface pressure is measured using a Wilhelmy plate made of paper. When a Wilhelmy 

plate of density ρp, perimeter P, and dimensions lp, wp, and tp  (see figure 2.4), is partially 

immersed into a subphase of density ρl to a depth h, it experiences three forces as described 

by equation 2.2, namely the gravity and surface tension acting downward and buoyancy of 

the plate due to displaced water acting upward.  

 

where θ is the contact angle of the liquid on the Wilhelmy plate and g is the gravitational 

constant. For a completely wetted plate, cos θ = 1, and the surface pressure is given by the 

equation: 

 

where Fo and F are the forces acting on the Wilhelmy plate with and without the monolayer 

or Langmuir film present at the surface. 

 

Figure 2.4. Schematic sketch of a Wilhelmy plate partially immersed in water (taken from 

Wikipedia http://en.wikipedia.org/wiki/File:WilhelmyPlate.jpg). 

2.1.3. Surface pressure-area isotherm 

One of the most basic studies of the Langmuir film is measuring the surface pressure as a 

function of surface area available to surfactant molecules at constant temperature, 

commonly referred to as the surface pressure-area (Π-a) isotherm. The Π-a isotherm 

measurement is typically the first step in the study of new materials floating at the subphase 

surface as it gives useful information on the existence of different phases, phase transitions, 

and the stability of Langmuir film at the specific conditions of temperature and pH. Figure 

http://en.wikipedia.org/wiki/File:WilhelmyPlate.jpg
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2.5 shows a schematic illustration of a Π-a isotherm exhibiting three distinct regions. The 

area in this figure is presented as area per molecule that can be calculated from the 

concentration of the molecules in the solution, volume of solution dispensed over the 

subphase, and the total area in the trough occupied by the monolayer. 

Typically an isotherm is recorded by compressing the Langmuir film at a constant rate with 

the help of the barrier system while continuously measuring the surface pressure. The 

Langmuir film goes through several phase transitions during the compression process as 

shown by discontinuities in the isotherm. The different regions in the isotherm correspond 

to different phases which are 2-dimensional analogues to the gas, liquid and solid state of 

matter, as indicated in figure 2.5. Reading the isotherm from right to left, the first 

discontinuity is the lift-off area, defined as the molecular area where the surface pressure 

rises from zero. At the lift-off area the pressure starts to rise due to repulsion of the particles 

that start to order and therefore to interact as a two-dimensional liquid.  

The molecules will order further on until a quasi-solid phase is reached where the 

molecules are packed together. This phase is characterized by a steep and usually linear part 

of the isotherm curve. A Langmuir film in the solid state is in highly compact state and 

upon further compression the molecules can no longer form a uniform monolayer but will 

stack on top of each other to form a bi- or tri-layer structure; this corresponds to the so-

called collapse. The collapse of the monolayer/Langmuir film is generally seen as a 

decrease in surface pressure in the isotherm. The isotherm behaviour of the Langmuir film 

is mainly determined by the physical and chemical properties of constituent amphiphilic 

molecules, temperature and composition of the subphase. 

 



Chapter 2 

 

21 

 

Figure 2.5. A schematic of a typical Π-a isotherm measured when compressing a Langmuir film 

in a Langmuir trough; sketches indicate molecular organization in the different phases. 

Hence it yields crucial information about the packing of the molecules, stability of the 

monolayer at given conditions of temperature, pH and composition of the subphase. This 

information is relevant for the successful deposition of LB film. Surface pressure and area 

can be seen as equivalent of pressure and volume of a 3-dimensional phase diagram. 

2.1.4. Deposition – formation of the Langmuir-Blodgett film 

A Langmuir film floating on the subphase surface can be transferred to a hydrophobic or a 

hydrophilic substrate by dipping the substrate into the subphase using the dipper 

mechanism provided with the Langmuir trough as shown in figure 2.6. A highly organized 

multilayer structure can be build up by repeating the dipping procedure. The resulting films 

are commonly called Langmuir-Blodgett (LB) films.  

The Langmuir films are usually transferred in the ‘solid’ phase so that the intermolecular 

attraction in the film is high enough for the film not to fall apart during the deposition 

process. Key aspects to homogeneous transfer of film onto a substrate are transfer speed, 
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quality of the surface (hydrophobicity or hydrophilicity) and the time the solid substrate is 

stored in air or in subphase between the deposition cycles. The quality of the deposited film 

on a substrate is measured by the transfer ratio (T.R.): 

 

 

 

Figure 2.6. (a) Photograph of Langmuir trough with dipper mechanism (b) transfer of 

Langmuir film onto a hydrophobic surface during the downward stroke (c) transfer of 

Langmuir film on hydrophilic surface during the upward stroke.  

For ideal transfer, the T.R. is 1. Different kind of multilayer structures can be obtained by 

successive dipping of the substrate into the subphase. The head-to-head and tail-to-tail 

structure is obtained as a result of deposition during both up- and downward strokes and is 

termed as Y-type as sketched in figure 2.7. This is the most commonly observed multilayer 

structure in LB films and can be prepared on either hydrophilic or hydrophobic substrates. 

It is also the most stable structure because of the strength of the head-head and tail-tail 

interactions. 
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If the film deposits on the substrate only during the up- or downward stroke, the resulting 

multilayer structure is called either X-type or Z-type (figure 2.7). The X-type deposition 

results using a hydrophobic substrate with molecules arranging in head to tail fashion, 

whilst Z-type deposition can be obtained using a hydrophilic substrate; both are rare. 

 

 

Figure 2.7. Schematic sketch of the structure of different types of multilayer LB films resulting 

from different deposition protocols (see text).  

2.1.5. Practical aspects 

The Langmuir trough from NIMA Technology was thoroughly cleaned with i) ethanol, ii) 

Milli-Q water, and iii) chloroform before use. It was then filled with subphase and the 

pressure sensor was put to zero. After filling the trough the subphase has to stabilize; this 

can be monitored by the pressure which decreases until stabilized over a period of at least 

20 minutes. The surface of the subphase is cleaned with the help of a small vacuum cleaner. 

To ensure the surface is clean, an isotherm measurement can be done starting when the 

barriers are closed and pressure is set on zero and then expanding, if the pressure stays at 

zero the surface is clean, if not, then it is not clean. The cleaned and stabilized subphase 

was used for the preparation of L and LB films. The details of different systems studied in 

this thesis are reported in Chapter 4, 5, and 7. 
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2.1.6 Preparation of the substrates 

Various kinds of substrates were used to deposit the LB films in this thesis. A Si/SiO2 wafer 

(purchased from Silicon Quest International, USA) was used for X-ray diffraction (XRD) 

and DC electrical transport measurements of the multilayer LB films. Glass substrates 

(Knittel Glass) were employed for X-ray photoelectron spectroscopy (XPS) and magnetic 

characterization. Prior to film deposition, these substrates were modified with 

octadecyltrichlorosilane (Sigma Aldrich) to make the surface hydrophobic
8
. Au films 

supported on mica substrates and modified
9
 with 1-Dodecanethiol (from Sigma-Aldrich) 

were utilised for infrared (IR) measurements in reflectance mode while CaF2 plates (15 mm 

× 10 mm × 1 mm), without any surface modification were used for IR measurements in 

transmission mode.  

280 nm thick silicon oxide/silicon wafers were cleaved into 10  10 mm
2
 pieces and 

cleaned by sonication in acetone for 5 min. Then wafers were transferred into iso-propan-2-

ol ((CH3)2CHOH) and sonicated for another 5 min, followed by sonication in deionised 

water for 5 min and rinsing in deionised water (DI water). Finally they were dried by 

spinning and blowing with N2 (99.995%) gas.  

Au/mica substrates were prepared by vapour deposition of a 150 nm thick gold film 

(99.999%, Schöne Edelmetaal B.V.) onto freshly cleaved mica preheated at 375 C for 

several hours in the evaporator (base pressure 10
-7

 mbar). The substrates were flame-

annealed in a hydrogen flame for 1 min and heated in UHV (10
-9

 mbar) for more than 30 

min before use. After this treatment, carbon and oxygen resulting from environmental 

contamination were not detected by X-ray photoelectron spectroscopy. 

2.2. Characterization techniques 

This section briefly describes the experimental techniques used for the investigation of 

Langmuir and Langmuir-Blodgett films. The behaviour of Langmuir film at air/water 

interface during compression was studied by measuring Π-a isotherms as already described 

above and through Brewster angle microscopy (BAM). Structure and composition of the 

deposited multilayer LB films were investigated by X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS) respectively. A physical property measurement system 

(PPMS) and IR spectroscopy were employed to study electrical transport while magnetic 

property measurement system (MPMS) is used for magnetic characterization of the 

multilayer LB films.  
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2.2.1. Brewster angle microscopy (BAM)   

Brewster angle microscopy (BAM) enables the visualization of the Langmuir film at 

air/water interface
10-11

. It provides real time imaging and hence the dynamics of the floating 

layer can be captured during the compression process. In 1815, Sir David Brewster noted 

that the reflection from an interface vanishes at a certain angle of incidence for p-polarized 

light. This particular angle of incidence, called Brewster angle, is derived from Snell’s law 

and given by the following equation: 

 

where, n1 is the refractive index of the incident medium, n2 is the refractive index of the 

transmitting medium, and θB is the Brewster angle. For the air/water interface θB is ~53
o
. 

The BAM image of pure water at this angle appears black. However, the presence of even a 

very thin layer (as thin as monomolecular layer) yields a certain amount of reflected light 

due to the modification in the local refractive index. This reflected intensity is sufficient to 

produce an image as illustrated in Figure 2.8. The BAM image presented in this figure is 

that of an arachidic acid monolayer at the air/water interface using the KSV NIMA BAM at 

a surface pressure of 18 mN/m. It shows a dark area and domains with varying intensities. 

The dark area represents by a water surface free of molecules, while the different contrast 

of the various domains corresponds to different tilt angles of the molecules
12

.  

As detailed in Chapter 5 and Chapter 7, in this dissertation a KSV NIMA Brewster angle 

microscope (BAM) was used in conjunction with KSV NIMA Langmuir Trough Large to 

study the evolution of hybrid Langmuir films at the air-water interface during continuous 

compression. A KSV NIMA BAM is capable of providing fully focused real-time imaging 

at 20 to 35 frames per second. This BAM has a field of view of 720 μm × 400 μm and 

resolution of 2 μm.  
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Figure 2.8. Schematic illustration of Brewster angle microscopy (BAM). The image presented 

on the display screen is the BAM image (field of view of 720×400 μm2) of an arachidic acid 

monolayer at air/water interface recorded at surface pressure of 18 mN/m.  

2.2.2. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is a widely used technique to probe the chemical nature of material 

surfaces
13

. This pioneer technique was first employed by Steinhardt and Siegbahn in 

1950
14-15

. Kai Siegbahn was awarded with the Nobel Prize in Physics in 1981 for his 

outstanding contribution in the development of XPS instrumentation and theory of XPS. 

Since then XPS has developed into the standard surface science technique for determining 

the surface stoichiometry and gaining insight into the type of bonds formed by the surface 

atoms.  XPS is based on the photoelectric effect, through which electrons are emitted from 

the surface of a material when irradiated with photons having sufficient energy (hν) as 

sketched in figure 2.9. The kinetic energy  of the ejected electron is measured and is 

given by the following equation:  
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where  is the binding energy of the ejected electrons and is the work function of the 

spectrometer. In XPS the photon energy is in the X-ray region and the kinetic energies of 

electrons photoemitted from core levels are analyzed. The EB is an intrinsic property of an 

element and is influenced by the various factors such as the chemical environment, 

valence/oxidation and spin states of the atom from which the photoelectron is emitted. 

Hence, XPS not only determines the composition but also gives information on the local 

chemical environment of each constituent element. Oxidation and spin states of the atoms 

at the surface of material can be determined very accurately. 

The penetration depth of the incident X-ray photons for a given material is quite large. 

However, for a laboratory source, the electron mean free path of the photoelectrons is very 

small due to scattering and is typically of the order of few nm. Hence, only those 

photoelectrons coming from first few atomic layers will escape without scattering. This 

explains the surface sensitivity of the XPS technique.   

For the projects described in this thesis XPS data were collected using a Surface Science 

SSX-100 ESCA instrument equipped with a monochromatic Al Kα X-Ray source 

(hν=1486.6 eV) and operating at a base pressure of  ≤ 3×10
-10

 mbar. The spectra were 

recorded with an electron take-off angle of 37° with respect to the surface normal on a spot 

with a diameter of 600 µm. The energy resolution was set to 1.3 eV. Binding energies were 

referenced to the Carbon 1s photoemission peak, centred at 285.2 eV
16

. Glass slides and Au 

(150 nm) evaporated mica sheets were used as substrates for conducting and non-

conducting LB films respectively for these measurements. The consistency of the data was 

checked by recording spectra at a minimum of three different spots on the sample. This also 

minimized the X-ray induced degradation effects as a fresh area of the sample is irradiated 

in each spot. Copper (II) based materials are highly susceptible to radiation-induced 

degradation. XPS leads to the reduction of Cu
2+

 to Cu
1+

/Cu
0
. To minimize these effects in 

the case of LB films comprising Cu complexes as inorganic component, spectra 

acquisitions were started with the Cu 2p region and the sample was laterally moved by ~0.5 

mm after each scan so that every scan is measured from a fresh area of the sample. 
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Figure 2.9: A schematic illustration of the photoemission process. Left panel:The X-ray photons 

impinge on the surface of a Langmuir Blodgett film resulting in the emission of electrons. Right 

panel: sketch the photoemission from the carbon 1s core level.   

A detailed analysis of the XPS spectra was done using the least squares curve fitting 

program Winspec developed at the LISE, University of Namur, Belgium. Curve fitting for 

all the high resolution XPS spectra involved background subtraction (linear or Shirley 

baseline) and peak deconvolution using a linear combination of Gaussian and Lorentzian 

functions with a 75-25% ratio while taking the experimental resolution into account. 

Binding energies are reported ±0.1 eV. 

2.2.3. X-ray diffraction (XRD) 

Thin film X-ray diffraction technique (XRD) was extensively used in the projects described 

in this thesis to investigate the crystal structure of the multilayer LB films. X-ray diffraction 

is one of the key methods to obtain complementary information over crystal structure, 

quality of crystal, thickness and roughness of the multilayer films
17-18

. Moreover, the 

orientation of film with respect to the substrate and the orientation relation between 

individual layers within the multilayer film can be extracted from these measurements. 

Diffraction occurs when electromagnetic radiation interacts with a structure which is 

periodic on the length scale of the wavelength of the incident radiation. Figure 2.10 depicts 
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the schematic representation of the interference of light reflected from successive planes of 

a classical multilayer LB film. Constructive interference occurs if Bragg’s law is satisfied
19

: 

 

where d represents the interplanar distance, n is an integer number, λ the wavelength of 

incident radiations, and θ the angle between the incoming radiation and scattering plane.  

 

Figure 2.10. Schematic representation of interference between two radiations with wavelength λ 

reflected from LB film with periodic multilayer structure. Path difference between two 

radiations, 2dsinθ, must be equal to n λ for constructive interference according to Bragg’s law. 

In the framework of this dissertation X-ray diffraction data were collected to get 

information over the crystal structure of hybrid LB films and stacking of the individual 

layers within the multilayer LB film. Si/SiO2 wafer served as a substrate for X-ray 

diffraction measurements. Out of plane X-ray reflectivity data for the multilayer LB films 

were collected at ambient conditions with a Philips PANanalytical X’Pert MRD 

diffractometer. The diffractometer is equipped with Cu K  ( =1.5418 Å) radiation source 

(40 keV, 40 mA) while a 0.25º divergent slit and a 0.125º antiscattering slit were employed 

for these experiments. The 2θ scans was taken from 0.6º to 9º with a 0.02º step and a 

counting time of 15 s per step. An X-ray reflectivity measurement on a thin film with 

multilayer structure not only gives the film thickness but also reveals the roughness of the 

interfaces within the film. As the X-ray beam passes through a multilayer structure, a 

portion of X-rays is reflected at every interface; the interference of these partially reflected 

X-ray beams produces a reflectivity curve exhibiting an oscillation pattern
20

. This 
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oscillation pattern, known as Kiessig fringes, is created by the phase difference between X-

rays reflected from different interfaces. The period of the Kiessig fringes is determined by 

the thickness of the film. However, Kiessig fringes are not visible in thin films with lateral 

inhomogeneities and rough interfaces
20

. 

To determine the in-plane crystal structure in LB films, both an intense X-ray source and 

high resolution are required. In fact, the resolution of most of laboratory diffactometers is 

limited by the geometry (sample to detector distance, source to sample distance rotational 

degree of freedom for detector and sample etc.), the energy and the flux of the X-ray 

source. The in-plane diffraction measurements on the hybrid LB films discussed in Chapter 

5 were carried out with a photon energy of 17.5 keV at beamline ID03 of the European 

synchrotron radiation facility (ESRF) in Grenoble, France
21

. The photon energy was 

optimized for obtaining better results with minimum radiation damage. The in-plane 

diffraction measurements on the hybrid LB films reported in Chapter 7 were performed at 

the SAXS-beamline at the ELETTRA synchrotron radiation facility in Trieste, Italy
22

.  To 

get information on the stacking of the individual sheets within the multilayer hybrid LB 

film, rocking curves (θ-scans) were collected with a photon energy of 8 keV at the 001 peak 

position in the out of plane geometry at the same SAXS-beamline.  

2.2.4. Transmission electron microscopy (TEM) 

The multilayer hybrid LB films were analysed by transmission electron microscopy to 

verify that a layered structure had been prepared. High-resolution transmission electron 

microscopy (HRTEM) and high angle annular dark field scanning electron transmission 

microscopy (HAADF-STEM) together with energy dispersive X-ray spectroscopy (EDX) 

data were collected using a FEI Tecnai G 2 microscope operated at 200 keV. For these 

measurements, the films were deposited on a mylar substrate and ultra-thin cross-sectional 

lamellae were prepared with the help of a focused ion beam (FIB) in a FEI Helios FIB/SEM 

dual beam system. To avoid charging problem in FIB/SEM dual beam system and to 

protect the delicate film surface, a layer of amorphous carbon with an approximate 

thickness of 100 nm was deposited on the film surface; thereafter a protective Pt layer was 

deposited. Then each lamella was milled around the protected area prior to an in-situ lift-

out procedure. Further thinning was carried out by using a low kV ion beam with low dose 

in order to protect the structure. The lamella thickness was reduced from approximately 

1µm to 100 nm. Final thinning and cleaning was performed using an ultra-low kV ion 

beam, i.e. 1 kV ion to make it electron-transparent. 
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2.2.5. Infrared spectroscopy (IR) 

Infrared spectroscopy is a non-destructive technique used initially for qualitative and 

quantitative analysis of organic compounds; it exploits the fact that molecules absorb 

radiation of a specific energy to excite their vibrational modes. The frequency of the 

vibrational modes is sensitive to the shape of the molecule, the mass of the atoms, the 

associated vibronic coupling and the charge on the molecule
23

. Hence, IR is employed in 

the context of the research reported in this thesis to investigate the charge transfer 

properties and the orientation of the organic molecules. For this purpose multilayer LB 

films on a gold film supported on a mica substrate were measured in the spectral range of 

700-4000 cm
-1

 in reflectance mode with a Bruker IFS 66v/S vacuum FTIR spectrometer 

operating at 10
-2

 mbar. The spectrometer was equipped with a liquid nitrogen cooled 

Mercury Cadmium Telluride (MCT) detector and a KBr beam splitter. To achieve a good 

signal to noise ratio, each spectrum was the average of 200 scans collected with 2 cm
-1

 

resolution. IR on metal substrates gives information on the orientation of the adsorbed 

molecules due to the metal-surface selection rule which predicts that vibrational bands are 

suppressed when the oscillating dipole moment is parallel to the surface because of the 

oscillating image dipole inside the metal
24

.  

