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Abstract 

Electron microscopy (EM) has advanced in an exponential way since the first 

transmission electron microscope (TEM) was built in the 1930’s. The urge to ‘see’ 

things is an essential part of human nature (talk of ‘seeing is believing’) and apart 

from scanning tunnel microscopes which give information about the surface, EM is 

the only imaging technology capable of really visualising atomic structures in depth 

down to single atoms. With the development of nanotechnology the demand to 

image and analyse small things has become even greater and electron microscopes 

have found their way from highly delicate and sophisticated research grade 

instruments to key-turn and even bench-top instruments for everyday use in every 

materials research lab on the planet. The semiconductor industry is as dependent on 

the use of EM as life sciences and pharmaceutical industry. With this generalisation 

of use for imaging, the need to deploy advanced uses of EM has become more and 

more apparent. The combination of several coinciding beams (electron, ion and even 

light) to create DualBeam or TripleBeam instruments for instance enhances the 

usefulness from pure imaging to manipulating on the nanoscale. And when it comes 

to the analytic power of EM with the many ways the highly energetic electrons and 

ions interact with the matter in the specimen there is a plethora of niches which 

evolved during the last two decades, specialising in every kind of analysis that can 

be thought of and combined with EM. In the course of this study the emphasis was 

placed on the application of these advanced analytical EM techniques in the context 

of multiscale and multimodal microscopy – multiscale meaning across length scales 

from micrometres or larger to nanometres, multimodal meaning numerous 

techniques applied to the same sample volume in a correlative manner. 
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In order to demonstrate the breadth and potential of the multiscale and multimodal 

concept an integration of it was attempted in two areas: I) Biocompatible materials 

using polycrystalline stainless steel and II) Semiconductors using thin multiferroic 

films.  

I) The motivation to use stainless steel (316L medical grade) comes from the 

potential modulation of endothelial cell growth which can have a big impact on the 

improvement of cardio-vascular stents – which are mainly made of 316L – through 

nano-texturing of the stent surface by focused ion beam (FIB) lithography. 

Patterning with FIB has never been reported before in connection with stents and cell 

growth and in order to gain a better understanding of the beam-substrate interaction 

during patterning a correlative microscopy approach was used to illuminate the 

patterning process from many possible angles. Electron backscattering diffraction 

(EBSD) was used to analyse the crystallographic structure, FIB was used for the 

patterning and simultaneously visualising the crystal structure as part of the 

monitoring process, scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) were employed to analyse the topography and the final step 

being 3D visualisation through serial FIB/SEM sectioning. 

II) The motivation for the use of thin multiferroic films stems from the ever-growing 

demand for increased data storage at lesser and lesser energy consumption. The 

Aurivillius phase material used in this study has a high potential in this area. Yet it is 

necessary to show clearly that the film is really multiferroic and no second phase 

inclusions are present even at very low concentrations – ~0.1vol% could already be 

problematic. Thus, in this study a technique was developed to analyse ultra-low 

density inclusions in thin multiferroic films down to concentrations of 0.01%. The 
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goal achieved was a complete structural and compositional analysis of the films 

which required identification of second phase inclusions (through elemental analysis 

EDX(Energy Dispersive X-ray)), localise them (employing 72 hour EDX mapping in 

the SEM), isolate them for the TEM (using FIB) and give an upper confidence limit 

of 99.5% to the influence of the inclusions on the magnetic behaviour of the main 

phase (statistical analysis).  
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1. Material Systems Introduction  

 

As indicated in the abstract the thesis attempts to demonstrate the breadth and 

potential of the multiscale and multimodal concept by its application in two areas: I) 

Biocompatible materials using polycrystalline stainless steel and II) Semiconductors 

using thin multiferroic films. This chapter will hence start with a general 

introduction into the materials used: 1.1 stents, their building materials and the 

advantage of stainless steel and 1.2 an overview of multiferroic materials, especially 

Aurivillius phase materials. 
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1.1. Stents overview: design, desired properties, materials  

 

A stent is generally a metal mesh tube inserted into a natural passage/conduit in the 

body to prevent or counteract a disease-induced, localized flow constriction or to 

temporarily hold such a natural conduit open to allow access for surgery [1]. The 

mesh structure allows the stent to bend and follow the blood or hollow vessels to the 

point it is required. The surface of stents is geometrically complex because of its 

mesh structure (Fig. 1.1). In a first approximation one can assume the surface that is 

in strongest contact with the body material to be flat – like an unrolled straw. To 

simplify the conditions flat substrates are used in this study. 

The key characteristics of stents are strength to withstand the peristaltic movements 

of blood vessels, flexibility and minimal size to reach the tiniest body tubes. 

Austenitic type 316L stainless steel can supply these desired properties, is commonly 

used for manufacturing medical implants [2] and so it is also commonly used as stent 

material. Though in recent years there also have been studies on other alloys, 

containing Co, Cr and Pt [3-6] for higher strength and Mg as base metal for 

biodegradable stents [7]. 

 

Figure 1.1: Various views on complex stent surfaces 
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There are various ways to improve the stent design in order to make it more 

effective. One way is coating the surface with organic and inorganic materials. This 

is not trivial with the complex geometry of the stainless steel mesh. Nevertheless this 

route is extensively studied given its benefit of incorporating drugs into the polymer 

based surface coating which can be eluted over time into the surrounding vessel 

material. However, there are several reasons including concerns about increased 

risks of late stent thrombosis when using drug-eluting stents [8, 9], why the 

development focus is likely to return to bare metal or polymer-free stent technologies 

[3].  

While from the invention of stents it was aimed for a surface as smooth and polished 

as possible in order to minimize abrasion and inflammation of the body tubes it 

becomes ever more apparent that a somewhat roughened/textured surface might be a 

better fit for the task.  

The influence of textured material surfaces on the behaviour of cells has been 

studied for many years by now [10-16]. On one hand, theoretical studies show that 

cells prefer to grow on rough surfaces in general as it imitates best naturally 

occurring surfaces [17]. On the other hand, in order to have a better control over and 

to minimise the complexity of the experimental conditions the natural urge to study 

regular patterns lead scientists from rough to micro- to nano-patterned surfaces. 

Especially in tissue engineering where the tissues involved require certain 

mechanical and structural properties for proper functioning, the trend from micro- to 

nano-structured surfaces serving as artificially-created support systems has become 
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evident within the last decade [18-24]. Also for drug delivery the control over 

biointerfacial interactions is often the key to biomedical applications [14].  

In particular endothelial, smooth muscle and fibroblast cells play an important role in 

the healing process and maintenance of cardiovascular systems and thus are likely to 

be in contact with biomedical implants such as stents and grafts. During a surgical 

procedure involving the introduction of a stent, vascular tissues in the arteries may 

be damaged. Healing of vascular tissues is promoted by the formation of an 

endothelial cells lining on the stent substrate [25], while the presence of smooth 

muscle cells and fibroblasts may cause re-stenosis. Micro- and nano-textures on 

substrates may provide control of cell functions. Such structures could promote 

better vascular cell adhesion, decrease the need for systemic administration of drugs 

and reduce the requirement for secondary surgery after stent implantation.  

Only one study reported the protein adsorption on FIB patterned glass surfaces [26]. 

To date, no cellular studies have been reported on FIB structured surfaces. 

Moreover, this and other aforementioned techniques have not been employed for 

patterning the key vascular stent material 316L stainless steel for vascular cell 

functions. Studies do not exist that determine the endothelial cell (EC) response on 

316L steel with nano-pit features. Endothelial cell studies on unpatterned 316L 

stainless steel substrates have shown that the grain size and grain boundaries have an 

impact on their adhesion and morphology [27]. Chemically etched substrates with 16 

µm grain size etched have demonstrated cell densities significantly higher than with 

grain sizes of 31, 47 and 66 µm. The authors attribute this increased cell density to 

greater boundary area and associated higher surface free energy [27]. Cell 

proliferation was also subject to another study discussing different materials. There 
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the grain sizes varied from 320 nm to 22 µm. Again cell proliferation was inversely 

proportional on the grain size [28]. 

 

Austenitic type 316L stainless steel is commonly used for manufacturing medical 

implants [29] and was hence selected as the substrate of choice for this study. 

Austenitic stainless steels have face-centered cubic (fcc) crystal structure, in which 

the unit cell is a cube with atoms located at the corners and middle of each side (Fig. 

1.2a). The presence of higher concentration of Ni in austenitic stainless steels 

stabilises the fcc crystal structure, because Ni is a fcc crystal itself. This enhances the 

ductility, i.e. it can sustain large plastic deformation without fracture compared to 

other stainless steels (martensitic and ferritic phases).  

 

 

 

Figure 1.2: a) Schematic face-centered cubic crystal structure and b) FIB image of 

polycrystalline 316L used in this study 
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Most metallic materials are composed of many small single crystalline planes called 

grains. These materials are referred as polycrystalline materials (e.g. steel), in which 

individual grains have identical arrangement of atoms but the orientation of the atom 

arrangement or crystal structure is different from each adjoining grain (see Fig. 1.2b 

for visualisation). The interfaces between these grains are grain boundaries, the 

surface that separates the individual grains [30].  

The austenitic stainless steel function can be affected by two microstructure features: 

grain (or crystal) size and shape. The general grain size suggested for 316L is 100 

µm or less [29]. This is because smaller grains have more grain boundaries, which 

provide resistance to plastic deformation as they responsible for slip deformation by 

dislocations.  

Depending on the process conditions such as annealing and cold-working, the shape 

of austenitic stainless steel grains vary. Annealing is a heat treatment process where 

a material is modified, resulting in changes in its properties for example strength and 

hardness. It is a method that generates conditions via heating to above the 

recrystallization temperature, maintaining an appropriate temperature, and 

subsequently cooling. This method is applied to reduce internal tensions, material 

softening, enhance ductility, improve the structure by creating it uniform and enrich 

cold-working properties. Austenite grains of the stainless steels under an annealed 

condition exhibit an equiaxial granular shape (i.e. the grains having axes of equal 

length).   

Cold-working produces plastic deformation in the steels and generates a strain 

hardening effect, which improves both yield strength and tensile strength of steel 

considerably. However, in cold-worked steel, depending on the amount of cold 
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work, the grains are elongated (i.e. longer in the rolling direction). During large 

plastic deformation, textured grain structures are produced and preferentially align 

the grains in specific crystallographic orientations. Hence, cold-worked steel with 

textured structures demonstrates anisotropic mechanical properties. When employing 

a cold-worked steel for implant fabrication, microstructure analysis is suggested as 

implants can be better prepared if the loading direction is concurrent to the high 

strength direction in the steel [29]. Hence, it is clear that the microscopic and 

crystalline structure can play a strong role on the nano-structuring of the stainless 

steel surface.  
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1.2. Introduction to multiferroics  

 

With the continued rapid expanse of computer usage there comes an increasing need 

for data storage technologies with higher densities, non-volatility and lower power 

consumption.[31]  Single-phase, room temperature multiferroic materials are of 

considerable interest for such applications[32-38]. However, materials that are 

magnetoelectric at room temperature are very unusual[39].  The perovskite 

ferroelectric BiFeO3 exhibits antiferromagnetic ordering at ambient temperature[40]. 

Although its electric polarisation has been used to control ferromagnetism[41], its 

ferroelectric polarisation cannot be switched by a magnetic field.  There has, 

therefore, been an intense search for room temperature magnetoelectric multiferroics 

within which the coupling of ferroelectric and ferromagnetic polarisations might be 

demonstrated.  

The ferroelectric Aurivillius layer-structures[42], described by general formula 

Bi2O2(�$m-1�%mO3m+1), are naturally 2-dimensionally nanostructured with large �F-axis 

parameters. The number of �$�%O3 perovskite units (�P) per half-cell can be changed 

within the range 2 to 9, depending on composition, and a wide variety of �%-site 

cations with +3 to +5 oxidation states accommodated[43-46].  The system offers the 

potential for including substantial amounts of magnetic cations within a strongly 

ferroelectric system, and is therefore an exciting candidate for potential use in 

multiferroic, magnetoelectric logic devices.   
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Figure 1.3. The relationship between multiferroic and magnetoelectric materials. 
(Redrawn from [47]). 

 

Ferroelectric materials form a subset of the polar electrically polarizable materials 

for which the electrical dipole moments within their structure can be switched 

between at least two stable states (e.g. up and down) by an external electric field.  

Ferromagnets form a subset of the magnetically polarizable materials.  Materials 

which demonstrate both ferroelectric and ferromagnetic properties within the same 

phase are known as multiferroic materials (Fig. 1.3).  Magnetoelectric coupling 

refers to the induction of magnetization by an electric field, or vice versa, and may 

arise through direct coupling between magnetic and electric polarisations in a single 

material.  

Aurivillius [42] bismuth-based compounds, sometimes referred to as the layered 

perovskites and described by the general formula Bi2O2(�$m-1�%mO3m+1), represent an 

important class of ferroelectric compounds. The materials are members of an 

homologous series of Bi-layered oxides, where the structure is a naturally-layered 

nano-composite.  The 2-dimensional nano-structures have large �F-axis lattice 
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parameters, in the nanometer range, and consist of fluorite-structured (Bi2O2)
2+ 

layers of thickness �I (typically ~0.4nm) lying in the (001) plane alternating with 

�P�$�%O3 perovskite units in a sandwich type arrangement.  The average thickness of 

the perovskite-type block, �K, depends on the number of octahedral perovskite units 

(�P) in the block: �K = �S�P where �S is the average thickness of the perovskite-like units 

(also typically ~0.4 nm).[48] (Note that this is only an approximation, as octahedral 

tilting, and choice of A & B cations will change the average height of each 

perovskite unit.[49-51]) The value of �P can be integer or fractional.[52] Fractional 

values of �P usually occur with “mixtures” between a pure Aurivillius phase 

compound and a perovskite end member and are formed by recurrent intergrowth of 

the perovskite blocks of two Aurivillius end-members, eg. BaBi8Ti7O27 (�P = 3.5) is 

formed from (Bi4Ti3O12)0.75-(BaTiO3)0.25.[53, 54] The values of �I and �K are related to 

the c cell parameter by �I + �K = �F/2.  

The layered-structured Aurivillius phase materials are a particularly attractive class 

of oxides as their structure allows the design and synthesis of new materials in thin 

film form with interesting electrical and magnetic properties.  Between the bismuth 

oxide layers, the number of octahedral layers can be increased and a homologous 

series of compounds with the general formula Bim+1Fem-3Ti3O3m+3 (�P = 4 to 9) has 

been realised by inserting bismuth ferrite units, BiFeO3, into 3-layered bismuth 

titanate, Bi4Ti3O12.  
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2. Methods  and Techniques  

 

This chapter aims at giving an overview of the techniques (2.1) and methods used: 2.2 

patterning methods and the advantage of using a focused ion beam, 2.3 correlative 

microscopy including 3D, 2.4 a short introduction into EDX used for 2.5 the statistical 

approach to EDX analysis in analytical electron microscopy and 2.6 details of the 

microstructural analysis of the multiferroic Aurivillius phase thin films and observed 

inclusions. 
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2.1. Techniques  
 

FIB patterning The FIB system used in the current study is the FEI Helios NanoLab 600i, 

which is a dual beam FIB for localized milling and deposition, transmitting a beam of Ga+ 

ions combined with a high resolution SEM. In the work on stainless steel patterning, the 

working current was tuned between 0.28 nA (for 120 nm pits) up to 0.92 nA (180 nm) 

depending on size of the nano-texture. The available pit sizes and the large range of 

obtainable working currents could make the FIB technique an ideal device for nanomachining 

in the range from 10 nm to a few micrometres. Nano-structured features (pits/holes) ordered 

in rectangular arrays were patterned on 316L steel surfaces.  

Samples for serial sectioning of stainless steel were prepared in the FEI Helios NanoLab 600i 

using protective carbon and Pt layers [1]. The electron beam induced (EBID) carbon 

deposition supplied necessary contrast difference between the protective Pt and the stainless 

steel surface, hence enabling accurate determination of the concave’s shape and depth 

EBSD technique was used to analyse the crystallographic structured surfaces of the polished 

stainless steel. EBSD imaging was performed in a Hitachi SEM SU-70 equipped with an 

Oxford Instruments EBSD attachment AztecHKL at 10kV under 70° tilt angle and step size 

2µm. Initial top-down SEM imaging was used to analyse the topography of nano-textured 

surfaces of the polished stainless steel.  

An AFM (MFP 3DTM, Asylum Research) in AC mode was used for topography mapping of 

the surfaces.  Olympus AC160TS silicon cantilevers (Al reflex coated, ~300 kHz resonant 

frequency) were used for imaging. Optimal results were achieved with a medium scan rate of 

1 Hz and 256 x 256 pixels image resolution.  
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Topography Mapping: HR-SEM images and EDX analysis spectra were obtained using a FEI 

Quanta 630 High Resolution Scanning Electron Microscope with attached Oxford X-Max 20 

detector and Inca analysis software.  A commercial atomic force microscope (MFP-3DTM, 

Asylum Research) in AC mode, equipped with Olympus AC160TS silicon cantilevers (Al 

reflex coated, �a300 kHz resonant frequency), was used for topography mapping of the films.  

Cross-sections of the films were prepared for micro-structural analysis using a FEI DualBeam 

Helios NanoLab 600i Focussed Ion Beam (FIB) (final thinning at 93 pA 30 kV, final polish 2 

kV 28 pA).  Micro-structural analysis was performed on the B6TFMO films using HR-TEM 

(Jeol 2100 transmission electron microscope; 200 kV; double tilt holder) in conjunction with 

selected area electron diffraction (SAED).  Note that normally �a10% error should be 

accounted for when calculating d-spacings from SAED due to electron optics of the 

instrumentation.  Elemental mapping using EDX (Oxford X-Max 80 detector and Inca 

analysis software) over larger sample areas (3.99 �Pm2 to 1 mm2, medium spot size, x-ray 

generation area 10-30 nm in diameter, 200 nm thickness) was performed using the HR-SEM 

and STEM mode at the FEI Helios Nanolab.  

Surface EDX mappings and cross section sample preparation required a thin Au coating (< 20 

nm) to reduce the high surface charging of the B6TFMO films.  After the Au sputter coating 

a 60 nm layer of amorphous carbon and 300 nm Pt layer were deposited within the DualBeam 

FIB by electron beam induced deposition and 2 µm thick Pt layer with ion beam induced 

deposition. These three layers have been grown for protection before the milling process. A 

30 µm long lamella was prepared and thinned down to 40-60 nm for the TEM analysis. The 

thinning at 30 kV was finished by polishing at 5 kV and 2 kV to reduce the ion-beam induced 

damage to a less than 2 nm thin layer on both sides [2].   
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TEM analysis was done in a JEOL JEM-2100 operating at 200 kV in bright field condition 

for imaging and selected area electron diffraction (SAED) mode to record diffraction pattern 

of single grains. Crystal Studio was used to determine the crystal structure by comparing the 

simulated electron diffraction pattern with the recorded. 

EDX measurements were recorded in the FEI Helios NanoLab 600i operating at 20 kV and 

1.4 nA with an attached Oxford X-Max 80 detector. The spectra were analysed with the Inca 

software.   

 

2.2. Correlative Microscopy including 3D imaging  

 

The principal concept of correlative microscopy calls for analysis of one and the same 

volume of interest by two or more imaging techniques.  Subsequently, the signals recorded by 

different imaging modes are merged together to obtain unique information that is difficult to 

acquire with a single imaging regime. Correlative light and electron microscopy has been the 

most widely used technique until now featuring two imaging modes in one instrument. Other 

emerging correlative microscopy techniques include AFM-TEM, SNOM-TEM, AFM-

nanoSIMS, TEM-atom-probe microscopy which use dedicated platforms to localize one and 

the same volume of interest for analysis.  

Historically correlative microscopy is commonly referred to as correlative light and electron 

microscopy (CLEM), a technique used mainly for biological materials. The oldest reference 

to CLEM dates back to the 1960s.[3, 4] In those beginnings the correlation was far from a 

simple process with hours spent to find the same region again in the light or electron 

microscope as the techniques were not yet incorporated in one system. Thus, it took nearly 
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three decades until correlative microscopy gathered momentum in the 1990s. Though 

samples still have to be transferred between light and electron microscopes CLEM has been 

established as standard method with dedicated workshops and improvements in hard- and 

software only within the last ten years.[5, 6]  

Although many different microscopy techniques are incorporated by now, like fluorescence 

microscopy, (laser scanning) confocal microscopy, cryo-TEM and advanced techniques like 

3D structured illumination microscopy and spinning disk laser scanning microscopy, the 

limitation of the term ‘correlative microscopy’ to biomedical research is still dominant with 

many review papers within the last few years written on this topic. [7-10] Even the results 

chapter of this thesis will start out in this area with the surface patterning of stainless steel for 

potential application in cardiovascular stents, yet concentrating the correlative microscopy 

clearly on the inorganic materials side. 

An advanced characterisation protocol for analysis of the structures aiming at comprehensive 

evaluation (Fig 2.1) of the 3D shape of the patterned arrays as function of SS crystal structure 

using a combination of Electron Backscatter Diffraction (EBSD), FIB, Scanning Electron 

Microscopy (SEM), Atomic Force Microscopy (AFM), serial FIB-SEM sectioning and 

transmission electron microscopy (TEM) in bright field, dark field and selected area electron 

diffraction mode is attempted in the Results (3.1.3).  
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Figure 2.1. Complementary analysis techniques on the exact same sample location 

In particular, EBSD is an SEM based non-destructive microstructural technique that uses 

Kikuchi patterns to measure individual grain orientations, local texture, point-to-point 

orientation correlations and phase identification and distributions on the surfaces of bulk 

polycrystals. It is performed using the electron beam of an SEM as beam source. The SEM 

gives the possibility of generating maps of the crystal orientations for polycrystalline 

material. EBSD patterns are generated on a phosphor screen by backscatter diffraction of a 

stationary beam of high energy electrons from the typically 70° tilted sample surface. 

Because of the high tilt angle this technique is very surface sensitive and gives information of 

the top 10-50 nm down into the substrate [11]. A disadvantage of this technique could be 

seen in the long time that it takes to collect a large map at high resolution which takes several 

hours.  

AFM is also a non-destructive surface sensitive technique (with the information coming only 

from the top few atomic layers up to a few nm) that can be operated in three basic modes, 
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contact, tapping and non-contact-mode. The vast range of cantilevers, different attachments, 

modifications and extensions opens up another realm of information due to the multitude of 

signals that can be collected from the AFM: topography, phase, magnetic properties, surface 

potential to name just a few. As with EBSD the main disadvantage of this method could be 

seen in the long time taken for high resolution mapping, taking in some cases hours to 

stabilise the cantilever alone.  

SEM is the third non-destructive technique mentioned above. Conductive samples like 

stainless steel do not need any preparation to be imaged at high resolution within minutes. 

And with the advent of environmental SEMs and beam deceleration even non-conductive 

samples can easily be imaged without further preparation, otherwise a conductive coating 

needs to be applied to ground the sample properly to be able to conduct the incoming 

electrons away.  

FIB is at the edge between destructive and non-destructive. If a modification of the top 10-50 

nm through the ion bombardment does not alter the main characteristics of the sample it 

could still be considered as non-destructive. Usually though the surface amorphisation and 

incorporation of Ga+ ions are regarded as destructive which is the main disadvantage of this 

method. Otherwise FIB offers advantages over SEM of a higher secondary electron yield that 

leads to even faster imaging and contrast enhancement in polycrystalline material because of 

the above mentioned channelling effects. 

Serial FIB-SEM sectioning, also known as slice-and-view, then is truly destructive. As the 

name implies the sample is destroyed by taking slice after slice off a cross section and 

imaging with the SEM after each slice. This is a long process stretching over several hours, 

yet the information gained is compared to the aforementioned techniques three dimensional 

rather than 2D. With software programs like ImageJ or Amira it is possible to reconstruct a 
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full 3D model of the examined volume. This can be further enhanced by EBSD and elemental 

analysis though the analysis time goes up even higher by adding these techniques. Another 

disadvantage is the extensive sample preparation for serial FIB-SEM, which starts by 

protecting the sample surface with layers of electron beam deposited Pt or similar and usually 

cutting a trench around the sample volume to be analysed to enhance secondary electron yield 

and make 3D reconstruction simpler (by defining the volume at the start). 

TEM is the other destructive method described here, though technically it is only destructive 

for bulk materials that need extensive sample preparation to make a thin foil that is electron 

transparent. TEM is on the other hand very versatile giving access to much information about 

the material structure down to single atom resolution[12, 13]. The basic modes of operation 

are bright field (BF), dark field (BF) and (selected area) electron diffraction ((SA)ED). A 

further very common feature is the scanning TEM (STEM) which again opens another 

universe of analytic techniques. While in BF imaging matter appears dark and vacuum 

brighter, DF is complementary where the direct beam is blocked and only one or more 

diffracted beams allowed to pass the objective aperture to form the image. DF is very useful 

in combination with SAED in which the reflections for (poly)crystalline materials are shown 

(amorphous materials will show rings instead of defined reflection dots). Then one reflection 

is chosen using the objective aperture to obtain an image of the crystal region that the 

reflection belongs to. The pattern created by SAED are useful to gain insight into the 

crystalline structure of the material in question in the first place. The recorded pattern can be 

compared with simulated pattern created by software like Crystallographica, Crystal Studio 

or Crystal Maker to determine the material composition and the orientation of the sample 

towards the electron beam during the ED imaging. 

As described above many techniques reveal overlapping information that can be used for a 

better cross correlation of the recorded data. The additional complementary information 
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gained by each individual method is promising to give a full view of the surface structure in 

3D. 

 

2.3. Surface patterning  with a focus on Focused Ion Beam and 
medical grade stainless  steel 

 

As the name implies nano-texturing involves the creation of patterns or features with 

nanometre precision. In the context of this thesis the focus is laid on patterning methods that 

are most useful to create a flexible platform for future cell studies on stainless steel. Recent 

advances in micro- and nanotechnology have allowed the patterning of surfaces with the 

desired textures for cell scaffolding [14-17]. The choice of the texturing method depends 

largely on the nature of the substrate that needs to be modified and on the dimensions of the 

features expected. Indeed, photolithography was particularly successful for the patterning of 

features of microscopic dimensions on elastomers such as polydimethylsiloxane (PDMS) [18-

21] and on polymers such as polystyrene (PS) [22-25]. E-beam lithography is used for many 

years for the patterning of sub-micron features on silicon substrates [26, 27] and on 

Poly(methyl methacrylate) (PMMA) [28]. Features of 350 nm were patterned on PDMS and 

PMMA substrates by nano-imprint lithography [29]. Metal substrates such as Ti, were also 

textured using micro-machining for feature dimensions in the microscopic range [30, 31]. 

Cell adhesion, migration, elongation, proliferation and gene expression on textured substrate 

can be greatly altered depending on the shape and the dimension of the features [28]. 

The different techniques are compared in Tab. 2.1. In indirect photolithography methods, 

patterns are formed over a large area using a mask [32]. Such lithography processes are time-

consuming with many steps, and inherently inappropriate for prototype designs and 
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processes. Electrodeposition is a simple, fast and cost-effective method of reproducing nano-

structures on many materials using templates made of polymers and metals. However, this 

method is applicable only for electrically conductive substrates. Imprint lithography is a high 

resolution direct technique for nano-patterning of large surfaces, but it requires moulds and is 

restricted to polymeric materials [33], but this could then be used as etch masks or filled with 

metal electrodeposition. E-beam lithography and lithography based on scanning tunnel 

microscopy (STM), atomic force microscopy (AFM) or dip pen are high-resolution mask-less 

procedures, but with a very low throughput and unsuitable for wide surface nano-patterning 

[34]. Interference lithography can be utilized to create or transfer array patterns on various 

metallic and polymeric surfaces, but only patterned features can be reproduced. 

Microtexturing of surfaces has also been reported by pulsed laser patterning [35, 36]. The 

feature sizes are however limited to the micron range.  