To determine the intrinsic electrical transport properties, optical spectra of the multilayer 

hybrid LB films deposited on CaF2 substrates were measured in transmission mode as a 

function of wavenumber in the range 900-11500 cm
-1

. A Bruker IFS 66v/S spectrometer 

was used for measurements in the range 900-4000 cm
-1

,  while for 4000-11500 cm
-1

 

spectral range a Perkin-Elmer Lambda 900 spectrometer was used.  

 2.2.6.  Electrical transport measurements 

Electrical transport measurements on multilayer LB films were carried out using Quantum 

Design physical property measurement system (PPMS) model 6000 cryostat. This variable 

temperature-magnetic field system allows for a variety of automated measurements 

including AC and DC magnetic susceptibility, electrical and thermal transport properties. A 

standard four-point probe method is used to measure the electrical resistance of the 

multilayer LB films
25

. LB films were deposited on a Si/SiO2 substrate prefabricated with 

four Au/Ti electrodes separated by 0.5 mm gaps. The dc four-point probe method was 

applied by sending a constant current (I, with value chosen between 1.0 nA-1.0 μA) 

through the outer two electrodes and measuring the voltage drop (V) in the inner two. The 

sheet resistance is then computed using the following expression: 
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where C is the geometrical factor determined by the geometry of the sample and spacing 

between the electrodes
25

 and amounts to 4.4516 for the samples investigated in this thesis 

project.  

2.2.7. Magnetic characterization 

A Quantum Design MPMS-XL7 SQUID magnetometer was employed for magnetic 

characterization of the multilayer LB films. It operates between 2-350 K with a maximum 

magnetic field of ±7 T. The SQUID magnetometer has three main components; a 

superconducting magnet, second-order gradiometer pickup coils connected to the SQUID to 

sense the magnetic signal from the sample under investigation, and a cryostat and sample 

heating system connected to a temperature controller. The sample under investigation is 

placed in the centre of the superconducting magnet and moved up and down to produce an 

alternating magnetic flux in the pickup coil. This alternating flux signal is detected as a 

current by the SQUID, which is amplified and processed to give the magnetic moment in 

units of emu. SQUID magnetometry is one of the most sensitive ways to measure the 

magnetic moments as low as 10
-7

 emu. 
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Chapter 3 

Introduction to Molecule-Based Conducting and 

Magnetic Langmuir-Blodgett Films 

This chapter reviews the use of the Langmuir-Blodgett technique to produce molecule-

based conductors and magnets. Some of the early and recent examples from the literature 

are highlighted with particular attention to the chemical systems that are studied. Hybrid 

Langmuir-Blodgett films, deposited with the purpose of mixing functionalities especially 

magnetism and conduction, are briefly discussed in the last section.  This chapter provides 

a glimpse of the state of the art, mostly from the point of view of controlled deposition of 

heterostructures afforded by Langmuir-Blodgett films.  
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3.1. Introduction 

In the last few decades, the Langmuir-Blodgett technique has been explored to design 

molecule-based materials not only for fundamental studies but also for possible applications 

in molecular electronics
1-2

. The cooperative properties of molecule-based materials, such as 

conduction and magnetism, depend on the intermolecular distances and on the orientation 

of the molecules relative to each other
3-4

. Hence, engineering of molecular assemblies with 

desired functionalities requires the ability to control the molecular organization. The 

Langmuir-Blodgett method has attracted much attention in the context of building 

supramolecular assemblies as it provides the opportunity to exercise molecular-level 

control over the mono- and multi-layer assemblies. Taking advantage of its ability to 

deposit thin films with a fine control of film thickness, several nanostructured functional 

materials have been organized on surfaces
5-6

.  

3.2. Molecule-based conducting Langmuir-Blodgett films 

Organic conductors and semiconductors have attracted great attention, motivated by 

possible applications in molecular electronics
7-8

. Since the discovery of the first metallic 

tetrathiafulvalene–tetracyanoquinodimethane (TTF-TCNQ) solid in 1973, much effort has 

been devoted to molecule-based (super)conductors
9
. These materials show very interesting 

properties such as high anisotropy, low-dimensional electron transport and charge or spin 

ordering
10

. These properties are mainly determined by the arrangement of molecules in 

condensed phases. Hence, control over the orientation and placement of molecules within 

the molecular assembly is required to achieve the desired material properties.  

The Langmuir-Blodgett method requires amphiphilic molecules that are capable of forming 

the monolayer at the air/water interface. If molecular building blocks (figure 3.1; 1, 2, 3) 

with amphiphilic character are included in the synthesis of molecular solids, conducting 

films can be obtained using the Langmuir-Blodgett method. There are several approaches to 

self-assemble the molecules at the air/water interface, such as functionalizing the basic 

molecules with hydrophobic and hydrophilic groups
11

 or to associate the non-amphiphilic 

basic molecule with an amphiphilic counter anion
12-13

. This section will review some of the 

molecular building blocks most commonly used to deposit conducting Langmuir-Blodgett 

films. A set of sophisticated analysis tools has been applied to generate a coherent picture 

of the physical and electronic structure of these Langmuir-Blodgett films.  
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Figure 3.1. Some examples of the chemical structures of the molecules used as building blocks to 

achieve electrical conduction. 

These characterization results
2,14

 are not included here; this section emphasizes the 

molecular building blocks used to build conducting LB films and the corresponding 

conductivity results in the resulting films. The reader is referred to the original literature for 

details on the structural, spectroscopic and electrical transport measurements. 

3.2.1. TCNQ-based conducting Langmuir-Blodgett films    

One of the earliest examples of molecule-based conducting Langmuir-Blodgett films was 

prepared using N-docosylpyridinium TCNQ (figure 3.2; 4) by Raudel-Teixier et al
15

. The 

deposited films were oxidized with iodine vapours to achieve mixed valency. X-ray 

diffraction along with other spectroscopic measurements was used to investigate the 

structure of the Langmuir-Blodgett films before and after iodine vapour treatment
12-13,16

. It 

was found that (TCNQ
-
)2 dimers reorient upon oxidation with iodine vapours to align the 

long molecular axis perpendicular to the substrate surface. The intrinsic conductivity of LB 

film estimated from optical measurements was 200 S/cm after oxidation. However, the DC 

electrical conductivity was found to be 0.1 S/cm with an activation energy of 0.15 eV. It is 

understood that the macroscopic conductivity measured through DC electrical 

measurements is limited by grain boundary effects in a granular material. Since structural 

imperfections and a granular nature are common features in conducting LB films, the 

macroscopic DC electrical transport is significantly affected by inter-grain potential 

barriers
17-18

. 

 Raudel-Teixier et al. also introduced another strategy for preparing conducting LB films, 

which did not require any post-oxidation treatment with iodine vapours
19-20

. They used a 

mixture of neutral amphiphilic TCNQ (figure 3.2; 5) and fully reduced TCNQ
-
 to achieve 

stable monolayers. The transferred LB films were in a mixed valence state and exhibited a 

conductivity of 0.1 S/cm. The mixed valence nature of the LB films was confirmed by the 

presence of a charge transfer band in the IR spectrum. In another attempt hybrid LB films 
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were deposited using an amphiphilic pyridinium counterion with an azobenzene moiety 

(figure 3.2; 6)
21

 for the purpose of switchable conductivity. The resulting hybrid LB films 

showed changes in the in-plane conductivity upon irradiation at frequencies that induce 

trans-to-cis isomerization of the azobenzene.  

 

Figure 3.2. Chemical structures of molecular building blocks based on TCNQ derivatives 

 

3.2.2. Phthalocyanines-based conducting Langmuir-Blodgett films 

Phthalocyanines have a strong tendency to self-organize from solution in common solvents 

into coherent columnar, rod-like assemblies; hence they hold great potential for solution-

processed molecular electronic devices such as organic light-emitting diodes, organic field-

effect transistors, photovoltaic cells and electrochromic displays. These materials exhibit 

long-range order and large electrical anisotropies which make them good candidates for any 

application that requires an anisotropic character in the molecular assemblies
22-23

 . 

Considerable efforts have been spent to deposit phthalocyanine derivatives (figure 3.3; 7, 8, 

9)
22-29

 using the Langmuir-Blodgett technique that provides the possibility to control the 

packing of these disk-like molecules. At low surface pressure (<10 mN/m
2
), these 

molecules (7, 8, 9) form a monolayer with face-to-face stacking. However, further 
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compression leads to bilayer formation at the air/water interface. X-ray reflectivity studies 

together with atomic force (AFM) and optical microscopy on transferred LB films 

confirmed the picture of aligned columns of the phthalocyanines molecules. The structural 

properties of the resulting LB films were shown to be greatly influenced by several 

deposition parameters, especially by the surface pressures at which these were transferred. 

The conductivity in these LB films was found to be significantly larger along the column 

direction than perpendicular to it. The observed anisotropy
22-23

 was as large as 1000:1. 

 

 

Figure 3.3. Chemical structure of phthalocyanine derivatives 

 

3.2.3. TTF-based conducting Langmuir-Blodgett films  

The amphiphilic TTF derivatives with hydrophobic alkyl chains (figure 4.4; 10)
30-32

 have 

been studied in detail. The amphiphile EDT-TTF(SC18)2 (10) forms a stable monolayer only 

when mixed with long-chain carboxylic acids. The as-deposited LB films were subjected to 

post-oxidation treatment to achieve conduction. The oxidation process involved various 

steps and led to significant structural reorganization within the LB film. A DC electrical 

conductivity up to 1 S/cm was observed for multilayer LB films. Different studies gave a 

heterogeneous picture of these LB films in which conducting clusters of (EDT-

TTF(SC18)2)2I3 were surrounded by insulating bilayers of carboxylic acid. The amphiphile 

derivative 11 has the ability to form films on its own and hence does not require any co-

surfactant
11,33-34

. The floating films were found to deposit forming a Y-type structure (see 
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figure 2.7 in Chapter 2) using normal dipping procedures. However, the resulting LB films 

are neutral and an iodine vapour treatment was required to obtain a charge-transfer salt. The 

two-point probe conductivity measurement gave 1 S/cm with an activation energy of 0.09 

eV for oxidized LB films of amphiphile 11. To avoid the use of co-surfactants or long alkyl 

chains that hinder the optimal overlap between adjacent donors, several strategies have 

been used to prepare TTF derivatives that have improved film-forming properties. Some of 

them are illustrated very briefly in the following subsections. 

Pyridine-containing TTF donors (figure 3.4; 12, 13): 

Pyridine-containing TTF donors (12, 13) were reported to form Langmuir films without 

long alkyl chains
35-36

. The as-deposited LB films showed conductivity values up to 10
-7

 

S/cm as measured by the two-point probe method; these values could even be increased to 

~10
-3

 S/cm with post-oxidation treatment
35-36

. 

Azobenzene-containing TTF donors (figure 3.4; 14): 

L. M. Goldenberg et al.
37

 coupled TTF derivatives to an azobenzene chromophore in order 

to deposit LB films with switchable conductivity. LB films with semiconducting properties 

were obtained from these molecules without adding any co-surfactant. However, the 

authors did not observe any change in conductivity upon irradiation.   

Metal dithiolate complexes (figure 3.5; 15): 

In the solid state, eleven superconductors with Tc’s of less than 8.4 K
38

, prepared from 

metal complexes of the dmit (1,3-dithiole-2-thione-4,5-dithiolate) ligand, have been 

reported. These complexes have also been studied in LB films as salts of alkylammonium 

or alkylpyridinium amphiphilic molecules
39-40

. LB films of monovalent or divalent salts 

acquire a mixed valence state upon post-oxidation. Room temperature conductivities up to 

40 S/cm have been reported for a series of Au(dmit)2 salts
18

. When electrochemically 

oxidized by a LiClO4 electrolyte, LB films of ditetradecyldimethylammonium-Au(dmit)2 

(15) showed signatures of superconductivity in a series of AC susceptibility 

measurements.
41-42
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Figure 3.4. Chemical Structure of TTF derivatives 

 

Figure 3.5. Chemical structure of ditetradecyldimethylammonium-Au(dmit)2  

BEDO-TTF (figure 3.6; 16):  

The majority of LB films based on molecular conductors require a post-oxidation treatment 

to achieve mixed valency, essential for conducting properties. The post-oxidation treatment 

most often consists in exposure iodine or bromine vapours which induce a significant 

structural reorganization. These structural changes are accompanied by inclusion of defects 

and insulating grain boundaries that limit the electrical conductivity. BEDO-TTF (16), 

when mixed with carboxylic acid, gives rise to conducting LB films without the need for 

further post-oxidation treatment
43

. BEDO-TTF has a strong tendency to form a quasi-two-

dimensional metal.
44

 When a mixture of amphiphilic carboxylic acid and BEDO-TTF is 

spread onto the water surface, the BEDO-TTF molecules self-assemble beneath the 
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amphiphile carboxylic acid molecular layer through hydrogen bonding
43

. This Langmuir 

film is already in a mixed valence state characterized by an optical conductivity of ~200 

S/cm.
45

 The deposited LB films display a Y-type multilayer structure and have been 

thoroughly studied for structural and electrical properties
45-46

. 

 

Figure 3.6. Chemical structure of BEDO-TTF 

3.3. Magnetic Langmuir-Blodgett films 

The earliest examples of low-dimensional magnetic Langmuir-Blodgett films were 

demonstrated in the late 1970s by M. Pomerantz et al. working at the IBM T.J. Watson 

Research Centre
47-49

. These authors found evidence for an antiferromagnetic exchange 

within the monolayer of manganese stearate at low temperatures. Later on, Y. Ando et al.
50

 

studied the stearate films of Mn
2+

, Fe
2+

, Co
2+

 and Ni
2+

. Their structural and EPR studies on 

manganese stearate LB films confirmed the findings of Pomerantz et al.. The SQUID data 

on the stearate LB films of Fe
2+

and Co
2+

 also showed antiferromagnetic exchange between 

transition metal ions; nickel stearate LB films showed ferromagnetic ordering at low 

temperatures. LB films of gadolinium stearate have also been studied in the same context of 

low-dimensional magnetism
51-52

. EPR measurements indicated a magnetically ordered state 

with a transition temperature around 500 K. The same system was later investigated by 

Mukhopadhyay et al.
53

but these authors did not observe any spontaneous magnetization 

down to 100 mK, although field-induced ferromagnetism was observed at low temperatures 

in the in-plane geometry.
54

    

Similar to fatty acids, alkyl phosphonic acids form LB films with a variety of divalent, 

trivalent or tetravalent metal ions
55-57

. Among these, manganese phosphonate LB films have 

been extensively studied
56,58

. The ordered state of manganese octadecylphosphonate LB 

films is reported as being a canted antiferromagnet and these films showed magnetic 

memory below the transition temperature. Magnetic LB films have also been deposited 

from different molecular complexes; some of the extensively studied examples are 

reviewed in the following subsections.   
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3.3.1. Metal cyanide networks – 2D analogues of Prussian Blue 

Metal cyanide networks such as Prussian Blue analogues (PBAs) possess a rich palette of 

properties including high-spin clusters
59

, room temperature magnetic ordering
60

, meta 

magnetism
61

, photomagnetism
62

 and spin crossover. The very earliest examples of PBA-

based LB films were prepared by Mingotaud et al.
63-64

 These authors used a very dilute 

colloidal dispersion of PBA as subphase and utilized positively charged 

dioctadecyldimethylammonium (DODA) ions to assemble PBA species at the air/water 

interface. The transferred films were of Y-type, with PBA species trapped within DODA 

bilayer as shown in figure 3.7 (a). These LB films exhibit a higher magnetic ordering 

temperature (Tc) than the corresponding PBA powder sample and a magnetic memory in 

the ordered state (figure 3.7 (b)).  

 

Figure 3.7. a) Schematic representation of the PBA-DODA LB film structure. b) Hysteresis 

loops of 300-layer-thick PBA-DODA LB film recorded at 2 K with the magnetic field (H) 

parallel (open circles) and perpendicular (filled circles) to the LB layers (adapted from ref. 64). 
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Later on, different strategies were introduced to prepare LB films of PBAs. Culp et al.
65-68

 

included one of the metal sites in an amphiphlic complex (figure 3.8 (a); 17). Reaction of 

this Langmuir film with the metal ions present in the subphase results in a 2-dimensional 

metal cyanide grid network at the air/water interface. This network can be deposited onto a 

substrate to obtain monolayer, bilayer or multilayer LB films, whose structure is 

schematically illustrated in figure 3.8. The magnetic response of the 2-dimensional 

magnetic network is determined by the in-plane, interplane and long range dipolar 

interactions as show in figure 3.9. The coercive field of the deposited film increases with 

increasing number of layers. Since the reactants combine at the air/water interface, the film 

formation process discriminates against the formation of higher-dimensionality products 

and provides elegant control of the structures at early stages of growth. The resulting films 

were ferromagnetic at low temperature.  

 

 

Figure 3.8. a) Chemical structure of the pentacyanoferrate amphiphilic molecule used to form 

Langmuir films. b) Schematic structure of two-dimensional Fe3+-Ni2+ cyanide grid networks 

assembled at the air/water interface and transferred as monolayer, bilayer and multilayer using 

the Langmuir-Blodgett technique (adapted from ref. 68). 
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Figure 3.9. Magnetization vs applied magnetic field (B) for monolayer (light blue), bilayer (red) 

and multilayer (dark blue) Langmuir-Blodgett films shown in Figure 3.8. The hysteresis 

increases with increasing number of layers (adapted from ref. 68). 

Another strategy reported for the ‘on surface’ synthesis of PBA-based LB films involves 

the use of clay platelets along with amphiphilic molecules
69

. Figure 3.10 depicts the 

deposition scheme of a DODA-clay-PBA multilayer film. The cross-sectional high 

resolution TEM and high-angle annular dark-field scanning electron transmission 

microscopy analysis, shown in figure 3.11, confirmed the formation of a layered structure 

where a low dimensional PBA network is sandwiched between clay layers. The brighter 

contrast in Figure 3.11 (b) is due to atoms with high atomic number (metal ions) contained 

in PBA. These films showed magnetic properties in between superparamagnetic and spin-

glass behaviour with high blocking glass temperatures above 65 K.    

 

 



Chapter 3 

 

45 

 

Figure 3.10. Deposition procedure adapted from ref. 69. Amphiphilic DODA absorbs clay 

platelets when spread on aqueous clay dispersion. This DODA-clay layer is deposited on a 

hydrophobic substrate and sequentially dipped into aqueous solutions of metal ions and 

hexacyanometallate ions to obtain DODA-clay-PBA film.  

 

 

Figure 3.11. High-resolution TEM and high-angle annular dark-field scanning electron 

transmission microscopy (HAADF-STEM) analysis performed on the 120-layer-thick hybrid 

films of DODA-clay-PBA (adapted from ref. 69) 
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3.3.2. Polyoxometalate complexes 

Polyoxometalate anions (POMs) represent a diversified class of molecular inorganic 

compounds with the general formula XaMbOc
n- 

(M = Mo, W, V etc. and X = P, Si, B, Co 

etc.). Their versatile nature in terms of composition, size, structure and charge distribution 

provides access to a huge library of functional building blocks
70

 which can be 

interconnected with other functional molecules to construct tailored molecular framework 

materials. M. Clemente-Leon et al.
71-74

 incorporated a series of magnetic POM clusters with 

varying nuclerities into LB films as counterions to cationic surfactants such as DODA. X-

ray diffraction and spectroscopic analysis indicated that the POMs are organized in 

monolayers within these LB films. Magnetic measurements on these LB assemblies 

indicated that the clusters are magnetically isolated
72

.  

3.3.3. Single-molecule nanomagnets 

M. Clemente-Leon et al.
75-76

 also explored the use of LB technique to organize single 

molecule magnets in a way to achieve molecular bi-stability suitable for information 

storage at the molecular level. Initial experiments were performed with mixed valence 

manganese clusters [Mn12O12(carboxylato)16] (carboxylato = acetate, benzoate), referred to 

as Mn12 (figure 3.12 (a)). To obtain a stable Langmuir film from these clusters, behenic 

acid (BA) was used as the co-surfactant. The organization of the Mn12 clusters within the 

Langmuir film showed a strong dependence on the BA:Mn12 ratio as illustrated in figure 

3.12 (b). A bi-dimensional molecular system resulted for ratios near 1:5 while partial 

monolayers of clusters were obtained at lower concentrations of clusters. These films 

showed marked hysteresis loops at 2 K, with coercive fields of 0.1 T for the benzoate 

derivative and 0.06 T for the acetate derivative.  

In another effort to arrange the magnetic clusters into a well-organized multilayered film, L. 

M. Toma et al.
77

 combined the Langmuir-Schaefer method with self-assembly to deposit 

thin magnetic films of highly anisotropic Ni8 molecules. Figure 3.13 (a) displays the XRD 

pattern of a multilayer film which confirmed the proposed layered structure shown in 

Figure 3.13 (b). 
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Figure 3.12. a) Schematic view of the chemical structure of a Mn12O12(carboxylato)16 cluster. 

The large circles, white circles and small black circles represent Mn ions, oxygen atoms and 

carbon atoms, respectively. b) Schematic representation of the structure of a BA-Mn12 LB film 

for different concentrations of Mn12 clusters (adapted from ref. 76) 

 

 

Figure 3.13. (a) X-ray diffraction pattern of a 40-layer-thick hybrid DODA-clay-Ni8 film on 

Mylar testifying to the layered structure schematically shown in (b) (adapted from ref. 77).  
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3.3.4. Magnetic nanocrystals 

Recently, M. Pauly demonstrated a strategy to fabricate controlled assemblies of ligand-

coated iron oxide nanoparticles using the Langmuir-Blodgett technique
78

. Figure 3.14 

shows a schematic representation of the structure of such a multilayer LB film. The films 

were homogeneous and dense over large areas as shown by the SEM, AFM and TEM 

images shown in Figure 3.14. The thickness of the 10-layer-thick film was well defined in 

the AFM images with a root-mean-square (rms) roughness of 5 nm, half of the 

nanoparticles diameter. The dipolar interactions were found to be stronger for particles 

assembled in a thin film compared to a powder sample
79

. 

 

Figure 3.14. (a) Schematic representation of the structure of a multilayer LB film deposited 

from coated iron oxide nanoparticles. (b) Top and (c) section view of 10 layer-thick LB film in 

SEM. (d) AFM results and (e) TEM cross-section. (Adapted from ref. 78) 

3.4. Langmuir-Blodgett films with mixed functionalities  

The Langmuir-Blodgett technique utilizes the amphiphilic nature of the surfactant 

molecules and the layer-by-layer deposition protocol to grow supramolecular architectures 

on surfaces. Both aspects make Langmuir-Blodgett deposition a superior method for 

combining multiple functions into one film. Changing the surfactant molecules from one 

layer to the next, ordered heterostructures can be created with well-defined smooth 

junctions (interfaces). Each layer in the resulting heterostructures not only contributes a 

separate property, providing a film with composite properties, but can also couple to 
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adjacent layers to produce new phenomena. Examples of such structures are the conducting 

and magnetic films involving molecular layers of photoactive or electroactive 

components
21,80

 which are introduced to switch the magnetic or conducting properties with 

external stimulus. Films where conductivity and magnetism coexistent have also been 

targeted. Such organic-inorganic hybrids have been found to exhibit several interesting 

phenomena arising from the coupling between individual building blocks as illustrated in a 

review by T. Sugimoto et al
81

. Here, discussion is limited to the class of LB films that are 

both conducting and magnetic.  

M. Clemente-Leon et al.
82

 used magnetic POM clusters in combination with semi-

fluorinated TTF derivatives (SF-EDT shown in figure 3.15) to prepare hybrid LB films. In 

a first step POM clusters were transferred from the air/water interface to a substrate with 

the help of a DODA layer. This results in a hydrophobic surface because the alkyl chains of 

the DODA arrange at the film/air interface. Onto this hydrophobic surface a molecular 

layer of TTF derivatives was deposited in a second LB deposition step. As confirmed by X-

ray diffraction and IR linear-dichroism experiments
82

, a multilayer LB film with the 

structure schematically presented in figure 3.15 could be obtained by repeating this two-

step cycle several times. The as-deposited films were treated with iodine vapours to oxidize 

the TTF moieties. However, the macroscopic conductivity remained very low even after 

oxidation treatment, although charge delocalization was observed in the IR spectra
82

. 

Another type of hybrid LB film in which the polar network was the manganese 

phosphonate lattice and the organic network was composed of substituted TTF moieties (18 

in figure 3.16) was prepared by M. A. Petruska et al.
83-84

. These authors determined that 

these films were canted antiferromagnets below 11.5 K. Post-oxidation treatment of the as-

deposited film with iodine vapours resulted in an unstable phase. However, a manganese 

phosphonate-based hybrid LB film, when prepared with a different TTF moiety (19 in 

figure 3.16), was found to form a stable phase upon photo-oxidation in the presence of 

CCl4
85

. The oxidation procedures have been described by B. A. Scott et al.
86

 Spectroscopic 

studies of the photo-oxidized manganese phosphonate LB films with donor (19) confirmed 

the presence of a conducting organic network, albeit with a very low macroscopic 

conductivity.  
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Figure 3.15. Schematic representation of the structure of a hybrid LB film deposited on a 

substrate (grey rectangle) composed of layers of POM, DODA and semi-fluorinated TTF moiety 

(SF-EDT) (adapted from ref. 82)  

 

Figure 3.16. Chemical structure of TTF derivatives. 

3.5. Concluding remarks 

The results obtained to date have significantly advanced towards the goal of Langmuir-

Blodgett films displaying both conductivity and magnetism. Several types of surfactant and 

charge donating molecules have been tested to improve the cooperative properties, which 

however remain limited by structural defects. The effects of structural defects are magnified 

in low-dimensional systems and responsible for the type of ergodicity breaking exhibited. 

As a result, the macroscopic conductivities in the conducting films are lower than those of 

the related crystalline solids. Similarly, limited structural coherence can result in glassy 
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behaviour in magnetic LB films. However, wise strategies based on thorough understanding 

of the correlation between physical properties and film structure could lead to some of 

tomorrow’s great discoveries of new functional materials. The future looks bright for the 

hybrid Langmuir-Blodgett method in this regard because this technique not only produces 

molecular thin layers with precise control but also provides the opportunity to combine 

different functionalities in a single thin film assembly.  
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Chapter 4 

Structure and Electrical Conductivity of Hybrid 

Langmuir-Blodgett Films from BEDO-TTF and Fatty 

Acid
1
 

Conducting Langmuir Blodgett films are one of the candidates for molecular electronics. 

Since the conductive properties depend significantly on intermolecular interactions and 

hence on the arrangement of molecules in the solid phase, in this chapter we report on a 

systematic investigation of the structural and electrical properties of Langmuir Blodgett 

films built up as a mixed molecular system of bis(ethylenedioxy)tetrathiafulvalene, in short 

BEDO-TTF, and fatty acid, aimed at determining the film composition which gives rise to 

the highest degree of crystallinity. We studied different films as a function of a) the alkyl 

chain length of the fatty acid and b) the fatty acid : BEDO-TTF molar ratio in the starting 

solution from which the Langmuir film is prepared. The Langmuir Blodgett films deposited 

from mixtures with molar ratio 1:2 showed better quality in terms of crystallinity and 

electrical conduction. Moreover, LB films with longer alkyl chain fatty acids were better 

ordered even at lower molar ratio. 

  

                                                 

1
 This chapter is based on Naureen Akhtar, Régis Y. N. Gengler, Thomas T. M. Palstra and 

Petra Rudolf, "Structure and Electrical Conductivity of Hybrid Langmuir-Blodgett Films 

from BEDO-TTF and Fatty Acid", The Journal of Physical Chemistry C, 116 (45), 24130–

24135 (2012). 
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4.1. Introduction 

Organic thin films with conducting and semiconducting properties are of growing interest 

due to their potential for application in molecular-based electronic and optoelectronic 

devices
1-4

. Few nanometer-thick organic conducting films are promising candidates for 

applications such as sensors, solar cells, transistors, light emission diodes
5-8

. Work on 

molecular electronics forms an important step in the miniaturization of devices down to the 

nanometre scale and hence reliable protocols for the fabrication of such thin structures are 

desirable. For this purpose, the Langmuir-Blodgett technique has proved to be a very 

convenient platform that provides not only precise control over layer-by-layer deposition 

and molecular orientation but also offers the possibility to prepare multilayer structures 

with varying layer composition. In this way homogenous functional films of nanometre 

thickness can be obtained on almost any kind of solid substrate
9
. 

Molecular conduction in Langmuir Blodgett (LB) films dates back to the mid-1980s. In the 

last two decades, extensive work has been done in producing LB structures with increasing 

conductivity
10

. Among charge transfer salt-based LB films, the maximum conductivity has 

been found in systems based on bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF) with 

various acceptor molecules
11-12

. However in most cases the conductivity of the LB film is 

several times lower than that of the corresponding bulk organic conductor crystal. This 

limits the application of LB films in molecular electronics. Consequently, the improvement 

of the structure of the films, the enhancement of the conductivity and the search for new 

perspective materials are essential for applications. Molecule-based conduction 

significantly depends on intermolecular interactions and hence on the arrangement of 

molecules in the solid phase, which in turn determines the electronic band structure and 

electronic properties. So the same molecules in the same oxidation state can give rise to 

different solid state properties
13-14

. 

The main cause of the degradation of the electrical conductivity of LB films is the 

polycrystalline structure which leads to thermally activated transport through the inter-

crystallite potential barriers. Improvement of the crystalline structure is therefore required 

to achieve highly conductive LB films. This can be achieved by the optimization of various 

experimental parameters such as the deposition pressure, the choice of the acceptor 

molecules or the concentration of the molecules. LB films of the mixed molecular system 

of fatty acid and BEDO-TTF have been shown to exhibit metallic properties
11

. The 

electrical transport properties of such LB films are very sensitive to the mixed valence state 
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of the molecules and their packing in the film structure. Hence, acceptor molecules in the 

charge transfer complex LB films may influence the electrical transport. 

In this chapter we report on LB films composed of amphiphilic fatty acid and BEDO-TTF 

donor molecules which were prepared from Langmuir film assembled from starting 

solutions with various molar ratios of the constituent molecules. The structural and electric 

transport properties of these films were studied as a function of alkyl chain length of the 

fatty acid molecules at various molar ratios. 

4.2. LB film preparation 

BEDO-TTF was purchased from SYN CHEM. The three fatty acids: stearic acid 

(CH3(CH2)16CO2H, called C18 in the following), arachidic acid (C20H40O2, called C20 in the 

following) and behenic acid (C22H44O2, called C22 in the following) as well as all other 

chemical reagents of analytical grade were purchased from Aldrich and used as received. 

The subphase used in the experiments was ultrapure ion free water having a resistivity of 

greater than 18 MΩ-cm obtained by passing double distilled water through the filtering and 

deionizing columns of a Milli-Q Millipore unit. Surface pressure-molecular area (∏-a) 

isotherm measurements and deposition experiments were performed using a NIMA 

Technology thermostated LB trough. Separate solutions of fatty acid (8.22×10
-4 

mol/L) and 

BEDO-TTF (7.4×10
-4 

mol/L) in chloroform were mixed at 1: y (y = 0, 1, 2, 3) molar ratios 

prior to being spread on the subphase surface. After evaporation of the solvent, the 

molecules were compressed at a rate of 30 cm
2
min

-1
 by a movable barrier until a surface 

pressure of 20 mN/m was reached and this pressure was kept during the whole deposition 

process. LB films were deposited by vertical dipping of hydrophobic substrates into the 

subphase at a dipping speed of 5 mm/min. The fatty acid-BEDO-TTF layer was deposited 

each time the substrate moves across the boundary, which indicates Y-type depositions
15

. 

Hence, one dipping cycle (dipping the substrate into the subphase and subsequently 

withdrawing it) results in the deposition of two layers. In the following we do not consider 

the deposition on the backside of the substrate because all characterization techniques were 

applied only to the front side of the substrate. A Si/SiO2 substrate was used for X-ray 

diffraction and electrical measurements as a function of temperature and infrared spectra of 

the LB films on evaporated gold on mica substrate were measured in reflectance mode. For 

details about the experimental conditions for these measurements see Chapter 2. 
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4.3. Results and discussion 

4.3.1. ∏-a isotherms 

The ∏-a isotherms of the Cn + BEDO-TTF mixture at different molar ratios were recorded 

at a temperature of 21±0.1 
o
C. The lift-off area was calculated for each isotherm by 

extrapolating the linear section of the isotherm
16

 as shown in the inset of figure 4.1 for Cn = 

C18. Each isotherm was measured at least three times and the resulting lift-off area was 

reproduced with a maximum variation of ±1 Å
2
. Fatty acid molecules with long alkyl chain 

spontaneously form islands when are spread over water surface. The area fraction of the 

free water surface reduces while the number and size of the islands increases upon 

compression
17

. The lift-off area is determined by the nature and size of these islands. Fatty 

acid molecules with longer alkyl chains tend to form bigger islands with more compact 

packing due to their higher melting point, consequently giving a steeper increase in surface 

pressure with smaller lift-off area upon compression as shown in figure 4.1. A monolayer 

of pure C18 molecules showed a clear transition from the liquid to the solid phase (figure 

4.1) at 25 mN/m. The shape of the isotherm is altered for the C18+BEDO-TTF mixture, 

exhibiting a larger lift-off area. However, the lift-off area for the C18+BEDO-TTF mixture 

with 1:2 molar ratio (A2) is close to that of a pure C18 monolayer (A0) as reported in Table 

4.1. Hence for this molar ratio, the area is determined by the lateral packing of the C18 

molecules. This behaviour was first observed by H. Ohnuki et al. for the C22+BEDO-TTF 

mixture
11

 and explained by a bilayer model in which C22 form the upper layer and the lower 

layer comprises the BEDO-TTF molecules. Later, their work on the C18+BEDO-TTF LB 

films revealed the same isotherm behaviour for a 1:1 molar ratio
18-20

. In the present work 

Langmuir films of C18+BEDO-TTF mixtures prepared with 1:1 and 1:3 molar ratios 

exhibited isotherms with larger area/molecule. This implies that the arrangement of 

molecules at air/water interface is sensitive to the C18:BEDO-TTF molar ratio. 

At a surface pressure of 20 mN/m, the occupied area/molecule for C20+BEDO-TTF and 

C22+BEDO-TTF mixtures with 1:2 molar ratio is close to the occupied area/molecule for 

pure C20 and C22 monolayers, respectively (see figure 4.1). However, Δ1 that corresponds to 

|A1 – A0|, is smaller and Δ3, corresponding to |A3 – A0|, is larger for fatty acids with longer 

alkyl chains. 
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Figure 4.1. Isotherms measured during compression: Surface pressure (∏) vs area (a) per one 

Cn molecule of Langmuir films of pure Cn and Cn+BEDO-TTF mixtures at different molar 

ratios recorded for Cn = C18 (top panel), Cn = C20 (bottom left panel) and for Cn = C22 (bottom 

right panel). The inset in the top panel illustrates the determination of the lift-off area from the 

∏-a isotherm of a pure C18 Langmuir film. 

One may therefore conclude that Cn molecules with longer alkyl chains start forming the 

bilayer structure at the air/water interface at lower molar ratios. Once the bilayer structure is 

formed for a particular molar ratio, any further increase of the BEDO-TTF concentration in 

the mixture destroys the Langmuir film. This might be explained considering the lift-off 

area and area density of fatty acid molecules. A fatty acid with a longer alkyl chain tends to 

pack more densely and consequently leads to a more compact packing of the BEDO-TTF 
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molecules. This results in a stable Cn+BEDO-TTF bilayer at the air/water interface via 

interlayer hydrogen bonding even at smaller concentration of BEDO-TTF molecules
18

. 

Table 4.1. Lift off areas in Å
2
 of Langmuir films of pure Cn (A0) and Cn+BEDO-TTF 

mixtures prepared with 1:1 (A1), 1:2 (A2), and 1:3 (A3) molar ratios, where Δ1 = |A1 – A0| 

and Δ3 = |A3 – A0| 

Mixture A0 A1 Δ1 A2 A3 Δ3 

C18+BEDO-TTF 27 34 7 26 30 3 

C20+BEDO-TTF 24 28 4 24 30 6 

C22+BEDO-TTF 22 20 2 20 27 5 

4.3.2. XRD patterns 

XRD measurements were carried out at room temperature on 22-layer thick organic films 

prepared from the Cn+BEDO-TTF mixtures with different molar ratios. Figure 4.2 (b) 

shows the XRD pattern of LB films of C18+BEDO-TTF. The XRD pattern of the LB film 

prepared with 1:1 molar ratio clearly lacked structural order and exhibited a very weak 

diffraction peak at 2θ = 1.82±0.05
º
 after background subtraction. The LB film deposited 

from pure C18 also gave the (001) reflection at 2θ = 1.88±0.02
º
 (figure 4.2 (a)). This implies 

that films prepared from a C18+BEDO-TTF mixture with 1:1 molar ratio have the same 

repeating unit perpendicular to the film surface as films prepared from pure C18 and 

suggests the absence of a bilayer structure in these C18+BEDO-TTF LB films. However, 

LB films deposited with 1:2 molar ratio showed diffraction peaks around 2θ = 1.34±0.02
º
, 

2.67±0.1
º
 and 4.0±0.2

º
. A more detailed analysis of the XRD profile of C18+BEDO-TTF 

films deposited with 1:2 molar ratio is depicted in Figure 4.2b. The background was fitted 

with a polynomial function of 4
th

 order. A linear combination of Gaussian and Lorentzian 

line shapes with a 75-25% ratio was used for the peak fitting. The size of the repeating unit 

perpendicular to the film surface (dA) was calculated from the position of diffraction peaks 

using the Bragg formula and found to be dA = 66 ± 1 Å, which is consistent with Y-type LB 

films. Taking into account the d value of the pure C18 LB film (46 ± 1 Å), a thickness of the 

BEDO-TTF layer of 10 Å was deduced. For the stacking periodicity with dA(001) = 66 Å, all 

observed diffraction peaks are at the expected positions. 
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LB films deposited from a C18+BEDO-TTF mixture with 1:3 molar ratio showed a 

significant reduction in structural order. A very weak and broadened (001) peak can be 

distinguished at 2θ = 1.32±0.02
º
 after background subtraction (Table 4.2). Hence the size of 

the coherently diffracting unit is smaller in these films than in those deposited from 

mixtures with 1:2 molar ratio. Figure 4.2 (c) and 4.2 (d) show XRD profiles for 22-layer 

thick LB films of C20+BEDO-TTF and C22+BEDO-TTF, respectively, at several molar 

ratios. LB films deposited from a C20+BEDO-TTF mixture with 1:1 molar ratio exhibit the 

first peak at 2θ = 1.3
º
±0.04

º
 (d~70 Å). If the origin of the periodicity is attributed to 

C20+BEDO-TTF layered stacking with d~70 Å, one would expect (002) and (003) 

reflections at 2θ ~2.52
º
 and 3.83

º
, respectively. However both peaks showed a large 

broadening (greater full width at half maximum (FWHM)), indicative of multiple 

conformations
16

. 

We can analyse the diffraction pattern by assuming two types of conformation, one with a 

d-spacing of 70 Å  (conformation A) and another one with a d-spacing of 42 Å 

(conformation B). Conformation A is most likely composed of C20+BEDO-TTF (where 

the organic molecules stand upright, almost perpendicular to the film surface), while 

conformation B consists of C20 molecules alone with alkyl chains tilted with respect to the 

film surface. LB films prepared from mixtures with 1:2 molar ratio gave an improved 

structure with peaks at 2θ = 1.26±0.02
º
, 2.52±0.09

º
, 3.83±0.15

º
 and 4.98±0.3

º
. Moreover, 

for these films the size of the coherently diffracting units is larger as compared to those 

prepared from mixtures with 1:1 molar ratio as indicated by the smaller FWHM of (001) 

peak (Table 4.2).  