Patterning by FIB milling is direct and offers several advantages for flexible prototyping 

practically any sufficiently conductive substrate material that is able to withstand high 

vacuum conditions of the microscope chamber, there is high flexibility in the obtainable 

shapes and geometries by modulating the ion beam current and the patterning conditions, 

reduced complexity of the pattering process e.g. it is a single-step process with a possibility 

of real-time monitoring of the milling progression. Thus for any particular type of substrate, 

various depths as well as lateral dimensions including the optimal feature size can be 

obtained with high degree of flexibility at minimum number of processing steps. 

Table 2.1: Advantages and drawbacks of indirect and direct nano-structuring techniques 

Mask/ 

molds 

require 

Technique Advantages Drawbacks 
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Yes Photolithography Well controlled features 

High throughput 

Requires photoresist, spin 

coaters and organic 

solvents Low aspect ratio 

Limited to set of materials 

Electrodeposition Precise geometries and 

patterns 

Large surface area 

 

Require templates for 

creating of nano-structures 

Limited to electrically 

conducting substrates 

Imprint 

lithography 

 

High resolution 

High aspect ratio 

Large surface 

Requires molds 

Applied to polymers only 

No E-beam  

 

 

 

High resolution 

Precise geometry and 

patterns 

 

No direct writing on 

substrate – etching 

required 

Multi-step process 

Low throughput 

Requires vacuum 

Time consuming 

Small surface coverage 

Expensive 

Interference 

lithography 

No complex optical 

systems  

Limited to patterned array 

features only 

Multi-step process 



36 
 

STM / AFM / Dip 

pen 

Very high resolution 

 

Low aspect ratio 

Very low throughput 

Very small surface area 

Nanoindentation High aspect ratio 

Control over features 

depth 

Less expensive than 

FIB or e-beam writer 

Wide and shallow features 

Slow process 

Laser patterning Any material 

High throughput with 

high power laser 

Wide and shallow features 

Micron resolution 

FIB milling 

 

 

 

High resolution 

High aspect ratio 

High etch rate 

Any material 

Time consuming 

Process requires vacuum 

Very expensive 

Low throughput 

 

Except FIB, none of the texturing techniques mentioned above were suitable to achieve 

features in the nanoscopic range on a hard substrate as 316L stainless steel. Nanoimprint 

lithography (NIL) and e-beam lithography (EBL) are able to pattern sub-micron features, 

which with NIL were achieved on soft substrates such as polymers and elastomers only, and 

with EBL is a very time consuming and expensive multi-step process. The preeminent 

advantage of FIB is its flexibility. In this research work, FIB milling was used to create nano-

structures onto stainless steel because it is a direct writing process with simple steps, high 
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resolution and aspect ratios. The goal of the study was to identify optimal FIB patterning 

conditions for achieving reasonably high throughput (patterned rate of about 0.03 mm2 per 

hour) and nano-size accuracy in dimensions and shapes of the features.  

 

As the name implies FIB systems employ a finely focused ion beam (usually gallium ions 

(Ga+)). Depending on the current used it can be operated for milling (at high beam currents) 

or imaging (low beam currents). Material is sputtered when the high-energy ions hit the 

sample surface. Primary Ga+ atoms are also implanted into the sample surface. This is limited 

to 10-50 nm depending on the sample material. Fig. 2.2 illustrates the interaction of the 

primary Ga+ ion beam with the sample surface. Secondary electrons are also generated during 

the interaction which can be used to form images. This is especially helpful when the top 

surface layer can be sacrificed as the yield of secondary electrons is much higher than from 

incident electron beams and a 5 nm resolution can be attained. [37, 38]  

Programs exist to simulate and model the interaction of ions with matter, called Stopping and 

Range of Ions in Matter (SRIM).[39, 40] These are widespread in the ion implantation 

research community due to their universality based on binary collision approximation (a 

Monte Carlo simulation method). Given the ion type and energy and the type of target, it can 

produce 3-dimensional distribution maps of ions in matter and its parameters like penetration 

depth, sputtering rate and concentration of vacancies to name just a few. For the case of 

interaction with polycrystalline stainless steel however its usefulness is severely limited as it 

does not take channelling effects and crystal structure into account.  

Channelling effects happen in crystalline materials where the incoming ions can follow 

certain crystallographic directions easier than others. The atomic distances in low index 

oriented crystals are larger, hence the ions can travel deeper into the material before losing 
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their momentum. This leads to reduced sputtering along low index facets. As will be shown 

in the results section this is not a negligible effect with the polycrystalline stainless steel. 

  

Figure 2.2: a) DualBeam FIB schematics. b) beam sample interactions: A – incident Ga+ 

ions, B – sputtered substrate atoms, C – scattered Ga+ ions, D – re-deposited Ga+ ions and 

substrate atoms, E – in substrate trapped Ga+ ions, and F – secondary electrons. Also depicted 

are the interaction volume for characteristic X-rays (EDX signal) in the sample (light blue) 

and the surface near volume from which the secondary electrons are emitted (light red which 

forms also part of the interaction volume of course). 

FIB originated in the semiconductor industry and has become an important tool for a wide 

array of applications, ranging from circuit editing, reverse engineering, sample preparation 

for transmission electron microscopy (TEM), microstructural analysis and prototype 

nanomaching to name just a few [41]. Many modern FIB instruments supplement the FIB 

column with an additional SEM column so that it becomes a versatile dual-beam platform as 

depicted in Fig 2.2. In nano-patterning, FIB has been used to create nano-structures on Si 
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[42], silicon nitride [43, 44] and glass substrates [45] and to fabricate platinum nano-

structures on peptide based soft surfaces [46].  

 

2.4. EDX analysis  

 

As EDX analysis plays such a vital role in this study it is explained in this subchapter 

separately including some raw data. EDX is an established technique used to characterise the 

elemental composition of samples in the EM. Opposite to X-ray machines used in medical 

and material imaging that use the broad Bremsstrahlung for high intensity beams, EDX 

exploits the fact that the X-rays that are generated when an orbiting electron is displaced by 

an electron of the microscope beam are at characteristic energies for each element. [47] 

The Oxford Instruments EDX system used in this study makes use of a silicon drift detector 

(SDD) which has an energy resolution of 130-170 eV in the region 6-11 keV that was used to 

identify Fe, Mn and Bi. Fig 2.3 shows a typical sum spectrum for a 72h surface scan 

normalised in counts per second (cps). The process time was set to a medium level 4 which 

produced a dead time in the range of 30% as is typical for SDDs for the e-beam current of 1.4 

nA that was found optimal between signal height and spatial resolution. In this condition the 

lifetime of the spectrum was about 200,000 s with a total count of 5 �u 109 counts over 72 

hours.  
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Figure 2.3. Typical sum spectrum of sample B6TFMO for a 72h surface scan normalised in 

counts per second (cps). 

For the subtraction method described in detail in 3.2.2 the element characteristic lines shown 

in Fig 2.4 have been used that showed as little overlap as reasonable. After application of the 

subtraction method described in 3.2.2 spot spectra of Fe rich and Fe + Mn rich could be 

compared in Fig 2.5.  

 

Figure 2.4. Characteristic lines for the elements used in the subtraction method, Mn K�.�����D�W��

�����������N�H�9�����)�H���.�.�����D�W�������������N�H�9���D�Q�G���%�L���/�.�����D�W���������������N�H�9. 
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Figure 2.5. Spot spectra of a) normal Aurivillius phase B6TFMO, b) Fe rich area and c) Fe 

and Mn rich area 

Two points are to be considered when comparing these spot spectra: I) The large interaction 

volume in which characteristic X-rays are generated (for the 20 kV normally used the volume 

equals a pear shaped sphere with approx. 2 µm diameter in in this material) would render 

these spectra quite useless for localisation of nm sized inclusions. II) The low thickness of the 

thin B6TFMO layer of 200 nm increases the spatial resolution again. However, as the 

subtraction method makes use of spatial differential anti-correlation between Fe, Mn and Bi, 

local spot spectra have not been used in the statistical approach described in the following 

chapter. 

 

2.5. Statistical approach to EDX analysis of trace inclusions  

 

“Absence of Evidence is not Evidence of Absence” is a truism which confounds many 

analytical assertions. The confident statement of certainty: “There was nothing there” leads to 

the obvious retort: “How do you know?”. In many analyses, especially those using 

microscopes (optical or electron), it is only possible to look at restricted volumes, and the 

smaller the inclusion, or defect, or the lower the level of the impurity being sought, the 

smaller the volume that can reasonably be examined.  The absence of any evidence for 

second phases, defects or impurities in these volumes can lead to the erroneous conclusion 

(perhaps driven by wishful thinking) that there are none in the sample as a whole, when in 

fact all that can be asserted with certainty was that there was nothing in the volumes 

examined at the limit of resolution for the technique used. And yet all is not lost, because if 

the detection thresholds of a particular method are well understood, the volumes examined 
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are known and one makes some justifiable assumptions about the size distributions of second 

phase particles being sought, then one can apply statistical methods to determine the 

confidence level that surrounds such a statement.  In other words, one can convert the 

assertion of “certainty-of-absence” to one which gives a level of probability that the density 

of the sought-for impurity or second phase inclusion is below a certain critical level.  

Conversely, it is possible to apply such methods to the design of experiments which will yield 

any required level of confidence.  For example, it is possible to say that if one requires a 

confidence of 99.5 % that the density of a certain impurity or defect of known composition 

and/or size is below a certain critical level in a specimen, then given the sensitivities of the 

analytical methodologies being used, the statistical analysis can be used to determine how 

large a total volume needs to be examined. 

If one considers different examples of materials analysis, there are different cases according 

to whether one is searching for impurity elements in a simple, single element material like 

silicon, trying to detect inclusions which are widely different in composition/structure from 

the parent matrix or looking for second phases that are similar in composition and/or structure 

to the parent.  If the material is a pure element like silicon, for instance, claims with respect to 

a given level of purity can be verified relatively easily by using a host of different techniques 

such as SIMS (secondary ion mass spectrometry), ICP-MS (inductively coupled plasma mass 

spectrometry), EPMA (electron probe micro analysis) or Auger Spectroscopy and the level of 

impurities can be determined down to the level of ppb [48-52]. On the other hand, there are 

scanning methods which can locate inclusions and structural defects [53, 54], but, as 

commonly used, these are generally limited to detecting a minimum amount of 1-2 weight% 

of a particular inclusion type [55].  Atom probe tomography (APT) [56] and scanning 

transmission electron microscopy (STEM) coupled with energy dispersive X-ray 

spectroscopy (EDS/EDX) [57] and/or electron energy loss spectroscopy (EELS) [58, 59] 
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provide techniques which can resolve single atoms spatially and elementally, but are limited 

to very small sample volumes (areas of a few nm2 within a single atomic layer such as 

graphene film for example). Hence they cannot deal with a statistical distribution of small 

numbers of such entities dispersed over tens of µm3. There is a significant probability that the 

examination of a small volume of material at the high detail needed to see such very small 

inclusions may easily miss them, simply because they are not present in the particular volume 

of material examined.  In such a case it is prejudicial to say that such defects or inclusions are 

not present in the sample - one can only put a probability upon them for their density being 

below a certain critical level. 

On the other hand, an aggressive search for new materials is in progress and the development 

of single-phase multiferroic (simultaneously ferromagnetic and ferroelectric) oxides is a good 

example of this. These materials are of considerable interest for future memory and sensing 

applications [60-66]. Here, the assertion that a new material is a single-phase, room-

temperature multiferroic may be confounded by the presence of second-phase ferromagnetic 

inclusions that may have formed during the sample preparation.  This is the single most 

critical factor in the analysis of such materials because the magnetic properties of the sample 

overall are highly susceptible to the presence of such inclusions.  The difficulty in excluding 

second phase inclusions as being responsible for any observed ferromagnetism of a given 

sample is that some of the elements used to form the main phase could easily be responsible 

for formation of a ferromagnetic second phase. The differences between main and second 

phases could be in stoichiometry and/or crystal structure and both factors may have influence 

on the magnetic behaviour.  

This thesis demonstrates an original methodology for the detection, localization and 

quantification of second phase inclusions in thin Aurivillius type films.  Even when the 
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compositional differences between inclusion and main phase are rather subtle, this 

methodology provides a viable approach to not only identifying the inclusions but also to 

their localization and further in-depth structural investigation. 

The goal was to develop a dedicated statistical model applied to the design of the analytical 

(EDX) measurements and demonstrate its application to the analysis of 

Bi6Ti2.8Fe1.52Mn0.68O18 (B6TFMO) thin films. A detailed account of the sample preparation, 

transmission electron microscopy (TEM) and energy dispersive X-ray analysis (EDX) that 

was necessary to put a high, defined confidence level (> 99.5 %) to the statement of ‘new 

single phase multiferroic material’ is presented in the Results (3.2).  

 

2.6. Microstructural Analysis of Multiferroic Aurivillius Phase Thin 
Films and Observed Inclusions  

 

One of the samples studied during this thesis – a thin films of Aurivillius phase 

Bi6Ti2.8Fe1.52Mn0.68O18 – gives a distinct room temperature in-plane ferromagnetic signature 

(Ms = 0.74emu/g, Hc = 7mT).  The microstructural analysis needed to conclude that the 

ferromagnetism does not originate from second phase inclusions is described in this chapter. 

Chemical solution deposition processes were used to make BiFeO3 and BiMnxFeyO3 doped 

Bi4Ti3O12 Aurivillius thin films on sapphire substrates.  Two sols were formulated, with the 

intention of producing materials with m=6 (6 perovskite units per half cell).  These possessed 

Ti:Fe:Mn ratios of 1:1:0 and 1:0.7:0.3 respectively.  Considerable (17.5 mol ��) excesses of 

Bi were used in both cases to suppress pyrochlore formation[67].  X-ray diffraction (XRD) 

demonstrated that both sols produced Aurivillius phase type thin films, with the film lattice 

parameters being a = 5.468, b = 5.472 and c = 57.554 Å for the first sol, evidently producing 
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an m=6 film - Bi7Ti3Fe3O21 (B7TFO).  The second gave a = 5.497, b = 5.415 and c = 49.280 

Å, clear evidence for an m=5 film, from an average sol composition of 

Bi6Ti2.5Fe1.75Mn0.75O18 (B6TFMO).  (Note that as a considerable excess of Bi is included in 

the sol, the minor changes in excess given by producing an m=5, rather than an m=6 film are 

not significant.) All diffraction lines could be indexed either to the relevant Aurivillius phase 

patterns, substrate peaks or CuK�E��lines from the strongest main phase peaks�� The thin films 

are predominantly c-axis oriented with a Lotgering factors[68], f, of 0.977 for B7TFO and 

0.997 for B6TFMO.  The 5-layered structure for B6TFMO was confirmed by High 

Resolution Transmission Electron Microscopy (HR-TEM) and electron diffraction. There are 

no detectable lines from spinel (or indeed any other) minor phases visible in the XRD 

patterns of the films - the strongest (311) spinel reflections would be expected at 2�T=35.4�q.  

However, the noise level in any XRD scan places a limit on the detectability on such minor 

phases and the method is intrinsically unable to detect trace levels (typically 1-3 vol %) of 

strongly magnetic secondary phases which may affect the overall magnetization of the 

sample.[69]  Clearly, detailed microstructural assessment is required for any sample of this 

type to exclude this as a possibility, and ideally to place a confidence level on that exclusion. 

HR-SEM (high resolution scanning electron microscopy) images reveal the characteristic 

plate-like grain morphologies expected from Aurivillius phase materials.  Multiple HR-SEM 

energy dispersive x-ray (EDX) surface scans (areas ranging from 900�Pm2 to 1mm2) showed 

an average film composition of Bi6Ti2.8Fe1.52Mn0.68O18, which is slightly deficient in Fe and 

Mn relative to the sol. Neither a 2 hour HR-SEM-EDX area scan of a 26�Pm x22.6�Pm area 

(120�Pm3 volume), nor a STEM (scanning transmission electron microscopy) EDX 

examination of a 30���Pm long cross-section of thin film (1.2���Pm3 volume) produced any 

evidence of Fe-rich regions that might indicate possible evidence of low-level minor phases.  
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However, a 72 hour long HR-SEM-EDX data collection over a 1600�Pm2 area, followed by 

subtraction of the Bi L�D from the Fe K�D and Mn K�D signals produced maps which showed 

areas of excess Fe and Mn for the B7TFO and B6TFMO films (Figs 2.6(a),(b),(c)).  These 

maps showed extremely small amounts (�a0.01 vol %) of FeOx oxide inclusions in B7TFO 

and slightly larger amounts (�a0.1 vol%) of a FexMnyOz phase in the B6TFMO with Mn:Fe 

ratio of 1.13:1 and a size of �a350nm.  HR-STEM-EDX examination of the FexMnyOz 

inclusions demonstrated a composition of Mn0.53Fe0.47O.  HR-TEM/SAED (selected area 

electron diffraction) (Fig 2.6(e)) indicates a cubic structure with a lattice parameter of 4.4Å, 

that closely corresponds to that of a rock-salt-structure[70].  Magnetite (Fe3O4) and Jacobsite 

(MnFe2O4) structures can be excluded since the measured Mn:Fe ratio of 1.13:1 does not fit 

the compositions of these phases. Additionally, the space group Fd-3m (227) for Magnetite 

and Jacobsite does not fit the electron diffraction pattern obtained for the inclusions.  The 

bixbyite phase (Mn2-2xFe2xO3 where x = 0.4-0.6) can also be discounted as the Ia-3 (206) 

spacegroup also demonstrates a different electron diffraction pattern from that obtained.  

Neither the angles of the reflections nor the lattice parameters of Fd-3m (227) / Ia-3 (206) fit 

in any direction to the electron diffraction pattern of the inclusions. A composition closely 

related to that of the inclusions, Mn0.56Fe0.44O (Mangano Wüstite), has a cubic lattice with the 

space group Fm-3m (225)[70, 71]. It should be noted that this rock-salt composition is non-

ferromagnetic, and antiferromagnetic at low temperatures with a Neel point of �a150K[71]. 

The electron diffraction pattern captured for the Mn0.53Fe0.47O inclusions fits simulations of 

this space group along the (110) direction perfectly[72] assuming micro/nano-twinning[73, 

74] causes reflections at half positions. This assumption is strengthened by the observations 

in TEM dark field mode (Fig 2.7). In this technique the unscattered or zero order beam is 

excluded. Only electrons diffracted on crystal planes contribute to the formed image. Fig 2.7 

shows clearly that different diffraction spots in the summary SAED (Fig 2.7(a)) stem from 
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different micro/nano-crystals. In particular three regions nearly parallel to the substrate 

surface are discernable in different distances. Viewed from the substrate the bottom part is 

most visible in Fig 2.7(a), the top part in Fig 2.7(e) and the interface inbetween in Fig 2.7(f). 

A second random twinning in horizontal direction is also observable within the inclusion 

which is illuminated by the complimentary highlighting of different crystals in Figs 2.7(d) 

and (g). 

 

Figure 2.6.  Compositional maps produced by extended period (72 hour) data collections 

from a 1600�Pm2 sample area, followed by subtraction of the Bi L�D from the Fe K�D and Mn 

K�D signals.  These show a) regions of excess Fe in B7TFO b) regions of excess Fe in 

B6TFMO and c) regions of excess Mn in B6TFMO. Note the one-to-one correspondence 

between the small, bright (numbered) regions showing Fe in b) and Mn excesses in c). Note 

also the larger pale areas in b) corresponding to areas where the Fe content slightly exceeds 
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the surrounding grains.  d) Cross-sectional HR-TEM image and e) diffraction pattern taken 

from a single Mn0.53Fe0.47O inclusion.  f) Cross-sectional HR-TEM image and g) diffraction 

pattern taken from a single higher-Fe content Aurivillius grain within B6TFMO. 

 

Figure 2.7.  Dark field TEM analysis of a single Mn0.53Fe0.47O inclusion. These show a) 

SAED pattern b) – i) dark field images taken from the spots indicated in a), crystal direction 

indicated in each image. The sapphire substrate is on the left side of the images. 

Also visible in these surface HR-SEM-EDX maps were larger areas, similar in shape to the 

Aurivillius grains, where the Fe content slightly exceeded the surrounding grains.  Detailed 

cross-sectional HR-TEM/SAED and HR-STEM-EDX examination of these grains (Fig 
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2.6(f),(g) and Fig 3.19) showed that they were m=5 Aurivillius-structured grains possessing a 

higher Fe content than the average of the film composition determined by surface area HR-

SEM-EDX.  A compositional survey by cross-section HR-STEM-EDX of 55 individual 

Aurivillius grains within the B6TFMO sample, followed by normalisation of the Ti:Fe:Mn 

ratios to give 5 octahedral B-site cations, showed a strong relationship between the Fe and Ti 

contents in these grains, with the Mn content being less strongly dependent on the Ti B-site 

composition (Fig. 2.8(a)).  The range of grain compositions (ranging from Ti:Fe:Mn = 

3.38:1.14:0.48 to 2.18:2.16:0.66) spans both the average compositions determined from the 

sol and the area EDX scan noted above.  This graph helps to explain why a sol which was set-

up to deliver an m=6 structure could produce an m=5 structure without large amounts of 

second phase appearing in the film.  Mn is well-known for taking variable valency from 3-4 

in perovskite oxide materials[75], and permitting non-stoichiometry to exist.  As the Fe3+ 

replaces Ti4+, it is suggested that Mn3+ is progressively oxidised to Mn4+, to maintain charge 

balance.  In this case, the proportion converted to the higher valence state is easily calculated 

and is plotted in Fig 2.8(b).  It is interesting to note that, while the Fe and Ti B-site 

compositions are strongly inter-dependent, the Mn composition within these grains does not 

vary systematically with either, averaging around 0.63, and the maximum Fe content of the 

B-site, at 1.77, occurs when all of the Mn3+ is converted to Mn4+.  It is believed that this has 

important consequences for the magnetic properties of the grains, as will be discussed below. 
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Figure 2.8.  a) Plotting the normalised B-site composition of Fe and Mn vs that for Ti, as 

determined by cross-section HR-STEM-EDX from 55 Aurivillius grains within the B6TFMO 

sample.  b) Plotting the total B-site Mn composition and B-site Mn4+ composition, calculated 

to maintain charge balance, vs the B-site Fe composition. 

B6TFMO samples demonstrate in-plane ferromagnetic hysteresis between 2 to 300 K. A 

thorough microstructural phase analysis performed on the B6TFMO thin films showed no 

traces of ferromagnetic inclusions and a statistical analysis based on the volumes inspected 

placed a confidence of 99.5% that the observed ferromagnetism was not coming from 

unobserved ferromagnetic grains of spinel. Direct evidence for magnetic-field-induced 

ferroelectric domain switching at the nanoscale in a single phase magnetoelectric has been 

presented. The body of evidence reported here suggests that the higher Fe/Mn content grains 

with a composition of around Bi6Ti2.6Fe1.77Mn0.63O18 are single phase room temperature 

magnetoelectric multiferroics. An explanation for the effect has been given based upon the 

Goodenough-Kanamori rule for super-exchange and the Mn largely being present as Mn4+. 

These materials could find application to a wide range of new or improved devices and 

potentially meet future industry requirements in high density memory applications. Clearly, 

further work is now required which will include the direct measurement of the compositions 
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of the multi-ferroically switchable grains and x-ray photoelectron spectroscopy to determine 

Mn oxidation states (which failed so far), as well as the development of synthetic techniques 

to develop thin films in which all grains possess a composition around 

Bi6Ti2.6Fe1.77Mn0.63O18, for which it is expected that higher remanent magnetizations will be 

achieved. Also the growth on other substrates that give better alignment of the thin films 

gives room for further studies, as well as studying the long-term stability of the films 

themselves as there are hints of sensitivity to prolonged exposure to light.  

 

 
  



53 
 

References 
 

1. Giannuzzi, L. and F. Stevie, A review of focused ion beam milling techniques for TEM 

specimen preparation. Micron, 1999. 30(3): p. 197-204. 

2. Giannuzzi, L.A., R. Geurts, and J. Ringnalda, 2 keV Ga+ FIB milling for reducing 

amorphous damage in silicon. Microscopy and Microanalysis, 2005. 11(S02): p. 828-

829. 

3. Tamarin, A. and L.M. Sreebny, The rat submaxillary salivary gland. A correlative 

study by light and electron microscopy. Journal of morphology, 1965. 117(3): p. 295-

352. 

4. Watari, N. and L. Herman. Correlative light and electron microscopy of bat islets of 

Langerhans in hibernating and nonhibernating states. in American Zoologist. 1965. 

AMER SOC ZOOLOGISTS 1041 NEW HAMPSHIRE ST, LAWRENCE, KS 66044. 

5. Hayat, M., Correlative microscopy in biology: instrumentation and methods2012: 

Elsevier. 

6. Müller-Reichert, T. and P. Verkade, Correlative light and electron microscopy. Vol. 

111. 2012: Academic Press. 

7. Sartori, A., R. Gatz, F. Beck, A. Rigort, W. Baumeister, and J.M. Plitzko, Correlative 

microscopy: bridging the gap between fluorescence light microscopy and cryo-

electron tomography. Journal of structural biology, 2007. 160(2): p. 135-145. 

8. Su, Y., M. Nykanen, K.A. Jahn, R. Whan, L. Cantrill, L.L. Soon, K.R. Ratinac, and F. 

Braet, Multi-dimensional correlative imaging of subcellular events: combining the 

strengths of light and electron microscopy. Biophysical Reviews, 2010. 2(3): p. 121-

135. 



54 
 

9. Jahn, K.A., D.A. Barton, K. Kobayashi, K.R. Ratinac, R.L. Overall, and F. Braet, 

Correlative microscopy: Providing new understanding in the biomedical and plant 

sciences. Micron, 2012. 43(5): p. 565-582. 

10. Jin, S.E., J.W. Bae, and S. Hong, Multiscale observation of biological interactions of 

nanocarriers: From nano to macro. Microscopy research and technique, 2010. 73(9): 

p. 813-823. 

11. Schwartz, A.J., M. Kumar, B.L. Adams, and D.P. Field, Electron backscatter 

diffraction in materials science2009: Springer. 

12. Suenaga, K., M. Tencé, C. Mory, C. Colliex, H. Kato, T. Okazaki, H. Shinohara, K. 

Hirahara, S. Bandow, and S. Iijima, Element-Selective Single Atom Imaging. Science, 

2000. 290(5500): p. 2280-2282. 

13. Meyer, J.C., C.O. Girit, M. Crommie, and A. Zettl, Imaging and dynamics of light 

atoms and molecules on graphene. Nature, 2008. 454(7202): p. 319-322. 

14. Norman, J.J. and T.A. Desai, Methods for fabrication of nanoscale topography for 

tissue engineering scaffolds. Annals of biomedical engineering, 2006. 34(1): p. 89-

101. 

15. Buzea, C., G. Beydaghyan, C. Elliott, and K. Robbie, Control of power law scaling in 

the growth of silicon nanocolumn pseudo-regular arrays deposited by glancing angle 

deposition. Nanotechnology, 2005. 16(10): p. 1986. 

16. Dolatshahi-Pirouz, A., M.B. Hovgaard, K. Rechendorff, J. Chevallier, M. Foss, and F. 

Besenbacher, Scaling behavior of the surface roughness of platinum films grown by 

oblique angle deposition. Physical Review B, 2008. 77(11): p. 115427. 

17. Tseng, A.A. and A. Notargiacomo, Nanoscale Fabrication by Nonconventional 

Approaches. Journal of Nanoscience and Nanotechnology. 5(5): p. 683-702. 



55 
 

18. Sarkar, S., M. Dadhania, P. Rourke, T.A. Desai, and J.Y. Wong, Vascular tissue 

engineering: microtextured scaffold templates to control organization of vascular 

smooth muscle cells and extracellular matrix. Acta Biomaterialia, 2005. 1(1): p. 93-

100. 

19. Houtchens, G.R., M.D. Foster, T.A. Desai, E.F. Morgan, and J.Y. Wong, Combined 

effects of microtopography and cyclic strain on vascular smooth muscle cell 

orientation. Journal of Biomechanics, 2008. 41(4): p. 762-769. 