LB films deposited from C22+BEDO-TTF mixtures with 1:1 molar ratio showed the same 

type of structural features as observed for C20+BEDO-TTF LB films prepared under the 

same conditions (figure 4.2 (d)). The deconvolution of the diffraction peaks revealed 

three different conformations, characterized by dA = 74±1.5 Å, dB = 48±1 Å and dC = 

66±1 Å. The first and third conformations are assigned to C20+BEDO-TTF molecular 

layers with almost perpendicular and tilted organic molecules, respectively, while the 

second one is most likely composed of C20 alone.  The (001) diffraction peak of 

conformation C did not appear in fitting, probably because its intensity is too low. 
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Figure 4.2. (a) XRD pattern for a 16-layer thick LB film deposited from pure C18 molecules. 

This pattern is compared to XRD patterns for 22-layer thick LB films deposited from (b) 

C18+BEDO-TTF, (c) C20+BEDO-TTF, and (d) C22+BEDO-TTF mixtures with different molar 

ratios; the corresponding fits are also plotted. Conformations A, B, and C are explained in the 

text.  

Films prepared with 1:2 molar ratio have a majority phase with dA= 74±1 Å. However the 

(001) peak of conformation A for films prepared from a mixture with 1:1 molar ratio gave 

smaller FWHM than those deposited from a mixture with molar ratio 1:2. As reported in 

Table 4.2, the FWHM for (001) diffraction peak of conformation A decreases when going 

from C18 to C20. This indicates an increase in size of the coherently diffracting unit with the 

growing alkyl chain length of the fatty acid. From the above observation it is concluded that 

within the resolution of our XRD data, the LB films prepared from a Cn+BEDO-TTF 

mixture with 1:2 molar ratio have a crystal structure with a single periodicity. 
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Table 4.2. FWHM001 of (001) diffraction peak for the conformation A for Cn+BEDO-TTF 

LB films.There 

LB films 
FWHM001                                

1:1 (for C20, C22), 1:3 (for C18) 

FWHM001                   

1:2 

C18 0.378
º
 ± 0.003 0.322

º
 ± 0.002 

C20 0.331
º
 ± 0.002 0.301

º
± 0.002 

C22 0.230
º
 ± 0.002 0.332

º
 ± 0.002 

4.3.3 Fourier transform IR spectroscopy 

To gain further insight into the properties of LB films prepared from Cn+ BEDO-TTF 

mixtures with different molar ratios, FTIR spectra in the frequency range 700-4000 cm
-1

 

were collected in reflectance mode. Figure 4.3 shows the spectra of 6-layer thick LB films 

prepared respectively from C20+BEDO-TTF mixtures with 1:2 and 1:1 molar ratios. Both 

films showed a series of vibrational bands between 800 and 1200 cm
-1

, mostly due to 

vibrations including CO bonds. These absorption features are characteristics of the mixed 

valence of BEDO-TTF molecules
21

. The counter-anion in these films is identified as the 

COO
-
 of the fatty acid

18,20
.   

The vibrational bands are very sensitive to the average charge on the donor molecule and 

shift towards lower frequency with increased average charge on the donor, as shown by 

J. Moldenhauer et al.
21

 The LB film prepared from a mixture with 1:2 molar ratio exhibited 

a higher frequency shift as compared to films prepared from a mixture with 1:1 molar ratio 

(inset of figure 4.3).  This confirms the higher degree of charge transfer in the former. The 

values of the frequency shifts for our LB films were compared to the values reported for 

different BEDO-TTF based salts
21

 where the degree of average charge transfer on the donor 

molecule ranges from +0.33 e
-
 to +0.5 e

-
. In this way the average charge per BEDO-TTF 

molecule was estimated to amount to +0.4 e
-
 (0.33 e

-
) in LB films prepared from a mixture 

with molar ratio 1:2 (1:1). We therefore suggest the molecular association as (BEDO-

TTF)2
+
(CnOO…HOOCn)

-
 in the Cn+BEDO-TTF bilayer

18
. However, in the presence of 

defects, the average charge on a BEDO-TTF molecule determined from the frequency shift 

of the vibrational bands in the FTIR spectrum becomes smaller due to the contribution of 

less conducting or insulating regions (e.g. insulating grain boundaries etc.). LB films 

prepared from a mixture with 1:1 molar ratio possess a higher number of structural defects 
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including the insulating pure fatty acid blocks in between the BEDO-TTF stacks and hence 

showed smaller value of average charge on a BEDO-TTF molecule. 

Another remarkable feature in the IR spectra is the lower intensity of symmetric ( s) and 

antisymmetric a) stretching modes of CH2 in the LB film deposited from a mixture with 

1:2 molar ratio as compared to the one prepared from a 1:1 molar ratio mixture. This 

intensity decrease indicates that the fatty acid molecules are standing up straight, almost 

perpendicular with respect to the film surface in LB films prepared from a 1:2 molar ratio 

mixture. 

From the above observations based on the ∏-a isotherms, X-ray diffraction data and FTIR 

results, a schematic view of the two-layer-thick LB films (obtained from one dipping cycle) 

can be inferred for what concerns the intercalation of the BEDO-TTF molecules. The 

resulting structural models for different concentrations and alkyl chain lengths are shown in 

figure 4.4. LB films prepared from a Cn+BEDO-TTF mixture with 1:1 molar ratio exhibit 

structural defects and multiple conformations that are more pronounced for fatty acids with 

shorter alkyl chain. On the other hand LB films prepared from mixture with 1:2 molar ratio 

showed a homogeneous crystal structure with a single periodicity. It is important to note 

that the fatty acid to BEDO-TTF molar ratio in the Cn+BEDO-TTF bilayer remains 1:1 

regardless of the starting concentration of mixture solution, which implies that the in-plane 

occupied area by one BEDO-TTF is roughly equal to that of one fatty acid molecule in film 

structure
22

. 
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Figure 4.3. Infrared spectra of 6-layer thick LB films deposited from C20+BEDO-TTF mixtures 

with 1:1 and 1:2 molar ratios. The inset shows the magnified spectra in the low frequency 

region.  

4.3.4. DC sheet resistance of the LB films 

Figure 4.5 shows the temperature dependence of the dc sheet resistance (Rs) of the 22-layer 

thick LB films prepared from Cn+BEDO-TTF mixtures with different molar ratios. A 

previous study on mixed LB films of BEDO-TTF and C18 molecules prepared with a 1:1 

molar ratio reported a metallic behaviour for T>120 K.  However, the resistivity of these 

films showed a logarithmic increase below 120 K
19-20

. In the present work, the LB films 

prepared from C18+BEDO-TTF mixtures with a 1:1 molar ratio were found to be insulating 

at room temperature. Conducting properties appeared for films deposited from mixtures 

with a 1:2 molar ratio. They showed metallic character for T >150 K. However, Rs started 

increasing with decreasing temperature below 150 K and this could be associated with the 

disorder present in the film structure. 
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Figure 4.4. Structural models of the double layers (obtained from one dipping cycle) in 

Langmuir Blodgett films deposited from (a) C18+BEDO-TTF mixtures with different BEDO-

TTF concentration and (b) Cn+BEDO-TTF mixtures with 1:1 molar ratio but different alkyl 

chain length, as deduced from isotherm, XRD, and FTIR studies. Conformations A and C 

consist of Cn+BEDO-TTF bilayers with almost perpendicular and tilted organic molecules 

respectively, while conformation C is composed of Cn alone.   

The metallic character disappeared in films prepared from mixtures with 1:3 molar ratio 

(figure 4.5 (a)). These observations are consistent with the results of ∏-a isotherms and X-

ray diffraction. In figures 4.5 (b) and 4.5 (c), the temperature variation of the DC resistance 

of LB films of C20+BEDO-TTF and C22+BEDO-TTF is shown. LB films prepared from a 

Cn+BEDO-TTF mixture with a 1:1 molar ratio are more resistive than films deposited from 

a mixture with molar ratio of 1:2. Moreover, the temperature (Ta) at which the slope of the 

Rs-T curve changes sign, shifts towards lower temperatures for the films deposited from a 

1:2 molar ratio mixture. The difference in sheet resistance (Rs(1:1) – Rs(1:2)) and ΔTa (Ta(1:1) –

Ta(1:2))  decreases with increasing alkyl chain length.  

For all LB films prepared from Cn+BEDO-TTF mixtures with 1:2 molar ratio, Rs increases 

remarkably in the temperature range of 150-300 K. This means that without the disorder 

effects below 150 K, the sheet resistance would extrapolate to values close to zero as is 

observed in single crystals of BEDO-TTF based salts
23-24

. The room temperature resistivity 
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value for single crystals of the polyoxometalate-containing radical salt of BEDO-TTF is 

reported as 0.027 Ω-cm and found to gradually decrease with the decreasing temperature, 

reaching a value of 0.001 Ω-cm at 2 K
24

. For these crystals, the temperature dependence of 

the resistivity is found to be linear above 200 K and quadratic below 200 K. The value of 

the resistivity and its thermal variation correlate with the structural properties of the 

compound as suggested by the previous studies on radical cation salts based on BEDO-

TTF
23-26

. 

 

Figure 4.5. Sheet resistance as a function of temperature of LB films deposited from (a) 

C18+BEDO-TTF (b) C20+BEDO-TTF, and (c) C22+BEDO-TTF mixtures with different molar 

ratios as indicated in the label of the y-axis. 

4.4. Summary 

In conclusion, the structural and consequently the electrical properties of the LB films 

composed of BEDO-TTF and fatty acid were found to be sensitive to the concentration of 

BEDO-TTF molecules in the starting Cn+BEDO-TTF mixture. This dependence was 

further studied by systematically varying the alkyl chain length of the fatty acid molecules. 
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The molecules with long alkyl chain were observed to support a Cn+BEDO-TTF bilayer 

structure at the air/water interface even at relatively low concentration of BEDO-TTF in the 

Cn+BEDO-TTF mixture (i.e. for a 1:1 molar ratio). The in-plane occupied area by one 

BEDO-TTF remains roughly equal to that of one fatty acid molecule in the Cn+BEDO-TTF 

bilayer for all molar ratios.  However, for all three fatty acids the concentration of defects in 

the LB film decreased when passing from 1:1 to 1:2 molar ratio in the starting mixture; the 

latter systematically gave rise to a more ordered structure and better conductive properties 

of the LB films. This suggests that the value of the resistivity and its temperature 

dependence as determined by the structural order which in turn is determined by the Cn : 

BEDO-TTF ratio in the mixture from which the LB films are prepared. 
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Chapter 5 

Design of Molecule-Based Magnetic Conductors
#
 

Molecule-based conducting magnets where the conduction electrons originate from an 

organic component and magnetism from an inorganic building block have been an area of 

great interest in the view of unconventional coexistent multifunctional properties. For the 

creation of such molecular systems, organic donor tetrathiafulvalene derivatives are 

promising building blocks that can combine with variety of magnetic ions leading to π 

electron-d/f spin interaction systems. In this chapter we report on the deposition of thin 

hybrid films comprising arachidic acid and donor bis(ethylenedioxy)tetrathiafulvalene 

(BEDO-TTF) as organic component and Cu/Gd complexes as inorganic component by the 

Langmuir-Blodgett technique. From X-ray diffraction and transmission electron 

microscopy, we found that these films are crystalline with distinct organic and inorganic 

sublattices, where the BEDO-TTF molecular layer is interfaced with the inorganic layer. 

Due to the flexibility of the Langmuir Blodgett deposition technique, this result indicates 

the way for preparing films with various functionalities, determined by the choice of the 

inorganic compound that is combined with the π-unit of BEDO-TFF. 

 

 

  

                                                 

#
 This chapter is based on Naureen Akhtar, Graeme Blake, Roberto Felici, Heinz 

Amenitsch, Xiaoxing Ke, Gustaaf Van Tendeloo, Thomas T.M. Palstra and Petra Rudolf, 

“Design of Molecule-Based Magnetic Conductors” ready for submission. 
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5.1. Introduction 

The design of the novel materials that combine two or more useful physical properties in 

one crystal or film is a focus of current research in materials science
1-3

. In layered structures 

each layer contributes its own physical properties but often new properties arise at the 

interface between layers;  this allows for a design flexibility which is difficult or impossible 

to achieve in a continuous lattice
4
. In molecular materials a key issue is that local properties 

and cooperative phenomena depend on the arrangement of the molecules in the condensed 

phase
5
. In other words, the same molecules can exhibit significantly diverse physical 

properties in different packing arrangements because the intermolecular interactions are not 

the same. One such example is the organic donor bis(ethylenedithio)tetrathiafulvalene 

(BEDT-TTF) that in cation radical salts with the same counter ion presents electronic 

properties ranging from insulator to semiconductor to metal to superconductor
6-7

.   

 Tetrathiafulvalene (TTF) and its derivatives have been extensively used to synthesize 

charge-transfer salts, giving rise to molecular conductors and superconductors
8-10

. These are 

the two-dimensional hybrid systems with a crystal structure where conducting radical 

cation layers alternate with inorganic anion ones. The π-π stacking of the adjacent 

molecules gives rise to intermolecular electronic transfer responsible for the transport 

properties. Organic-inorganic hybrids form a fascinating class of materials as they provide 

the opportunity of coexisting distinct properties originating from each constituent
11-13

. 

Moreover, the interaction between the sub-systems can lead to improved or exotic 

properties with respect to the individual constituents. For instance, the π-d interaction 

between the conducting and magnetic sub-systems leads to external field-induced 

superconductivity in λ-(BETS)2FeCl4 crystals
5
. 

Molecule-based hybrid materials are promising candidates for applications in molecular 

electronics
14-15

. However most of the hybrid materials studied so far have been prepared as 

crystals. Although these materials are very interesting model systems to tune the physical 

properties, processing techniques have to be developed to utilize them in devices. This 

involves the fabrication of these materials as thin films or nanoparticles.  An old but elegant 

approach to arrange the molecules into organized assemblies with the possibility of built in 

architectural control at the monolayer level is the Langmuir Blodgett (LB) technique
16

. This 

layer-by-layer deposition method has been extensively used to fabricate supramolecular 

architectures on surfaces
17

. It permits to deposit not only regular organic amphiphiles but 

also to create useful complex structures wherein layers with controlled thickness
18-19

 are 
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stacked in a desired sequence. However, the structure of such a complicated molecular 

system can be different from the expected one and needs to be carefully studied. In this 

chapter, we present a simple synthetic strategy for the preparation of novel organic-

inorganic hybrid LB films where organic donor BEDO-TTF molecular layers with 

delocalized electrons are combined with sheets of magnetic ions (Gd/Cu) having localized 

spins. A series of analysis techniques were employed to investigate the structural properties 

of these films and thereby to demonstrate that this synthetic strategy is capable of precise 

control of the resulting material.  

5.2. LB film deposition  

BEDO-TTF was purchased from SYNCHEM. Arachidic acid (C20), gadolinium acetate, 

copper chloride, and other chemical reagents of analytical grade were purchased from 

Aldrich and used as received. The subphase employed in the experiments was an aqueous 

solution of Gd/Cu ions, obtained by dissolving their corresponding precursors into water 

(20 mg/L). Ultra-pure ion free water with a resistivity of greater than 18 MΩcm was used 

for the preparation of subphase. Surface pressure-molecular area (∏-a) isotherm 

measurements and deposition experiments were performed using a NIMA Technology 

thermostated LB trough. The temperature was kept at 21 
o
C (25 

o
C) for the experiments 

with Gd (Cu) ions. Separate solutions of arachidic acid (8.22×10
-4 

mol/L) and BEDO-TTF 

(7.4×10
-4 

mol/L) in chloroform were mixed with a 1 : 2 molar ratio prior to being spread 

onto the subphase. After evaporation of the solvent, the molecules were compressed at a 

rate of 30 cm
2
min

-1
 by a movable barrier until a desired surface pressure was reached and 

this pressure was kept constant during the whole deposition process. LB films were 

deposited by vertical dipping of hydrophobic substrates into the subphase at a dipping 

speed of 5 mm/min. A Langmuir film was deposited each time the substrate moved across 

the air-water interface. Hence, one dipping cycle (dipping down and lifting up the substrate 

from the subphase) gives two hybrid layers. 

5.3. Results and discussion 

5.3.1. ∏-a isotherm study of the Langmuir films 

When a mixture of arachidic acid and BEDO-TTF is spread onto the subphase, BEDO-TTF 

molecules self-assemble into a layer just below the arachidic acid (C20) molecular layer at 

the air-water interface through hydrogen bonding
20

. The formation of the hybrid Langmuir 

film was studied by recording ∏-a isotherms and by Brewster angle microscopy under 
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continuous compression. To better understand this multicomponent film, the Langmuir 

films of pure C20 and of a C20 + BEDO-TTF (1:2 molar ratio) mixture on a subphase of 

pure water were also studied
20

. 

Figure 5.1 shows the ∏-a isotherms of C20 on pure water, of C20 + BEDO-TTF on pure 

water, and of a C20 + BEDO-TTF mixture on a subphase containing metal ions. The lift-off 

area was calculated for each isotherm by extrapolating the linear section of the isotherm as 

shown in the inset of figure 5.1. As previously explained in Chapter 4, the isotherm of C20 

showed a clear transition from the liquid to the solid phase around 25 mN/m, while for the 

C20 + BEDO-TTF Langmuir film, the occupied area per molecule is also determined by the 

lateral packing of the C20 molecules, although the shape of the isotherm is altered by the 

presence of BEDO-TTF molecules
20

. The transition from the liquid to the solid phase was 

no longer clearly distinguishable for the C20 + BEDO-TTF + Gd and C20 + BEDO-TTF + 

Cu Langmuir films. The isotherm of the C20 + BEDO-TTF+ Cu film revealed that it is 

highly compressible with a lift-off area of 26±1 Å
2
. The higher lift-off area and the 

compressible character might be due to the penetration of Cu ions into the organic layer(s). 

The isotherm of the C20 + BEDO-TTF + Gd Langmuir film showed the steepest slope and 

the smallest lift-off area, indicating that a stable and well-packed film is formed at the 

air/water interface. The Gd ion is less likely to penetrate into the organic part of the film 

due to its large size. 

The Brewster angle microscopy (BAM) images for all the four Langmuir films at various 

surface pressures are presented in figure 5.2. C20 and C20 + BEDO-TTF  films on pure water 

showed the spontaneous creation of small islands right after solvent evaporation as evident 

from the brighter areas in figure 5.2 (a) and 5.2 (e), respectively. The C20 Langmuir film 

organized in small condensed islands with a domain structure typical of differently tilted 

orientations, as shown by the contrast in reflected intensity within the islands
21-22

.  
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Figure 5.1. ∏-a isotherms of Langmuir films of pure C20, C20+BEDO-TTF, C20+BEDO-

TTF+Gd/Cu system. Inset: Illustration of determination of the lift-off area from the ∏-a 

isotherm of a pure C20 Langmuir film. 

The domain size increased upon compression of the film and at the lift-off area most of the 

surface was covered with compact islands, as apparent in figure 5.2 (b). Compressing even 

further, the islands merge into bigger ones and the contrast of the domains within the 

islands gradually decreases
21

. This contrast of the domains was not detectable in the C20 + 

BEDO-TTF film, where the orientation of the C20 molecules is constrained by the presence 

of BEDO-TTF molecules. Such a ‘knit-like’ organization was also observed for the C18 + 

BEDO-TTF  Langmuir films by H.Ohnuki et al.
23

 Figure 5.2 (f) shows that this structure 

collapsed just above the lift-off area and upon further compression (∏ > 1 mN/m) a new 

structure appeared with a compact and homogeneous morphology (5.2 (g)). As shown in 

figure 5.2 (h), continuous and homogenous film was observed around 20 mN/m.  
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Figure 5.2. Brewster angle micrographs of Langmuir films of C20 on pure water (a-d), 

C20+BEDO-TFF on pure water (e-h), C20+BEDO-TTF on a subphase containing Cu/Gd (i-l/m-

p) ions, taken at various surface pressures during continuous compression. Field of view is 

720×400 μm2. 

For the C20 + BEDO-TTF  + Cu and C20 + BEDO-TTF + Gd Langmuir films the first 

islands appeared around the lift-off area, as shown in the figure 5.2 (j) and 5.2 (n), 

respectively. The C20 + BEDO-TTF + Cu Langmuir film first exhibited a network of porous 

islands; compression eliminated the pores and when the surface pressure reached 15 mN/m 

the film structure had become compact and relatively homogenous, as apparent in figure 5.2 

(k). This observation is in good agreement with the isotherm behaviour discussed above. 

Further compression caused the small islands to merge into bigger ones and a continuous 

film with uniform reflectivity formed at ∏ = 35mN/m, as evident in figure 5.2 (l). The C20 

+ BEDO-TTF  + Gd Langmuir film showed highly compact small islands at the lift-off area 
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(figure 5.2 (n)); the size and number of these islands increased upon compression but their 

morphology remained same, as shown in figure 5.2 (o-p). This behaviour is reflected in the 

steep slope of the isotherm. The film could not be compressed beyond a molecular area of 

20 Å
2 
and collapsed around surface pressure of 36 mN/m. 

5.3.2. X-ray photoelectron spectroscopy analysis of the multilayer LB 

films 

X-ray photoelectron spectroscopy (XPS) was carried out on a 22-layer-thick hybrid LB film 

(built up in 11 dipping cycles) in order to identify the film composition and bonding of the 

constituent elements within the film structure. A survey spectrum of the hybrid LB films, 

presented in figure 5.3 (a), showed the photoemission lines of all the expected elements (C, 

O, S, Gd/Cu) which confirmed the presence of C20, BEDO-TTF and the metal ions.  

A detailed scan of Cu 2p and Gd 4d core level regions is displayed in figure 5.3 (b) and (c) 

respectively. Fitting of the Cu 2p3/2 line resulted in two components at binding energies of 

934.8 eV and 936.2 eV, along with a broad shoulder appearing at ~8 eV higher binding 

energy than the main peak (figure 5.3 (b)). This broad feature is typical of Cu
2+

 giving rise 

to multiplet states
24

. The low binding energy component is assigned to Cu bonded to a 

hydroxyl group. The other component at higher binding energy is due to Cu bonded to the 

sulfur of the BEDO-TTF
25

. 

Photoemission from the Gd 4d shell leads to a 4d
9
 configuration. The onset of the main 

peak in Gd 4d spectrum appears at ~144 eV, indicating that the Gd ion is in the +3 

oxidation state
26-27

. The second most intense peak is observed at ~7 eV above the onset of 

the main 4d envelope and due to multiplet states arising from the 4d
9
-4f

7
 interaction. The 

coupling of the 4d core hole with the half-filled f shell leads to the main terms 
9
D and 

7
D 

and is as strong as the 4d spin orbit coupling
28

. The position of the most intense 
7
D peak 

(~151 eV) is consistent with the literature values
29

.  

The XPS measurements were also performed on the organic LB film composed of C20 and 

BEDO-TTF alone. A detailed comparative study of the hybrid LB films with the organic 

LB film can give useful information on the film structure in terms of bonding of the metal 

ions. The spectra of the C 1s core level region for the three LB films is shown in figure 5.4 

and revealed four components: aliphatic carbon at a binding energy of 285.2 eV and 

carboxylic carbon at 289.2 eV are contributed by the arachidic acid
30

 while the other two 

components at 285.9 eV and 286.8 eV, are due to BEDO-TTF.  
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Figure 5.3.  (a) X-ray photoemission survey spectra of 22-layer thick hybrid LB films. (b) X-ray 

photoemission spectra of the Cu 2p3/2 core level region of a C20 + BEDO-TTF  + Cu LB film and 

(c) Gd 4d core level region of a C20 + BEDO-TTF  + Gd LB film. The corresponding peak fitting 

results are also plotted.  
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Figure 5.4. X-ray photoemission spectra of the C 1s core level region of 22-layer thick LB films 

prepared from C20+BEDO-TTF (a), C20+BEDO-TTF+Cu (b) and C20+BEDO-TTF+Gd (c); the 

corresponding peak fitting results are also plotted.  

The relative intensity of all the C 1s components of the C20 + BEDO-TTF + Cu LB film 

remained nearly same as for the C20 + BEDO-TTF film. However, as shown in figure 5.4 

(c), in the spectrum of the C20 + BEDO-TTF  + Gd LB film the intensity of the 289.2 eV 

component is higher, pointing to an increase in carboxylic carbon. This observation 

indicates the incorporation of the acetate from the subphase into the film.  

The photoemission spectra of the oxygen 1s core level region for the hybrid LB films are 

shown in figure 5.5 together with that of the C20 + BEDO-TTF LB film; both contain three 

contributions: two come from the arachidic acid molecule, namely HO-C at a binding 

energy of 533.0 eV and O=C at 532.0 eV, and one from the BEDO-TTF ring oxygen at 
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534.0 eV. However, the deconvolution of the O 1s peak of the hybrid LB films revealed the 

presence of an additional component at lower binding energy. 

 

 

Figure 5.5. X-ray photoemission spectra of the O 1s core level region of 22-layer thick LB films 

prepared from C20+BEDO-TTF (a), C20+BEDO-TTF+Cu (b) and C20+BEDO-TTF+Gd (c); the 

corresponding peak fitting results are also plotted.  

For the C20 + BEDO-TTF + Cu film, this component appeared at 531.3 eV (figure 5.5 (b)) 

and is attributed to Cu bonded with hydroxyl species
25

, while in the C20 + BEDO-TTF + Gd 

film an additional component appears at 530.6 eV, a binding energy which identifies it as 

due to Gd-O
31

 (figure 5.5 (c)). Moreover, the relative intensity of the component at 532.0 

eV increased with respect to the purely organic films, pointing to more C=O moieties in the 

C20-BEDO-TTF-Gd film as already observed in the C 1s spectrum; this strengthens the 

hypothesis that Gd
3+

 is present in the film in the form of gadolinium acetate. 
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Figure 5.6. X-ray photoemission spectra of the S 2p core level region of 22-layer thick LB films 

prepared from C20+BEDO-TTF (a), C20+BEDO-TTF+Cu (b) and C20+BEDO-TTF+Gd (c); the 

corresponding peak fitting results are also plotted. 

Figure 5.6 shows the S 2p spectra for the hybrid LB films together with that of the C20 + 

BEDO-TTF LB film. The S 2p spectrum for the organic film was fitted with single doublet 

peaked at a binding of 164.7 eV which corresponds to the S-C bonds
32

. The spectrum of the 

C20 + BEDO-TTF + Gd LB film also showed the single component peaked at the same 

binding energy, while that of the C20 + BEDO-TTF + Cu LB film revealed an additional 

component at higher binding energy (168.8 eV). This component is due to Cu bonded to 

sulfur
33

, a bond already identified in the discussion of the Cu 2p line. 



Chapter 5 

 

81 

5.3.3. Fourier transform IR spectroscopy 

Fourier transform infrared spectra in the frequency range 700-4000 cm
-1 

were collected in 

reflectance mode on hybrid LB films to get further information on the tilting of organic 

molecules in the layer and on the partial charge transfer of the BEDO-TTF molecule. 

Figure 5.7 shows the spectra of six-layer LB films of C20 + BEDO-TTF (prepared from a 

mixture with 1:2 molar ratio), C20 + BEDO-TTF + Cu and C20 + BEDO-TTF + Gd. The 

most remarkable feature in the IR spectra of C20 + BEDO-TTF and C20 + BEDO-TTF + Cu 

LB films is the lower intensity of the symmetric ( s) and antisymmetric a) stretching 

modes of CH2 as compared to that of C20 + BEDO-TTF + Gd film. Since these LB films 

were assembled on a gold substrate (see Chapter 2 for experimental details), the surface 

dipole selection rule applies and this intensity decrease indicates that the fatty acid 

molecules are standing up straight with respect to the film surface in the former. 

All films showed a series of vibrational bands between 800 and 1200 cm
-1

, mostly due to 

the vibrations including CO bonds and characteristic of the mixed valence of BEDO-TTF 

molecules
34

. These vibrational features are very sensitive to the average charge on the 

donor molecule and shift towards lower frequency when the average charge on the donor 

increases
34

. The counter-anion in the C20 + BEDO-TTF films is the COO

 moiety of the 

fatty acid
23

.  

To estimate average charge on the BEDO-TTF  molecule in our LB films, the values of the 

observed frequency shifts were compared to values recorded for different BEDO-TTF 

based salts where the degree of average charge transfer on the donor molecule ranges from 

+0.33 to +0.5
34

. In this way the average charge on BEDO-TTF was estimated as +0.4 e
-
 

(+0.33 e
-
) in C20 + BEDO-TTF and C20 + BEDO-TTF + Cu (C20 + BEDO-TTF + Gd) LB 

films. From this we conclude that in the C20 + BEDO-TTF and the C20 + BEDO-TTF + Cu 

LB films the molecular packing in the bilayer formed by C20 and BEDO-TTF is very 

similar resulting in a comparable average charge on the BEDO-TTF molecule.  

In case of C20 + BEDO-TTF + Gd LB film the tilting of the arachidic acid leads to a smaller 

degree of charge transfer. In fact, a different orientation of C20 with respect to BEDO-TTF 

may alter the intermolecular separation within BEDO-TTF sheet and/or the distance 

between the C20 and the BEDO-TTF molecular layer; which of the two is responsible for 

the difference in charge transfer becomes evident from the X-ray diffraction data discussed 

below. 
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Figure 5.7. Infrared spectra of 6-layer thick C20 + BEDO-TTF, C20 + BEDO-TTF + Cu and C20 

+ BEDO-TTF + Gd  LB films. See the text for the discussion of the vibrational bands indicated 

by arrows. 

5.3.4. Structural analysis by X-ray diffraction 

As already mentioned above, one layer consisting of C20+BEDO-TTF + metal complex  is 

deposited when a hydrophobic substrate is dipped into the subphase during the downward 

stroke and a second identical layer is transferred when lifting the substrate up again from 

the subphase in the upward stroke; this results in a Y-type deposition
16

 as explained in 

Chapter 2. One dipping cycle (downstroke plus upstroke) is therefore expected to result in 

metal complexes sandwiched between the two C20 + BEDO-TTF bilayers as shown 

schematically in figure 5.8. A multilayer structure is obtained by repeating the dipping 

cycles. To verify whether the crystal structure of the hybrid LB films follows this scheme, 

X-ray diffraction experiments were performed on 22-layer thick films. 
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Figure 5.8. Schematic view of one repeat unit (one dip cycle) of the C20 + BEDO-TTF  (left) C20 + 

BEDO-TTF  + Cu (middle) and C20 + BEDO-TTF  + Gd (right) LB films. 

The out-of-plane X-ray reflectivity for 22-layer thick C20 + BEDO-TTF + Cu LB films 

deposited at various surface pressures is shown in figure 5.9. The Cu films were crystalline 

only when deposited at ∏ ≥ 15mN/m. The emergence of crystalline order at surface 

pressure of ∏ = 15 mN/m is in good correspondence with the observation of compact film 

in BAM evident in figure 5.2 (k). The crystallinity improved with increasing surface 

pressure, implying better packing of the molecules with increasing pressure. Four 

diffraction peaks were observed for film deposited at ∏ = 35 mN/m and indexed as 001, 

002, 003, and 004. Using the diffraction condition , 

the dimension of the periodic unit in the growth direction was found to be d = 75±1 Å. 

When a film was prepared without copper ions, d = 70±1 Å was found
20

. Clearly the copper 

ions are incorporated in the films; moreover, a spacing of this magnitude is consistent with 

a head-to-head, tail-to-tail configuration of the molecules in the films (Y-type deposition).  

Figure 5.10 compares the out-of-plane X-ray reflectivity data for a C20 + BEDO-TTF + Cu 

LB film deposited at ∏ = 35 mN/m with those of a C20 + BEDO-TTF + Gd LB film 

deposited at ∏ = 15 mN/m. Diffraction studies on C20 + BEDO-TTF + Gd LB films 

deposited at different surface pressures (not shown here) revealed that these films were 

highly crystalline when deposited at ∏ = 15 mN/m and the structural properties were the 

same for films deposited at higher ∏. The appearance of  Kiessig fringes along with 

diffraction peaks in figure 5.10 indicate that the C20+BEDO-TTF+Gd LB film remains 

relatively smooth during multilayer buildup
35

. However, the dimension of its periodic unit 

in the growth direction was found to be d = 55±1 Å, i.e. smaller than for the C20+BEDO-

TTF+Cu LB film. This indicates that the organic molecules are tilted away from the 

direction normal to the film plane in the former, in agreement with the infrared spectra 

discussed above.  
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Figure 5.9. XRD patterns of 22-layer thick C20 + BEDO-TTF + Cu LB films deposited at 

various surface pressures as indicated. 

 

Figure 5.10. XRD patterns from 22-layer thick C20+BEDO-TTF+Cu (bottom) and C20+BEDO-

TTF+Gd (top) LB films deposited at the indicated surface pressures. 
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Further information on the stacking of individual layers in these multilayer hybrid LB films 

was obtained from rocking curves (θ-scans) measured at the 001 peak position in the out-

of-plane direction. The appearance of a single peak demonstrated that the individual layers 

are tidily stacked in both these hybrid films. The average tilt angle between the layers, as 

calculated from the FWHM of the rocking curves in figure 5.11, was 0.094±0.001° for the 

C20 + BEDO-TTF + Cu LB film and 0.038±0.0008° for the C20 + BEDO-TTF + Gd LB 

film. The smaller value for the Gd containing film indicates even better packing of the 

individual layers compared to the film with Cu complexes. 

The in-plane diffraction patterns of the C20 + BEDO-TTF + Cu and C20 + BEDO-TTF + Gd 

LB films are shown in figure 5.12. In each case five peaks could be indexed, giving two-

dimensional unit cells of a = 7.00±0.01 Å, b = 5.20±0.01 Å and γ = 87.1±0.1° for the C20 + 

BEDO-TTF + Cu LB film, and a = 7.00±0.01 Å, b = 5.25±0.01 Å and γ = 88.0±0.1° for C20 

+ BEDO-TTF + Gd LB film. For the Gd film there are two un-indexed peaks at 2θ = 6.50° 

and 10.80°. However, these are both much narrower than the indexed peaks and likely to 

originate from a different phase that we cannot identify from the current data. Similarly, un-

indexed peaks appear in the XRD pattern of the Cu containing film at 2θ = 10.40° and 

13.50°.  

 

 

Figure 5.11. Rocking curves at the (001) peak position from 22-layer thick LB films of C20 + 

BEDO-TTF + Gd deposited at ∏ = 15 mN/m (a) and C20 + BEDO-TTF + Cu deposited at ∏ = 35 

mN/m (b).  
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Figure 5.12. In-plane XRD patterns of 22-layer thick LB films of C20 + BEDO-TTF + Cu 

deposited at ∏ = 35 mN/m (●) and C20 + BEDO-TTF + Gd deposited at ∏ = 15 mN/m (○). Un-

indexed peaks in the XRD spectrum are indicated by the symbol ◊ (♦) for the C20 + BEDO-TTF 

+ Gd (C20 + BEDO-TTF + Cu) LB film. 

The in-plane diffraction patterns indicate that both hybrid LB films have a similar in-plane 

crystal structure despite of the large differences in the out-of-plane periodic unit dimension 

(d) in the growth direction. Hence the intermolecular separation within BEDO-TTF sheet 

must be the same in the two LB films and the charge transfer characteristics of BEDO-TTF 

molecules in the C20 + BEDO-TTF + Gd LB film seem to be altered by the C20/BEDO-TTF 

interface only. 

5.3.5. Transmission electron microscopy investigations 

To obtain further information on the position of the metal ions in the LB films high 

resolution TEM measurements were carried out on 140-layer thick hybrid LB films 

deposited on mylar substrates. HRTEM and HAADF-STEM images of the C20 + BEDO-

TTF + Gd LB film are presented in figure 5.13 and clearly showed the layered structure. 

The dark contrast in HRTEM and the bright contrast in HAADF-STEM image are due to 

Gd as demonstrated by the STEM-EDX spectra taken from the film area indicated by red 

spot and reported in figure 5.13 (c).  However, the average size of repeat unit deduced from 

the line profile drawn across the layers presented as insert in figure 5.13 (a), was found to 

be ~ 32 Å, i.e. much smaller than the value of 55 Å determined from X-ray diffraction.  
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Figure 5.13. (a) HRTEM image of a cross-sectional thin lamella prepared from a 140-layer thick 

C20 + BEDO-TTF + Gd LB film; the inset shows a line profile drawn across the layers, (b) 

HAADF-STEM image of the same sample where Gd gives brighter contrast, and (c) STEM-

EDX spectra taken on the film and the Pt protection layer as indicated respectively by red and 

black spots in (b).  

This indicates damage in organic layers as a result of focused ion beam (FIB) milling used 

to prepare the cross-sectional thin lamella. Light materials such as organic structures are 

sensitive to the ion bombardment to thin the lamella. While in the case of the C20 + BEDO-

TTF + Gd LB film, the film is only partially destroyed allowing for the TEM measurements 
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to testify to the presence of an inorganic layer sandwiched between organic ones, the 

damage was much more severe in the case of the C20 + BEDO-TTF + Cu LB film which 

resulted to be completely amorphous during TEM inspection after the preparation of the 

lamella.   

5.4. Conclusion 

The results presented here demonstrate the successful deposition of functional organic 

molecules and inorganic species in layer-by-layer fashion with smooth interfaces. The film 

deposition strategy presented here is sufficiently versatile to build up ordered 

heterostructures with a good control of the structure built up during the growth. The 

molecular organization within the organic layer and hence the functional properties of the 

hybrid systems can be manipulated with the choice of inorganic species. Hence by selecting 

magnetic ions with different size and oxidation state, novel architectures can be created at 

room temperature. The functional properties of the C20+BEDO-TTF+Gd and C20+BEDO-

TTF+Gd LB films will be presented in next chapter where we discuss the electrical 

transport measurements and the magnetic characteristics.  
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Chapter 6 

Ultrathin Molecule-Based Magnetic Conductors  

In this chapter we discuss the electronic and magnetic properties of multilayer organic-

inorganic hybrid films which comprise arachidic acid and donor 

bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF) as organic component and Cu/Gd 

complexes as inorganic component and were deposited by the Langmuir-Blodgett 

technique. First we focus on the electrical transport properties arising from the π electrons 

in the donor BEDO-TTF layer. The conductivity of the hybrid films signals the existence of 

a metallic state at high temperature, which at low temperature (T < 150 K) evolves into a 

state described by two-dimensional variable-range-hopping. To gain further insight into 

the intrinsic electronic behaviour of these hybrid LB films, their optical properties were 

studied in the IR range. The presence of a Drude term in the optical response confirmed 

their metallic character. In the second part of this chapter, the magnetic properties are 

discussed. A long range ferromagnetic order with an ordering temperature of ~ 1 K was 

found for the film containing Gd ions. The LB films containing Cu ions showed more 

extended ferromagnetic exchange interactions than the ones containing Gd ions.  