20. Biela, S.A., Y. Su, J.P. Spatz, and R. Kemkemer, Different sensitivity of human 

endothelial cells, smooth muscle cells and fibroblasts to topography in the nano–

micro range. Acta Biomaterialia, 2009. 5(7): p. 2460-2466. 

21. Green, A.M., J.A. Jansen, J.P.C.M. Van der Waerden, and A.F. Von Recum, 

Fibroblast response to microtextured silicone surfaces: Texture orientation into or 

out of the surface. Journal of biomedical materials research, 1994. 28(5): p. 647-653. 

22. Walboomers, X., H. Croes, L. Ginsel, and J. Jansen, Contact guidance of rat 

fibroblasts on various implant materials. Journal of biomedical materials research, 

1999. 47(2): p. 204-212. 

23. Walboomers, X., H. Croes, L. Ginsel, and J. Jansen, Growth behavior of fibroblasts 

on microgrooved polystyrene. Biomaterials, 1998. 19(20): p. 1861-1868. 

24. Walboomers, X., L. Ginsel, and J. Jansen, Early spreading events of fibroblasts on 

microgrooved substrates. Journal of biomedical materials research, 2000. 51(3): p. 

529-534. 

25. Walboomers, X., W. Monaghan, A. Curtis, and J. Jansen, Attachment of fibroblasts on 

smooth and microgrooved polystyrene. Journal of biomedical materials research, 

1999. 46(2): p. 212-220. 



56 
 

26. Loesberg, W.A., J. te Riet, F.C.M.J.M. van Delft, P. Schön, C.G. Figdor, S. Speller, 

J.J.W.A. van Loon, X.F. Walboomers, and J.A. Jansen, The threshold at which 

substrate nanogroove dimensions may influence fibroblast alignment and adhesion. 

Biomaterials, 2007. 28(27): p. 3944-3951. 

27. Dalby, M.J., N. Gadegaard, M.O. Riehle, C.D.W. Wilkinson, and A.S.G. Curtis, 

Investigating filopodia sensing using arrays of defined nano-pits down to 35 nm 

diameter in size. The International Journal of Biochemistry & Cell Biology, 2004. 

36(10): p. 2005-2015. 

28. Dalby, M.J., N. Gadegaard, and C.D. Wilkinson, The response of fibroblasts to 

hexagonal nanotopography fabricated by electron beam lithography. Journal of 

Biomedical Materials Research Part A, 2008. 84(4): p. 973-979. 

29. Yim, E.K.F., R.M. Reano, S.W. Pang, A.F. Yee, C.S. Chen, and K.W. Leong, 

Nanopattern-induced changes in morphology and motility of smooth muscle cells. 

Biomaterials, 2005. 26(26): p. 5405-5413. 

30. Lee, S.W., S.Y. Kim, I.C. Rhyu, W.Y. Chung, R. Leesungbok, and K.W. Lee, 

Influence of microgroove dimension on cell behavior of human gingival fibroblasts 

cultured on titanium substrata. Clinical oral implants research, 2009. 20(1): p. 56-66. 

31. Chou, L., J.D. Firth, V.-J. Uitto, and D.M. Brunette, Substratum surface topography 

alters cell shape and regulates fibronectin mRNA level, mRNA stability, secretion and 

assembly in human fibroblasts. Journal of Cell Science, 1995. 108(4): p. 1563-1573. 

32. Ito, T. and S. Okazaki, Pushing the limits of lithography. Nature, 2000. 406(6799): p. 

1027-1031. 

33. Chou, S.Y., P.R. Krauss, and P.J. Renstrom, Imprint of sub-25 nm vias and trenches 

in polymers. Applied physics letters, 1995. 67(21): p. 3114-3116. 



57 
 

34. Raffa, V., P. Castrataro, A. Menciassi, and P. Dario, Focused ion beam as a scanning 

probe: Methods and applications. Applied Scanning Probe Methods II, 2006: p. 361-

412. 

35. Iordanova, I., V. Antonov, and S. Gurkovsky, Changes of microstructure and 

mechanical properties of cold-rolled low carbon steel due to its surface treatment by 

Nd:glass pulsed laser. Surface and Coatings Technology, 2002. 153(2–3): p. 267-275. 

36. Duncan, A.C., F. Rouais, S. Lazare, L. Bordenave, and C. Baquey, Effect of laser 

modified surface microtopochemistry on endothelial cell growth. Colloids and 

Surfaces B: Biointerfaces, 2007. 54(2): p. 150-159. 

37. Castaldo, V., C.W. Hagen, B. Rieger, and P. Kruit, Sputtering limits versus signal-to-

noise limits in the observation of Sn balls in a Ga+ microscope. Journal of Vacuum 

Science &amp; Technology B, 2008. 26(6): p. 2107-2115. 

38. Orloff, J., L. Swanson, and M. Utlaut, Fundamental limits to imaging resolution for 

focused ion beams. Journal of Vacuum Science & Technology B, 1996. 14(6): p. 

3759-3763. 

39. Ziegler, J.F., J. Biersack, and U. Littmark, The stopping and range of ions in solids. 

Vol. 1. 1985: New York. 

40. Ziegler, J.F., J.P. Biersack, and M.D. Ziegler, SRIM, the stopping and range of ions in 

matter2008: Lulu. com. 

41. Volkert, C. and A. Minor, Focused ion beam microscopy and micromachining. Mrs 

Bull, 2007. 32(5): p. 389-395. 

42. Lanyon, Y.H., G. De Marzi, Y.E. Watson, A.J. Quinn, J.P. Gleeson, G. Redmond, and 

D.W. Arrigan, Fabrication of nanopore array electrodes by focused ion beam milling. 

Analytical chemistry, 2007. 79(8): p. 3048-3055. 

43. Kalantar-Zadeh, K. and B. Fry, Nanotechnology enabled sensors2007: Springer, US. 



58 
 

44. Choi, C.H., S. Heydarkhan-Hagvall, B.M. Wu, J.C. Dunn, R.E. Beygui, and C.J. Kim, 

Cell growth as a sheet on three-dimensional sharp-tip nanostructures. Journal of 

Biomedical Materials Research Part A, 2009. 89(3): p. 804-817. 

45. Raffa, V., O. Vittorio, V. Pensabene, A. Menciassi, and P. Dario, FIB-nanostructured 

surfaces and investigation of bio/nonbio interactions at the nanoscale. 

NanoBioscience, IEEE Transactions on, 2008. 7(1): p. 1-10. 

46. Joshi, K., P. Singh, and S. Verma, Fabrication of platinum nanopillars on peptide-

based soft structures using a focused ion beam. Biofabrication, 2009. 1(2): p. 025002. 

47. Statham, P., Digital pulse processing and pile up correction for accurate 

interpretation of high rate SDD spectrum images. Microscopy and Microanalysis, 

2007. 13(S02): p. 1428-1429. 

48. Jercinovic, M., M. Williams, J. Allaz, and J. Donovan. Trace analysis in EPMA. in 

IOP Conference Series: Materials Science and Engineering. 2012. IOP Publishing. 

49. Watanabe, M. and D. Williams, Atomic-level detection by X-ray microanalysis in the 

analytical electron microscope. Ultramicroscopy, 1999. 78(1): p. 89-101. 

50. Carlson, T.A., Photoelectron and auger spectroscopy. Physics Today, 1975. 29(8): p. 

53. 

51. Benninghoven, A., F. Rudenauer, and H.W. Werner, Secondary ion mass 

spectrometry: basic concepts, instrumental aspects, applications and trends. 1987. 

52. Jenner, G., H. Longerich, S. Jackson, and B. Fryer, ICP-MS—a powerful tool for 

high-precision trace-element analysis in earth sciences: evidence from analysis of 

selected USGS reference samples. Chemical Geology, 1990. 83(1): p. 133-148. 

53. Khuri-Yakub, B., Scanning acoustic microscopy. Ultrasonics, 1993. 31(5): p. 361-

372. 



59 
 

54. Wong, Y., R. Thomas, and J. Pouch, Subsurface structures of solids by scanning 

photoacoustic microscopy. Applied physics letters, 1979. 35: p. 368. 

55. Goldstein, J., D.E. Newbury, D.C. Joy, C.E. Lyman, P. Echlin, E. Lifshin, L. Sawyer, 

and J.R. Michael, Scanning electron microscopy and X-ray microanalysis2003: 

Springer. 

56. Kelly, T.F. and M.K. Miller, Atom probe tomography. Review of Scientific 

Instruments, 2007. 78(3): p. 031101. 

57. Williams, D.B., A.J. Papworth, and M. Watanabe, High resolution X-ray mapping in 

the STEM. Journal of Electron Microscopy, 2002. 51(suppl 1): p. S113-S126. 

58. Servanton, G., R. Pantel, M. Juhel, and F. Bertin, Two-dimensional quantitative 

mapping of arsenic in nanometer-scale silicon devices using STEM EELS–EDX 

spectroscopy. Micron, 2009. 40(5): p. 543-551. 

59. Muller, D., T. Sorsch, S. Moccio, F. Baumann, K. Evans-Lutterodt, and G. Timp, The 

electronic structure at the atomic scale of ultrathin gate oxides. Nature, 1999. 

399(6738): p. 758-761. 

60. Vaz, C.A., J. Hoffman, C.H. Ahn, and R. Ramesh, Magnetoelectric coupling effects in 

multiferroic complex oxide composite structures. Advanced Materials, 2010. 22(26-

27): p. 2900-2918. 

61. Scott, J., Data storage: Multiferroic memories. Nature materials, 2007. 6(4): p. 256-

257. 

62. Ramesh, R., Magnetoelectrics: Making metallic memories. Nature Nanotechnology, 

2010. 5(11): p. 761-762. 

63. Wang, L., D. Wang, Q. Cao, Y. Zheng, H. Xuan, J. Gao, and Y. Du, Electric control 

of magnetism at room temperature. Scientific reports, 2012. 2. 



60 
 

64. Bibes, M., Nanoferronics is a winning combination. Nature materials, 2012. 11(5): p. 

354-357. 

65. Rao, C., A. Sundaresan, and R. Saha, Multiferroic and Magnetoelectric Oxides: The 

Emerging Scenario. The Journal of Physical Chemistry Letters, 2012. 3(16): p. 2237-

2246. 

66. Iwai, H., Roadmap for 22nm and beyond. Microelectronic Engineering, 2009. 86(7): 

p. 1520-1528. 

67. Keeney, L., C. Groh, S. Kulkarni, S. Roy, M.E. Pemble, and R.W. Whatmore, Room 

temperature electromechanical and magnetic investigations of ferroelectric 

�$�X�U�L�Y�L�O�O�L�X�V���S�K�D�V�H���%�L���7�L�������)�H�[�0�Q���í���[�����2��������x= 1 and 0.7) chemical solution 

deposited thin films. Journal of Applied Physics, 2012. 112(2): p. 024101. 

68. Lotgering, F.K., Topotactical reactions with ferrimagnetic oxides having hexagonal 

crystal structures—I. Journal of Inorganic and Nuclear Chemistry, 1959. 9(2): p. 113-

123. 

69. Keeney, L., S. Kulkarni, N. Deepak, M. Schmidt, N. Petkov, P.F. Zhang, S. Cavill, S. 

Roy, M.E. Pemble, and R.W. Whatmore, Room temperature ferroelectric and 

magnetic investigations and detailed phase analysis of Aurivillius phase 

Bi5Ti3Fe0.7Co0.3O15 thin films. Journal of Applied Physics, 2012. 112(5): p. 052010. 

70. Foster, P.K. and J.E. Welch, METAL-OXIDE SOLID SOLUTIONS. PART l.-

LATTICE-CONSTANT AND PHASE RELATIONSHIPS IN FERROUS OXIDE 

(WUSTITE) AND IN SOLID SOLUTIONS OF FERROUS OXIDE AND 

MANGANOUS OXIDE. Trans. Faraday Soc., 1956. 52: p. 1626. 

71. Hope, D.A., A.K. Cheetham, and G.J. Long, A Neutron Diffraction, Magnetic 

Susceptibility, and Mossbauer-Effect Study of the ( Mn,Fel-,)yO Solid Solutions. 

Inorganic Chemistry, 1982. 21: p. 2804-2809. 



61 
 

72. Zaera, R., J.A. Rodríguez-Martínez, A. Casado, J. Fernández-Sáez, A. Rusinek, and 

R. Pesci, A constitutive model for analyzing martensite formation in austenitic steels 

deforming at high strain rates. International Journal of Plasticity, 2012. 29(0): p. 77-

101. 

73. Retuerto, M., M.-R. Li, Y. Go, A. Ignatov, M. Croft, K. Ramanujachary, R. Herber, I. 

Nowik, J. Hodges, and W. Dachraoui, High magnetic ordering temperature in the 

�S�H�U�R�Y�V�N�L�W�H�V���6�U�����í���[���/�D���[���)�H�������5�H�2��������(x= 0.0, 1.0, 2.0). Journal of Solid State 

Chemistry, 2012. 194: p. 48-58. 

74. Reyes-Gasga, J., A. Gómez-Rodríguez, X. Gao, and M. José-Yacamán, On the 

interpretation of the forbidden spots observed in the electron diffraction patterns of 

flat Au triangular nanoparticles. Ultramicroscopy, 2008. 108(9): p. 929-936. 

75. Mizusaki, J., N. Mori, H. Takai, Y. Yonemura, H. Minamiue, H. Tagawa, M. Dokiya, 

H. Inaba, K. Naraya, T. Sasamoto, and T. Hashimoto, Oxygen nonstoichiometry and 

defect equilibrium in the perovskite-�W�\�S�H���R�[�L�G�H�V���/�D���í�[�6�U�[�0�Q�2�����G�� Solid State 

Ionics, 2000. 129(1–4): p. 163-177. 

 

 



62 
 

3. Results and Discussion 

 

�7�K�L�V���F�K�D�S�W�H�U���Z�L�O�O���I�R�O�O�R�Z���W�K�H���P�X�O�W�L�V�F�D�O�H���D�Q�G���P�X�O�W�L�P�R�G�D�O���F�R�Q�F�H�S�W���D�V���R�X�W�O�L�Q�H�G���L�Q���W�K�H��

�L�Q�W�U�R�G�X�F�W�L�R�Q���V�W�D�U�W�L�Q�J���Z�L�W�K��3.1 �W�K�H���S�D�W�W�H�U�Q�L�Q�J���R�I���V�W�D�L�Q�O�H�V�V���V�W�H�H�O���L�Q�F�O�X�G�L�Q�J�����'��

�F�R�U�U�H�O�D�W�L�Y�H���P�L�F�U�R�V�F�R�S�\���I�R�O�O�R�Z�H�G���E�\��3.2 �W�K�H���V�W�D�W�L�V�W�L�F�D�O���L�Q�F�O�X�V�L�R�Q���D�Q�D�O�\�V�L�V���L�Q��

�P�X�O�W�L�I�H�U�U�R�L�F���W�K�L�Q���I�L�O�P�V���L�Q�F�O�X�G�L�Q�J���H�[�W�H�Q�V�L�Y�H���P�L�F�U�R�V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�L�V���R�I���W�K�H��

�P�X�O�W�L�I�H�U�U�R�L�F���I�L�O�P�V���D�Q�G���W�K�H�L�U���L�Q�F�O�X�V�L�R�Q�V����
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3.1. FIB patterning and correlative microscopy analysis of 
stainless steel surfaces 

 

3.1.1. FIB tests: challenges with anisotropic milling  

��
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�V�D�P�H���S�D�W�W�H�U�Q�����&�O�H�D�U�O�\���Y�L�V�L�E�O�H���W�K�H���G�L�I�I�H�U�H�Q�F�H�V���L�Q���D�S�S�H�D�U�D�Q�F�H���R�I���W�K�H���S�D�W�W�H�U�Q�H�G���V�X�U�I�D�F�H��

�G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���S�R�O�\�F�U�\�V�W�D�O�O�L�Q�L�W�\���R�I���V�W�D�L�Q�O�H�V�V���V�W�H�H�O����
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�J�U�D�L�Q�V���W�R�Z�D�U�G�V���W�K�H���L�Q�F�R�P�L�Q�J���E�H�D�P��������

Fig. 3.1���L�O�O�X�V�W�U�D�W�H�V���K�R�Z���P�X�F�K���W�K�L�V���D�Q�L�V�R�W�U�R�S�L�F���P�L�O�O�L�Q�J���D�I�I�H�F�W�V���W�K�H���G�H�V�L�U�H�G���R�X�W�F�R�P�H���R�I��
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�D�U�H�D�V���Z�L�W�K�����������Q�P���G�L�D�P�H�W�H�U���K�R�O�H�V���D�W�����������Q�P���S�L�W�F�K�����7�K�H���V�W�U�X�F�W�X�U�H�V���W�K�D�W���D�S�S�H�D�U���Z�L�W�K��
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3.1.2. Prototyping: Samples prepared for cell adhesion tests  

��
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�Z�L�W�K���W�K�H���)�,�%���R�Q���W�K�H���R�W�K�H�U���K�D�Q�G���������V�D�P�S�O�H�V���Z�L�W�K���H�D�F�K�������D�U�H�D���R�I�����������Q�P���S�L�W�V���������������Q�P��

�S�L�W�F�K���D�Q�G�������D�U�H�D�����������Q�P���S�L�W�V���������������Q�P���S�L�W�F�K���Z�H�U�H���P�D�Q�X�I�D�F�W�X�U�H�G������
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Figure 3.2.���2�Y�H�U�Y�L�H�Z���R�I���6�(�0���L�P�D�J�H�V���R�I�����D�����G�H�V�L�J�Q���$���D�Q�G�����E�����G�H�V�L�J�Q���%���V�K�R�Z�L�Q�J������������
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3.1.3. Towards better understanding of ion beam -substrate interactions: 3D 
correlative microscopy of FIB patterned stainless steel.  

��
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Figure 3.3�����7�K�H�R�U�H�W�L�F�D�O���G�H�V�L�J�Q���R�I���W�K�H���P�D�U�N�H�U���S�D�W�W�H�U�Q����
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�W�K�H���L�R�Q���E�H�D�P���L�V���S�D�U�D�O�O�H�O���W�R���D���O�R�Z���L�Q�G�H�[���F�U�\�V�W�D�O���D�[�L�V�����W�K�H���L�R�Q�V���F�D�Q���F�K�D�Q�Q�H�O���G�H�H�S�H�U���L�Q��

�W�K�H���P�D�W�H�U�L�D�O�>�����@�������+�H�Q�F�H���V�X�U�I�D�F�H���V�S�X�W�W�H�U�L�Q�J���L�V���G�L�P�L�Q�L�V�K�H�G���L�Q���W�K�L�V���F�D�V�H�����8�Q�I�R�U�W�X�Q�D�W�H�O�\��

�X�Q�W�L�O���Q�R�Z���G�L�U�H�F�W���F�R�U�U�H�O�D�W�L�R�Q���R�I���W�K�H���L�R�Q���E�H�D�P���V�X�E�V�W�U�D�W�H���L�Q�W�H�U�D�F�W�L�R�Q�V���W�R���W�K�H�����'���V�K�D�S�H���R�I��

�W�K�H���I�R�U�P�H�G���Q�D�Q�R���V�F�D�O�H���S�L�W�V���D�Q�G���F�U�\�V�W�D�O���R�U�L�H�Q�W�D�W�L�R�Q���R�I���W�K�H���P�H�W�D�O���J�U�D�L�Q�V���K�D�V���Q�R�W���E�H�H�Q��

�S�U�H�V�H�Q�W�H�G������

�+�R�Z�H�Y�H�U�����Z�K�H�Q���V�H�H�L�Q�J���W�K�H���U�K�R�P�E�R�K�H�G�U�D�O���V�K�D�S�H���R�I���W�K�H���S�L�W�V���R�Q�H���F�D�Q���W�K�L�Q�N���R�I���W�K�H��

�G�L�U�H�F�W�L�R�Q�D�O���G�H�S�H�Q�G�H�Q�F�H���L�Q���Z�K�L�F�K���D�W�R�P�V���D�U�H���H�M�H�F�W�H�G���Z�K�H�Q���V�S�X�W�W�H�U�L�Q�J���D�W���W�K�U�H�V�K�R�O�G��

�H�Q�H�U�J�\���>���@�����,�Q���W�K�L�V���V�W�X�G�\���K�R�Z�H�Y�H�U���W�K�H���H�Q�H�U�J�\���X�V�H�G���W�R���F�U�H�D�W�H���W�K�H���S�D�W�W�H�U�Q�H�G���V�X�U�I�D�F�H�V���L�Q��

�W�K�H���)�,�%���Z�H�U�H���Z�D�\���E�H�\�R�Q�G���W�K�H���W�K�U�H�V�K�R�O�G���H�Q�H�U�J�\�����Z�K�L�F�K���I�R�U���&�U�����1�L���D�Q�G���)�H���D�V���P�D�L�Q��

�H�O�H�P�H�Q�W�V���L�Q���������/���O�L�H�V���L�Q���W�K�H���U�D�Q�J�H���R�I�������������������H�9�����7�K�H���G�L�U�H�F�W�L�R�Q�D�O���G�H�S�H�Q�G�H�Q�F�H��

�G�H�F�U�H�D�V�H�V���Z�L�W�K���K�L�J�K�H�U���V�S�X�W�W�H�U���H�Q�H�U�J�L�H�V���D�Q�G���K�D�V���Q�R���L�Q�I�O�X�H�Q�F�H���R�Q���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���W�K�H��

�V�S�X�W�W�H�U�H�G���D�W�R�P�V���D�W���W�K�H���������N�H�9���X�V�H�G���K�H�U�H�����,�W���L�V���D�O�V�R���R�E�Y�L�R�X�V���Z�K�H�Q���O�R�R�N�L�Q�J���L�Q���G�H�W�D�L�O���D�W��

�W�K�H���������������R�U�L�H�Q�W�H�G���J�U�D�L�Q���D�W���W�K�H���E�R�W�W�R�P���R�I���W�K�H���$�)�0���R�Y�H�U�Y�L�H�Z���V�F�D�Q���W�K�D�W���V�K�R�Z�V���W�K�H��

�V�D�P�H���U�K�R�P�E�R�K�H�G�U�D�O���V�K�D�S�H�G���S�L�W�V���D�V���W�K�H���Z�K�R�O�H���D�U�H�D���D�U�R�X�Q�G���W�K�L�V���U�H�J�L�R�Q���L�Q�V�W�H�D�G���R�I���W�K�H��

�H�[�S�H�F�W�H�G���W�U�L�D�Q�J�X�O�D�U���V�K�D�S�H�>���@�����$�V���F�D�Q���E�H���V�H�H�Q���E�H�O�R�Z���L�Q���W�K�H���G�H�W�D�L�O�H�G���$�)�0���D�Q�G���6�(�0��

�V�W�X�G�L�H�V���R�Q���W�K�H�����������—�P���[�����������—�P���S�D�W�W�H�U�Q�V���X�V�H�G���I�R�U���W�K�H���F�H�O�O���D�G�K�H�V�L�R�Q���V�W�X�G�L�H�V���W�K�H���V�K�D�S�H��
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�R�I���W�K�H���K�R�O�H�V���L�V���V�R�O�H�O�\���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���L�R�Q���E�H�D�P���T�X�D�O�L�W�\�����I�R�F�X�V�����V�W�L�J�P�D�W�L�R�Q�����D�W���W�K�H��

�S�O�D�F�H���R�I���L�P�S�D�F�W���R�Q���W�K�H���V�D�P�S�O�H���V�X�U�I�D�F�H������

�,�Q���W�K�H���6�(�0���V�X�U�I�D�F�H���V�W�X�G�\���D�V���G�H�S�L�F�W�H�G���L�Q��Fig.��3.8a)���L�W���D�S�S�H�D�U�V���D�V���L�I���W�K�H���K�R�O�H�V���L�Q���E�R�W�K��

�J�U�D�L�Q�V���V�H�H�P���H�T�X�D�O���L�Q���G�L�D�P�H�W�H�U���Z�L�W�K���R�Q�O�\���W�K�H���K�L�J�K�H�U���6�(���\�L�H�O�G���R�E�Y�L�R�X�V���I�R�U���W�K�H���K�L�J�K�H�U��

�L�Q�G�H�[���J�U�D�L�Q�����,�Q���R�U�G�H�U���W�R���F�O�D�U�L�I�\���W�K�L�V���L�P�S�U�H�V�V�L�R�Q���W�K�H���U�H�J�L�R�Q���Z�D�V���L�P�D�J�H�G���D�J�D�L�Q���D�I�W�H�U��

�G�H�S�R�V�L�W�L�Q�J���D���F�D�U�E�R�Q���O�D�\�H�U���D�V���V�K�R�Z�Q���L�Q��Fig.��3.8b)�����%�H�F�D�X�V�H���V�H�F�R�Q�G�D�U�\���H�O�H�F�W�U�R�Q�V���D�U�H��

�H�P�L�W�W�H�G���I�U�R�P���D�Q���D�U�H�D���Y�H�U�\���F�O�R�V�H���W�R���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���V�D�P�S�O�H���W�K�L�V���D�P�R�U�S�K�R�X�V���F�D�U�E�R�Q��

�O�D�\�H�U���P�D�V�N�V���W�K�H���F�U�\�V�W�D�O���R�U�L�H�Q�W�D�W�L�R�Q���R�I���W�K�H���V�D�P�S�O�H���V�X�U�I�D�F�H���D�Q�G���W�K�H���L�P�D�J�H���L�V���P�R�U�H��

�U�H�O�D�W�H�G���W�R���W�R�S�R�J�U�D�S�K�L�F�D�O���I�H�D�W�X�U�H�V�����,�Q�G�H�H�G�����W�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���G�L�D�P�H�W�H�U���R�I���W�K�H���K�R�O�H�V��

�E�H�F�R�P�H�V���S�U�R�Q�R�X�Q�F�H�G���D�Q�G���L�W���L�V���Y�L�V�L�E�O�H���W�K�D�W���W�K�H���K�L�J�K�H�U���L�Q�G�H�[���J�U�D�L�Q���K�D�V���D�S�S�D�U�H�Q�W�O�\���P�X�F�K��

�O�D�U�J�H�U���K�R�O�H�V���W�K�D�Q���W�K�H���O�R�Z�H�U���L�Q�G�H�[���J�U�D�L�Q������

��

Figure 3.8�����'�H�W�D�L�O�H�G���6�(�0���L�P�D�J�H�V���R�I���S�D�W�W�H�U�Q�H�G���D�U�H�D���P�D�U�N�H�G���E�\���W�K�H���U�H�G���F�L�U�F�O�H���L�Q��

�S�U�H�Y�L�R�X�V���S�L�F�W�X�U�H�����D�����I�U�H�V�K�O�\���S�D�W�W�H�U�Q�H�G���V�X�U�I�D�F�H���G�L�V�S�O�D�\�V���K�L�J�K���6�(���\�L�H�O�G���I�R�U���W�K�H���K�L�J�K��

�L�Q�G�H�[���J�U�D�L�Q���D�Q�G���O�R�Z���\�L�H�O�G���I�R�U���W�K�H���O�R�Z���L�Q�G�H�[���J�U�D�L�Q�����W�K�R�X�J�K���W�K�H���K�R�O�H�V���V�H�H�P���H�T�X�D�O���L�Q��

�G�L�D�P�H�W�H�U�����E�����G�H�W�D�L�O���R�I���D�����D�I�W�H�U���F�D�U�E�R�Q���G�H�S�R�V�L�W�L�R�Q�����W�K�H���µ�W�U�X�H�¶���G�L�D�P�H�W�H�U���V�K�L�Q�H�V���W�K�U�R�X�J�K���D�V��

�F�U�\�V�W�D�O���R�U�L�H�Q�W�D�W�L�R�Q�V���D�U�H���K�L�G�G�H�Q���E�H�K�L�Q�G���W�K�H���D�P�R�U�S�K�R�X�V���F�D�U�E�R�Q���O�D�\�H�U����
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�6�H�U�L�D�O���V�H�F�W�L�R�Q�L�Q�J���R�I���D�J�D�L�Q���W�K�H���V�D�P�H���U�H�J�L�R�Q���Z�D�V���S�H�U�I�R�U�P�H�G���F�R�P�S�R�V�L�Q�J�����������L�P�D�J�H�V���R�I��

�����U�R�Z�V���E�\�������K�R�O�H�V�����Z�L�W�K���R�Q�H���L�P�D�J�H���W�D�N�H�Q���H�Y�H�U�\���������Q�P�����7�K�L�V���G�H�W�D�L�O�H�G���D�Q�D�O�\�V�L�V���Y�H�U�L�I�L�H�V��

�W�K�H���G�L�I�I�H�U�H�Q�F�H���Q�R�W���R�Q�O�\���L�Q���W�K�H���G�L�D�P�H�W�H�U���E�X�W���H�Y�H�Q���P�R�U�H���S�U�R�Q�R�X�Q�F�H�G���L�Q���W�K�H���G�H�S�W�K����

�7�K�R�X�J�K��Fig. 3.9a)���S�U�H�V�H�Q�W�V���D�����'���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���D�O�O���W�K�H�����������V�O�L�F�H�V�����P�R�U�H���G�H�W�D�L�O�V���F�D�Q��

�E�H���R�E�V�H�U�Y�H�G���Z�K�H�Q���O�R�R�N�L�Q�J���D�W���W�K�H���L�Q�G�L�Y�L�G�X�D�O���V�O�L�F�H�V���R�I��Fig. 3.9b-l)�����7�K�H���G�L�D�P�H�W�H�U���R�I���W�K�H��

�S�L�W�V���L�Q���W�K�H���O�R�Z���L�Q�G�H�[���������������R�U�L�H�Q�W�H�G���J�U�D�L�Q���D�U�H�����������“���������Q�P���Z�K�L�O�H���W�K�H���G�L�D�P�H�W�H�U���L�Q���W�K�H��

�������������R�U�L�H�Q�W�H�G���J�U�D�L�Q�V���L�V���R�Q�O�\���V�O�L�J�K�W�O�\���E�L�J�J�H�U���Z�L�W�K�����������“���������Q�P���D�V���P�H�D�V�X�U�H���D�W���W�K�H��

�F�H�Q�W�U�H���R�I���W�K�H���U�R�Z����Fig.��3.9g)���D�Q�G��3.10�������7�K�H���G�H�S�W�K���K�R�Z�H�Y�H�U���L�V���P�X�F�K���P�R�U�H���L�Q�I�O�X�H�Q�F�H�G��

�E�\���W�K�H���G�L�I�I�H�U�H�Q�F�H�V���R�I���V�S�X�W�W�H�U���\�L�H�O�G���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���F�U�\�V�W�D�O���R�U�L�H�Q�W�D�W�L�R�Q���D�Q�G���K�H�Q�F�H���W�K�H��

�������������J�U�D�L�Q���V�K�R�Z�V���R�Q�O�\���������“�������Q�P���G�H�S�W�K���L�Q���F�R�Q�W�U�D�V�W���W�R���W�K�H�����������“���������Q�P���G�H�S�W�K���R�I���W�K�H��

�������������J�U�D�L�Q�����Q�H�D�U�O�\���D���I�D�F�W�R�U���R�I�������E�H�W�Z�H�H�Q���W�K�H�P�����V�H�H��Fig.��3.10��������

��
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Figure 3.9.���6�H�U�L�D�O���V�H�F�W�L�R�Q�L�Q�J���D�V���I�L�Q�D�O���G�H�V�W�U�X�F�W�L�Y�H���V�W�H�S���R�I���W�K�H���F�R�U�U�H�O�D�W�L�Y�H���P�L�F�U�R�V�F�R�S�\����

�D�������'���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���D�O�O���W�K�H�����������V�O�L�F�H�V�����E���O�����L�P�D�J�H���V�H�U�L�H�V���L�O�O�X�V�W�U�D�W�L�Q�J���R�Q�H���U�R�Z���R�I������

�K�R�O�H�V���W�D�N�H�Q���H�Y�H�U�\���������Q�P�����H�Y�H�U�\�����U�G���L�P�D�J�H�������7�K�H���G�D�U�N�H�U���O�H�I�W���U�H�J�L�R�Q���L�V���W�K�H���O�R�Z���L�Q�G�H�[��

�J�U�D�L�Q���������������R�U�L�H�Q�W�H�G�����W�K�H���E�U�L�J�K�W�H�U���U�L�J�K�W���K�D�Q�G���V�L�G�H���L�V���W�K�H���K�L�J�K�H�U���L�Q�G�H�[���������������R�U�L�H�Q�W�H�G��

�J�U�D�L�Q������

��

��

Figure 3.10.���'�H�W�D�L�O���I�U�R�P���W�K�H���V�H�U�L�D�O���V�H�F�W�L�R�Q�����V�O�L�F�H��g �D�W���W�K�H���F�H�Q�W�U�H���R�I���W�K�H���U�R�Z�������7�K�H��

�G�D�U�N�H�U���O�H�I�W���U�H�J�L�R�Q���L�V���W�K�H���O�R�Z���L�Q�G�H�[���J�U�D�L�Q���������������R�U�L�H�Q�W�H�G�����W�K�H���E�U�L�J�K�W�H�U���U�L�J�K�W���K�D�Q�G���V�L�G�H���L�V��

�W�K�H���K�L�J�K�H�U���L�Q�G�H�[���������������R�U�L�H�Q�W�H�G���J�U�D�L�Q�����2�E�Y�L�R�X�V���L�V���W�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���G�H�S�W�K���E�\���P�R�U�H��

�W�K�D�Q���D���I�D�F�W�R�U���R�I�������E�H�W�Z�H�H�Q���W�K�H���W�Z�R���S�D�W�W�H�U�Q�H�G���J�U�D�L�Q�V����
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Figure 3.11.���D�������'���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���V�H�U�L�D�O���V�H�F�W�L�R�Q�L�Q�J���R�Y�H�U�������U�R�Z�V�����2�Q�H���U�R�Z���L�Q���G�H�W�D�L�O����

���'���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���Z�L�W�K���E�����Q�R�U�P�D�O���F�R�Q�W�U�D�V�W���D�Q�G���F�����L�Q�Y�H�U�W�H�G���F�R�Q�W�U�D�V�W�����1�R�U�P�D�O���F�R�Q�W�U�D�V�W��

�H�Q�K�D�Q�F�H�V���Y�L�V�L�E�L�O�L�W�\���R�I���W�K�H���F�U�\�V�W�D�O���J�U�D�L�Q�V�����,�Q�Y�H�U�W�H�G���F�R�Q�W�U�D�V�W���V�K�R�Z�V���W�K�H���E�R�W�W�R�P���R�I���W�K�H��

�S�L�W�V���L�Q���E�H�W�W�H�U���G�H�W�D�L�O����

�/�R�R�N�L�Q�J���D�W���W�K�H�����'���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���R�Q�H���U�R�Z���L�Q���P�R�U�H���G�H�W�D�L�O����Fig.��3.11�����L�W���L�V���F�O�H�D�U�O�\��

�H�Y�L�G�H�Q�W���W�K�D�W���W�K�H���U�K�R�P�E�R�K�H�G�U�D�O���V�K�D�S�H���R�I���W�K�H���S�L�W�V���L�V���L�Q�G�H�S�H�Q�G�H�Q�W���R�I���W�K�H���F�U�\�V�W�D�O��

�R�U�L�H�Q�W�D�W�L�R�Q���D�V���E�R�W�K���R�U�L�H�Q�W�D�W�L�R�Q�V���H�[�K�L�E�L�W���W�K�H���V�D�P�H���V�K�D�S�H����

�)�L�Q�D�O�O�\�����7�(�0���V�W�X�G�L�H�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���D�W���W�K�H���V�D�P�H���J�U�D�L�Q���E�R�X�Q�G�D�U�\���E�H�W�Z�H�H�Q���������������D�Q�G��

�������������R�U�L�H�Q�W�H�G���F�U�\�V�W�D�O�V�����7�K�H���U�H�V�X�O�W�V���V�K�R�Z�Q���L�Q��Fig 3.12���D�Q�G��3.13���F�R�Q�I�L�U�P���W�K�H���I�L�Q�G�L�Q�J�V��

�R�I���W�K�H���V�H�U�L�D�O���V�H�F�W�L�R�Q�L�Q�J���Z�L�W�K���)�,�%���6�(�0����Fig 3.10�����H�[�D�F�W�O�\���V�K�R�Z�L�Q�J���W�K�H���V�D�P�H��

�G�L�I�I�H�U�H�Q�F�H�V���L�Q���G�H�S�W�K���D�Q�G���V�X�U�I�D�F�H���P�R�G�L�I�L�F�D�W�L�R�Q�����,�Q�W�H�U�H�V�W�L�Q�J�O�\�����W�K�H���)�,�%���P�R�G�L�I�L�H�G���W�R�S��

�O�D�\�H�U�V���D�U�H���Q�R�W���D�P�R�U�S�K�R�X�V���E�X�W���F�U�\�V�W�D�O�O�L�Q�H�����D�O�O���R�U�L�H�Q�W�H�G���W�K�H���V�D�P�H���Z�D�\���D�V���F�R�X�O�G���E�H�V�W���E�H��

�R�E�V�H�U�Y�H�G���E�\���G�D�U�N���I�L�H�O�G���7�(�0���L�P�D�J�L�Q�J�����Q�R�W���V�K�R�Z�Q���K�H�U�H��������

��
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��

Figure 3.12.���7�(�0���E�U�L�J�K�W���I�L�H�O�G���P�L�F�U�R�J�U�D�S�K���R�I���K�L�J�K���L�Q�G�H�[���������������R�U�L�H�Q�W�H�G���F�U�R�V�V���V�H�F�W�L�R�Q��

�L�O�O�X�V�W�U�D�W�L�Q�J���K�L�J�K���G�H�S�W�K���R�I���S�L�W�V���E�X�W���V�K�D�O�O�R�Z���)�,�%���D�O�W�H�U�H�G���V�X�U�I�D�F�H�����7�K�H���L�Q�V�H�W���V�K�R�Z�V���W�K�H��

�6�$�(�'���S�D�W�W�H�U�Q���F�R�Q�I�L�U�P�L�Q�J���W�K�H���K�L�J�K���L�Q�G�H�[���R�U�L�H�Q�W�D�W�L�R�Q����

��

��
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��

Figure 3.13.���7�(�0���E�U�L�J�K�W���I�L�H�O�G���P�L�F�U�R�J�U�D�S�K���R�I���O�R�Z���L�Q�G�H�[���������������R�U�L�H�Q�W�H�G���F�U�R�V�V���V�H�F�W�L�R�Q��

�V�K�R�Z�L�Q�J���O�R�Z���G�H�S�W�K���R�I���S�L�W�V���E�X�W���G�H�H�S���)�,�%���D�O�W�H�U�H�G���V�X�U�I�D�F�H�����7�K�H���L�Q�V�H�W���V�K�R�Z�L�Q�J���W�K�H���6�$�(�'��

�S�D�W�W�H�U�Q���F�R�Q�I�L�U�P�L�Q�J���W�K�H���������������R�U�L�H�Q�W�D�W�L�R�Q����

��

��

��
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3.2. Statistical an alysis of i nclusion s in multiferroic Aurivillius 
thin f ilms  

 

3.2.1. Statistical Analysis  

��

�7�K�L�V���D�Q�D�O�\�V�L�V���U�H�T�X�L�U�H�V���D���Q�X�P�E�H�U���R�I���F�R�Q�F�H�S�W�V���I�U�R�P���V�W�D�W�L�V�W�L�F�V�����Z�K�L�F�K���Z�L�O�O���E�H���L�Q�W�U�R�G�X�F�H�G��

�Q�R�Z�����,�W���V�W�D�U�W�V���E�\���D�Q�D�O�\�V�L�Q�J���W�K�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�I�L�F�D�Q�F�H���R�I���D���V�L�Q�J�O�H���P�H�D�V�X�U�H�P�H�Q�W���R�I���D��

�J�L�Y�H�Q���V�D�P�S�O�H���Y�R�O�X�P�H���D�Q�G���D�W���D���I�L�[�H�G���U�H�V�R�O�X�W�L�R�Q�����D�Q�G���W�K�H�Q���S�U�R�F�H�H�G�V���W�R���H�Y�D�O�X�D�W�H���D���V�H�U�L�H�V��

�R�I���P�H�D�V�X�U�H�P�H�Q�W�V���D�W���Y�D�U�\�L�Q�J���Y�R�O�X�P�H�V���D�Q�G���U�H�V�R�O�X�W�L�R�Q�V�����)�L�Q�D�O�O�\���L�W���L�V���V�K�R�Z�Q���K�R�Z���W�R��

�F�R�Q�F�O�X�G�H���Z�L�W�K���D���K�L�J�K�����S�U�H���V�H�W���V�W�D�W�L�V�W�L�F�D�O���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O�������H���J���������������������W�K�D�W���D���S�K�\�V�L�F�D�O��

�H�I�I�H�F�W�����Z�K�L�F�K���L�Q���W�K�H���F�D�V�H���D�W���K�D�Q�G���L�V���W�K�H���P�D�J�Q�H�W�L�F���U�H�P�D�Q�H�Q�F�H���R�I���W�K�H���V�D�P�S�O�H�����L�V��not��

�F�D�X�V�H�G���E�\���X�Q�G�H�W�H�F�W�H�G���L�Q�F�O�X�V�L�R�Q�V���R�U���G�H�I�H�F�W�V��

��

3.2.1.1. Single Measurement  

 

 

Figure 3.14. �6�F�K�H�P�D�W�L�F���L�O�O�X�V�W�U�D�W�L�R�Q���R�I���D���V�F�D�Q���R�I���D���Y�R�O�X�P�H���8�����V�P�D�O�O���\�H�O�O�R�Z���E�R�[������

�:�K�D�W���F�R�Q�F�O�X�V�L�R�Q�V���F�D�Q���E�H���G�U�D�Z�Q�����L�I���Q�R���L�Q�F�O�X�V�L�R�Q�V�����U�H�G���E�D�O�O�V�����D�U�H���G�H�W�H�F�W�H�G���G�X�U�L�Q�J���W�K�H��

�V�F�D�Q�"����
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�,�Q���J�H�Q�H�U�D�O�����L�W���L�V���L�P�S�R�V�V�L�E�O�H���W�R���S�U�R�Y�H���Z�L�W�K���F�H�U�W�D�L�Q�W�\���W�K�D�W���Q�R���L�Q�F�O�X�V�L�R�Q�V���H�[�L�V�W���L�Q���D���J�L�Y�H�Q��

�V�D�P�S�O�H�����X�Q�O�H�V�V���W�K�H���Z�K�R�O�H���V�D�P�S�O�H���L�V���V�F�D�Q�Q�H�G���I�R�U���L�Q�F�O�X�V�L�R�Q�V�����,�Q���R�U�G�H�U���W�R���Q�H�Y�H�U�W�K�H�O�H�V�V��

�R�E�W�D�L�Q���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W���U�H�V�X�O�W�V�����W�K�H���P�H�W�K�R�G���R�I���V�W�D�W�L�V�W�L�F�D�O���L�Q�I�H�U�H�Q�F�H���W�K�U�R�X�J�K���W�K�H��

�U�H�I�X�W�D�W�L�R�Q���R�I���D���Q�X�O�O���K�\�S�R�W�K�H�V�L�V���F�D�Q���E�H���X�V�H�G�����,�Q���W�K�H���F�D�V�H���D�W���K�D�Q�G���L�W���L�V���D�V�V�X�P�H�G���W�K�D�W���W�K�H��

�O�H�Y�H�O���R�I���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���D���S�D�U�W�L�F�X�O�D�U���L�P�S�X�U�L�W�\���H�[�F�H�H�G�V���D���F�H�U�W�D�L�Q���O�H�Y�H�O�����D�Q�G���W�K�H�Q��

�V�K�R�Z�Q���W�K�D�W���W�K�L�V���D�V�V�X�P�S�W�L�R�Q���G�R�H�V���Q�R�W���K�R�O�G���Z�L�W�K���D���F�H�U�W�D�L�Q���V�W�D�W�L�V�W�L�F�D�O���O�H�Y�H�O���R�I��

�F�R�Q�I�L�G�H�Q�F�H�������0�R�U�H���V�S�H�F�L�I�L�F�D�O�O�\�����L�W���L�V���I�L�U�V�W���D�V�V�X�P�H�G���W�K�D�W���D���S�D�U�W�L�F�X�O�D�U���W�\�S�H���R�I���V�H�F�R�Q�G�����R�U��

�L�P�S�X�U�L�W�\�����S�K�D�V�H���L�Q�F�O�X�V�L�R�Q���L�V���S�U�H�V�H�Q�W���L�Q���W�K�H���V�D�P�S�O�H���D�W���D���N�Q�R�Z�Q�����Y�R�O�X�P�H�����G�H�Q�V�L�W�\���é���D�Q�G��

�L�W���L�V���I�X�U�W�K�H�U���D�V�V�X�P�H�G���W�K�D�W���W�K�H���L�Q�G�L�Y�L�G�X�D�O���L�Q�F�O�X�V�L�R�Q�V���G�R���Q�R�W���L�Q�W�H�U�D�F�W���Z�L�W�K���H�D�F�K���R�W�K�H�U���D�Q�G��

�D�U�H���W�K�H�U�H�I�R�U�H���L�Q�G�H�S�H�Q�G�H�Q�W�O�\���G�L�V�W�U�L�E�X�W�H�G�����7�K�H���Q�X�P�E�H�U���R�I���L�Q�F�O�X�V�L�R�Q�V���I�R�X�Q�G���L�Q���D���V�F�D�Q���R�I��

�D���V�P�D�O�O���Y�R�O�X�P�H���8���L�V���P�H�D�V�X�U�H�G, �D�V���V�K�R�Z�Q���V�F�K�H�P�D�W�L�F�D�O�O�\���L�Q��Fig. 3.14.���7�K�L�V���F�D�Q���E�H��

�G�H�V�F�U�L�E�H�G���D�V���D���F�R�X�Q�W�L�Q�J���S�U�R�F�H�V�V���D�V���L�Q���W�K�H���V�S�D�W�L�D�O���3�R�L�V�V�R�Q���S�U�R�F�H�V�V�����7�K�H���V�S�D�W�L�D�O���3�R�L�V�V�R�Q��

�S�U�R�F�H�V�V���L�V���V�W�L�O�O���X�V�H�G���W�R�G�D�\���D�V���D���U�H�I�H�U�H�Q�F�H���P�R�G�H�O���G�H�V�F�U�L�E�L�Q�J���D���µ�Q�R�U�P�D�O�¶���F�D�V�H�����D��

�V�L�W�X�D�W�L�R�Q���Z�L�W�K�R�X�W���L�Q�W�H�U�D�F�W�L�R�Q�����,�W���I�L�Q�G�V���D�S�S�O�L�F�D�W�L�R�Q���L�Q���D���Y�D�U�L�H�W�\���R�I���I�L�H�O�G�V�����H���J�����F�H�O�O��

�S�D�W�W�H�U�Q�V�����P�H�W�D�O���S�D�U�W�L�F�O�H�V�����S�O�D�Q�W���G�L�V�W�U�L�E�X�W�L�R�Q���S�D�W�W�H�U�Q�V�����F�R�Q�F�U�H�W�H�����E�O�R�R�G���S�D�U�W�L�F�O�H�V����

�J�D�O�D�[�L�H�V�����H�W�F�����D�O�O���U�H�O�D�W�H�G���W�R���F�R�X�Q�W�L�Q�J���S�U�R�F�H�V�V�H�V�>�����@���D�Q�G���F�D�Q���D�O�V�R���E�H���D�S�S�O�L�H�G���K�H�U�H����

�+�H�Q�F�H�����W�K�H���S�U�R�E�D�E�L�O�L�W�\���2(�0, �é)���R�I���I�L�Q�G�L�Q�J���S�U�H�F�L�V�H�O�\���0���L�Q�F�O�X�V�L�R�Q�V���L�V���J�L�Y�H�Q���E�\���W�K�H��

�3�R�L�V�V�R�Q���G�L�V�W�U�L�E�X�W�L�R�Q��

�2(�0, �é) =
(�é𝜌) �Ç

�0!
�A�?���Ï .                         (1)��

�,�Q���S�D�U�W�L�F�X�O�D�U�����W�K�H���S�U�R�E�D�E�L�O�L�W�\���W�K�D�W���Q�R���L�Q�F�O�X�V�L�R�Q�V���D�U�H���S�U�H�V�H�Q�W���L�Q���D���V�F�D�Q�Q�H�G���Y�R�O�X�P�H��

�8��Fig. 3.14�����L�V���J�L�Y�H�Q���E�\����

�2(0,�é) = �A�?���Ï .                            (2)��



82 
 

�,�I���Q�R�Z���D���G�H�V�L�U�H�G���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O���Û�����L�Q���W�K�L�V���F�D�V�H���Û= 99.5 �������L�V���I�L�[�H�G���D�Q�G���W�K�H���Y�D�O�X�H��

�é�è�Ç���L�P�S�O�L�F�L�W�O�\���G�H�I�L�Q�H�G���I�R�U���D���J�L�Y�H�Q���Q�X�P�E�H�U���R�I���L�Q�F�O�X�V�L�R�Q�V���1���D�Q�G���Y�R�O�X�P�H��V���Y�L�D��


Í �2 (�I , �é�è�Ç) = 1 
F �Û

�Ç

�à�@�4

                           (3)��

�W�K�H�Q���L�W���I�R�O�O�R�Z�V���I�U�R�P��(1)���W�K�D�W���I�R�U���D�Q�\���Y�D�O�X�H���R�I���W�K�H���L�P�S�X�U�L�W�\���G�H�Q�V�L�W�\���é���E�L�J�J�H�U���W�K�D�Q���é�è
�Ç����

�W�K�H���S�U�R�E�D�E�L�O�L�W�\���R�I���I�L�Q�G�L�Q�J���1���R�U���O�H�V�V���L�Q�F�O�X�V�L�R�Q�V���Z�L�W�K�L�Q���D���Y�R�O�X�P�H���8���L�V���E�H�O�R�Z��1
F �Û=

0.5 %�������,�Q���W�K�H���V�S�H�F�L�D�O���F�D�V�H���W�K�D�W���Q�R���L�Q�F�O�X�V�L�R�Q�V���Z�H�U�H���I�R�X�Q�G���H�T�X�D�W�L�R�Q��(3)���F�D�Q���E�H���V�R�O�Y�H�G��

�H�[�S�O�L�F�L�W�O�\���D�Q�G���\�L�H�O�G�V��

�é�è�4 =

F�H�J(1 
F�Û)

�8

N

5.3
�8

,                       (4) ��

�,�I���D���S�H�U�I�R�U�P�H�G���V�F�D�Q���R�I���W�K�H���Y�R�O�X�P�H���8���\�L�H�O�G�V���1���R�U���O�H�V�V���L�Q�F�O�X�V�L�R�Q�V�����L�W���F�D�Q���W�K�H�U�H�I�R�U�H���E�H��

�F�R�Q�F�O�X�G�H�G���W�K�D�W������

 �é< �é�è�Ç                (5)��

�Z�L�W�K���D���F�R�Q�I�L�G�H�Q�F�H���R�I���Û= 99.5���������6�X�E�M�H�F�W���W�R���W�K�L�V���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O�����W�K�H���é�è�Ç���G�H�I�L�Q�H�G���L�Q��

�H�T�X�D�W�L�R�Q��(5)���H�V�W�D�E�O�L�V�K�H�V���D�Q���X�S�S�H�U���E�R�X�Q�G���I�R�U���W�K�H���X�Q�N�Q�R�Z�Q���L�Q�F�O�X�V�L�R�Q���G�H�Q�V�L�W�\���é������

��

3.2.1.2. The grain size distribution function  

 

�6�R���I�D�U���L�W���K�D�V���E�H�H�Q���D�V�V�X�P�H�G���W�K�D�W���W�K�H�U�H���H�[�L�V�W�V���R�Q�O�\���R�Q�H���W�\�S�H���R�I���L�Q�F�O�X�V�L�R�Q�����,�Q���U�H�D�O�L�W�\����

�L�Q�F�O�X�V�L�R�Q�V���F�D�Q���Y�D�U�\���L�Q���J�U�D�L�Q���V�L�]�H���D�Q�G���F�R�P�S�R�V�L�W�L�R�Q�����)�R�U���V�L�P�S�O�L�F�L�W�\�����W�K�H���F�D�V�H���Z�K�H�U�H���W�K�H��

�F�K�H�P�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q���R�I���W�K�H���L�Q�F�O�X�V�L�R�Q���L�V���I�L�[�H�G�����I�R�U���H�[�D�P�S�O�H�����(𝐹�7�1�8���D�V���Z�R�U�V�W���F�D�V�H��

�V�F�H�Q�D�U�L�R���L�Q���W�K�L�V���F�D�V�H���±���Z�L�W�K���K�D�Y�L�Q�J���W�K�H���K�L�J�K�H�V�W���U�H�P�D�Q�H�Q�W���P�D�J�Q�H�W�L�V�D�W�L�R�Q���R�I���W�K�H��
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�F�R�P�S�R�X�Q�G�V���W�R���E�H���E�X�L�O�G���I�U�R�P���W�K�H���H�O�H�P�H�Q�W�V���R�I���W�K�H���P�D�L�Q���S�K�D�V�H�����V�H�H���D�O�V�R���L�Q�V�H�W���L�Q��Fig. 