  

                                                 

 This chapter is based on N. Akhtar, M. C. Donker, T. Kunsel, T. T. M. Palstra and Petra 

Rudolf, “Ultrathin Molecule-Based Magnetic Conductors” ready for submission. 
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6.1. Introduction 

Conventional electronics make extensive use of inorganic materials because they exhibit a 

wide range of robust electronic and magnetic properties along with their thermal and 

mechanical stability
1
. However, incorporating inorganic materials in electronic devices 

involves expensive processing and fabrication steps. Organic materials, on the other hand 

have received considerable attention as candidates for inexpensive, flexible and wearable 

devices orclean and renewable energy sources
2-5

. Significance progress is being made in the 

development of a new generation of electronic devices and the prototypes like the world’s 

first rollable full-colour organic light emitting diode display (see 

http://www.youtube.com/watch?v=9OvTLg4i2_U) developed by SONY and Philips’ full-

colour electronic paper (see http://www.youtube.com/watch?v=8gekv6psBp0) have already 

available for a few years. 

Organic-inorganic hybrids represent a new class of smart materials that could benefit from 

the best of both worlds, organic and inorganic
6
. Such materials can be prepared through 

self-assembly, intercalation or grafting of one species onto another one. They are capable of 

providing co-existent multiple functionalities in one system, a trait which is difficult or 

impossible to achieve in a continuous lattice. One such example involves the molecular 

materials wherein conductivity or superconductivity is coupled with magnetism
7
. Over the 

last decade various types of molecule-based magnetic conductors where the conducting 

properties stem from π-π stacking of organic radicals and the magnetic properties arise 

from magnetic counter ions have been studied
8
. In this context, tetrathiafulvalene (TTF) 

and its derivatives have been extensively used due to their strong tendency to self-assemble 

forming charge transfer salts. The electronic properties of these materials are extremely 

sensitive to the intermolecular distance between neighbouring molecules within the organic 

layer. For a detailed review on TTF-based magnetic molecular conductors is referred to E. 

Coronado et al. 
9
.  

In recent years, many low dimensional molecular conductors and magnetic conductors have 

been prepared as single crystals
10-11

. Single crystals are generally very suitable for 

examining the structural and transport properties of hybrids but incorporation in electronic 

devices requires growing hybrid thin films. Moreover, to tune their physical and chemical 

properties one has to be able to predetermine and influence the organization of the 

molecular assemblies. In this context, an old but elegant deposition method, the Langmuir-

Blodgett technique, provides precise control over the film growth through simple external 
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parameters. Hence, uniquely tailored new supramolecular architectures can be formed from 

novel molecular building blocks in this fashion
12

. 

Here, we employed the Langmuir Blodgett technique to construct quasi-two-dimensional 

electronic networks formed by arachidic acid and bis(ethylenedioxy)tetrathiafulvalene 

(BEDO-TTF) molecules sandwiched between magnetic inorganic layers  consisting of Cu
2+

 

or Gd
3+

 complexes. The choice of BEDO-TTF among the TTF molecular family is 

motivated by its strong tendency to form organic metals due to its low ionization energy 

and the ability to self-aggregate
13

. In most salts BEDO-TTF forms a similar stacking 

pattern based on strong intermolecular C-H..O hydrogen bonds. The deposition protocol 

along with structural properties of our hybrid LB films was discussed in detail in chapter 5. 

Here we shall focus on the electrical transport and magnetic properties.  

6.2. Results and discussion 

6.2.1. DC electrical transport properties 

The sheet resistance, Rs, is a measure of the resistance of thin films that are nominally 

uniform in thickness. The advantage of Rs is that it is directly measured using a four-

terminal sensing measurement (also known as a four-point probe measurement) as 

explained in Chapter 2.  The temperature dependence of the in-plane DC sheet conductance 

( ) for the 30-layer thick hybrid LB films is shown in figure 6.1. The room 

temperature conductance was 50±1 and 142±2 μS/sq for the C20+BEDO-TTF+Gd and 

C20+BEDO-TTF+Cu LB films, respectively. These values are higher than the quantum 

conductance of e
2
/h = 40 µS/sq, at which a metal-to-insulator transition is typically 

expected. For the C20+BEDO-TTF+Cu LB film, conductance increased slowly while 

cooling down from 300 to 260 K  and then decreased very slowly with decreasing 

temperature (σ260K/σ150K = 1.47) between 260-150 K. Upon further cooling from 150K to 8 

K, a rapid decrease in conductance was observed instead. The C20+BEDO-TTF+Gd LB 

films showed a very slow decrease in conductance with decreasing temperature from 300 to 

150 K (σ300 K/σ150 K = 1.15) and a rapid decrease upon further cooling down to 8 K.   

A decreasing conductivity with decreasing temperature is typically associated with a 

semiconducting behaviour. However, it is also commonly observed for granular metallic 

systems for which the grain boundaries disrupt the continuous metallic path
14

. Hence, 

variable-range-hopping model
15

 can also be observed in granular systems. In the hybrid LB 

films, the temperature dependence of the sheet conductance, Gs, in the temperature range 
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150-8 K, presented in figure 6.1, is fairly well reproduced by a variable-range-hopping 

model
15

: 

 

where n is the dimensionality of the electronic system, i.e. n= 2 in the present case for both 

hybrid LB films, and T0 the hopping term described by the following expression: 

 

where, α
-1

 is the localization length and N(Ef) the density of states at the Fermi level. The 

value of T0 for the C20+BEDO-TTF+Cu LB film obtained from the fit was T0 =6028±300 

K, while for the C20+BEDO-TTF+Gd LB film T0 was lower, namely 2048±50 K. However, 

the room temperature sheet conductance was higher for the former than for the latter. The 

higher value of T0 could be a consequence of a smaller α
-1

 or a smaller N(Ef). 

 

Figure 6.1. Sheet conductance measured parallel to film plane as a function of temperature for 

30-layer thick C20+BEDO-TTF+Cu LBfilm (left panel) and 30-layer thick C20+BEDO-TTF+Gd 

LB film (right panel). The corresponding fits using equation 2 are plotted as solid lines. 
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From the X-ray diffraction studies discussed in Chapter 5, we know that the lateral packing 

of BEDO-TTF molecules is similar in both LB films. This implies almost the same order of 

magnitude for N(Ef) in both films. However, the X-ray diffraction data also indicate that the 

C20+BEDO-TTF+Cu LB films are less ordered than the C20+BEDO-TTF+Gd LB films and 

the localization length α
-1

 becomes shorter with increasing disorder. Hence, the higher 

value of T0 for C20+BEDO-TTF+Cu LB films is most likely due to a smaller α
-1

.   

6.2.2. Optical conductivity 

Since the temperature dependence of the DC sheet conductivity of the hybrid LB films can 

be modelled at low temperatures with variable-range-hopping it indicates that the charge 

transport is limited by the inter-crystallite barriers at the grain boundaries. To determine 

electrical transport within grains and the intrinsic conductive properties of such granular 

samples consisting of randomly oriented grains with highly resistive grain boundaries we 

measured the optical conductivity (σopt) in IR range, which is not sensitive to the presence 

of grain boundaries. Moreover, the optical properties of the organic molecular conductors 

in the IR range can provide very important information on the charge transfer properties
16-

17
. Figure 6.2 presents the transmitted intensity (TT) at the normal incidence measured as a 

function of wavenumber in the range 900-11500 cm
-1

 for 10-layer thick C20+BEDO-

TTF+Cu and C20+BEDO-TTF+Gd LB films as well for a pure C20+BEDO-TTF LB film 

also obtained in 5 deposition cycles.  

It is evident that the optical response of C20+BEDO-TTF+Cu and C20+BEDO-TTF+Gd LB 

films is qualitatively similar to that of C20+BEDO-TTF LB film, pointing to a similar 

conduction mechanism in all three films.  The absorption features observed in the optical 

spectra are typical for most BEDT-TTF and BEDO-TTF based crystals
18-19

. The low 

frequency spectral region is dominated by vibronic effects arising from a strong coupling of 

electronic excitations with the totally symmetric intra-molecular vibrations of C=C bonds 

in the TTF-based organic molecule. The electron-molecular vibration (e-mv) coupling 

theory was formulated by M. J. Rice
20-21

 for a dimer system. The two molecules, within the 

dimer, induce an oscillatory dipole moment through intermolecular charge transfer as a 

result of anti-phase vibrations.  

The optical dispersion above 2000 cm
-1

 is usually seen in the context of Drude model in 

these organic crystals. We take this approach also in the case of the hybrid LB films based 

on the fact that i) LB films of C20+BEDO-TTF have been found to be metallic when studied 

through DC electrical measurement
22

; ii) the conductive properties of C20+BEDO-TTF+Cu 
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and C20+BEDO-TTF+Gd LB films are also arising from BEDO-TTF molecular layer; and 

iii) the room temperature conductivity values show a high density of mobile carriers in 

these films. So TT(ω) was analysed in the context of the Drude-Lorentz model
23

 with the 

dielectric function as described below: 

 

where ε∞ is the background dielectric constant that takes into account the effects of high 

frequency inter-band transitions. The frequency dependent first term represents the Drude 

model where the free charge carriers are described via ωp, the plasma frequency, and Γ, the 

damping constant. The second term models the Lorentz oscillators that include the 

absorption in IR range due to charge transfer and inter-band transitions, where ω0i, γi, and 

Ωi are the resonance frequency, line width, and strength of the i
th

 Lorentz oscillator.  

The details of how we applied the model calculation to our specific experimental geometry 

are reported in the Appendix of this chapter. In short, the Sellmeier equation
24

 for CaF2 was 

used for the substrate refractive index while ignoring the multiple reflections in the thick 

substrate. However, multiple (Fabry-Perot) internal reflections in film were taken into 

account in calculations. As clearly seen in figure 6.2, all three LB films showed two broad 

bands around 1100 cm
-1

 and around 2000 cm
-1

 originating from vibronic excitation based 

on a strong electron–phonon coupling effect, referred to as electron–molecular vibration (e–

mv) coupling,
25-26

 and charge transfer
18,27

, respectively.  These two features along with CH2 

symmetric and anti-symmetric modes (2849 cm
-1

, 2916 cm
-1

) were fitted with Lorentz 

oscillators. The fitted curves are superimposed on the experimental data in figure 6.2. Other 

modes that involve intra-molecular vibrations in low frequency regime were neglected in 

model fitting. A very good fit to the experimental data was obtained in the spectral region 

above 2000 cm
-1

 while it was reasonably good in the low frequency region. The parameters 

which gave the best fit are given in Table 6.1. The oscillator strength of the CH2 symmetric 

and anti-symmetric modes was extracted ≤ 250 and ≤ 400 cm
-1

, respectively for all LB 

films, while γ was constrained to < 20 cm
-1

 in the fitting procedure.  



Chapter 6 

 

97 

 

Figure 6.2. Transmittance spectra for 10-layer thick C20+BEDO-TTF (a), C20+BEDO-TTF+Cu 

(b) and C20+BEDO-TTF+Gd (c) LB films deposited on CaF2. The solid grey lines represent the 

corresponding fits. See text for details. 

The optical conductivity σopt(0) was calculated from the extracted parameters using the 

expression: 

 

The values of the plasma frequency and the damping constant for charge carriers extracted 

from the optical data are reasonable when compared with those reported for other BEDO-

TTF containing metallic crystals. This is very convincing evidence for the metallic nature 

of these hybrid LB films. However, ωp and σopt(0) were slightly smaller for the C20+BEDO-
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TTF+Gd LB film as compared to the C20+BEDO-TTF and C20+BEDO-TTF+Cu LB films. 

A smaller value of ωp indicates a relatively lower number of free charge carriers in this 

film. This observation is consistent with the lower value of the average charge on the 

BEDO-TTF molecule in C20+BEDO-TTF+Gd LB film as deduced from positions of the IR 

bands discussed in Chapter 5. 

The optical conductivity for all three LB films is much higher than the DC conductivity 

measured at room temperature: σDC = 16.7 S/cm while σopt = 532 S/cm for the C20+BEDO-

TTF LB film, σDC = 12.6 S/cm while σopt = 521 S/cm for C20+BEDO-TTF+Cu LB film and 

σD = 6.1 S/cm while σopt = 467 S/cm for C20+BEDO-TTF+Gd LB film. This is in line with 

what was observed in (BEDO-TTF)2ReO4(H2O) single crystals
28-29

. The higher values of 

σopt (0) as compared to σDC can be understood in the view of the frequency dependent carrier 

mobility since Γ in equation (6.4) is frequency dependent
30-31

. The optical data analysis 

evidenced the similar conduction mechanism in all three films and hence testifies to their 

intrinsic metallic character. 

Table 6.1. Best fit parameters obtained from fitting the experimental transmittance spectra 

for three LB films. Optical conductivity is calculated using equation 5 for each LB film. 

LB Film 
 

ε∞ 

Drude Term Lorentz Terms σopt 

(S/cm) ωp Γ ω01 γ1 Ω1 ω02 Γ2 Ω2 

C20+BEDO-

TTF 

4 

±0.005 

7500 

±2 

1761 

±2 

1120 

±20 

299 

±3 

1646 

±4 

2200 

±4 

2220 

±4 

3104 

±9 
532 

C20+BEDO-

TTF+Cu 

3.5 

±0.01 

7500 

±10 

1800 

±15 

1125 

±25 

160 

±4 

754.5 

±5 

2200 

±5 

2200 

±25 

3500 

±10 
521 

C20+BEDO-

TTF+Gd 

4.5 

±0.01 

7000 

±4 

1750 

±3 

1090 

±30 

298 

±3 

1610 

±6 

2200 

±4 

2500 

±15 

3131 

±6 
467 

6.2.3. Magnetic properties 

The temperature dependence of the magnetic susceptibility for the hybrid LB films is 

shown in figure 6.3. The data are corrected for the substrate contribution and normalized to 

the total number of layers. The easy axis of magnetization for both C20+BEDO-TTF+Cu 

and C20+BEDO-TTF+Gd LB films lies in the film plane. For both films the temperature 

dependence of susceptibility was fitted using the Curie-Weiss law: 
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where the temperature independent susceptibility, χπ, represents the Pauli paramagnetic 

contribution from conduction electrons
13,32

 and is related to the density of states (N(Ef)) at 

the Fermi level, C is the Curie constant, and θ is the Weiss temperature. The susceptibility 

for the C20+BEDO-TTF+Gd LB film showed a deviation from Curie-Weiss law below 10 

K, while for the C20+BEDO-TTF+Cu film  obeyed this law in the whole data range. The 

least-squares fit gives χπ = 3.6×10
-4

 (4.0×10
-4

 emu/mol), C = 7.85 emu.K/mol (0.36 

emu.K/mol), θ = 0.80±0.1 K (0.2±0.05 K) for the C20+BEDO-TTF+Gd (C20+BEDO-

TTF+Cu) LB film. The obtained values of χπ for the hybrid LB films are in good agreement 

with the reported values for other related conducting organic materials
13,33

. 

The C values are very close to those calculated for non-interacting Gd
3+

 (S = 7/2)
34

 and 

Cu
2+

 (S = 1/2)
35

, while the small and positive θ values point to a weak ferromagnetic 

interaction between the f-f spins in the C20+BEDO-TTF+Gd LB film and between the d-d 

spins in the C20+BEDO-TTF+Cu LB film. The (χ- χπ)T product when plotted as a function 

of temperature (T), showed a rapid rise below 12 K as shown in figure 6.4. It is thus the 

same as the observation of a positive theta. In the mean field (MF) approximation
36

, θ is 

related to the magnetic exchange integral J for magnetic systems through the following 

equation: 

 

where S is the spin quantum number, kB the Boltzmann constant and z the number of 

nearest neighbours. According to this equations θ should be 21 times smaller for Cu with S 

= 1/2 than for Gd with S = 7/2 but the value deduced for the C20+BEDO-TTF+Cu LB film  

was only 4 times smaller than that for the C20+BEDO-TTF+Gd LB film. This indicates that 

the d-states in Cu are more extended than the f-states for Gd in these hybrid LB films.  
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Figure 6.3. Temperature dependence of the magnetic susceptibility (χ) for a 700-layer-thick 

C20+BEDO-TTF+Cu film (left panel) and a 200-layer-thick C20+BEDO-TTF+Gd film (right 

panel). For comparison the data were normalised to the total number of layers in each case. The 

solid line in each graph represents the Curie-Weiss fit as described by equation 6.5. The 

measurements were done in a magnetic field of 1 T applied parallel to the film plane. 

 

Figure 6.4. Temperature dependence of the in-plane (χ-χπ)T product for the C20+BEDO-

TTF+Cu  LB film (left panel) and the C20+BEDO-TTF+Gd LB film (right panel) as deduced 

from the data reported in figure 6.3. 

To gain further insight into the magnetic properties of the hybrid LB films, the 

magnetization was also studied as a function of the applied magnetic field (H). The top left 

panel in figure 6.5 displays the magnetization versus field behaviour of the C20+BEDO-

TTF+Gd LB film at different temperatures. The most interesting feature observed in the 

M(H) data is the opening of hysteresis loops at higher fields testifying to the field-induced 

ferromagnetic ordering in this film. The onset of the opening of the hysteresis loop shifts 

towards higher applied fields as temperature increases. The temperature dependence of the 
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field-induced ferromagnetic ordering becomes clearer by the field-temperature phase 

diagram extracted from M(H) loops and displayed in figure 6.5 (top right panel). For each 

temperature, the field value which marks the onset of loop opening is plotted (Hirreversible). 

The positive slope of the plot implies the presence of long range ferromagnetic order in this 

film. The M(H) for the C20+BEDO-TTF+Cu LB film presented in the bottom panel of 

figure 6.5 did not show any opening of a hysteresis loop even at temperatures as low as 4 

K. 

Long range magnetic ordering has been observed in various types of low-dimensional 

hybrids at relatively high temperatures
37

 although it is not allowed in low-dimensional 

Heisenberg systems according to Mermin and Wagner
38

. Perovskite-based two-dimensional 

organic-inorganic hybrids with the chemical formula (C6H5CH2CH2NH3)2MCl4 are reported 

to be canted antiferromagnets for M = Fe, Mn and ferromagnetic for M = Cu
39

. Although 

these three hybrids present a similar structure with a 2-dimensional perovskite layer, the 

occurrence of ferromagnetism in the latter is attributed to the Jahn-Teller effect of the Cu
2+

 

ions and interlayer ferromagnetic interactions.  

The origin of long range magnetic ordering in these systems with out-of-plane interlayer 

distance larger than 10 Å is attributed to the cooperative divergence of the in-plane 

magnetic correlation length. In the present case of hybrid LB films, the exact magnetic 

structure of the inorganic lattice is not clear due to insufficient information concerning the 

structure (see discussions in Chapter 5). However, we can speculate that given the 

substantial conjugation in the BEDO-TTF molecules, the π-electrons act as mediating 

channel for the ferromagnetic exchange interaction between magnetic ions. A π-electron-

mediated ferromagnetic exchange interaction was also observed in the (EDT-

TTFVO)2FeBr4 charge transfer salt below 15 K where the Fe atoms interact with 

neighbouring atoms via π-spins provided by the EDT-TTFVO layer
40

.  The existence of 

long range ferromagnetic order in hybrid LB films with a large (> 5 nm) interlayer distance 

between inorganic layers can be understood in the context of the divergence of the in-plane 

magnetic correlation length.  

Hybrid LB films of gadolinium stearate (C18+Gd) prepared without donor BEDO-TTF have 

been found not to show spontaneous magnetization even at 100 mK
41

. However, the 

presence of long range ferromagnetic order as indicated by the magnetic memory at high 

fields in the C20+BEDO-TTF+Gd LB film emphasizes the significance of the interface 

between the π-conjugated BEDO-TTF molecular layer and the Gd acetate layer for tailoring 

the magnetic properties
42-43

.   
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Figure 6.5. Top left panel: In-plane magnetization (M) measured as a function of applied 

magnetic field (H) at different temperatures for a 200-layer thick C20+BEDO-TTF+Gd LB film. 

Top right panel: Phase diagram for the transition between the ferromagnetic and the 

paramagnetic state in the C20+BEDO-TTF+Gd LB film as extracted from M(H) loops). Bottom 

panel: In-plane magnetization (M) measured as a function of applied field (H) at 4 K for a 700-

layer thick C20+BEDO-TTF+Cu LB film. The magnetization is normalized to the total number 

of layers for both hybrid LB films. 

6.3. Conclusion 

 DC electrical transport studies demonstrated the metallic character of hybrid LB films 

comprising arachidic acid and donor bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF) as 

organic component and Cu/Gd complexes as inorganic component at high temperature. 

However, the conductance decreases upon cooling below 150 K. Such behaviour is 



Chapter 6 

 

103 

common in organic polycrystalline samples that have less conducting or insulating grain 

boundaries. To better understand the intrinsic conduction mechanism in these films, optical 

studies were carried out that can probe the intra-grain transport properties. Transmittance 

spectra clearly showed the presence of a plasma edge that confirmed the metallic nature of 

the hybrid LB films. Moreover, optical transport parameters as extracted from the Drude-

Lorentz fitting for C20+BEDO-TTF+Cu and C20+BEDO-TTF+Gd LB films were similar to 

those for metallic C20+BEDO-TTF LB films. Hence, the electrical conduction in these films 

arises from the π-conjugated BEDO-TTF molecules. The magnetic characterization 

revealed ferromagnetic exchange interaction in both C20+BEDO-TTF+Cu and C20+BEDO-

TTF+Gd LB films. However, it is found that the d-states of Cu
2+

 are more extended than 

the f-states of the Gd
3+

 ion. The long range magnetic order in C20+BEDO-TTF+Gd LB 

films revealed by the presence of a magnetic hysteresis loop emphasizes the importance of 

the interface between the BEDO-TTF molecular layer and the Gd acetate sheet for tailoring 

the magnetic properties. 
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Appendix  

Transmittance of an absorbing thin film on a transpa

rent substrate including an infinite amount of 

multiple reflections within the film 

Here is given the details of the Drude-Lorentz model used to analyze the optical 

transmission spectra of 10-layer thick hybrid LB films deposited on CaF2 substrates. The 

general terms are defined followed by a set of equations used to calculate the total 

transmittance TT. 

Data:    Transmittance (T) as function of ω   in cm
-1

 

Fit parameters: (Ωpi, ω0i, γi ) =  

                                                 Drude-Lorentz model  parameters in cm‐1.  
(ε∞)   
(L) = film thickness in m.  

Constants:   speed of light, c=2.9979×10
8
 m/s.  

Sample: vacuum(1)/film(2)/substrate(3)/vacuum(4)  

Refractive index substrate (N): Sellmeier equation for CaF2 in the 0.23-9.7 μm range at 

room temperature.  

The  equations  used  in  the  fitting  procedure  are  based  on  the  following  

complex amplitude transmission coefficients for a vacuum/film/substrate/vacuum sample (

medium 1/2/3/4) at an angle of incidence (A.O.I.) of 0
o
. We neglect multiple reflections in 

the thick substrate. 

(1) 342
2123

2312

1
t

err

ett
t

i

i

, total transmission coefficient for  A.O.I.=0˚  

(2) 
ji

ji

ij
NN

NN
r , reflection coefficient at the boundary i/j. 
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(3) 
ji

i
ij

NN

N
t

2
, transmission coefficient at the boundary i/j. 

(4) 
c

LN
, complex phase for a film with thickness L. 

(5) 
22

,0
22

22
,02

,

ii

i

i
ipreal , real part of the dielectric function 

(Drude-Lorentz model) 

(6) 
2222

,0

22
,02

,

ii

i

i
ipimaginary , imaginary part of the  

dielectric function (Drude-Lorentz model) 
 

(7) 
22

2

1
imaginaryrealrealn , real part of the refractive index  

(8) 
22

2

1
imaginaryrealrealk , imaginary part of the refractive index 

The total transmittance (T) is obtained by multiplying t with its complex conjugate (t
*
): 

(9)   

The fitting procedure will give us Ωpi, ω0i and γi which are the plasma frequency, the 

resonance frequency and the damping parameter in wavenumbers [cm
-1

]. From these we 

can obtain the electron density (ne), the scattering time (τ) and the DC conductivity 

(σ at ω=0) for the Drude term (ωo=0, Ωp = ωp, γ = Γ) through the following relations 

(10) 
2

2
0

e

m
n

p

e  

(11) 
1
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(12) 
2

0 p

DC  

After having applied Eq. (1-8), we obtained the following equation for TT that we used in 

the fitting procedure; here n, k are the real and the imaginary part of the complex refractive 

index of the film, N is the real part of the complex refractive index of the substrate; the 

imaginary part of the complex refractive index of the substrate is 0 (refractive index 

vacuum =1). 

2

2
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4

N

N

R

M
T

multi
T  
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λµ = Wavelength in cm-1 
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Chapter 7 

Thin Film Deposition of Perovskite-Based 

Ferromagnetic Organic-Inorganic Hybrid  

Perovskite-based organic-inorganic hybrids prepared through layer-by-layer deposition 

hold great potential for many applications in electronics, optoelectronics and as 

components of biosensors. However, many of these applications require thin films grown 

with complete control over structure and thickness – a major challenge that needs to be 

addressed. The work presented in this chapter is an effort towards this goal and concerns 

the construction at ambient conditions of heterostructures that consist of a framework of 

alternating perovskite and organic layers. The Langmuir-Blodgett technique used to 

assemble these structures provides the intrinsic control over the molecular organization 

and film thickness down to the molecular level. These CuCl4-based LB films showed long 

range ferromagnetic ordering below 10 K. The easy axis of the magnetic spins lies in the 

out-of-plane direction - contrary to what was found for similar organic-inorganic hybrids 

in bulk form. Moreover, these films exhibit polar interfaces between the perovskite and the 

organic layers and are hence different from the traditional Van der Waals interaction-

based intercalated compounds. 

 

  

                                                 

This chapter is based on N. Akhtar, A. O. Polyakov, A. Aqeel, H. Amenitsch, P. Rudolf 

and T. T. M. Palstra, “Thin Film Deposition of Perovskite-Based Ferromagnetic Organic-

Inorganic hybrid”, in preparation for submission. 
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7.1. Introduction 

Organic-inorganic hybrid materials have attracted significant attention due to their 

versatility for combining various functionalities such as multiferroicity, semiconducting 

and exotic magnetic properties
1-6

. Such materials enable the integration of desirable 

properties of individual components into one single composite and have the additional 

advantage of low cost processing, which is important for technological applications
7-11

. In 

particular, self-assembling heterostructures with well-defined smooth interfaces hold great 

promise for integrated device systems. The work presented here derived inspiration from 

the report on multiferroicity in CuCl4(C6H5CH2CH2NH3)2 hybrid crystals
2
; these crystals 

have a layered structure with polar interfaces where the interaction between the CuCl4
2-

 

octahedra and NH3
+
 group has a crucial effect on properties of material. The challenge 

addressed by this project was to produce these materials in the form of thin films to make 

them potentially available for industrial applications
12-13

.  

The copper-based hybrid family was taken as a bulk-form prototype for the film synthesis. 

The hybrid structure in the bulk compound is formed by self-assembly with solvent 

evaporation
14

. Organic and inorganic parts are connected via hydrogen bonds between the 

NH3
+
 group and the chloride part of CuCl4

2-
 ochtahedra. In the case of thin films, one can 

expect the same arrangement. In his pioneering efforts, Mitzi has demonstrated various 

techniques for the successful deposition of organic-inorganic thin films via sol-gel, 

Langmuir-Blodgett (LB) and solution processing
15

. Among these techniques, the Langmuir-

Blodgett technique which takes advantage of the soluble nature of the precursors for these 

hybrid materials provides an excellent control down to the molecular level through simple 

tuning of external parameters during growth. This technique can be used to grow not only 

organic supramolecular architectures on surfaces but also ultrathin inorganic structures
16

, 

for example H. Sugai et al. used LB deposition to synthesize PbTiO3 ultrathin films with 

stearic acid, Pb salts, and Ti salt as starting precursors
17

. Contrary to pulsed laser deposition 

(PLD) or molecular beam epitaxy (MBE), where light organic molecules will easily 

decompose as a result of high temperature processing, the LB technique provides safe 

synthesis conditions for the organic material. In fact, it implies layer-by-layer synthesis 

from the solvent-air interface, and thus simply requires amphiphilic organic molecules with 

terminal cationic groups which, when spread on the CuCl2 salt containing water surface, 

lead to hybrid formation at the interface. Moreover, it allows to tune the electrical and 

magnetic properties by modifying the interlayer spacing in the multilayer film. The distance 

between the inorganic sheets can be changed by changing the length of the organic ligands.  
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7.2. LB film preparation 

Octadecyl amine (>99 %) was purchased from Fluka. Copper chloride (CuCl2; 99.999 %), 

methyl ammonium chloride (MA), and other chemical reagents of analytical grade were 

purchased from Sigma-Aldrich and used as received. To prepare octadecyl ammonium 

chloride (ODAH
+
Cl

-
), concentrated hydrochloric acid was slowly added to a stoichiometric 

octodecyl amine solution in ethanol. After reaction, the end product was filtered and re-

crystallized with ethanol and chloroform. The subphase employed in the experiments was 

an aqueous solution of CuCl2 (1.0×10
-3

 mol/L) and MA (1.0×10
-3

 mol/L).  Ultra-pure ion 

free water having a resistivity of greater than 18 MΩ-cm was used for the preparation of 

subphase. Surface pressure-molecular area (∏-a) isotherm measurements and deposition 

experiments were performed using a NIMA Technology thermostated LB trough. The 

temperature was kept at 21 
o
C during these experiments. Langmuir films were obtained by 

spreading a chloroform-methanol (9:1) solution of ODAH
+
Cl

-
 (0.15 mg/ml) onto the 

subphase. After a one hour waiting time to allow for solvent evaporation, the molecules 

were compressed at a rate of 30 cm
2
min

-1
 by a movable barrier until a desired surface 

pressure was reached and this pressure was kept constant during the whole deposition 

process. The compressed Langmuir film was allowed to stabilize for 30 min time before 

deposition.  LB films were deposited by vertical dipping of hydrophobic substrates into the 

subphase at a dipping speed of 5 mm/min. A Langmuir film was deposited each time the 

substrate moved across the air-water interface. Hence, one dipping cycle (dipping down and 

taking up the substrate from the subphase) gives two hybrid layers. 

7.3. Results and discussion 

7.3.1. Characterization of the Langmuir film and deposition  

A first step towards the optimization of the quality of a film deposited by the Langmuir-

Blodgett technique is to study the properties of Langmuir film assembled at the air-water 

interface. Pressure-area isotherms recorded during the compression of the Langmuir film 

indicate on whether a film is formed from the available molecular building blocks and yield 

crucial information on the molecular packing and the stability of the film. Brewster angle 

microscopy (BAM) on the other hand provides direct real time visualization of the 

homogeneity and the morphology, as well as highlight phase changes in the floating film at 

water surface 
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Figure 7.1 displays the surface pressure-area per molecule (Π-a) isotherm of ODAH
+
Cl

-
 on 

CuCl2-MA subphase along with BAM images taken at various stages during continuous 

compression. While Π-a isotherms recorded in a Langmuir trough usually start at Π=0, here 

isotherm started at an initial surface pressure of ~2 mN/m. Such a high initial surface 

pressure in the ODAH
+
Cl

-
 isotherm has also been observed for a PbCl2-MA subphase, as 

reported by L. Xu et al.
18

, and results from the electrostatic repulsion between ODAH
+
 and 

positive metal ions.  

The isotherm of ODAH
+
Cl

-
 layer on pure water gives a lift-off area of ~ 30 Å

2
 

18
. In the 

presence of CuCl2-MA in the water resulted in a higher lift-off area of ~50 Å
2
. The surface 

pressure showed a smooth rise upon compression in the expanded regime of the Langmuir 

film (Π < 16 mN/m) and a uniform film was observed at Π ~ 10 mN/m as shown by the 

BAM image. At Π = 16 mN/m, where the isotherm changed slope, a phase transition was 

observed in the BAM images associated with a change in conformation of ODAH
+
 

molecules at water surface. Presumably the ODAH
+
 molecules tend to lie down on the 

water surface at lower pressures (Π < 16 mN/m) but stand up when the pressure is 

increased and give rise to a higher reflectivity in the BAM images. 

The steeper slope of the isotherm in the region Π > 16 mN/m supports this hypothesis since 

it indicates that the new phase is more rigid and densely packed. The Langmuir film could 

not be compressed beyond a molecular area of 20 Å
2
 and collapsed at Π ~ 38 mN/m. The 

isotherm behaviour suggests the compression has induced the formation of a rigid CuClx-

based sheet underneath the ODAH
+
 molecular layer through electrostatic interaction. As 

sketched in the model of the Langmuir film in Figure 7.2, we propose that this CuClx-based 

layer is composed of Cl octahedra encaging the central Cu ions. Such a perovskite-like 

inorganic-organic superlattice structure has been reported for lead chloride
18-19

. The CuCl6
2-

 

octahedra are formed by 4 Cl
-
 atoms coming from the neighbouring atoms in the same 

plane, plus one from the methylammonium chloride (MA) in the subphase and one from the 

amphiphilic ODAH
+
Cl

-
 molecule. In such an arrangement the resulting hybrid structure has 

two types of organic spacers, – ODAH
+
 and MA, as drawn in the top left panel of Figure 

7.2. When a hydrophobic substrate is dipped into the trough, the hydrophobic tails of 

octadecyl ammonium chloride interact with it during the downstoke, while during the 

upstroke the methyl ammonium chloride spacers interact and a Y-type LB film structure is 

formed at the end of the cycle. 
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Figure 7.1. Π-a isotherm of ODAH+Cl- on an aqueous CuCl2-MA subphase and Brewster angle 

micrographs taken at various stages during the continuous compression.  

An additional indication that such a stable and therefore easily transferable Langmuir film 

has actually formed comes from the transfer characteristics plotted in figure 7.3, which 

testify to the successful transfer of the Langmuir layer onto a substrate. The dashed line in 

the top panel of figure 7.3 shows the displacement of the substrate as a function of time 

which corresponds to dipping into the subphase; four dip cycles are clearly identified. The 

solid black curve represents the trough area covered by the ODAH
+
-CuClx recorded as a 

function of deposition time. When the substrate moves into the subphase during each dip, 

the trough area reduces due to the transfer of part of the Langmuir film from the subphase 

surface to the substrate. The transfer ratio is 1 if the decrease in area is equal to the 

substrate surface area. In the present case, the transfer ratio was unity for the downward 

stroke and 0.98±0.02 for the upward stroke, suggesting Y-type deposition
20

. The grey curve 

in the bottom panel of figure 7.3 displays the surface pressure during the deposition 

process; it is seen to remain perfectly stable as desired in good deposition conditions. 
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Figure 7.2. Schematics of the ordered Langmuir film floating at the subphase surface, built up 

from octadecyl ammonium chloride (ODAH+Cl-), CuCl2 and methyl ammonium chloride (MA), 

and its transfer to a hydrophobic substrate during one dipping cycle at stable surface pressure.   
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Figure 7.3. Deposition of an 8-layer-thick CuCl4-based hybrid LB film at stable surface pressure 

of ~ 30 mN/m (grey curve). Upper panel: the dashed curve shows the displacement of the 

substrate as a function of time which corresponds to dipping into the subphase; the black curve 

represents the trough area covered by the Langmuir film. The trough area is seen to decrease in 

each dipping cycle as a result of the transfer of the Langmuir film from the trough to the 

substrate. Lower panel: the grey curve denotes the surface pressure which is constant during 

the whole deposition. 

7.3.2. Scanning electron microscopy (SEM)  

To visualize the LB film on the surface, a scanning electron microscopy (SEM; JSM-

7000F; Jeol) analysis was performed on a 3-layer thick CuCl4-based hybrid LB film 

deposited on a hydrophobic Au surface. The SEM micrographs presented in figure 7.4 

showed the presence of patches (dark areas in the images) with a diameter of 3-5 μm and 

well defined boundaries. Between the patches the deposited film seems to be less ordered or 

amorphous.  
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Figure 7.4. Scanning electron micrographs of two different areas of a 3-layer-thick CuCl4-based 

hybrid LB film.  

7.3.3. X-ray photoelectron spectroscopy data acquisition and analysis 

X-ray photoelectron spectroscopy (XPS) measurements were performed on a bulk hybrid 

with molecular formula (C6H5CH2CH2NH3)2CuCl4 in powder form and on a 16-layer thick 

CuCl4-based hybrid LB film. Both samples are layered materials where the charged sheets 

of CuCl4
2-

 are bonded with the NH3
+
 group of the organic molecules at the 

inorganic/organic interface. We expect the crystal structure of the CuCl4 layer in the LB 

film to be akin to that of the bulk hybrid and therefore the photoemission lines of N, Cu, 

and Cl to be similar. The survey spectrum of the CuCl4–based hybrid LB film shown in 

figure 7.5 featured the photoemission lines of all expected elements, namely C, N, Cu, and 

Cl. This confirms the incorporation of the inorganic component along with the organic ones 

in the film structure. To investigate the bonding of the constituent elements in the material, 

detailed scans of the Cu 2p, Cl 2p, and N 1s core level regions were collected and analysed. 

The photoemission spectra of Cu 2p3/2 core level region for CuCl4-based powder hybrid and 

CuCl4-based hybrid LB film are presented in figure 7.6. Both spectra showed broad 

shoulder at the high binding energy side of the main peak. This is a signature of Cu being in 

in the +2 oxidation state and arises due to multiplet splitting
21

. The Cu 2p3/2 spectrum for 

the bulk hybrid was fitted with a single component peaked at a binding energy (BE) of 

934.4 eV which corresponds to Cu-Cl bonds within the octahedra; the broad shoulder was 

fitted with two peaks in this case.  
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Figure 7.5. X-ray photoemission survey spectra of a CuCl4-based bulk hybrid in powder form 

(a) and of a 16-layer-thick CuCl4-based hybrid LB film (b). 

 

Figure 7.6. X-ray photoemission spectra of the Cu 2p3/2 core level region of a CuCl4-based bulk 

hybrid (left panel) in powder form and of a 16-layer-thick CuCl4-based hybrid LB film (right 

panel) and fits to the experimental lines (see text for details). 
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Fitting the Cu 2p3/2 line of the CuCl4-based hybrid LB film revealed the presence of an 

additional low energy component at a BE of 932.9 eV next to the one at 934.6 eV. This low 

energy component also originates from Cu
2+

 ions as is evident from the corresponding 

multiplet structure appearing at 941.5 eV. The multiplet structure was fitted with one broad 

peak due to the limited signal to noise ratio in hybrid LB films. Similarly, the multiplet 

structure of the component at a binding energy of 934.6 eV was fitted with a single broad 

peak centred at 943.6 eV. The ratio of main component peak area to that of corresponding 

satellite peak remains same for bulk hybrid and hybrid LB film. 

A detailed scan of Cl 2p core level region for the CuCl4-based bulk hybrid is shown is 

figure 7.7; the spectrum is fitted with one component peaked at 198.2 eV binding energy 

and that corresponds to Cl-Cu bond in the octahedron. However, an additional peak appears 

in the Cl 2p line of the hybrid LB film at 199.4 eV. The presence of two types of 

components in the Cu 2p3/2 and Cl 2p spectra points to two phases in the film structure. 