3.22�����D�Q�G���D�O�O���L�Q�F�O�X�V�L�R�Q�V���D�U�H���V�S�K�H�U�L�F�D�O���L�V���O�R�R�N�H�G���D�W���I�L�U�V�W�����+�R�Z�H�Y�H�U�����Q�R���S�U�L�R�U��

�D�V�V�X�P�S�W�L�R�Q�V���Z�L�W�K���U�H�J�D�U�G�V���W�R���W�K�H���L�Q�F�O�X�V�L�R�Q���J�U�D�L�Q���V�L�]�H���D�U�H���P�D�G�H�����7�K�X�V�����D���J�U�D�L�Q���V�L�]�H��

�G�L�V�W�U�L�E�X�W�L�R�Q���I�X�Q�F�W�L�R�Q���L�À(�@)���F�D�Q���E�H���L�Q�W�U�R�G�X�F�H�G�����V�X�F�K���W�K�D�W���I�R�U���V�P�D�O�O���Â𝛥���W�K�H���T�X�D�Q�W�L�W�\��

�L�À(�@)�Â𝛥���L�V���W�K�H���G�H�Q�V�L�W�\���R�I���L�Q�F�O�X�V�L�R�Q�V���Z�L�W�K���G�L�D�P�H�W�H�U�V���L�Q���W�K�H���U�D�Q�J�H��[�@,�@+ �Â𝛥]�����1�R�Z��

�W�K�H���X�S�S�H�U���E�R�X�Q�G��(5)���I�R�U���W�K�H���F�D�V�H���R�I���D���V�L�]�H���G�H�S�H�Q�G�H�Q�W���G�L�V�W�U�L�E�X�W�L�R�Q���I�X�Q�F�W�L�R�Q���F�D�Q���E�H��

�J�H�Q�H�U�D�O�L�V�H�G���D�V���I�R�O�O�R�Z�V�����L�W���L�V���D�V�V�X�P�H�G���W�K�D�W���D���V�F�D�Q���R�I���D���F�H�U�W�D�L�Q���Y�R�O�X�P�H���8���H�V�W�D�E�O�L�V�K�H�G��

�W�K�D�W���W�K�H�U�H���D�U�H���1���L�Q�F�O�X�V�L�R�Q�V���S�U�H�V�H�Q�W���Z�K�L�F�K���D�U�H���O�D�U�J�H�U���W�K�D�Q���D���P�L�Q�L�P�D�O���G�H�W�H�F�W�D�E�O�H���V�L�]�H��

�@�à �����7�K�H�Q���L�W���F�D�Q���E�H���F�R�Q�F�O�X�G�H�G���W�K�D�W����


± �@�M�L�À(𝑞) < �é�è�Ç
�×�,

�×�Ø

                        (6)��

�Z�L�W�K���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O���Û= 99.5 ����������

��

3.2.1.3. Series of measurements 

 

�6�R���I�D�U���R�Q�O�\���R�Q�H���Y�R�O�X�P�H���V�F�D�Q���K�D�V���E�H�H�Q���F�R�Q�V�L�G�H�U�H�G�����,�Q���S�U�D�F�W�L�F�H�����D�Q�\���D�Q�D�O�\�V�L�V���Z�L�O�O��

�H�P�S�O�R�\���D���Q�X�P�E�H�U��(�- ) ���R�I���V�F�D�Q�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���Y�R�O�X�P�H���V�L�]�H�V���8�Þ���S�R�V�V�H�V�V�L�Q�J���G�L�I�I�H�U�H�Q�W��

�P�L�Q�L�P�D�O���G�H�W�H�F�W�D�E�O�H���J�U�D�L�Q���V�L�]�H�V���@�Þ���Z�K�H�U�H���W�K�H���L�Q�G�H�[���G= 1, … , K���H�Q�X�P�H�U�D�W�H�V���W�K�H��

�L�Q�G�L�Y�L�G�X�D�O���V�F�D�Q�V���V�W�D�U�W�L�Q�J���D�W���O�D�U�J�H���@�Þ�����L���H�����@�Þ> �@�Þ�>�5�������W�K�D�W���\�L�H�O�G�H�G���0�Þ���R�U���O�H�V�V��

�L�Q�F�O�X�V�L�R�Q�V�����)�X�U�W�K�H�U�P�R�U�H���L�W���L�V���D�V�V�X�P�H�G���W�K�D�W���W�K�H�U�H���L�V���D���S�K�\�V�L�F�D�O���X�S�S�H�U���E�R�X�Q�G���@�4 > �@�5��

�R�Q���W�K�H���J�U�D�L�Q���V�L�]�H�����)�R�U���D���J�L�Y�H�Q���J�U�D�L�Q���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���I�X�Q�F�W�L�R�Q���L�À(�@)���W�K�H���G�H�Q�V�L�W�\���R�I��

�L�Q�F�O�X�V�L�R�Q�V���E�L�J�J�H�U���W�K�D�Q���@�Þ���F�D�Q���E�H���G�H�I�L�Q�H�G���Y�L�D��
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�é�Þ =  
± �L�À(𝑞)�@�M

�×�,

�×�Ö

                  (7)��

�7�K�H�Q���W�K�H���S�U�R�E�D�E�L�O�L�W�\���R�I���I�L�Q�G�L�Q�J���0�Þ���R�U���O�H�V�V���L�Q�F�O�X�V�L�R�Q�V���L�Q���R�Q�H���S�D�U�W�L�F�X�O�D�U���V�F�D�Q��k���L�V���J�L�Y�H�Q��

�E�\��

�2�Þ(�0�Þ) = 
Í �2 (�I , �é�Þ)               (8)

�Ç�Ö

�à�@�4

��

�7�K�H���S�U�R�E�D�E�L�O�L�W�\���R�I���I�L�Q�G�L�Q�J���Q�R���P�R�U�H���W�K�D�Q���0�Þ���L�Q�F�O�X�V�L�R�Q�V���L�Q���D���V�H�T�X�H�Q�F�H���R�I���V�F�D�Q�V���I�U�R�P��

�G= 1, … ,�- ���L�V���J�L�Y�H�Q���E�\���W�K�H���S�U�R�G�X�F�W���R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O���S�U�R�E�D�E�L�O�L�W�L�H�V����

�2= �2�5(�0�5)�2�6(�0�6) �® �2�Ä(�0�Ä)            (9). 

�1�R�Z���F�D�Q���E�H���D�V�V�X�P�H�G���W�K�D�W���D�O�O���L�Q�G�L�Y�L�G�X�D�O���V�F�D�Q�V���H�V�W�D�E�O�L�V�K���W�K�D�W���Q�R���L�Q�F�O�X�V�L�R�Q���Z�D�V��

�G�H�W�H�F�W�H�G���O�D�U�J�H�U���W�K�D�Q���W�K�H���U�H�V�S�H�F�W�L�Y�H���P�L�Q�L�P�D�O���J�U�D�L�Q���V�L�]�H�����@�Þ�����7�K�L�V���L�V���W�K�H���F�D�V�H���I�R�U���W�K�H��

�D�S�S�O�L�F�D�W�L�R�Q���D�W���K�D�Q�G���D�Q�G���W�K�H�U�H�I�R�U�H���Z�L�O�O���Q�R�Z���E�H���G�L�V�F�X�V�V�H�G���L�Q���P�R�U�H���G�H�W�D�L�O�����7�K�H��

�S�U�R�E�D�E�L�O�L�W�\���I�R�U���W�K�L�V���]�H�U�R���R�X�W�F�R�P�H���L�V���J�L�Y�H�Q���E�\��

�2(0) = �2�5(0)�2�6(0) �® �2�Ä(0)          (10). 

�7�K�H���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���î�Þ���R�I���L�Q�F�O�X�V�L�R�Q�V���E�H�W�Z�H�H�Q���V�L�]�H�V���@�Þ���D�Q�G���@�Þ�?�5���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G��

�I�U�R�P���W�K�H���J�U�D�L�Q���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���L�À(�@)���D�V�V�X�P�L�Q�J���V�S�K�H�U�L�F�D�O���L�Q�F�O�X�V�L�R�Q�V��

�î �Þ= �ì�×�Ö

�×�Ö�7�-�@�M�L�À(𝑞)
4
3

�è(
𝑞
2

)�7 
Q �B�ì�×�Ö

�×�Ö�7�-�@�M�L�À(𝑞)�C
�è
6

�@�Þ�?�5
�7          (11).��

�,�Q���W�K�L�V���V�W�H�S���W�K�H���Z�R�U�V�W���F�D�V�H���V�F�H�Q�D�U�L�R���K�D�V���E�H�H�Q���H�P�S�O�R�\�H�G���W�K�D�W���W�K�H���Z�H�L�J�K�W���R�I���W�K�H���J�U�D�L�Q��

�V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���I�X�Q�F�W�L�R�Q���L�V���O�R�F�D�W�H�G���D�W���W�K�H���O�D�U�J�H���L�Q�F�O�X�V�L�R�Q���V�L�]�H�V�����D�V�V�X�P�L�Q�J���W�K�D�W���W�K�H��

�U�H�P�D�Q�H�Q�W���P�D�J�Q�H�W�L�V�D�W�L�R�Q���R�I���S�X�U�H���(𝐹�7�1�8���J�U�D�L�Q�V���L�V���G�H�F�U�H�D�V�H�G���I�R�U���V�P�D�O�O�H�U���J�U�D�L�Q�V���D�Q�G��

�Y�D�Q�L�V�K�H�V���I�R�U��< 5 𝑛𝑛 ���>�������������@�����,�W���W�K�H�U�H�I�R�U�H���I�R�O�O�R�Z�V���W�K�D�W���W�K�H�U�H���L�V���D�Q���X�S�S�H�U���O�L�P�L�W���î �Þ,�è���R�Q��
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�W�K�H���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���î�Þ���R�I���L�Q�F�O�X�V�L�R�Q�V���Z�L�W�K���G�L�D�P�H�W�H�U���L�Q���W�K�H���L�Q�W�H�U�Y�D�O��[�@�Þ, �@�Þ�?�5]���J�L�Y�H�Q��

�E�\��

�î �Þ < �î �Þ,�è =

F�@�Þ�?�5

�7

�Ã �8�Ý
�Þ
�Ý�@�Ä

�è
6

�H�J(1 
F �Û) 
N2.8
�@�Þ�?�5

�7

�Ã �8�Ý
�Þ
�Ý�@�Ä

,               (12)��

�Z�K�L�F�K���D�J�D�L�Q���K�R�O�G�V���Z�L�W�K���D���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O���R�I���Û= 99.5 %.��

 

3.2.1.4. Effect of inclusions on remanent magnet isation  

��

�,�Q���W�K�H���S�U�H�Y�L�R�X�V���S�D�U�D�J�U�D�S�K���D�Q���X�S�S�H�U���O�L�P�L�W���R�I���W�K�H���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���R�I���L�Q�F�O�X�V�L�R�Q�V���L�Q���W�K�L�Q��

�I�L�O�P�V���Z�D�V���H�V�W�D�E�O�L�V�K�H�G�����+�R�Z�H�Y�H�U�����W�K�H���D�L�P���L�V���W�R���H�V�W�D�E�O�L�V�K���D�Q���X�S�S�H�U���E�R�X�Q�G���R�Q���W�K�H��

�F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���V�X�F�K���L�Q�F�O�X�V�L�R�Q�V���R�Q���D���P�H�D�V�X�U�D�E�O�H���T�X�D�Q�W�L�W�\�����)�R�U���P�X�O�W�L�I�H�U�U�R�L�F���P�D�W�H�U�L�D�O�V����

�W�K�H���U�H�O�H�Y�D�Q�W���T�X�D�Q�W�L�W�\���L�V���W�K�H���U�H�P�D�Q�H�Q�W���P�D�J�Q�H�W�L�V�D�W�L�R�Q�����Z�K�L�F�K���Z�L�O�O���E�H���G�L�V�F�X�V�V�H�G���Q�R�Z����

�*�L�Y�H�Q���W�K�H���E�R�X�Q�G���R�Q���W�K�H���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q�����W�K�H���P�D�[�L�P�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���W�R���W�K�H���U�H�P�D�Q�H�Q�F�H��

�I�U�R�P���L�Q�F�O�X�V�L�R�Q�V���Z�L�W�K���G�L�D�P�H�W�H�U�V���L�Q���W�K�H���L�Q�W�H�U�Y�D�O��[�@�Þ, �@�Þ�?�5]���F�D�Q���E�H���G�H�I�L�Q�H�G���D�V����

�/ �å,�Þ,�è = �î �Þ,�è�/ �å,�¿( �@�Þ�?�5)                (13)��

�+�H�U�H���/ �å,�¿( �@)���L�V���W�K�H���U�H�P�D�Q�H�Q�W���P�D�J�Q�H�W�L�V�D�W�L�R�Q���R�I���S�X�U�H���(𝐹�7�1�8���J�U�D�L�Q�V���R�I���G�L�D�P�H�W�H�U���@�����)�R�U��

�V�L�P�S�O�L�F�L�W�\���L�W���L�V���D�V�V�X�P�H�G���W�K�D�W���/ �å,�¿( �@)���Y�D�Q�L�V�K�H�V���I�R�U��< 5 𝑛𝑛 �����)�X�U�W�K�H�U�P�R�U�H���L�W���L�V���V�H�W���W�K�D�W��

�/ �å,�¿( �@) = 10�A𝑒 �Q
K�C���I�R�U��5𝑛𝑛 < �@< 20𝑛𝑛 ���D�Q�G���/�å,�¿( �@) = 20�A𝑒 �Q
K�C���I�R�U��

�@> 20𝑛𝑛 ���Z�K�L�F�K���D�U�H���F�R�Q�V�H�U�Y�D�W�L�Y�H���H�V�W�L�P�D�W�H�V������

�)�L�Q�D�O�O�\���D�Q���X�S�S�H�U���E�R�X�Q�G���I�R�U���W�K�H���W�R�W�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���I�U�R�P���L�Q�F�O�X�V�L�R�Q�V���W�R���W�K�H���U�H�P�D�Q�H�Q�W��

�P�D�J�Q�H�W�L�V�D�W�L�R�Q���F�D�Q���E�H���H�V�W�D�E�O�L�V�K�H�G���D�V����
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�/ �å,�è = �I�=�T
�Ð�-,…,�Ð�¼

{ �Ã
�Ä

�Þ�@�5
�9�Þ�/ �å,�Þ,�è}        (14)��

�Z�L�W�K���D���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O���Û�����+�H�U�H�����W�K�H���Z�H�L�J�K�W�H�G���P�H�D�Q�V��0
Q �9�5, … ,�9�O
Q1���I�X�O�I�L�O�O���W�K�H��

�Q�R�U�P�D�O�L�V�D�W�L�R�Q���F�R�Q�V�W�U�D�L�Q�W����

�Ã
�Ä

�Þ�@�5
�9�Þ= 1                   (15)��

�J�L�Y�L�Q�J���D�O�O���W�K�H���Z�H�L�J�K�W���W�R���W�K�H���L�Q�W�H�U�Y�D�O���Z�L�W�K���W�K�H���K�L�J�K�H�V�W���F�D�O�F�X�O�D�W�H�G���L�P�S�D�F�W���R�Q���W�K�H��

�U�H�P�D�Q�H�Q�W���P�D�J�Q�H�W�L�V�D�W�L�R�Q�����7�K�H�U�H�I�R�U�H���L�W���F�D�Q���E�H���F�R�Q�F�O�X�G�H�G���W�K�D�W���W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q���W�R���W�K�H��

�P�D�J�Q�H�W�L�]�D�W�L�R�Q���U�H�P�D�Q�H�Q�F�H���I�U�R�P���L�Q�F�O�X�V�L�R�Q�V���/ �å���K�D�V���D�Q���X�S�S�H�U���E�R�X�Q�G����

�/ �å,�è = �I�=�T
�Þ�@�5…�Ä


[�/ �å,�Þ,�è
_               (16)��

�Z�L�W�K���F�R�Q�I�L�G�H�Q�F�H���Û= 99.5 ���� ��

��

3.2.2. Microstructural Analysis  

��

�*�X�L�G�H�G���E�\���W�K�H���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���G�H�W�D�L�O�H�G���D�E�R�Y�H�����D�Q�D�O�\�V�L�V���P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H��

�G�H�V�L�J�Q�H�G���W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���V�L�]�H�V���R�I���W�K�H���Y�R�O�X�P�H�V���V�F�D�Q�Q�H�G���D�Q�G���W�K�H���P�L�Q�L�P�X�P���V�L�]�H��

�U�H�V�R�O�X�W�L�R�Q���R�I���W�K�H���(�'�;�����0�R�Q�W�H���&�D�U�O�R���V�L�P�X�O�D�W�L�R�Q�V���>�������������@���R�I���W�K�H���H�O�H�F�W�U�R�Q���E�H�D�P���P�D�W�W�H�U��

�L�Q�W�H�U�D�F�W�L�R�Q�V���H�V�W�L�P�D�W�H�G���D���F�R�Q�H���V�K�D�S�H�G���L�Q�W�H�U�D�F�W�L�R�Q���Y�R�O�X�P�H���Z�L�W�K�L�Q���W�K�H�����������Q�P���I�L�O�P��

�W�K�L�F�N�Q�H�V�V���Z�L�W�K���D���E�D�V�H���Z�L�G�W�K���R�I���O�H�V�V���W�K�D�Q�����������Q�P���D�Q�G���W�K�H���(�'�;���V�L�J�Q�D�O���F�R�P�L�Q�J���I�U�R�P���D��

�F�\�O�L�Q�G�H�U���Z�L�W�K���U�R�X�J�K�O�\���������Q�P���G�L�D�P�H�W�H�U�����L�Q�W�H�U�D�F�W�L�R�Q���Y�R�O�X�P�H���a�������������Q�P�����������7�K�H��

�L�Q�W�H�U�D�F�W�L�R�Q���Y�R�O�X�P�H���L�V���R�Q�O�\���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���H���E�H�D�P���H�Q�H�U�J�\�����������N�9�������V�S�R�W���V�L�]�H��������������

�Q�P�����D�Q�G���P�D�W�H�U�L�D�O�����D�V�V�X�P�L�Q�J���W�K�D�W���W�K�H���P�D�L�Q���S�K�D�V�H���L�V���W�K�H���P�D�L�Q���F�R�Q�W�U�L�E�X�W�R�U���W�R���F�D�O�F�X�O�D�W�H�G��
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�L�Q�W�H�U�D�F�W�L�R�Q�V�����Z�K�L�F�K���D�O�O���V�W�D�\���F�R�Q�V�W�D�Q�W���D�F�U�R�V�V���D�O�O���P�H�D�V�X�U�H�P�H�Q�W�V�����7�D�N�L�Q�J���D�O�O���W�K�H�V�H��

�I�D�F�W�R�U�V���L�Q�W�R���D�F�F�R�X�Q�W���D���Q�X�P�E�H�U���R�I���(�'�;���P�D�S�V���Z�H�U�H���W�D�N�H�Q���I�U�R�P���W�K�H���V�X�U�I�D�F�H���Y�D�U�\�L�Q�J���W�K�H��

�V�X�U�I�D�F�H���D�U�H�D���E�H�W�Z�H�H�Q���������—�P�����D�Q�G�����������������������—�P�����������P�P���������$�V���W�K�H���P�D�S�S�L�Q�J���Z�D�V���G�R�Q�H��

�D�W���D���V�H�W���U�H�V�R�O�X�W�L�R�Q���R�I�������������u�����������S�L�[�H�O�V�����P�D�[���V�F�D�Q�Q�L�Q�J���U�H�V�R�O�X�W�L�R�Q�����W�K�H���V�L�]�H���R�I���R�Q�H��

�S�L�[�H�O���I�R�U���H�D�F�K���V�X�U�I�D�F�H���D�U�H�D���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G�����+�H�Q�F�H���W�K�H���V�P�D�O�O�H�V�W���G�H�W�H�F�W�D�E�O�H���V�L�]�H���R�I��

�L�Q�F�O�X�V�L�R�Q���D�F�U�R�V�V���D�O�O���V�F�D�Q�Q�H�G���D�U�H�D�V���L�V���H�T�X�D�O���W�R�������V�L�Q�J�O�H���S�L�[�H�O���H�[�F�H�S�W���I�R�U���W�K�H���V�P�D�O�O�H�V�W��

�D�U�H�D���Z�K�H�U�H���L�W���L�V���Z�L�W�K�L�Q�����u�����S�L�[�H�O�V������

�$���V�H�W���R�I�������V�D�P�S�O�H�V���Z�D�V���P�D�G�H���W�K�D�W���Z�H�Q�W���W�K�U�R�X�J�K���P�L�F�U�R�V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�L�V�����$�O�O���V�D�P�S�O�H�V��

�D�U�H���$�X�U�L�Y�L�O�O�L�X�V���W�\�S�H���W�K�L�Q���R�[�L�G�H���I�L�O�P�V���D�Q�G���W�K�H�L�U���F�R�P�S�R�V�L�W�L�R�Q���L�V���V�X�P�P�D�U�L�V�H�G���L�Q��Tab. 

3.1������

Table 3.1�����6�X�P�P�D�U�\���R�I�������V�D�P�S�O�H�V���W�K�D�W���X�Q�G�H�U�Z�H�Q�W���P�L�F�U�R�V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�L�V����

Sample Nominal composition  Acronym  

1 �7�E�%�L���7�L���)�H���2������ �7�E�%�L���7�)�2��

2 �7�E�������%�L�������7�L���)�H���2������ �7�E���%�L�����7�)�2��

3 �7�E���������%�L���������7�L���)�H���2������ �7�E���%�������7�)�2��

4 �%�L���7�L���)�H�������&�R�������2������ �%�7�)���&���2�>�����@��

5 �%�L���7�L���)�H���2������ �%���7�)�2��

6 �%�L���7�L�������)�H���������0�Q���������2������ �%���7�)�0�2��

��

�$�V���G�H�V�F�U�L�E�H�G���D�E�R�Y�H�����V�S�L�Q�H�O���S�K�D�V�H���P�D�J�Q�H�W�L�W�H�����)�H���2�������>�������������@���L�V���W�K�H���Z�R�U�V�W���F�D�V�H��

�V�F�H�Q�D�U�L�R���I�R�U���V�H�F�R�Q�G���S�K�D�V�H���L�Q�F�O�X�V�L�R�Q�V���L�Q���W�K�H���W�\�S�H���R�I���V�D�P�S�O�H�V���W�K�D�W���Z�H�U�H���D�Q�D�O�\�V�H�G�����E�X�W��

�P�D�Q�\���R�W�K�H�U���R�[�L�G�H�V���H�[�L�V�W���W�K�D�W���F�R�X�O�G���E�H���E�X�L�O�W���I�U�R�P���W�K�H���H�O�H�P�H�Q�W�V���R�I���W�K�H���P�D�L�Q���S�K�D�V�H�����D�Q�G��

�W�K�X�V���F�R�X�O�G���R�F�F�X�U���D�V���V�H�F�R�Q�G���S�K�D�V�H���L�Q�F�O�X�V�L�R�Q�V�����6�R�P�H���R�I���W�K�H�V�H���D�U�H���D�O�V�R���I�H�U�U�R�P�D�J�Q�H�W�L�F����
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�+�H�Q�F�H���L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���V�F�D�Q���I�R�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���D�O�O���W�K�H���P�D�J�Q�H�W�L�F���H�O�H�P�H�Q�W�V���W�K�D�W���D�U�H��

�S�U�H�V�H�Q�W�����7�K�H���G�L�I�I�L�F�X�O�W�\���Z�L�W�K���W�K�H�V�H���H�O�H�P�H�Q�W�V�����K�R�Z�H�Y�H�U�����L�V���W�K�D�W���W�K�H�\���D�U�H���D�O�V�R���S�U�H�V�H�Q�W���L�Q��

�W�K�H���P�D�L�Q���S�K�D�V�H�����D�Q�G���W�K�H���L�R�Q�V���L�Q���W�K�H���P�D�L�Q���S�K�D�V�H���Z�L�O�O���S�U�R�G�X�F�H���W�K�H���P�D�M�R�U�L�W�\���R�I���W�K�H���;���U�D�\��

�V�L�J�Q�D�O���G�H�W�H�F�W�H�G���I�R�U���D���J�L�Y�H�Q���H�O�H�P�H�Q�W����Fig. 3.15���V�K�R�Z�V���D���W�\�S�L�F�D�O���U�H�V�X�O�W���I�U�R�P���D���V�F�D�Q�Q�H�G��

�D�U�H�D���R�I�������������—�P�����L�Q���%���7�)�0�2�����V�D�P�S�O�H�����������$�W���I�L�U�V�W�����W�K�H���H�O�H�P�H�Q�W�D�O���P�D�S�V���Z�H�U�H���F�R�O�R�X�U��

�F�R�G�H�G�����D�G�G�H�G���X�S���L�Q�W�R���D�Q���5�*�%���L�P�D�J�H���D�Q�G���V�X�S�H�U�L�P�S�R�V�H�G���R�Q�W�R���W�K�H���6�(�0���L�P�D�J�H�����D�O�O��

�G�R�Q�H���Z�L�W�K�L�Q���W�K�H���2�[�I�R�U�G���,�1�&�$���V�R�I�W�Z�D�U�H�����$�O�W�K�R�X�J�K���D�Q���D�Y�H�U�D�J�H���U�H�F�R�U�G�L�Q�J���R�I�������u����������

�F�R�X�Q�W�V���R�Y�H�U���������K�R�X�U�V���L�P�S�U�R�Y�H�G���W�K�H���V�L�J�Q�D�O���W�R���Q�R�L�V�H���U�D�W�L�R���E�\���D���I�D�F�W�R�U���R�I���������F�R�P�S�D�U�H�G��

�W�R���D���V�W�D�Q�G�D�U�G���V�F�D�Q���Z�L�W�K���D�Q���D�Y�H�U�D�J�H���R�I�������u�����������W�R�W�D�O���F�R�X�Q�W�V�����D�Q�G���H�O�L�P�L�Q�D�W�H�G���D�O�O���W�K�H��

�Q�R�L�V�H���W�K�D�W���Z�D�V���L�Q�K�L�E�L�W�L�Q�J���W�K�H���Y�L�V�L�E�L�O�L�W�\���R�I���S�R�V�V�L�E�O�H���L�Q�F�O�X�V�L�R�Q�V���L�Q���W�K�H���P�D�S�V���D�F�K�L�H�Y�H�G��

�I�U�R�P���V�K�R�U�W�H�U���V�F�D�Q�V�����W�K�H���5�*�%���F�R�O�R�X�U���F�R�G�H�G���L�P�D�J�H�V���G�L�G���Q�R�W���U�H�Y�H�D�O���L�Q�F�O�X�V�L�R�Q�V���L�Q�V�W�D�Q�W�O�\����

�7�K�H���V�X�E�W�U�D�F�W�L�R�Q���R�I���W�K�H���Q�R�U�P�D�O�L�V�H�G���%�L���(�'�;���V�L�J�Q�D�O���I�U�R�P���W�K�H���Q�R�U�P�D�O�L�V�H�G���(�'�;���V�L�J�Q�D�O�V��

�F�R�P�L�Q�J���I�U�R�P���W�K�H���)�H���D�Q�G���0�Q���D�O�O�R�Z�V���X�V���W�R���G�H�W�H�F�W���V�X�E�W�O�H���Y�D�U�L�D�W�L�R�Q�V���L�Q���W�K�H���O�D�W�W�H�U���I�U�R�P��

�W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H�����7�K�H���U�H�V�X�O�W�L�Q�J���P�D�S�V���D�U�H���V�K�R�Z�Q���L�Q��Fig.��3.15d�����)�H���.�.���P�D�S���P�L�Q�X�V���%�L��

�/�.���P�D�S���D�Q�G��e�����0�Q���.�.���P�D�S���P�L�Q�X�V���%�L���/�.���P�D�S���U�H�V�S�H�F�W�L�Y�H�O�\���Z�K�L�F�K���U�H�Y�H�D�O�H�G���V�P�D�O�O��

�E�U�L�J�K�W���V�S�R�W�V���Z�L�W�K���K�L�J�K�H�U���)�H���D�Q�G���0�Q���F�R�Q�W�H�Q�W���D�Q�G���O�D�U�J�H�U�����a�����P�P�����S�D�O�H���D�U�H�D�V���Z�L�W�K��

�K�L�J�K�H�U���)�H���F�R�Q�W�H�Q�W�����7�K�H���V�X�E�W�U�D�F�W�L�R�Q���R�I���W�K�H���V�S�H�F�W�U�D�O���L�P�D�J�L�Q�J���G�D�W�D���Z�D�V���G�R�Q�H���X�Q�G�H�U���W�K�H��

�D�V�V�X�P�S�W�L�R�Q���W�K�D�W���W�K�H���D�Y�H�U�D�J�H���)�H���D�Q�G���0�Q���F�R�Q�W�H�Q�W���L�Q���W�K�H���P�D�L�Q���S�K�D�V�H���V�W�D�\�V���F�R�Q�V�W�D�Q�W���R�Y�H�U��

�W�K�H���Z�K�R�O�H���V�D�P�S�O�H���D�Q�G���D�O�O���W�K�D�W���L�V���V�R�X�J�K�W���W�R���I�L�Q�G���D�U�H���V�P�D�O�O���F�K�D�Q�J�H�V���I�U�R�P���W�K�D�W���D�Y�H�U�D�J�H����

�,�Q���R�W�K�H�U���Z�R�U�G�V���)�H���D�Q�G���0�Q���D�U�H���F�R�U�U�H�O�D�W�H�G���W�R���%�L���L�Q���W�K�H���P�D�L�Q���S�K�D�V�H���D�Q�G���W�K�H���V�L�P�S�O�H���E�X�W��

�H�I�I�H�F�W�L�Y�H���V�X�E�W�U�D�F�W�L�R�Q���P�H�W�K�R�G���U�H�Y�H�D�O�V���W�K�H���D�U�H�D�V���)�H���D�Q�G���0�Q���U�L�F�K���W�K�D�W���D�U�H���D�Q�W�L�F�R�U�U�H�O�D�W�H�G��

�W�R���%�L���Z�K�L�F�K���D�U�H���W�K�H�Q���V�F�U�X�W�L�Q�L�V�H�G���X�Q�G�H�U���P�L�F�U�R�V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�L�V�����$�O�V�R���L�Q�W�H�U�H�V�W�L�Q�J���W�R��

�Q�R�W�H���L�V���W�K�H���V�W�D�E�L�O�L�W�\���R�I���W�K�H���F�R�Q�G�L�W�L�R�Q�V���G�X�U�L�Q�J���W�K�H���������K���V�F�D�Q�����%�H�F�D�X�V�H���R�I���W�K�H���L�P�S�H�U�I�H�F�W��

�Y�D�F�X�X�P���L�Q���W�K�H���6�(�0���F�K�D�P�E�H�U���W�K�H�U�H���L�V���D�Q���D�S�S�U�R�[���������������������Q�P���O�D�\�H�U���R�I���F�D�U�E�R�Q��

�G�H�S�R�V�L�W�H�G���R�Y�H�U���������K���D�Q�G���W�K�L�V���F�D�U�E�R�Q���L�V���U�H�J�X�O�D�U�O�\���S�D�W�W�H�U�Q�H�G�����(�D�F�K���R�I���W�K�H���F�D�U�E�R�Q���G�R�W�V��
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�U�H�S�U�H�V�H�Q�W�V���H�[�D�F�W�O�\���R�Q�H���S�L�[�H�O���L�Q���W�K�H���(�'�;���P�H�D�V�X�U�H�P�H�Q�W���W�K�D�W���Z�D�V���H�[�S�R�V�H�G���D�S�S�U�R�[��������������

�W�L�P�H�V������

��

Figure 3.15.�����(�[�D�P�S�O�H���R�I���(�'�;���V�L�J�Q�D�O���V�X�E�W�U�D�F�W�L�R�Q���L�Q���F�D�V�H���R�I���%���7�)�0�2���V�D�P�S�O�H�����D�����)�H��

�.�.���L�Q�W�H�Q�V�L�W�\���P�D�S�����E�����0�Q���.�.���L�Q�W�H�Q�V�L�W�\���P�D�S�����F�����%�L���/�.���L�Q�W�H�Q�V�L�W�\���P�D�S�����7�K�H���U�H�V�X�O�W�V���R�I��

�V�X�E�W�U�D�F�W�L�R�Q���R�I���P�D�L�Q���S�K�D�V�H���E�R�X�Q�G���)�H���D�Q�G���0�Q���D�U�H���V�K�R�Z�Q���L�Q���G�����D�Q�G���H�����U�H�V�S�H�F�W�L�Y�H�O�\����

�7�K�L�V���P�H�W�K�R�G���R�I���V�X�E�W�U�D�F�W�L�Q�J���W�K�H���L�P�D�J�H�V���W�R���H�O�L�P�L�Q�D�W�H���W�K�H���V�L�J�Q�D�O���I�U�R�P���W�K�H���)�H���L�Q���W�K�H��

�P�D�M�R�U���S�K�D�V�H���Z�D�V���D�S�S�O�L�H�G���W�R���D�O�O�������V�D�P�S�O�H�V�����(�[�F�H�S�W���I�R�U���W�K�H���%���7�)�0�2�����D�O�O���R�W�K�H�U��

�D�Q�D�O�\�V�H�G���V�D�P�S�O�H�V���V�K�R�Z�H�G���S�R�W�H�Q�W�L�D�O�O�\���I�H�U�U�R�P�D�J�Q�H�W�L�F���L�Q�F�O�X�V�L�R�Q�V���R�I���)�H�[�$�\�2�]�����V�H�H��Fig.��

3.16�����Z�K�H�U�H���$���L�V���V�X�E�V�W�L�W�X�W�H�G���E�\���7�E���I�R�U���W�K�H���W�K�U�H�H���V�D�P�S�O�H�V���F�R�Q�W�D�L�Q�L�Q�J���7�E�����V�D�P�S�O�H�V������

���������E�\���&�R���I�R�U���%�7�)���&���2�����V�D�P�S�O�H���������D�Q�G���Z�L�W�K�R�X�W���$���I�R�U���%���7�)�2�����V�D�P�S�O�H������������
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Figure 3.16�����D���������H�����(�'�;���V�X�U�I�D�F�H���P�D�S�V���I�R�U���V�D�P�S�O�H�V�����������U�H�V�S�H�F�W�L�Y�H�O�\�����0�D�L�Q���S�K�D�V�H��

�E�R�X�Q�G���)�H���V�X�E�W�U�D�F�W�H�G���D�V���S�H�U��Fig 3.15�����7�K�H���V�P�D�O�O���E�U�L�J�K�W���V�S�R�W�V���Y�L�V�L�E�O�H���D�U�H���S�R�W�H�Q�W�L�D�O�O�\��

�I�H�U�U�R�P�D�J�Q�H�W�L�F���)�H�[�$�\�2�]���L�Q�F�O�X�V�L�R�Q�V�����I�����H�[�H�P�S�O�D�U�\���L�Q�F�O�X�V�L�R�Q���F�R�X�Q�W���U�D�W�H���K�L�V�W�R�J�U�D�P���R�I���F����

�V�X�E�G�L�Y�L�G�H�G���L�Q�W�R���������S�D�U�W�L�W�L�R�Q�V�����Z�K�H�U�H���W�K�H���[���D�[�L�V���L�V���W�K�H���Q�X�P�E�H�U���R�I���F�R�X�Q�W�V���L�Q���D���S�D�U�W�L�W�L�R�Q��

�D�Q�G���W�K�H���\���D�[�L�V���U�H�S�U�H�V�H�Q�W�V���W�K�H���Q�X�P�E�H�U���R�I���S�D�U�W�L�W�L�R�Q�V���F�R�Q�W�D�L�Q�L�Q�J���W�K�D�W���Q�X�P�E�H�U���R�I���F�R�X�Q�W�V����

�7�K�H���W�K�H�R�U�H�W�L�F�D�O���S�R�L�V�V�R�Q���G�L�V�W�U�L�E�X�W�L�R�Q���L�V���G�H�S�L�F�W�H�G���I�R�U���F�R�P�S�D�U�L�V�R�Q����

��

�,�W���L�V���D�O�V�R���Q�R�W�H�G���W�K�D�W���W�K�H���L�Q�F�O�X�V�L�R�Q�V���D�U�H���L�Q�G�H�S�H�Q�G�H�Q�W�O�\���G�L�V�W�U�L�E�X�W�H�G�����7�K�L�V���D�V�V�X�P�S�W�L�R�Q���K�D�V��

�E�H�H�Q���W�H�V�W�H�G���E�\���V�X�E�G�L�Y�L�G�L�Q�J���W�K�H���L�P�D�J�H�V���L�Q�W�R���S�D�U�W�L�W�L�R�Q�V���D�Q�G���F�R�X�Q�W�L�Q�J���W�K�H���Q�X�P�E�H�U���R�I��

�L�Q�F�O�X�V�L�R�Q�V���L�Q���H�D�F�K���S�D�U�W�L�W�L�R�Q�����7�K�H���U�H�V�X�O�W�L�Q�J���F�R�X�Q�W���K�L�V�W�R�J�U�D�P�V�����D�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���W�K�H��

�W�\�S�L�F�D�O���H�[�D�P�S�O�H���L�Q��Fig.��3.16f)�����V�K�R�Z���W�K�H���H�[�S�H�F�W�H�G���3�R�L�V�V�R�Q���G�L�V�W�U�L�E�X�W�L�R�Q�����,�W���W�K�H�U�H�I�R�U�H��

�I�R�O�O�R�Z�V���W�K�D�W���W�K�H���V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���L�Q�F�O�X�V�L�R�Q�V���L�V���U�D�Q�G�R�P���D�Q�G���Z�L�W�K�R�X�W��

�G�H�W�H�F�W�D�E�O�H���F�R�U�U�H�O�D�W�L�R�Q�V�����D�Q�G���M�X�V�W�L�I�L�H�V���W�K�H���E�D�V�L�F���D�V�V�X�P�S�W�L�R�Q���L�Q���W�K�H���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V����
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Figure 3.17�����$���F�R�P�S�D�U�L�V�R�Q���E�H�W�Z�H�H�Q���)�H���P�D�S�����O�H�I�W�����D�Q�G���0�Q���P�D�S�����U�L�J�K�W�����I�R�U���W�K�H��

�%���7�)�0�2���D�I�W�H�U���V�X�E�W�U�D�F�W�L�R�Q���R�I���W�K�H���%�L���V�L�J�Q�D�O���U�H�Y�H�D�O�V���W�K�H���D�E�V�H�Q�F�H���R�I���W�K�H���µ�O�D�U�J�H���S�D�O�H��

�D�U�H�D�V�¶���L�Q���W�K�H���0�Q���P�D�S����

�7�K�H���%���7�)�0�2�����V�D�P�S�O�H���������L�V���L�Q�W�H�U�H�V�W�L�Q�J���L�Q�V�R�I�D�U���D�V���V�P�D�O�O���E�U�L�J�K�W���V�S�R�W�V���������������������Q�P���L�Q��

�G�L�D�P�H�W�H�U�����Z�L�W�K���K�L�J�K�H�U���)�H���D�Q�G���0�Q���F�R�Q�W�H�Q�W���D�Q�G���O�D�U�J�H�U���S�D�O�H�U���D�U�H�D�V�����a���P�P���L�Q���G�L�D�P�H�W�H�U����

�Z�L�W�K���K�L�J�K�H�U���)�H���F�R�Q�W�H�Q�W���K�D�Y�H���E�H�H�Q���I�R�X�Q�G�����)�L�J����3.15, 3.17�������1�R�W�D�E�O�\���Z�K�H�Q���F�R�P�S�D�U�L�Q�J��

�W�K�H���)�H���D�Q�G���0�Q���P�D�S�V�����W�K�H���µ�O�D�U�J�H���S�D�O�H���D�U�H�D�V�¶���D�S�S�H�D�U���R�Q�O�\���L�Q���W�K�H���)�H���P�D�S�����V�H�H��Fig. 3.17������

�,�Q���R�U�G�H�U���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���P�L�F�U�R�V�W�U�X�F�W�X�U�H���D�Q�G���O�R�F�D�O�L�]�D�W�L�R�Q���R�I���V�R�P�H���R�I���W�K�H�V�H���L�Q�F�O�X�V�L�R�Q�V��

�D�F�U�R�V�V���W�K�H���I�L�O�P���W�K�L�F�N�Q�H�V�V�����D�Q�G���W�R���F�R�U�U�H�O�D�W�H���W�K�L�V���W�R���W�K�H���P�D�J�Q�H�W�L�F���U�H�V�S�R�Q�V�H���R�E�V�H�U�Y�H�G�����D��

�V�L�W�H���V�S�H�F�L�I�L�F���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���Z�D�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���D���I�R�F�X�V�H�G���L�R�Q���E�H�D�P�����)�,�%������Fig.��

3.18�������$�W���I�L�U�V�W���W�K�H���O�R�F�D�W�L�R�Q�V���R�I���D���µ�V�P�D�O�O���E�U�L�J�K�W���V�S�R�W�¶�����O�D�E�H�O�O�H�G���L�Q���\�H�O�O�R�Z�����D�Q�G���D���µ�O�D�U�J�H��

�S�D�O�H���D�U�H�D�¶�����O�D�E�H�O�O�H�G���L�Q���E�O�X�H�����Z�H�U�H���P�D�U�N�H�G���Z�L�W�K���D���S�L�O�O�D�U���R�I���H���E�H�D�P���G�H�S�R�V�L�W�H�G���F�D�U�E�R�Q��

��Fig.��3.19a�������$�I�W�H�U���W�K�H���F�U�R�V�V���V�H�F�W�L�R�Q���O�D�P�H�O�O�D���Z�D�V���V�X�F�F�H�V�V�I�X�O�O�\���O�L�I�W�H�G���R�X�W�����D�W�W�D�F�K�H�G���W�R���D��

�F�R�S�S�H�U���K�D�O�I���J�U�L�G���D�Q�G���Z�D�V���S�R�O�L�V�K�H�G���W�R���D�E�R�X�W�����������Q�P���W�K�L�F�N�Q�H�V�V���W�K�H���S�L�O�O�D�U�V���Z�H�U�H��

�F�R�Q�I�L�U�P�H�G���W�R���E�H�����������Q�P���L�Q���G�L�D�P�H�W�H�U���D�Q�G���K�H�Q�F�H���W�K�H���O�R�F�D�W�L�R�Q���R�I���W�K�H���W�Z�R���D�U�H�D�V���Z�D�V��

�G�H�W�H�U�P�L�Q�H�G���W�R���W�K�L�V���D�F�F�X�U�D�F�\����
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Figure��3.18�����6�L�W�H���V�S�H�F�L�I�L�F���7�(�0���F�U�R�V�V���V�H�F�W�L�R�Q���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���R�Q���W�K�H���%���7�)�0�2�����D����

�2�Q�H���µ�V�P�D�O�O���E�U�L�J�K�W���V�S�R�W�¶���D�Q�G���R�Q�H���µ�O�D�U�J�H���S�D�O�H���D�U�H�D�µ���Z�H�U�H���F�K�R�V�H�Q�����E�����P�D�U�N�H�G���Z�L�W�K��

�F�D�U�E�R�Q���S�L�O�O�D�U�V�����F�����S�U�R�W�H�F�W�H�G���Z�L�W�K���S�O�D�W�L�Q�X�P�����G�����/�D�P�H�O�O�D���S�U�H�S�D�U�H�G�����H�����O�L�I�W�H�G���R�X�W�����E�H�I�R�U�H��

�D�W�W�D�F�K�H�G���W�R���7�(�0���K�D�O�I���J�U�L�G���D�Q�G���I�����D�Q�D�O�\�V�H�G���Z�L�W�K���6�7�(�0����

�:�L�W�K���W�K�H���W�Z�R���W�\�S�H�V���R�I���D�U�H�D�V���L�V�R�O�D�W�H�G�����D���6�7�(�0���(�'�;���V�F�D�Q���Z�D�V���S�H�U�I�R�U�P�H�G���D�V���V�K�R�Z�Q���L�Q��

�I�L�J�X�U�H��3.19b) �D�Q�G��c)�����7�K�L�V���P�H�D�V�X�U�H�P�H�Q�W���F�R�Q�I�L�U�P�H�G���W�K�H���D�E�V�H�Q�F�H���R�I���0�Q���H�[�F�H�V�V���L�Q���W�K�H��

�µ�O�D�U�J�H���S�D�O�H���D�U�H�D�V�¶�����7�(�0���L�P�D�J�L�Q�J�����L�Q���F�R�Q�M�X�Q�F�W�L�R�Q���Z�L�W�K���V�H�O�H�F�W�H�G���D�U�H�D���H�O�H�F�W�U�R�Q��

�G�L�I�I�U�D�F�W�L�R�Q�����6�$�(�'�����D�Q�G���V�S�R�W���(�'�;���P�H�D�V�X�U�H�P�H�Q�W�V���F�R�Q�I�L�U�P���W�K�L�V���W�\�S�H���R�I���L�Q�F�O�X�V�L�R�Q��

�U�D�W�K�H�U���W�R���E�H���J�U�D�L�Q�V���R�I���W�K�H���P�D�L�Q���$�X�U�L�Y�L�O�O�L�X�V���S�K�D�V�H���Z�L�W�K���D�������������L�Q�F�U�H�D�V�H�G���)�H���F�R�Q�W�H�Q�W��

�Z�K�L�F�K���K�D�V���E�H�H�Q���D�V�V�R�F�L�D�W�H�G���S�U�H�Y�L�R�X�V�O�\���W�R���E�H���W�K�H���P�R�V�W���S�U�R�E�D�E�O�H���F�D�X�V�H���R�I���W�K�H���P�D�J�Q�H�W�L�F��

�E�H�K�D�Y�L�R�X�U���R�I���W�K�H���V�D�P�S�O�H���>�����@����
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Figure 3.19�����(�O�H�P�H�Q�W�D�O���P�D�S�S�L�Q�J���R�I���D���F�U�R�V�V���V�H�F�W�L�R�Q���R�I���%���7�)�0�2���S�U�H�S�D�U�H�G���I�U�R�P���W�K�H��

�D�U�H�D���V�K�R�Z�Q���L�Q���D�������E�����)�H���L�V���F�R�G�H�G���L�V���J�U�H�H�Q���F�R�O�R�X�U�����F�����0�Q���L�V���F�R�G�H�G���L�Q���J�U�H�H�Q���F�R�O�R�X�U������

�7�(�0���L�P�D�J�L�Q�J�����L�Q���F�R�Q�M�X�Q�F�W�L�R�Q���Z�L�W�K���6�$�(�'���D�Q�G���V�S�R�W���(�'�;�>�����@���P�H�D�V�X�U�H�P�H�Q�W�V���F�R�Q�I�L�U�P��

�W�K�H���µ�V�P�D�O�O���E�U�L�J�K�W���V�S�R�W�V�¶���D�V���P�D�Q�J�D�Q�R���Z�•�V�W�L�W�H�����0�Q���������)�H���������2�������7�K�L�V���L�V���U�H�S�R�U�W�H�G���W�R���E�H��

�Q�R�Q���I�H�U�U�R�P�D�J�Q�H�W�L�F�����D�Q�W�L�I�H�U�U�R�P�D�J�Q�H�W�L�F���E�H�O�R�Z�����������.���>�����@���D�Q�G���K�H�Q�F�H���Q�R�W���W�R���E�H��

�U�H�V�S�R�Q�V�L�E�O�H���I�R�U���W�K�H���P�D�J�Q�H�W�L�F���E�H�K�D�Y�L�R�X�U���R�I���W�K�H���V�D�P�S�O�H�����,�Q���F�R�Q�F�O�X�V�L�R�Q�����W�K�H���L�Q�F�O�X�V�L�R�Q�V��

�I�R�X�Q�G���L�Q���W�K�H���%���7�)�0�2���D�U�H���Q�R�W���I�H�U�U�R�P�D�J�Q�H�W�L�F�����+�H�Q�F�H���W�K�H�L�U���L�P�S�D�F�W���R�Q���W�K�H���P�D�L�Q���S�K�D�V�H��

�P�D�J�Q�H�W�L�V�P���L�V���]�H�U�R���V�X�S�S�R�U�W�H�G���E�\���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�K�L�F�K���L�V���H�O�D�E�R�U�D�W�H�G���L�Q���W�K�H��

Discussion (3.2.3)����
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Figure 3.20.���5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���7�(�0���L�P�D�J�H�V���R�I���%���7�)�0�2���I�U�R�P���W�K�H�������—�P���O�R�Q�J���O�D�P�H�O�O�D����

�7�K�H���V�L�Q�J�O�H���F�U�\�V�W�D�O�O�L�Q�H���J�U�D�L�Q�V���D�U�H���W�L�J�K�W�O�\���S�D�F�N�H�G���Z�L�W�K�R�X�W���D�Q�\���D�S�S�H�D�U�L�Q�J���L�Q�F�O�X�V�L�R�Q�V���R�I��

�G�L�I�I�H�U�H�Q�W���S�K�D�V�H�V�����7�K�H���V�F�D�O�H���E�D�U���L�V���������Q�P�����I�����+�H�U�H���D���%�7�)���&���2���V�D�P�S�O�H���L�V���G�H�S�L�F�W�H�G���I�R�U��

�F�R�P�S�D�U�L�V�R�Q���W�R���L�O�O�X�V�W�U�D�W�H���W�K�H���S�U�H�V�H�Q�F�H���R�I���L�Q�F�O�X�V�L�R�Q�V�����E�U�L�J�K�W���J�U�D�L�Q���D�W���W�K�H���P�L�G�G�O�H���U�L�J�K�W��

�K�D�Q�G���V�L�G�H���R�I���W�K�H���L�P�D�J�H�����V�F�D�O�H���E�D�U�����������Q�P�������>�����@��

�7�K�H���O�L�Q�N���W�R���W�K�H���V�P�D�O�O�H�V�W���Y�R�O�X�P�H���L�Q���W�K�H���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���I�R�U���W�K�H���%���7�)�0�2���V�D�P�S�O�H��

�F�R�Q�V�L�V�W�V���R�I���D�G�G�L�W�L�R�Q�D�O���������������E�U�L�J�K�W���I�L�H�O�G���7�(�0���L�P�D�J�H�V���W�K�D�W���Z�H�U�H���W�D�N�H�Q���D�O�R�Q�J���D���������—�P��

�O�R�Q�J���O�D�P�H�O�O�D���I�U�R�P���D���U�D�Q�G�R�P�O�\���F�K�R�V�H�Q���O�R�F�D�W�L�R�Q���I�R�U���W�K�H���V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�L�V�����7�K�H�U�H���K�D�Y�H��

�E�H�H�Q���Q�R���L�Q�F�O�X�V�L�R�Q�V���R�E�V�H�U�Y�H�G���L�Q���D���Y�R�O�X�P�H���R�I�������������—�P���������(�Y�H�U�\���L�P�D�J�H���V�K�R�Z�V���V�P�R�R�W�K��

�V�L�Q�J�O�H���F�U�\�V�W�D�O�O�L�Q�H���$�X�U�L�Y�L�O�O�L�X�V���S�K�D�V�H���P�D�W�H�U�L�D�O���Z�L�W�K���J�U�D�L�Q�V���W�R�X�F�K�L�Q�J���H�D�F�K���R�W�K�H�U��

�V�P�R�R�W�K�O�\���D�Q�G���W�L�J�K�W�O�\����Fig. 3.20�������,�Q���I�R�U�P�H�U���V�W�X�G�L�H�V���D�W���V�L�P�L�O�D�U���V�D�P�S�O�H�V�����%�7�)���&���2��

�>�����@�����I�R�O�O�R�Z�L�Q�J���V�X�F�K���D���³�U�D�Q�G�R�P�´���V�D�P�S�O�L�Q�J���D�S�S�U�R�D�F�K�����W�K�H���P�L�F�U�R�V�W�U�X�F�W�X�U�H���D�Q�G��

�F�R�P�S�R�V�L�W�L�R�Q���R�I���L�Q�F�O�X�V�L�R�Q�V���F�R�X�O�G���E�H���L�G�H�Q�W�L�I�H�G���D�Q�G���L�P�D�J�H�G���L�Q���G�H�W�D�L�O�����V�L�P�L�O�D�U���W�R���W�K�H���W�\�S�H��

�R�I���V�H�F�R�Q�G���S�K�D�V�H���P�D�W�H�U�L�D�O���E�H�L�Q�J���V�R�X�J�K�W���K�H�U�H�����+�H�Q�F�H���I�R�U���W�K�H���V�D�P�S�O�H���X�Q�G�H�U���V�W�X�G�\���L�Q���W�K�L�V��
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�U�H�S�R�U�W���L�W���F�D�Q���E�H���F�R�Q�I�L�U�P�H�G���Z�L�W�K���������������F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O���W�K�D�W���W�K�H�U�H���D�U�H���Q�R�Q�H�����7�K�H��

�U�H�V�R�O�X�W�L�R�Q���D�W���W�K�H���F�K�R�V�H�Q���P�D�J�Q�L�I�L�F�D�W�L�R�Q���L�Q���W�K�H���7�(�0���Z�D�V���V�X�F�K���W�K�D�W���L�Q�F�O�X�V�L�R�Q�V���G�R�Z�Q���W�R��

�����Q�P���Z�R�X�O�G���E�H���L�G�H�Q�W�L�I�L�H�G�����L�I���S�U�H�V�H�Q�W����

��

3.2.3. Discussion 

��

�7�K�H���P�D�L�Q���T�X�H�V�W�L�R�Q���D�V�N�H�G���U�H�J�D�U�G�L�Q�J���W�K�H���P�X�O�W�L�I�H�U�U�R�L�F���R�[�L�G�H���W�K�L�Q���I�L�O�P�V���L�V�����µ�$�U�H���W�K�H�U�H��

�D�Q�\���I�H�U�U�R�P�D�J�Q�H�W�L�F���L�Q�F�O�X�V�L�R�Q�V�"�¶�����7�K�L�V���L�V���W�K�H���V�L�Q�J�O�H���P�R�V�W���F�U�L�W�L�F�D�O���I�D�F�W�R�U���L�Q���W�K�H���D�Q�D�O�\�V�L�V��

�R�I���Q�H�Z���V�L�Q�J�O�H���S�K�D�V�H���P�X�O�W�L�I�H�U�U�R�L�F���P�D�W�H�U�L�D�O�V���E�H�F�D�X�V�H���W�K�H���P�D�J�Q�H�W�L�F���U�H�V�S�R�Q�V�H���L�V��

�S�D�U�W�L�F�X�O�D�U�O�\���V�H�Q�V�L�W�L�Y�H���W�R���W�K�H���D�P�R�X�Q�W���R�I���V�X�F�K���L�Q�F�O�X�V�L�R�Q�V�����7�R���D�Q�V�Z�H�U���W�K�L�V���T�X�H�V�W�L�R�Q���D��

�F�R�P�S�U�H�K�H�Q�V�L�Y�H���I�U�D�P�H�Z�R�U�N���Z�D�V���G�H�Y�H�O�R�S�H�G���E�D�V�H�G���R�Q���O�L�Q�N�L�Q�J���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���(�'�;��

�G�D�W�D���I�U�R�P���6�(�0���D�Q�G���7�(�0���V�F�D�Q�V���Z�L�W�K���W�K�H���Q�X�P�H�U�L�F�D�O���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���G�H�V�F�U�L�E�H�G��

�D�E�R�Y�H�����7�K�H���D�Q�D�O�\�W�L�F�D�O���I�U�D�P�H�Z�R�U�N���W�K�D�W���Z�D�V���G�H�Y�H�O�R�S�H�G���L�V���V�F�K�H�P�D�W�L�F�D�O�O�\���G�H�V�F�U�L�E�H�G���L�Q���D��

�I�O�R�Z���F�K�D�U�W����Fig.��3.21���������7�K�H���I�L�U�V�W���V�W�H�S���L�V���L�Q���I�L�Q�G�L�Q�J���W�K�H���R�S�W�L�P�X�P���H�[�S�H�U�L�P�H�Q�W�D�O��

�D�Q�D�O�\�W�L�F�D�O���W�H�F�K�Q�L�T�X�H���W�K�D�W���F�D�Q���R�E�W�D�L�Q���V�S�D�W�L�D�O�O�\���U�H�V�R�O�Y�H�G���P�D�S�V���R�I���H�O�H�P�H�Q�W�D�O��

�F�R�P�S�R�V�L�W�L�R�Q�V�����(�'�;���D�Q�D�O�\�V�L�V���L�V���D�Q���R�E�Y�L�R�X�V���F�K�R�L�F�H���D�V���L�W���K�D�V���W�K�H���V�S�D�W�L�D�O���U�H�V�R�O�X�W�L�R�Q��

�Q�H�F�H�V�V�D�U�\���W�R���O�R�F�D�O�L�]�H���W�K�H���L�P�S�X�U�L�W�L�H�V�����D�Q�G���U�H�D�V�R�Q�D�E�O�\���J�R�R�G���G�H�W�H�F�W�L�R�Q���O�L�P�L�W�V���W�R���P�R�V�W��

�H�O�H�P�H�Q�W�V�����=���•�������������0�R�U�H�R�Y�H�U�����(�'�;���D�Q�D�O�\�V�L�V���R�Q���6�(�0���L�Q���W�K�H���F�D�V�H���R�I���I�O�D�W���V�X�E�V�W�U�D�W�H�V��

�G�R�H�V���Q�R�W���U�H�T�X�L�U�H���D�Q�\���H�[�W�H�Q�V�L�Y�H���D�Q�G���H�O�D�E�R�U�D�W�H���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q�����7�K�H���G�D�W�D��

�D�F�T�X�L�V�L�W�L�R�Q�����S�U�R�G�X�F�W�L�Y�L�W�\���R�I���G�H�W�H�F�W�L�R�Q�����K�D�V���L�Q�F�U�H�D�V�L�Q�J�O�\���E�H�H�Q���L�P�S�U�R�Y�H�G���E�\���W�K�H��

�L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���O�D�U�J�H���D�U�H�D���6�L���G�U�L�I�W���G�H�W�H�F�W�R�U�V�����6�6�'�������L�Q�F�U�H�D�V�L�Q�J���W�K�H���V�R�O�L�G���D�Q�J�O�H���R�I��

�G�H�W�H�F�W�L�R�Q���D�Q�G���D�X�W�R�P�D�W�L�R�Q���S�U�R�F�H�G�X�U�H�V�������,�Q���W�K�H���Q�H�[�W���V�W�H�S�����W�K�H���R�E�W�D�L�Q�H�G���U�H�V�X�O�W�V��

�H�[�S�H�U�L�P�H�Q�W�D�O���D�Q�D�O�\�V�L�V���F�D�Q���E�H���W�U�H�D�W�H�G���D�V�����<�(�6���1�2���L�Q���U�H�J�D�U�G���W�R���V�H�F�R�Q�G���S�K�D�V�H���G�H�W�H�F�W�H�G����

�2�Q�F�H���W�K�H���F�K�R�L�F�H���L�V���P�D�G�H���W�K�H���V�W�D�W�L�V�W�L�F�V���Q�H�H�G���W�R���E�H���G�H�Y�H�O�R�S�H�G���L�Q���R�U�G�H�U���W�R���V�X�S�S�O�\���W�K�H��
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�S�D�U�D�P�H�W�H�U�V���W�K�D�W���S�U�R�Y�L�G�H���W�K�H���L�Q�S�X�W���I�R�U���W�K�H���G�H�V�L�J�Q���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�����7�K�H���P�D�M�R�U���V�W�H�S�V��

�L�Q���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���W�K�H���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���D�U�H���G�H�P�R�Q�V�W�U�D�W�H�G���L�Q���G�H�W�D�L�O���L�Q���W�K�H���V�H�F�W�L�R�Q��

Statistical Analysis (3.2.2)�����V�W�D�U�W�L�Q�J���D�Q�D�O�\�V�H�V���R�I���W�K�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�I�L�F�D�Q�F�H���R�I���D���V�L�Q�J�O�H��

�P�H�D�V�X�U�H�P�H�Q�W���R�I���D���J�L�Y�H�Q���V�D�P�S�O�H���Y�R�O�X�P�H���D�Q�G���D�W���D���I�L�[�H�G���U�H�V�R�O�X�W�L�R�Q�����D�Q�G���W�K�H�Q���S�U�R�F�H�H�G�H�G��

�W�R���H�Y�D�O�X�D�W�H���V�H�U�L�H�V���R�I���P�H�D�V�X�U�H�P�H�Q�W�V���D�W���Y�D�U�\�L�Q�J���Y�R�O�X�P�H�V���D�Q�G���U�H�V�R�O�X�W�L�R�Q�V�����7�K�L�V���I�L�Q�D�O�O�\��

�J�L�Y�H�V���W�K�H���S�R�V�V�L�E�L�O�L�W�\���W�R���F�R�Q�F�O�X�G�H�����L�Q���W�K�L�V���F�D�V�H���Z�L�W�K���D���V�W�D�W�L�V�W�L�F�D�O���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O���R�I��

�����������������W�K�D�W���D���S�K�\�V�L�F�D�O���H�I�I�H�F�W�����H���J�����W�K�H���P�D�J�Q�H�W�L�F���U�H�P�D�Q�H�Q�F�H���R�I���W�K�H���V�D�P�S�O�H�����L�V��not 

�F�D�X�V�H�G���E�\���X�Q�G�H�W�H�F�W�H�G���L�Q�F�O�X�V�L�R�Q�V�����1�2���F�K�R�L�F�H���I�H�H�G�V���L�Q�W�R���W�K�H���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���W�R��

�F�D�O�F�X�O�D�W�H���W�K�H���X�S�S�H�U���O�L�P�L�W���R�I���L�P�S�D�F�W������
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��

Figure 3.21�����7�K�H���Z�K�R�O�H���S�U�R�F�H�V�V���I�O�R�Z���R�I���W�K�H���Q�H�Z���J�H�Q�H�U�L�F���P�H�W�K�R�G�R�O�R�J�\���I�R�U��

�O�R�F�D�O�L�]�D�W�L�R�Q�����L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���D�Q�G���J�U�D�L�Q���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���L�Q�F�O�X�V�L�R�Q�V���L�Q���W�K�L�Q���I�L�O�P�V���Z�L�W�K��

�K�L�J�K���F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O����

�,�Q���W�K�H���F�D�V�H���R�I���L�Q�F�O�X�V�L�R�Q�V���E�H�L�Q�J���R�E�V�H�U�Y�H�G�����<�(�6���R�X�W�F�R�P�H�������W�K�H���Q�D�W�X�U�H�����V�W�U�X�F�W�X�U�D�O����

�F�R�P�S�R�V�L�W�L�R�Q�D�O���S�U�R�S�H�U�W�L�H�V�����R�I���W�K�H�V�H���K�D�V���W�R���E�H���G�H�W�H�U�P�L�Q�H�G���L�Q���R�U�G�H�U���W�R���D�Q�V�Z�H�U���W�K�H���Q�H�[�W��

�T�X�H�V�W�L�R�Q���L�Q���W�K�H���I�O�R�Z���F�K�D�U�W�����µ�'�R���W�K�H���R�E�V�H�U�Y�H�G���L�Q�F�O�X�V�L�R�Q�V���K�D�Y�H���D�Q���H�I�I�H�F�W���R�Q���W�K�H��

�P�D�J�Q�H�W�L�F���U�H�P�D�Q�H�Q�F�H���R�I���W�K�H���P�D�L�Q���S�K�D�V�H�"�¶���,�I���W�K�H�\���G�R�����W�K�H���S�H�U�F�H�Q�W�D�J�H���R�I���L�P�S�D�F�W���Q�H�H�G�V��

�W�R���E�H���F�D�O�F�X�O�D�W�H�G�����)�R�U���H�[�D�P�S�O�H�����W�K�H���S�U�H�V�H�Q�F�H���R�I���V�H�F�R�Q�G���S�K�D�V�H���P�D�J�Q�H�W�L�F���L�Q�F�O�X�V�L�R�Q�V���D�W���D��
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�Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���R�I���������������D�F�F�R�X�Q�W�H�G���I�R�U���D�O�O���R�I���W�K�H���R�E�V�H�U�Y�H�G���P�D�J�Q�H�W�L�]�D�W�L�R�Q���L�Q���W�K�H��

�%�7�)���&���2���W�K�L�Q���I�L�O�P�V���U�H�S�R�U�W�H�G���S�U�H�Y�L�R�X�V�O�\���>�����@���7�K�R�X�J�K���D�Q�\���W�U�D�F�H���R�I���I�H�U�U�R�P�D�J�Q�H�W�L�F��

�L�Q�F�O�X�V�L�R�Q�V���Z�L�W�K�L�Q���D�V�V�H�U�W�H�G���P�X�O�W�L�I�H�U�U�R�L�F���P�D�W�H�U�L�D�O�V���P�L�J�K�W���U�D�L�V�H���F�R�Q�F�H�U�Q�V�����W�K�H��

�P�X�O�W�L�I�H�U�U�R�L�F���S�U�R�S�H�U�W�\���R�I���D���Q�H�Z���P�D�W�H�U�L�D�O���F�D�Q���V�W�L�O�O���E�H���H�V�W�D�E�O�L�V�K�H�G���Z�L�W�K���D���J�L�Y�H�Q��

�F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O�����L�I���W�K�H���F�D�O�F�X�O�D�W�H�G���L�P�S�D�F�W���R�I���W�K�H���L�Q�F�O�X�V�L�R�Q�V���V�H�H�Q���L�V���P�L�Q�R�U������

Table 3.2. �3�H�U�I�R�U�P�H�G���9�R�O�X�P�H���6�F�D�Q�V���I�R�U���V�D�P�S�O�H���%���7�)�0�2�� 

�0�H�W�K�R�G�� k �9�R�O�X�P�H��Vk����

�>�P�P���@��

�V�P�D�O�O�H�V�W���G�L�D�P�H�W�H�U��dk �>�Q�P�@�� �Ik Mr,k����

�>m�H�P�X���J�@��

�6�X�U�I�D�F�H���(�'�;�� ���� �������������� �������������G������� �����—�P���� ������������ ����������

�6�X�U�I�D�F�H���(�'�;�� ���� ������������ ���������� ������������ ����������

�6�X�U�I�D�F�H���(�'�;�� ���� ���������� ���������� ������������ ����������

�6�X�U�I�D�F�H���(�'�;�� ���� �������� ������ ������������ ����������

�6�X�U�I�D�F�H���(�'�;�� ���� �������� ������ ������������ ����������

�6�X�U�I�D�F�H���(�'�;�� ���� ������ ������ ������������ ����������

�6�X�U�I�D�F�H���(�'�;�� ���� �������� ������ ������������ ����������

�7�(�0�� ���� ���������� ���� ������������ ����������

��

�,�Q���W�K�H���F�D�V�H���R�I���Q�R���L�Q�F�O�X�V�L�R�Q�V���E�H�L�Q�J���R�E�V�H�U�Y�H�G�����1�2���F�D�V�H�����W�K�H���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���L�Q�F�O�X�V�L�R�Q�V��

�W�R���W�K�H���U�H�P�D�Q�H�Q�F�H���F�D�Q���E�H���H�V�W�L�P�D�W�H�G���V�W�D�W�L�V�W�L�F�D�O�O�\�����$�V���D���Z�R�U�N�H�G���H�[�D�P�S�O�H���D���Q�X�P�E�H�U���R�I��
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�P�H�D�V�X�U�H�P�H�Q�W�V�����O�D�E�H�O�O�H�G��k � �������«���������D�W���Y�D�U�\�L�Q�J���G�H�W�H�F�W�L�R�Q���O�L�P�L�W�V����dk � �������P�P���«�������Q�P����
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Figure 3.22. �7�K�H���E�O�X�H���E�D�U�V���L�Q�G�L�F�D�W�H���W�K�H���P�D�[�L�P�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���/ �å,�Þ,�è���W�R���W�K�H���U�H�P�D�Q�H�Q�W��
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3. Summary and Outlook 

 

To summarise and recap, in the course of this study the emphasis was placed on 

the application of advanced analytical EM techniques in the context of 

multiscale and multimodal microscopy – multiscale meaning across length 

scales from micrometres or larger to nanometres, multimodal meaning numerous 

techniques applied to the same sample volume in a correlative manner. 

In order to demonstrate the breadth and potential of the multiscale and 

multimodal concept an integration of it was attempted in two areas: I) 

Biocompatible materials using polycrystalline stainless steel and II) 

Semiconductors using thin multiferroic films.  

 

I) In this study a FIB patterning protocol for nano-structuring features 

(concaves) ordered in rectangular arrays on pre-polished 316L stainless steel 

surfaces was presented together with an investigation based on correlative 

microscopy approach of the size, shape and depth of the developed arrays in 

relation to the crystal orientation of the underlying SS domains. The correlative 

microscopy protocol is based on cross-correlation of top-view Scanning Electron 

Microscopy, Electron Backscattering Diffraction, Atomic Force Microscopy, 

cross-sectional (serial) sectioning and Transmission Electron 

Microscopy/Electron Diffraction. Various FIB tests were performed, aiming at 

improved productivity by preserving nano-size accuracy of the patterned 
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process. The optimal FIB patterning conditions for achieving reasonably high 

throughput (patterned rate of about 0.03 mm2 per hour) and nano-size accuracy 

in dimensions and shapes of the features, were discussed as well. 

FIB has compelling advantages for flexible prototyping compared to other 

traditional techniques, however the milling rates and the corresponding shape 

and size of the formed structures is largely affected by the grain size of the 

polycrystalline 316L stainless steel and stability of the ion beam quality over 

large areas. Moreover this method is practically limited to 120 nm resolution for 

the desired pit depth and uniform scan size of 200 µm x 200 µm at a high 

throughput. Nevertheless formed structures show large variation of pit depths 

and shapes and as such surfaces might serve as a resourceful platform for 

screening large variations of cell/pattern stainless steel interactions. However, 

the FIB nano-pits design A and B created on polycrystalline stainless steel 

surfaces demonstrated low EC adhesion and proliferation relative to unpolished 

and electropolished specimens in initial tests. There was no significant 

difference in EC adhesion and proliferation between unpolished-electropolished 

samples and design A and B pits. Nano-patterning of the stainless steel surfaces 

by FIB is time-consuming and expensive, especially when patterning large areas. 

The precision and reproducibility of this technique is greatly affected by the 

polycrystallinity of stainless steel and a stable beam quality over large sample 

areas.  

Further morphological examination of EC response on nano-structured steel 

surfaces are needed to verify the mechanism for low EC adhesion and 

proliferation on these surfaces. Further optimisation of the patterning of 
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stainless steel by FIB is also needed in order to increase the chance of this 

method being viable for mass production, especially given the wavy surfaces of 

real stents, not just stainless steel substrates, a lot of work remains there. 

Also for further studies remain AFM scans with very high aspect ratio tips which 

could reveal the depth profile of the patterned surface non-destructively, an 

undoubtful advantage over the destructive serial FIB/SEM and TEM techniques. 

It also should be far quicker with the AFM instruments being advanced at fast 

speed. The correlation of grey scales in the FIB and SEM images to the false 

coloured EBSD maps is unfortunately not possible due to the undulating (and 

hence ambigious) intensity over the crystal orientation. Yet a better correlation 

of this crystalline dependence of the SE yield could be achieved by ordering the 

data with that focus in mind. The drawback of hitherto published work is that 

single crystalline samples had been prepared in only one or two crystal 

orientation and the SE yield measured as function of the calculated crystal 

orientaion from the angle of the tilted sample. 

II) For the statistical and microstructural analysis of inclusions in multiferroic 

thin films it can be said in conclusion that a comprehensive and reliable method 

was developed to detect, localize, isolate and analyse nm- and µm-inclusions in 

multiferroic thin films and their impact on the properties of the main phase was 

calculated. More importantly this newly developed analytical methodology fills 

the gap between µm inclusions and atomic scale inclusions. It can be said with 

confidence that this method can be applied to materials where a functional 

property (electrical, optical etc.), might be confounded by a second phase with 

dimensons in the nm and µm range provided that the statistical design of the 
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measurement is adapted to the particular problem and material system in 

question.  

A thorough microstructural phase analysis performed on the B6TFMO thin films 

showed no traces of ferromagnetic inclusions and a statistical analysis based on 

the volumes inspected placed a confidence of 99.5% that the observed 

ferromagnetism was not coming from unobserved ferromagnetic grains of 

spinel. The body of evidence reported here suggests that the higher Fe/Mn 

content grains with a composition of around Bi6Ti2.6Fe1.77Mn0.63O18 are single 

phase room temperature magnetoelectric multiferroics. An explanation for the 

effect has been given based upon the Goodenough-Kanamori rule for super-

exchange and the Mn largely being present as Mn4+. These materials could find 

application to a wide range of new or improved devices and potentially meet 

future industry requirements in high density memory applications.  

Clearly, further work is now required which will include the direct measurement 

of the compositions of the multi-ferroically switchable grains and x-ray 

photoelectron spectroscopy to determine Mn oxidation states, as well as the 

development of synthetic techniques to develop thin films in which all grains 

possess a composition around Bi6Ti2.6Fe1.77Mn0.63O18, for which it is expected 

that higher remanent magnetizations will be achieved. Also the growth on other 

substrates that give better alignment of the thin films gives room for further 

studies, as well as studying the long-term stability of the films themselves as 

there are hints of sensitivity to prolonged exposure to light. 

This multiscale concept described in this thesis could also be expanded in 

further studies into the realm of atomic scale by an investigation of potential 
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oxidation at boundaries or of the presence of atomically thin inter-granular 

phases in these complex oxides.  

This adaptation of the statistical analysis would be very interesting to see for 

another material/analysis technique, for instance the occurance of sponteanus 

glass breakage due to µm-sized inclusions in sheets of tempered glass.  
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Appendix  
 

 

The Appendix contains  

A. detailed data for further correlative microscopy studies on the patterned 

stainless steel,  

B. further data of a microstructural analysis on BTFMO films on sapphire that 

was particles rich in mixed phases and 

C. publications that came out of other work carried out within the PhD training, 

TEM investigations regarding the structure-activity-relationship between 

metallic nanoparticles as catalyst and reaction efficiencies in Suzuki-

Miyaura-Reactions. 

C.1. Stability, Oxidation and Shape Retention of PVP-Capped Pd 

Nanocrystals  

C.2. The Origin of Shape Sensitivity in Palladium-Catalyzed Suzuki–

Miyaura Cross Coupling Reactions  

C.3. Enhanced Catalytic Activity of High-Index Faceted Palladium 

Nanoparticles in Suzuki–Miyaura Coupling Due to Efficient Leaching 

Mechanism  
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A. detailed data for further correlative microscopy studies on the patterned stainless 

steel 

 

 

Inverse pole figure (IPF, Z-map) from the EBSD analysis in the region that was 

patterned with a grid of markers afterwards. 
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a) Theoretical design of the marker pattern.  

 

b) Actual resulting pattern overlaid over the region where EBSD analysis was 

performed. The marks from the EBSD analysis are still visible at the bottom of the 

image as dark dots in a 2µm x 2µm steps array. The red and orange coloured fields 

in a) represent the most promising areas for correlative microscopy study showing 

strong contrasting features in the SEM images numbered in the order of preference 

as detailed on the following pages. 



114 
 

Region 1 was studied and is shown in the main body of the thesis. 
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Region 2 
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Region 3 
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Region 4 
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Region 5 
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Region 6 
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Region 7 
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Region 8 
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Region 9 
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Region 10 
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Region 11 

 

 



125 
 

B. The synthesis of the BTFMO films on sapphire caused the appearance of a mixed 

phases as is shown in the following pages. 
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Notes and observations from the analysis shown in the previous pages: 

 

• Aurivilius phase unit cell is mostly 3.8 nm long suggesting 4 perovskite 

layers per half unit cell with some areas showing 5 layers at 4.2 nm length  

– Atomic ratio Bi:Ti:Fe:Mn is approx. 20:13:5:2 

• There is an amorphous substance underneath many Aurivilius crystals, also 

forming a meniscus at the sides of all crystals; this substance is very Bi rich 

and probably excess sol gel 

• 72 hour EDX map across 2250 um2 revealed different Fe and Mn rich areas  

– Bigger square shaped areas with Bi:Ti:Fe:Mn atomic ratio 1:1:3:2  

– Smaller dots with Bi:Ti:Fe:Mn atomic ratio 1:0.2:5:10 

– (atomic ratios rounded) 

• To determine the crystal structure of the Fe/Mn areas further analysis is 

required 
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Abstract 

A critical aspect in the practical application and enhanced catalytic performance of shape 

controlled nanocrystals is their stability and morphology retention under ambient conditions.  

Changes to the morphology of shape-controlled Pd nanocrystals capped by PVP are assessed 

by TEM and surface oxidation was evaluated by X-ray photoelectron spectroscopy (XPS), 

over 12 months. Surface oxidation of PVP-capped Pd nanocrystals resulted in loss of edge 

and corner sites and transition to spherical morphologies.  The shape stability of the 

nanocrystals was found to follow the trend cubic < cuboctahedra < octahedral ~ concave 

cubes.  For low index planes, {111} surfaces are more resistant to oxidation compared to 

{100} facets, correlating with the surface free energy of the nanocrystals.  Cubic and 
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cuboctahedral nanocrystals transitioned to spherical particles while octahedral nanocrystals 

retained their morphology. The presence of high energy {110} facets were observed in the 

cubic nanocrystals which undergo surface reconstruction.  The presence of surface defects 

such as stacking faults were also found to influence the rate of the structural changes.  

Concave cubic nanocrystals, which possess high index facets and surface energies were 

consistently found to display excellent morphology retention.  The concave cubic 

nanocrystals displayed superior shape stability and reduced oxidation compared to cubic and 

cuboctahedral nanocrystals.  XPS analysis further determined that PVP capping ligands on 

different Pd surface facets strongly influences the morphological consistency.  The stability 

of the concave cubes can be attributed to stronger chemisorption of PVP capping ligands to 

the high index plane making them less susceptible to oxidation. 

 

Keywords: Palladium, shape controlled nanocrystals, oxidation, stability, surface facet.  

 

Introduction 

Extensive developments in the controlled synthesis of noble metal nanocrystals (NCs), with 

specific morphologies, have allowed numerous shape-dependent properties to be 

determined.1-3  Altering the morphology of a NC exposes surface facets which display 

different atomic arrangements, leading to applications in selective catalysis; several 

hydrogenation4,5 and oxidation6,7 reactions demonstrate facet dependent reactivity.  

Nanocrystal shape can also influence the optical properties of plasmonic nanostructures 

leading to enhanced sensing and biomedical applications.8,9  While early research efforts 

focused on synthesizing NCs enclosed by low index surface facets, such as {111} and {100}  

surfaces, there has been enormous recent progress in the growth of NCs enclosed by high 

index faces, achieved by manipulating growth kinetics.10,11  High-index facets are denoted by 
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a set of Miller indices {hkl} with at least one index being greater than one.  The 

morphologies of such structures are often characterized by sharp corners giving rise to unique 

optical properties and improved surface enhanced Raman scattering.11  High index surfaces 

have a high density of low co-ordinated atoms located at step, edge and kink sites, thus have 

potential for enhanced catalysis.12  Improved catalytic and electrocatalytic performance of 

NCs terminated by high index facets has been demonstrated.13-16 

 

Pd is an important noble metal central to heterogeneous catalysis for chemical synthesis17,  

fuel cells18 and hydrogen storage.19  Recent developments in understanding the growth 

conditions and mechanisms that influence NC morphology has facilitated exceptional control 

over the solution synthesis of Pd NCs enclosed by well-defined facets.  Shape control 

synthesis of Pd NCs has been reported using selective capping ligands20-22, seeded 

growth14,23-26, heteroexpitaxial growth27-29 and electrochemical methods16,30.  The use of 

shape controlled Pd NCs has been shown or has been shown in enhanced performance in 

catalysis14,27 and cancer therapy.6 

 

Many practical applications of NCs, such as catalysis, require a metal to be deposited on a 

support material.  The stability of shape-defined Pd NCs on support materials over time has 

not been thoroughly evaluated and is of key importance in exploiting the structure dependent 

properties of NCs.  Loss of NC shape and changes in chemical state, due to surface oxidation, 

can have an impact on catalytic reactivity, molecular adsorption and optical properties. 

 

Here, we report the stability and shape evolution of faceted Pd NCs supported on activated 

carbon.  Activated carbon is one of the most commonly used support materials due to its high 

surface area, inertness and low cost.  In this article, the stability of shape-controlled Pd 
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nanostructures including cubic, octahedral and cuboctahedral NCs are assessed by TEM and 

XPS.  In addition to low index NCs, the stability of concave cubes enclosed by high index 

surface facets is also investigated.  The concave cubes displayed excellent stability after 

immobilization and superior oxidation resistance compared to cubic and cuboctahedral NCs.  

Structural features present in the as-synthesized NCs, such as surface faceting and defects, 

influence the stability of the NCs.  XPS was utilized to probe the changes to the NC oxidation 

state and to understand the origin of the stability observed for high index surface facets.  In 

this study, the chemisorption of PVP on the surface of Pd NCs enclosed by different surface 

facets was found to be important for NC stability and retention of their morphology. 

 

Experimental 

Pd NCs of different surface facets were prepared by the methods described by Xia and co-

workers.26  A variety of NC shapes and sizes were investigated including 10 nm and 20 nm 

Pd cubic, 28 nm cuboctahedra and octahedral NCs with an edge length of 21 nm.  High index 

facet concave cubes were prepared from 10 nm cubic seeds, measuring ~20 nm across in 

length and 35 nm from corner-corner.14  For the stability studies six batched of the each NC 

were prepared.  Pd NCs were immobilized on activated carbon by stirring at room 

temperature overnight and collected by filtration.  Immobilization of the NCs on carbon was 

evident from the color change of the solution which changed from dark brown to near-

colorless.  The morphological stabilities of the carbon supported NCs was carried out by 

preparing the samples on TEM grids.  Samples for analysis were prepared in triplicate and 

were left in ambient conditions (air, ~20 ºC). 

 

 

Materials Characterization 
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Microscopy. Scanning electron microscopy (SEM) images were obtained using a FEI 

DualBeam Helios NanoLab 600i high resolution SEM.  Transmission electron microscopy 

(TEM) analysis was performed using a JEOL 2100 transmission electron microscope, 

operating at a voltage of 200 kV.  Scanning transmission electron microscopy (STEM) was 

carried out on a FEI Titan TEM at an operating voltage of 300 kV. 

 

X-Ray Photoelectron Spectroscopy (XPS).  XPS spectra were collected on a KRATOS-AXIS-

�������� �X�V�L�Q�J�� �D�� �P�R�Q�R�F�K�U�R�P�D�W�L�F�� �$�O�� �.�.�� �O�L�Q�H�� ���������������� �H�9���� �D�V�� �W�K�H�� �;-ray source.  All spectra were 

collected at a take-off angle (�ê) of 90° to the surface normal.  Spectra were referenced to the 

C 1s at a binding energy 284.8 eV and a Shirley background was applied.  The C1s spectra 

were fitted to Gaussian (70 %) Lorentzian (30 %) profiles.  The high resolution Pd 3d scans 

were fit ted with asymmetric Gaussian-Lorentzian profiles.  The relative ratio of the Pd 3d 

doublet was fixed during the fitting, while the full width at half maximum (fwhm) and peak 

position were allowed to vary within a reasonable range to obtain the best fit. 

 

Results and Discussion 

1. Structural Stability of Pd Nanocrystals 

The as-synthesized cubic Pd cubes, shown in figure 1 (a) are largely characterized by six 

{100} surface facets.  The cubic morphology is unaffected by the immobilization procedure 

onto activated carbon as shown by the STEM image in figure 1(b).  Exposure of the 

immobilized cubes for 7 days revealed little change in the morphology of the NCs, while 

analysis of the same NCs after 3 months revealed that the morphology of the 10 nm cubes 

altered.  The change in shape changes was also observed to vary within a same sample, with 

some NCs becoming truncated whilst others displayed more pronounced changes, such as 

becoming spherical (Supporting Information Figure S1).  After 6 months, the cubic NCs were 
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almost entirely spherical in shape, as shown in figure 1(c).  High resolution TEM analysis of 

the NCs after 6 months revealed that many of the particles were defect-free single crystalline, 

while others contained stacking defects such as those shown figure 1(d).  In contrast, the 20 

nm diameter NCs showed a greater retention of their morphology over time, with a mixture 

of slight and heavily truncated cubes observed as shown by comparison of the NCs 1 week 

and 6 months after deposition (figure 1 (e)-(f)).  Cubic NCs stored under inert conditions (N2 

filled gloved box) after immobilization also exhibited rounded corners, consistent with 

surface atom diffusion, but no transformation from a cubic to a spherical morphology was 

observed indicating that interaction with O2 influences NC stability.  PVP-protected cubic 

NCs used in this study exhibited considerably greater stability compare to ethylene glycol 

protected NCs.  Xiong et. al.31 reported that dried 50 nm diameter Pd cubes capped with 

ethylene glycol formed a nanocrystalline PdO shell, readily observed by TEM after ~8 days 

of ambient exposure.   Additionally, they reported an inverse relationship between NC size 

and stability with smaller (8 nm) cubes displaying superior stability (up to 90 days), 

compared to 50 nm cubes.  This increased stability with decreasing size was not observed for 

the PVP-capped NCs used in this study, which clearly revealed that 10 nm cubes were less 

stable and lost their cubic morphology compared to the 20 nm cubes.  Furthermore, TEM 

analysis on the aged cubes (after becoming spherical) did not show the presence of a 

crystalline oxide shell, suggesting a low degree of oxide formation due to a better surface 

passivation by bulkier PVP compared to ethylene glycol.  The presence of the surrounding 

carbon matrix and polymeric capping ligands on the nanocrystals in this study, obstruct direct 

imaging of ultra-thin oxide layers by TEM. 
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Figure 1.  (a) TEM images of as-synthesized 10 nm PVP-capped cubic Pd NCs.  (b) STEM 

image of 10 nm cubes deposited on activated carbon.  (c) TEM image of 10 nm cubes 6 

months after deposition onto carbon. (d) TEM image of cubic NC, aged for 12 months.  (e) 

20 nm cubic Pd NCs 1 week and (f) 6 months after deposition on activated carbon. The red 

arrows highlight NCs with well-maintained cubic morphologies and the blue arrows highlight 

NCs evolved to truncated NCs.  Figure (f) inset shows typical 20 nm cubic Pd NC 12 month 

after ambient exposure (scale bar is 5 nm).  