About ~70% of the LB film has an inorganic layer structure similar to that of the CuCl4-

based powder hybrid. The second phase still has Cu
2+

 and Cl
- 
as the inorganic part but the 

bonding geometry must be different from the octahedral one since the lower binding energy 

of the additional component in the Cu 2p3/2 spectrum indicates a lower co-ordination. If we 

estimate the Cu
2+

 to Cl
-
 ratio for two phases from the intensities of the components in the 

photoemission spectra normalized by the sensitivity factors of each element including 

analyser transmission, we find Cu
2+

 : Cl
-
  = 1 : 4 for the octahedral co-ordination and Cu

2+
 : 

Cl
-
  = 1 : 3 for the 2

nd
 phase. Table 1 lists the binding energies of all fitted components of 

the Cu 2p3/2, Cl 2p and N 1s XPS lines and the corresponding contribution to the total peak 

area in percentage.  Figure 7.7 also shows the N 1s spectra for both samples. The spectrum 

of the bulk hybrid consists of a single line assigned to the H3N
+
-C bond of the organic 

molecule. In the spectrum of the CuCl4-based hybrid LB film, an additional component at 

lower binding energy (400.3 eV) specifies that ~21% of the nitrogen is de-protonated. This 

suggests that the presence of the organic molecules with a de-protonated amine group 

results in the formation of the 2
nd

 phase in the CuCl4-based hybrid LB film.  
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Figure 7.7. X-ray photoemission spectra of the Cl 2p (top panels) and N 1s (bottom panel) core 

level region of a CuCl4-based bulk hybrid in powder form and a 16-layer-thick CuCl4-based 

hybrid LB film. Fits to the experimental lines are also shown (see text for details). 
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Table 1. Binding energies (B.E.) of photoemission peaks and corresponding peak areas 

obtained from fitting of the experimental data. 

Sample 

Cu 2p3/2 Cl 2p N 1s 

B.E. 

(eV) 

Peak 

area (%) 

B.E. 

(eV) 

Peak 

area (%) 

B.E. 

(eV) 

Peak 

area (%) 

CuCl4-based  bulk 

hybrid 
934.4 100 198.2 100 401.8 100 

CuCl4-based  

hybrid LB film 

934.6 71 198.3 78 401.9 79 

933.0 29 199.4 22 400.3 21 

7.3.4. X-ray diffraction analysis of multilayer LB films 

X-ray diffraction (XRD) is one of the key techniques used to investigate crystalline/layered 

materials. To gain insight into the structural properties of CuCl4-based hybrid LB films, in-

plane diffraction patterns and rocking curves (θ-scan) at the 001 peak position in the out of 

plane geometry were collected with an X-ray energy of 8 keV at the SAXS beamline of the 

Elettra synchrotron (Trieste).  

As suggested by the Π-a isotherms discussed above and verified by XRD (not shown) 

CuCl4-based hybrid LB films deposited at Π < 20 mN/m were amorphous. Crystal 

formation was detected in films deposited at 20 mN/m and the crystallinity improved when 

the Langmuir film was further compressed during deposition. Figure 7.8 displays the 

specular X-ray reflectivity of an 8-layer-thick CuCl4-based hybrid LB films deposited at Π 

= 25 mN/m and of two films deposited at Π = 30 mN/m, one 8-layer-thick, the other 16-

layer-thick. The X-ray diffraction patterns for films prepared at Π = 30 mN/m showed 

diffraction peaks as well as a Kiessig fringes, best seen in the magnified scan in the right 

panel, which are a clear evidence for a well-ordered layered structure. The position of the 

(00l) diffraction peak gives the length of smallest repeat unit (d) in the film growth 

direction, whereas the Kiessig fringes result from the interference of X-rays reflected from 

two interfaces as a consequence of the angle-dependent phase shift. Their period is 

determined by the thickness of the film. A layered material with n repeat units shows n-2 

Kiessig fringes between two diffraction peaks in the X-ray reflectivity spectrum
22

. 
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Figure 7.8. X-ray specular reflectivity patterns of multilayer CuCl4-based hybrid LB films. The 

solid lines in the left panel show the corresponding fits (see text for details). The magnified view 

of the data relative to a 16-layer-thick CuCl4-based hybrid LB film deposited at a surface 

pressure of 30 mN/m (right panel) shows Kiessig fringes as indicated by arrows along with 

diffraction peaks. 

The length of smallest periodic unit perpendicular to the film surface (d) was calculated 

from the position of the diffraction peaks using the Bragg formula. To determine the peak 

position precisely, the diffraction pattern was fitted with a linear combination of Gaussian 

and Lorentzian line shapes with a 75-25% ratio. The background taken in the fitting 

procedure was a polynomial function of 4
th

 order. The value for d found for both 8-layer-

thick and the 16-layer-thick CuCl4-based hybrid LB film deposited at Π = 30 mN/m was 

54.5±0.4 Å, which demonstrates that the crystal structure is independent of the number of 

layers. Total thickness of these CuCl4-based hybrid LB films as calculated from Kiessig 

fringes was 219 Å for the 8-layer-thick film and 436 Å for the 16-layer-thick one. 

Calculations, based on the X-ray single diffraction studies of the bulk CuCl4(CH3CH2NH3)2 

hybrid
23

 have determined a Cu-Cl out-of-plane distance of 2.3038 Å. Taking into account 

these values and the length of ODAH
+
 molecule

24
, the d value based on our model is about 

62 Å. The smaller value of the experimental d calculated from the diffraction peak positions 

can be explained as due to tilting or interdigitation of the long ODA ligands. 

Figure 7.9 displays the rocking curve (θ-scan) measured at the (001) peak position in the 

out-of-plane orientation. A Gaussian fit of the rocking curve indicates that the individual 

layers are stacked almost parallel to each other with an average misalignment angle of 

0.039±0.001
o
 as visualized in the sketch in figure 7.9. The in-plane XRD pattern of the 16-
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layer-thick CuCl4-based hybrid LB film presented figure 7.10 showed one diffraction peak 

which confirms the in-plane crystallinity in the hybrid LB film.  

 

Figure 7.9. Left panel: Rocking curve measured at the (001) diffraction peak position of a 16-

layer-thick CuCl4-based hybrid LB film deposited at a surface pressure of 30 mN/m . The red 

solid line represents the Gaussian fit to the data.  Right panel: Sketch of the layer stacking in 

the film growth direction. 

 

Figure 7.10. In-plane diffraction pattern of a 16-layer-thick CuCl4-based hybrid LB film. 
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7.3.5. Magnetic characterization 

To ascertain whether the LB films are ferromagnetic like the CuCl4(C6H5CH2CH2NH3)2 

hybrid crystals
2
, magnetization measurements were performed on a 1184-layer-thick 

CuCl4-based  hybrid LB film; the elevated film thickness was necessary in order to obtain a 

satisfactory signal/noise ratio . The top panel in figure 7.11 depicts the in-plane zero-field-

cooled (ZFC) and field-cooled (FC) measurements giving evidence for a ferromagnetic 

state below 10 K. For the FC measurements, the CuCl4-based hybrid LB film was cooled in 

a magnetic field of 1 T applied parallel to film plane and then measured in a 0.03 T field 

parallel to film plane. Splitting of the ZFC and FC curves was observed at temperatures 

below 6 K. The high temperature region above 10 K can be fitted by the Curie-Weiss law 

with a Curie constant of ~ 0.43, which is close to that observed in bulk hybrids
25

. The 

change of slope of the FC curve at 4 K points to (super-) paramagnetic inclusions
26

 most 

likely due to the less ordered/amorphous phase in the sample. The bottom left panel of 

figure 7.11 illustrates how the in-plane magnetization in the CuCl4-based hybrid LB film 

depends on the applied field at 3K. The central part of this curve is amplified in the inset 

and shows a clear hysteresis loop with a coercive field (Hc) of 245 Oe, which again 

confirms ferromagnetic exchange interactions. Carrying out analogous measurements at 

various temperatures in the range 3-25 K, we could establish the temperature dependence of 

the coercive field presented in the bottom right panel of figure 7.11. No hysteresis loop 

opening could be detected at T ≥ 12 K. The coercive field Hc increases abruptly upon 

cooling below 5 K. The CuCl4(C6H6CH2CH2NH3)2 bulk hybrid did not show any magnetic 

memory in the ordered state. 

As it was mentioned before, the main advantage of tuning the interlayer distance between 

inorganic layers is the possibility to change the magnetic anisotropy of the sample. To 

verify whether the 1184-layer-thick CuCl4-based hybrid LB film presents such an 

anisotropy, out-of plane magnetization measurements were performed.  The top left panel 

of Figure 7.12 shows the out-of-plane FC magnetization measurement carried out by 

cooling the film in a 1 T field and measuring in a 0.03 T field, as well as the ZFC 

measurement performed in a 0.03 T field (H applied perpendicular to film plane). Both 

measurements again confirmed an ordering temperature Tc of 10 K. However, the 

maximum value of the magnetization was higher than that for the in-plane measurements. 
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Figure 7.11. In-plane magnetic measurements for a 1184-layer-thick CuCl4-based hybrid LB 

film; top left panel:  zero-field-cooled (ZFC) obtained by cooling the film without applied 

magnetic field and measuring at 0.1 T and field-cooled (FC) obtained by cooling the film in 1 T 

and measuring at 0.1 T ; top right panel: sketch of the measurement geometry; bottom left 

panel: magnetization (M) vs applied field (H) loop at 3 K with an inset presenting a magnified 

view clearly showing a hysteresis with non-zero coercivity; bottom right panel: temperature 

dependence of the coercive field.  

Unlike the CuCl4(C6H6CH2CH2NH3)2 bulk hybrid, where the easy axis of the magnetic 

spins lies parallel to the film plane
2
, in the hybrid film the easy axis is therefore along the 

growth direction. The out-of-plane magnetization measured as a function of magnetic field 

applied perpendicular to film plane also exhibited magnetic memory at low magnetic fields. 

The inset in bottom panel of figure 7.12 displays the magnified view of the M vs H loop at 

low magnetic fields, clearly showing a Hc of 245 Oe. These studies suggest that by varying 

the organic ligand and/or transition metal salt in the synthesis through Langmuir Blodgett 

deposition, promising properties like high Tc ferromagnetism, ferroelectricity and spin-

polarized conduction can be achieved.  
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Figure 7.12. Out-of-plane magnetic measurements for a 1184-layer-thick CuCl4-based hybrid 

LB film; top left panel:  zero-field-cooled (ZFC) obtained by cooling the film without applied 

magnetic field and measuring at 0.1 T and field-cooled (FC) obtained by cooling the film in 1 T 

and measuring at 0.1 T; top right panel: sketch of the measurement geometry; bottom panel: 

magnetization (M) vs applied field (H) loop at 3 K with an inset presenting a magnified view 

clearly showing a hysteresis with non-zero coercivity. 

7.4. Conclusion and perspectives 

CuCl4-based hybrid LB films synthesized through Langmuir-Blodgett deposition showed 

ferromagnetic ordering below 10 K. Such LB films appear to be a perfect candidate for 

applications in electronics, due to their robust magnetic properties. By using a different 

inorganic part in the LB synthesis, like FeCl-(phenylethylaammonium)2 which orders 
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antiferromagnetically below 102 K
25

, higher ordering temperatures should be achievable. 

Taking advantage of the flexibility of the Langmuir Blodgett technique, organic ligands 

with different length can be used to tune the distance between inorganic layers to tailor the 

magnetic properties. Moreover, with a well-chosen organic ligand one may also introduce 

other functional properties such as ferroelectricity
2
. Spintronics applications call for 

conductive thin films and this also seems within reach in these LB films since Arkenbout 

and coworkers
25,27

 have shown subliming TTF onto the surface of CuCl4(C6H6NH3)2 yields 

a conductive interface with an activation energy of 0.17 eV.  Therefore one can conclude 

that organic-inorganic hybrid LB films with smooth and flat surfaces like the ones 

presented here are highly promising as active layer in high quality soluble electronic 

devices. 
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Summary 

This thesis addresses the design and construction of functional supramolecular architectures 

from organic and inorganic building blocks. Hybrid organic-inorganic materials have 

assumed a remarkable importance in the development of advanced functional materials. 

These materials allow the integration of useful organic and inorganic characteristics within 

a single composite and concomitantly the emergence of cooperative properties that form the 

basis for a wealth of fascinating and rapid developing science but also offer a variety of 

exciting technological opportunities. Since the possible organic and inorganic combinations 

are plentiful, hybrids form a very large and diversified family, giving access to a wide 

spectrum of co-existent functionalities. These innovative multifunctional materials will 

have a major impact in many future applications in electronics, optics, biology and 

medicine.  

This study is devoted to hybrids that combine conductivity and magnetism with easy 

processability. We employed the Langmuir Blodgett technique to assemble organic-

inorganic heterostructures at surfaces. The choice of this technique was determined by the 

intent to deposit films with a fine control of thickness and molecular organisation on a 

variety of very low cost substrates such as glass, metal foils, and plastics. The details of 

how this is done are given in Chapter 2 of the thesis together with some explanations on the 

main characterization techniques applied to the resulting films. Chapter 3 highlights the 

state-of-the art of the field preceding the results of this dissertation, mostly from the point 

of view of the basic molecules/building blocks employed in interesting research 

contributions that span conducting LB films, magnetic LB films and LB films with co-

existing properties. To achieve conductivity in the LB films subject of this thesis, 

bis(ethylenedioxo)tetrathiafulvalene, in short BEDO-TTF, was chosen as basic molecule. 

TTF-based molecules are well known for producing conducting, semiconducting and 

superconducting charge transfer salts and BEDO-TTF has the strong tendency to produce 

two-dimensional stable metals through self-assembly.  Chapter 4 illustrates how BEDO-

TTF molecular layers were assembled in LB films together with amphiphilic fatty acid 

molecules; the latter not only act as amphiphilic component to form a stable Langmuir film 

but also as counter anion to BEDO-TTF to generate a charge transfer salt which in turn 

assures conduction. These films were optimized for structural and electrical conductivity by 

tuning various experimental parameters. In the following, to realise films which are 
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magnetic in addition to being conductive, magnetic ions were incorporated into fatty acid-

BEDO-TTF LB films. Two types of magnetic ions were chosen; Cu
2+

 from the 3d series 

and Gd
3+

 from the 4f series. Chapter 5 demonstrates the deposition strategy and the 

complete structural characterization. Crystallographic and spectroscopic analysis confirmed 

the incorporation of localized spins into fatty acid-BEDO-TTF LB films. Chapter 6 reports 

on the functional properties of these hybrid LB films comprising magnetic ions. DC 

electrical transport measurements and optical analysis corroborated their metallic nature. 

SQUID data analysis showed that both films are ferromagnetic at low temperature; fatty 

acid + BEDO-TTF  + Gd
3+

 below 0.8 K and fatty acid + BEDO-TTF  + Cu
2+

 below 0.2 K. 

Chapter 7 relates the successful deposition of CuCl4-based hybrid LB films. These films 

showed magnetic memory below the magnetic ordering temperature - contrary to the bulk 

form of an analogous CuCl4-based hybrid. The use of a conjugated organic ring system 

instead of aliphatic organic molecules employed here is suggested to achieve conductivity 

along with magnetism in these CuCl4-based LB films.  

In conclusion, this dissertation demonstrates how organic and inorganic layers with distinct 

functionalities can be stacked together on any kind of solid support with a reasonable 

control over the internal layer structure and fine control of the hybrid film thickness. Given 

the versatility of the deposition strategy for the incorporation of different kinds of 

functional building blocks, this work opens the way for further developing tailored 

functional materials for the realization of molecular electronic devices.  
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Samenvatting 

In dit proefschrift wordt het ontwerpen en het construeren van functionele supramoleculaire 

bouwwerken van organische en anorganische bouwstenen behandeld. Hybride organisch-

anorganische materialen zijn een belangrijke rol gaan spelen in de ontwikkeling van 

geavanceerde functionele materialen. Deze materialen maken het mogelijk om nuttige 

organische en anorganische eigenschappen binnen een enkele composiet te integreren. 

Hierdoor ontstaan coöperatieve eigenschappen die de basis vormen voor een fascinerende 

en snelle ontwikkeling in de wetenschap, maar die ook talrijke technologische 

mogelijkheden bieden. Omdat er tal van organisch-anorganische combinaties mogelijk zijn, 

vormen hybriden een zeer grote en diverse familie met een breed spectrum aan naast elkaar 

bestaande toepassingen. Deze innovatieve multifunctionele materialen zullen van grote 

invloed zijn op toekomstige toepassingen in elektronica, optica, biologie en de 

geneeskunde. 

Deze studie is gewijd aan hybriden die zowel geleidend en magnetisch zijn als gemakkelijk 

te verwerken. De Langmuir Blodgett-methode (LB) is gebruikt om organisch-anorganische 

heterogene structuren op oppervlakken aan te brengen. De keuze voor deze methode was 

ingegeven door de intentie om lagen aan te brengen met een nauwkeurige controle over de 

dikte en moleculaire ordening op verscheidene zeer goedkope substraten zoals glas, 

metaalfolie en plastics. De details van deze methode worden gegeven in hoofdstuk 2 van dit 

proefschrift tezamen met de uitleg over de gebruikte karakterisatietechniek van de 

vervaardigde lagen. Hoofdstuk 3 schetst de stand van zaken in het onderzoeksgebied 

voorafgaand aan de resultaten van dit proefschrift, voornamelijk met betrekking tot de 

basale moleculen/bouwstenen gebruikt in interessante wetenschappelijke bijdragen die 

geleidende LB-lagen, magnetische LB-lagen en LB-lagen met naast elkaar bestaande 

eigenschappen omvatten. Voor het bewerkstelligen van geleiding in de LB lagen behandeld 

in dit proefschrift is het molecuul bis(ethylenedioxo)tetrathiafulvalene ofwel BEDO-TTF 

gekozen als uitgangspunt. Moleculen gebaseerd op TTF zijn bekend bij de productie van 

(half)geleidende en supergeleidende ladingstransporterende zouten en BEDO-TTF heeft de 

sterke neiging om door zelf-assemblage tweedimensionale stabiele metalen te produceren. 

Hoofdstuk 4 beschrijft hoe BEDO-TFF moleculaire lagen werden samengesteld tot LB-

lagen samen met amfifiele vetzuren: deze vetzuren treden niet alleen op als amfifiele 

component om een stabiele LB-laag te vormen, maar ook als tegenion voor BEDO-TTF om 
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een ladingstransporterend zout te genereren, dat geleiding garandeert. De elektrische 

geleiding in deze lagen is geoptimaliseerd op basis van verschillende experimentele 

parameters. Om ervoor te zorgen dat de lagen zowel elektrisch geleidend als magnetisch 

waren, werden magnetische ionen opgenomen in BEDO-TTF-vetzuur LB-lagen. Twee 

typen magnetische ionen zijn gebruikt: Cu2+ uit de 3d serie en Gd3+ uit de 4f serie. 

Hoofdstuk 5 beschrijft de depositietechniek en de volledige karakterisatie van de structuur. 

Kristallografische en spectroscopische analyse bevestigt de opname van gelokaliseerde 

spins in BEDO-TTF-vetzuur LB-lagen. Hoofdstuk 6 behandelt de functionele 

eigenschappen van deze hybride LB-lagen die magnetische ionen bevatten. 

Gelijkstroommetingen en optische analyse bevestigen hun metallische aard. SQUID 

analyse toont aan dat beide lagen ferromagnetisch zijn bij lage temperatuur: vetzuur + 

BEDO-TTF + Gd3+ onder 0,8 K en vetzuur + BEDO-TTF + Cu2+ onder 0,2 K. Hoofdstuk 

7 behandelt de succesvolle depositie van CuCl4-gebaseerde hybride LB-lagen. Deze lagen 

vertonen magnetisch geheugen onder de magnetische ordeningstemperatuur, in 

tegenstelling tot de niet-gelaagde bulkvorm van een soortgelijke CuCl4-hybride. Het 

gebruik van een geconjugeerde organische ring in plaats van de hier gebruikte alifatische 

organische moleculen wordt aanbevolen om naast magnetisme ook geleiding te verkrijgen. 

Samengevat, in dit proefschrift wordt aangetoond hoe organische en anorganische lagen 

met duidelijke functionaliteiten samengevoegd kunnen worden op elke vaste ondergrond 

met een redelijke controle over de interne lagenstructuur en nauwkeurige controle over de 

hybride laagdikte. Gezien de veelzijdigheid van de depositiemethode voor het aanbrengen 

van verschillende functionele bouwstenen, biedt dit werk nieuwe mogelijkheden voor de 

ontwikkeling van op maat gemaakte functionele materialen voor het realiseren van 

moleculaire elektronische apparatuur. 
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