 

The changes in the morphology of the Pd NCs from cubic to spherical are driven by energy 

minimization to the most thermodynamically favourable shape.  To understand the factors 
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contributing to the shape changes observed in the cubic NCs, high resolution TEM was used 

to analyze the particles at different stages of ageing.  Figure 2(a) shows a TEM image of a 

freshly prepared cubic NC projected in the [011] direction.  A significant feature shown in 

figure 2(a) is the presence of a {110} facet, which is not often observed on nanostructures 

due to its lower stability compared to {111} and {100} facets.  The schematic shown in 

figure 2 illustrates the true structure of the cubic NCs showing the truncated corners with 

{111} and {110} facets in addition to the {100} cubic faces.32  As shown in figure 2(a), these 

surfaces are relatively rough at the atomic scale and show missing-row reconstruction, 

characteristic of noble metal {110} surfaces.33  In some regions, rows of atoms are missing 

along the [1-10] direction and give rise to a saw-tooth configuration, as identified by black 

arrows in figure 2(a).  The image is magnified in the inset of figure 2(a) for clarity.  Similar 

surface reconstruction has previously been observed on Au nanorods.34  The presence of 

adatoms, shown by the white arrows in figure 2(a) is also observed.  The driving force for 

this reconstruction is the formation of lower energy {111} micro facets on the (110) surface 

giving an overall lower surface energy after reconstruction, as illustrated by the inset 

schematic, in figure 2(a).  No reconstruction was observed on the {100} facets and surface 

defects mainly consisted of single atom height terraces (Supporting Information Figure S2).  

A higher density of step sites was generally observed at the corners as shown in figure 2(b).  

Here, the presence of a higher index {220} and {310} facets can be seen where the {100} and 

{111} facets meet.  This observation is in excellent agreement with DFT calculations 

showing high index stepped surfaces being preferential to sharp corners at the boundaries 

between the (100) and (111) facets.35  Additionally, as previously described, surface 

reconstruction of the {110} facets is again seen in figure 2(b).  As the NCs age, loss of the 

stepped surfaces, which are more prevalent at the corners is observed, causing rounding of 

the corners (figure 2(c)).  The facets continue to reduce in size, eventually becoming 
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spherical (figure 2(d)).  Such transformations are predicted by DFT calculations due to O2 

adsorption and surface oxide formation.35  The presence of the {110} facet on the cubic NCs 

are influential to the stability of the NCs due to the greater reactivity and lower stability 

associated with the surface.  Nanostructures with high surface defect densities are less stable 

and more susceptible to oxidation, thereby affecting the rate of structural changes.36,37  

Surface defects can also influence the co-ordination of capping ligands38 and a more 

defective surface may disrupt the packing or lower the coverage of the PVP capping layer, 

facilitating easier oxidation of the Pd NCs. 

 

An additional structural feature of the cubic NCs which contributes to their variable shape 

evolution is the presence of stacking faults, as shown in figure 2(c).  Stacking faults were 

found to be present in some of the resulting spherical nanoparticles as shown in figure 2(f).  

The exact origin of the defects is unclear and was not investigated in detail in this study. The 

as-synthesized NCs are single crystalline with a low defect density, although stacking defects 

can be observed as shown in figure 2(c). Defect formation has been shown to occur as a stress 

relieve mechanism.39 

 

The 20 nm cubic NCs display similar defect features to the 10 nm cubic NCs (figure 1(f) 

inset).  The larger size of the particles may hinder complete transformation to spherical 

morphology as the effects of surface stress and interface stress, are more pronounced for 

smaller particles.40 
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Figure 2.  (a)-(b) HRTEM image of freshly synthesized cubic NC along the [110] direction.  

(c) Freshly prepared 20 nm cubic NC showing stacking faults.  (d)-(e) 10 nm cubic NCs aged 

for 3 months and (f) cubic NC aged for 6 months showing stacking fault along the particle. 

 

Pd NCs with a cuboctahedral morphology are characterized by 6 square {100} and 6 

triangular {111} facets, shown in figure 3(a).  Similar to the cubic NCs, aging of 

cuboctahedral NCs results in a morphology change to the thermodynamically lowest energy 

spherical shape, as illustrated in figure 3(b).  TEM also reveals that many of the NCs do not 

experience a uniform evolution of morphology.  Figure 3(c) shows an aged octahedral NC 

with defined facets on one side of the NC and rounding on the opposite side of the NC, which 

was typical of many particles.  The origin of the uneven rounding of surface facets is also 
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attributed to the presence of surface defects as previous described for the cubic NCs.  After 

12 months many of the cuboctahedral NCs also became spherical (Supporting Information 

Figure S3). 

 

In comparison to cubic and cuboctahedral NCs, the octahedral NCs exhibited little change to 

their morphology over the same time period.  Ideal octahedra are characterized by eight 

{111} surface facets, however many of the octahedra prepared by this seeded method 

employed were slightly truncated, exposing vertices capped with {100} facets, as shown in 

the STEM image in figure 3(d).  These NCs displayed excellent morphology retention as can 

be seen in figure 3(e), 6 months after deposition onto activated carbon.  Even after 12 months 

the octahedral NCs displayed negligible changes to their morphology and the particles 

retained well-defined facets, see figure 3(f).  The overall stability trend of the polyhedra was 

found to be cubic < cuboctahedra < octahedral, which correlates with the surface free energy 

of face centred cubic metals, ��{111} ������{100} ������{110} .
41
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Figure 3.  (a) STEM image of as-synthesized cuboctahedral NCs.  (b)-(c) TEM image of 

cuboctahedral NCs 6 months after immobilization onto carbon.  (d) STEM image of as-

synthesized octahedral NCs.  (e) Octahedral NCs 6 months and (f) 12 months after 

immobilization onto carbon.  Scale bars in figures (a), (c), (d) and (f) are 10 nm. 

 

High index surface facets are characterized by a high density of surface atoms with low 

coordination numbers.  These open structures possess higher surface energies compared to 

closed pack surfaces���� �W�\�S�L�F�D�O�O�\�� ��{111} < ��{100} ���� ��{hkl}  for fcc Pd.  Figure 4(a) shows a TEM 

image of as-synthesized concave Pd NCs.  TEM analysis of the concave cubes 6 months after 

deposition on the carbon support revealed they exhibited excellent retention of morphology 

as shown in figure 4(b).  In contrast to the cubic NCs, which loose the stepped facets on 

aging, HRTEM analysis of the concave cubes aged for 6 months (figure 4(c)) showed the 

preservation of the high index faces, with most of the exposed facets belonging to the {730} 

family planes, consistent with the as-synthesized NCs.14  The NCs still retained their concave 

shape 12 month after deposition onto activated carbon (Supporting Information, Figure S4). 

 



13 
 

 

 

Figure 4.  TEM image of (a) as synthesized concave NCs, (b) 6 months after deposited onto 

activated carbon.  (d) HRTEM image of concave NC with incident beam along the [100] 

direction.  The schematic illustrates the step configuration of the surface facet. 

 

2. Oxidation and Interaction of PVP with Pd Nanocrystals 

To further understand the stability of the shape-controlled NCs, XPS analysis was conducted 

to study the oxidation trends of the NCs as they aged and to probe the interaction of the PVP 

capping ligands with Pd.  Figures 5(a)-(c) show the evolution of the Pd 3d core level spectra 

of the cubic Pd NCs over 24 h, 1 month and 6 months, respectively, after immobilization on 

activated carbon.  The Pd 3d spectra of the cubic NCs after 24 h showed the presence of 

mainly metallic Pd(0) at a binding energy of 335.4 eV, in good agreement with bulk Pd 

(335.2 eV).42  The slightly higher binding energy is typical of nanoparticles due to size and 

electronic effects.43,44   Notably, assignment of Pd oxidation states in the 3d core level varies 

somewhat in literature.  In situ XPS measurements of Pd(111) facets determined that peaks 

shifted to binding energies greater than +1.5 eV can be assigned to bulk oxide phases, while 
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smaller shifts are attributed to surface oxide and sub-surface oxide species.42,45  Similar 

observations have been made for Pd(100) surfaces.46,47  Stable surface oxides can form on 

(111) and (100) surfaces but not on (110) facets.35,42  Furthermore, the structure of surface 

oxide species has been shown to be quite different from that of bulk PdO.48  The second 

shoulder peak in figure 5(a), located at a binding energy of 337.1 eV can be assigned to bulk 

PdO, which is in excellent agreement with the 1.7 eV difference reported for PdO and 

Pd(0).47,49  Exposure of 20 nm cubic NCs to ambient conditions for 1 month resulted in a 

similar Pd 3d spectra, but with increased line broadening of the peaks and a shift of 0.15 eV 

to higher binding energies, consistent with previous studies.47,50  The first shoulder peak 

shown in figure 5(b) occurs at a binding energy of 336.5 eV, typical of PdO reported for 

nanoparticles.50  The second shoulder peak centred at a binding energy of 337.6 eV, can 

typically be assigned to the presence of highly oxidized Pd species such as PdO2 (reported in 

the range between 337.2 – 338.2 eV).51-53  As the cubic NCs age over 6 months the PdOx 

peak intensity increased, which can be seen from comparison of the Pd 3d spectra in figure 

5(a)-(c).  Figure 5(d) displays the Pd 3d spectra of concave cubes 4 weeks after 

immobilization onto activated carbon, showing the presence of predominately metallic Pd(0) 

at 335.2 eV and a surface PdO associated peak at 336.4 eV.  Comparison of figures 5(c) and 

(e) clearly show that the concave cubes are considerably less oxidized than the cubic NCs 

after exposure to ambient conditions for 6 months, consistent with their shape retention.  The 

total oxide signal for the concave cubes after 6 months was similar to that observed for {111} 

enclosed octahedral NCs, as shown in figures 5(e) and (f). 

 

The nature of the surface facets present in the NCs is important for understanding the 

oxidation behaviour of faceted NCs.  O2 adsorption on Pd is spontaneous but absorption 

energies are facet dependent; Pd atoms on (110) surfaces have higher adsorption energies 
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(1.56 eV/ O atom) compared to stepped or closed packed (111) or (100) surfaces.35  The ease 

of O2 dissociation on Pd follows the trend {110} > {100} > {111}, which is the origin of the 

superior reactivity for oxidation-type reactions observed for Pd{110} catalysts.6,54  Therefore, 

the {110} facets only observed on the cubic NCs are more reactive and susceptible to 

oxidation compared to the {111) and {100} facets, consistent with XPS observations. 

 

 

 

Figure 5.  Background subtracted Pd 3d photoelectron emission spectra of carbon-supported 

Pd cubes after (a) 24 h, (b) 1 month (c) 6 months.  Concave Pd cubes (d) 1 month, (e) 6 

months and (f) octahedral NCs 6 months after ambient exposure. 

 

The intriguing observation of this study is the excellent stability and oxidation resistance of 

concave NCs with high index facets, when the open structure of such facets is typically 

associated with high reactivity.  Analysis of oxide phases on high index Pd surfaces is lacking 

in the literature.  However, atomically smooth {100} and {111} surfaces have been suggested 

to allow oxygen diffusion into the lattice, thereby destroying the surface structure and NC 
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shape.13,55  For low index surfaces, Pd(111) is more densely packed (1.53 �u 1015 atoms cm-2) 

compared to the Pd(100) surface (1.32 �u 1015 atoms cm-2) and Pd(110) surfaces (9.4 �u 1014
  

atoms cm-2).  Consequently, oxide formation is the least favourable on Pd(111) as the higher 

surface atom density requires more lattice expansion to accommodate the formation of 

PdOx.
56 Different factors may influence oxidation of high index surface.  In contrast to low 

index planes, on high index faces, O2 atoms preferentially adsorb at step sites rather than 

diffuse into the lattice, helping to preserve the surface structure.13  The step structure of the 

high index facets may also better accommodate lattice strain induced by oxide formation, 

making them less susceptible to structural changes.   

 

An important aspect in the stability of colloidal NCs is the presence of capping ligands at the 

particle surface.  Passivating ligands can significantly alter surface free energy thereby 

influencing the stability and oxidation resistance of surface facets.57  XPS analysis was used 

to investigate the interaction of PVP capping ligands with the Pd surface.  Figure 6 shows the 

N 1s spectra of the different polyhedra.  The cubic NCs displayed a single peak at a binding 

energy of 339.8 eV, characteristic of the pyrrolidone N group.58  The N 1s binding energy is 

similar to that of the free PVP, indicating that the N atoms are not involved in the 

coordination with the Pd surface on cubic NCs, as illustrated in figure 6(b).  In contrast to the 

cubic NCs, all other Pd polyhedra displayed the presence of a peak at 401.6 eV, in addition to 

the peak at 399.8 eV.  Shifts to a higher binding energy are associated with decreased 

electron density of the N group, indicating charge transfer from the PVP to the Pd, implying 

that the pyrrolidone N group is involved in the coordination with the surface, as illustrated in 

figure 6(c).  Xian et al.58 showed the chemisorption of PVP to spherical Pd nanoparticles can 

also break the N-C bond in the N-C=O group, with following hydrolysis gave 

CH2�íCH2�íNH2
+�í(CH2)3�íCOO�í, as illustrated in figure 6(d).  Their report is in excellent 
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agreement with the N 1s binding energy of 401.2 eV, observed here, which is generally 

assigned to protonated amine species.59  The peak contribution of charged N species is larger 

for the concave cubes compared to the low index polyhedral, suggesting greater 

chemisorption of the pyrrolidone N group on the high index surface facets.  The atomically 

stepped surface is characterized by low-coordinated number atoms which may facilitate a 

stronger interaction with the N groups.  Bond cleavage is also considerably more favorable 

on stepped surfaces compared to atomically smooth surfaces which can lead to co-ordination 

of PVP as illustrated in figure 6(d).60 

 

 

 

Figure 6.  (a) N 1s spectra of Pd NCs immobilized on activated carbon.  Schematic 

illustrating (b) the interaction of PVP through carbonyl O.  (c) Co-ordination of PVP through 

both O and N groups.  (d) Co-ordination of PVP with cleavage of the C-N bond. 
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The C 1s spectrum of the cubic Pd NCs, shown in figure 7(a) contains 3 components at 

binding energies of 284.8 eV (C-C, C=C), 286 eV (C-N, C-O) and 287.6 eV (C=O)61, 

however adventitious hydrocarbon will also contribute to the C-C and C-O peak intensities.  

The C 1s spectrum of the concave cubes contains an additional peak not observed for the 

cubic NCs at a binding energy of 288.9 eV, typically assigned to the O-C=O group.  The 

presence of the carboxylate group, in addition of the C=O group, indicates that a portion of 

the chemisorbed PVP molecules undergo cleavage of the C-N bond and subsequent 

hydrolysis, consistent with the N 1s spectrum.  The synthesis of cubic NCs in this study uses 

Br- ions as selective capping agents to promote the formation of NCs enclosed by {100} 

facets.  Analysis of the Br 3d core level spectrum of the cubic NCs show that the Br- species 

remain on the surface after immobilization onto activated carbon (Supporting Information 

Figure S5).  The Pd(111) and high index facets were not observed to be capped with Br ions, 

which may facilitate stronger interactions with the PVP ligands compared to {100} facets. 

Furthermore, while Br ions have been shown to be chemisorbed to the surface, they can be 

displaced by ethylene glycol at 100 °C.62  Removal of PVP from noble metal surfaces 

generally requires more forcing conditions.63  

 

Several studies have shown that charge transfer and the co-ordination mode of PVP 

molecules with noble metal nanoparticles to be size dependent.64-66  The XPS data in this 

study also indicates that the interaction mode of PVP capping ligands is also dependent on 

the nature of the surface facet for Pd NCs.  This finding is important for both shape selective 

NC synthesis with high energy faceted surfaces, suggesting that the structure and electronic 

interaction of the ligand is important in preserving the long term stability and structure of 

high energy surfaces. 
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Figure 7.  C 1s spectra of unsupported (deposited on glass substrate) (a) cubic Pd NCs and 

(b) concave cubic Pd NCs. 

 

Conclusions 

The stability, oxidation and shape evolution of well-defined Pd NCs supported on activated 

carbon was assessed over 12 months.  For low index surfaces, the octahedral NCs with {111} 

facets had greater stability compared to {100} facets, due to the lower surface free energy.  

The presence of the relatively reactive and high energy {110} facet on the cubic NCs 

increases the oxidation susceptibility of the NCs making them the least stable shape studied.  

Surface defects influence the shape evolution of NCs resulting in non-uniform changes in 

their structure.  Concave Pd NCs characterized by high index surface facets displayed 

superior stability to cubic and cuboctahedral NCs.  XPS analysis identified stronger 

interaction between the N groups of the PVP capping ligands on the high index faces 

compared to the low index {100} facets.  Controlling the interaction between the PVP 

capping ligands and the metal surface has been central in the synthesis of colloidal NCs.  In 

particular understanding the selective chemisorption of capping ligands onto certain crystal 

facets has been key to controlling the growth of NCs with specific morphologies.  The work 
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here highlights that these interactions also play a critical role in the long-term stability of 

NCs.  Optimizing these interactions can facilitate the synthesis of NCs enclosed by well-

defined surface facets with improved stability and oxidation resistance.   

Structural evolution of nanoparticles is complex with several influencing factors.  The 

stability trends observed in this study may not be general and nanoparticles prepared by 

alterative synthesis methods, with different capping ligands and support materials may 

display different stability trends. However, evaluating the stability of shape controlled 

nanocrystals is critical as morphological transformations due to surface defects or surface 

oxidation can influence the potential applications of shape-controlled such as catalysis.  The 

excellent stability of PVP capped concaves cubes is promising as nanocrystals with high 

index facets have been shown to display enhanced reactivity in several catalytic applications. 
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The Origin of Shape-Sensitivity in Pd Catalyzed Suzuki-Miyaura Cross 
Coupling Reactions 

Gillian Collins, Michael Schmidt, Colm O’Dwyer, Justin D. Holmes*, Gerard P. McGlacken* 
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Figure 1 .  a) Structure sensitivity of Suzuki-Miyaura coupling of 1 and 
2 over cubic, cuboctahedral and octahedral Pd NCs. b) Reaction 
profile of 20 nm and 10 nm cubic NCs where the total surface Pd 
atoms were equivalent. c) TEM image of 10 nm and d) 20 nm cubic 
Pd NCs. Scale bar = 20 nm. 
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Figure 2.  Pd NCs in the form of (a) cubic (b) cuboctahedral, (c) 
octahedral before reaction and (d) cubic, (e) cuboctahedral (f) 
octahedral, after reaction. Scale bar = 10 nm. 
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Table 1.  ICP-MS analysis of reaction filtrates. 

Sample[a] [Pd]/ ppb Sample  [Pd]/ ppb 

CubicAir 1008  Cubes: - 
Cuboctahedra 663  K2CO3 + PhB(OH)2 658 
Octahedra 324  MeOPhBr 69 
CubicAr 96[b] Octahedra: - 
CuboctahedraAr 79[b] K2CO3 + PhB(OH)2 106  
OctahedraAr 81[b] MeOPhBr 51 
[a] Samples normalized to 5wt % HCl. Average of 3 samples.  [b] 
Catalyst degassed under vacuum before addition to reaction solution 
previously deoxygenated with Ar.  
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Figure 3.  a) Reaction profile of cubic Pd NCs immobilized and 
reacted under aerboic and inert conditions. b)  XPS analysis of cubic 
NCs before and after reaction.��
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Figure 4.   Schematic illustrating O2 promoted leaching on Pd NCs. 
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The Origin of Shape-Sensitivity in Pd Catalyzed Suzuki-Miyura Cross 
Coupling  

��Gillian Collins, Michael Schmidt, Colm O’Dwyer, Justin D. Holmes* and Gerard P. McGlacken* 

�6�X�S�S�R�U�W�L�Q�J���,�Q�I�R�U�P�D�W�L�R�Q��

Nanocrystal Synthesis and Immobilization 

�6�K�D�S�H�� �F�R�Q�W�U�R�O�O�H�G���Q�D�Q�R�F�U�\�V�W�D�O�V���X�V�H�G�� �L�Q�� �W�K�L�V�� �V�W�X�G�\�� �Z�H�U�H�� �S�U�H�S�D�U�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �O�L�W�H�U�D�W�X�U�H�� �V�H�Y�H�U�D�O��
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�P�J���R�I���.�%�U���Z�H�U�H���G�L�V�V�R�O�Y�H�G���L�Q�������P�O���R�I���Z�D�W�H�U�����7�K�H���P�L�[�W�X�U�H���Z�D�V���K�H�D�W�H�G���I�R�U���������P�L�Q���D�W���������ƒ�&�����X�Q�G�H�U���V�W�L�U�U�L�Q�J��
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�����K���D�I�W�H�U���Z�K�L�F�K���W�K�H���S�U�R�G�X�F�W���Z�D�V���F�R�O�O�H�F�W�H�G���E�\���F�H�Q�W�U�L�I�X�J�D�W�L�R�Q�����Z�D�V�K�H�G���Z�L�W�K���Z�D�W�H�U���D�Q�G���E�U�L�H�I�O�\���V�R�Q�L�F�D�W�H�G�����7�K�L�V��
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Suzuki-Miyaura Cross Coupling Reactions  

�,�Q���D���W�\�S�L�F�D�O���H�[�S�H�U�L�P�H�Q�W���������������J���R�I���S�K�H�Q�\�O�E�R�U�R�Q�L�F���D�F�L�G�������������P�P�R�O�������������������J���R�I�������P�H�W�K�R�[�\�L�R�G�R�E�H�Q�]�H�Q�H �R�U��

���������� �P�O�� �R�I�� �����P�H�W�K�R�[�\�E�U�R�P�R�E�H�Q�H�]�H�Q�H�� ������ �P�P�R�O������ ������������ �J�� ������ �P�P�R�O���� �R�I�� �.���&�2�����Z�H�U�H�� �D�G�G�H�G�� �W�R�� ������ �P�O�� �R�I��
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Materials Characterization: 

 

Electron Microscopy������
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X-ray Photoelectron Spectroscopy.  
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Nanocrystal Ntot
[a] Nsurf

[b]  Ne+c
[c] % surf  % e+c yield[d]  

% 
TOFtot

[e] 
TOFsurf
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Fig. S1���7�(�0���R�I�����D�����D�V���V�\�Q�W�K�H�V�L�]�H�G���X�Q�V�X�S�S�R�U�W�H�G���3�G���F�X�E�L�F���1�&�V����
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Fig. S2.���7�(�0���R�I�����D�����D�V���V�\�Q�W�K�H�V�L�]�H�G���X�Q�V�X�S�S�R�U�W�H�G���3�G���F�X�E�R�F�W�D�K�H�G�U�D���1�&�V����
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Fig. S3.���7�(�0���R�I�����D�����D�V���V�\�Q�W�K�H�V�L�]�H�G���X�Q�V�X�S�S�R�U�W�H�G���3�G���R�F�W�D�K�H�G�U�D�O���1�&�V��
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Figure S5.���&�X�E�L�F���3�G���1�&�V���D�I�W�H�U���6�X�]�X�N�L���F�R�X�S�O�L�Q�J���U�H�D�F�W�L�R�Q����
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Figure S6. �&�X�E�R�F�W�D�K�H�G�U�D�O���3�G���1�&�V���D�I�W�H�U���6�X�]�X�N�L���F�R�X�S�O�L�Q�J���U�H�D�F�W�L�R�Q����
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Figure S7.���2�F�W�D�K�H�G�U�D�O���3�G���1�&�V���D�I�W�H�U���6�X�]�X�N�L���F�R�X�S�O�L�Q�J���U�H�D�F�W�L�R�Q����
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Figure S8.�����5�H�D�F�W�L�R�Q���S�U�R�I�L�O�H���R�I�������L�R�G�R�D�Q�L�V�R�O�H���D�Q�G���S�K�H�Q�\�O�E�R�U�R�Q�L�F���D�F�L�G���X�V�L�Q�J���F�X�E�L�F���3�G���1�&�V����
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Figure S9.���3�G�� ���G�� �F�R�U�H�� �O�H�Y�H�O�� �V�S�H�F�W�U�D�� �R�I�� �3�G�� �1�&�V�� �L�P�P�R�E�L�O�L�]�H�G�� �X�Q�G�H�U�� �$�U�� ���D���� �E�H�I�R�U�H�� �U�H�D�F�W�L�R�Q�� �D�Q�G�� ���E���� �D�I�W�H�U��

�U�H�D�F�W�L�R�Q���X�Q�G�H�U���$�U��������

��

[1] a)M. Jin, H. Zhang, Z. Xie, Y. Xia, Energy Environ. Sci. 2012, 5, 6352-6357; b)M. Jin, H. Zhang, Z. Xie, Y. Xia, Angew. 
Chem. Int. Ed. 2011, 50, 7850-7854. 

[2] Vanharde.R, F. Hartog, Surf. Sci. 1969, 15, 189-230. 
[3] R. E. Benfield, J. Chem. Soc., Faraday Trans. 1992, 88, 1107-1110. 
��
��

��
��
��



1 
 

This document is the unedited Author’s version of a Submitted Work that was subsequently 

accepted for publication in ACS Catalysis, copyright © American Chemical Society after peer review. 

To access the final edited and published work see ACS Catal., 2014, 4 (9), pp 3105–3111 

 

Enhanced Catalytic Activity of High Index Faceted Palladium 

Nanoparticles in Suzuki-Miyaura Coupling due to Efficient Leaching 

Mechanism 

Gillian Collins†, �I *, Michael Schmidt †, �I, Colm O’Dwyer†,§, Gerard McGlacken† *, and Justin D. 

Holmes†,�I  

�‚Department of Chemistry Department and the Tyndall National Institute, University College Cork, 

Cork, Ireland. 

�ICentre for Research on Adaptive Nanostructures and Nanodevices, Trinity College, Dublin, Ireland. 

§Materials and Surface Science Institute, University of Limerick, Limerick, Ireland. 

 

�
�7�R�� �Z�K�R�P�� �F�R�U�U�H�V�S�R�Q�G�H�Q�F�H�� �V�K�R�X�O�G�� �E�H�� �D�G�G�U�H�V�V�H�G���� �� �7�H�O���� ���������� ������������������������������ �)�D�[���� ���������� ������������

�������������������(���P�D�L�O�����J���F�R�O�O�L�Q�V�#�X�F�F���L�H��

��

Abstract 
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�V�W�X�G�L�H�V�����K�L�J�K�� �U�H�V�R�O�X�W�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\�� �D�Q�G�� �;�3�6�� �D�Q�D�O�\�V�L�V���Z�D�V���X�V�H�G�� �W�R�� �H�O�X�F�L�G�D�W�H�� �W�K�H��

�P�H�F�K�D�Q�L�V�P�� �R�I�� �W�K�H�� �H�Q�K�D�Q�F�H�G�� �U�H�D�F�W�L�Y�L�W�\�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �K�L�J�K�� �L�Q�G�H�[�� �V�X�U�I�D�F�H�� �S�O�D�Q�H�V���� �� �:�H��

�L�G�H�Q�W�L�I�\���W�K�D�W���W�K�H���V�X�S�H�U�L�R�U���D�F�W�L�Y�L�W�\���R�E�V�H�U�Y�H�G���I�R�U���W�K�H���K�L�J�K���L�Q�G�H�[���I�D�F�H�W�H�G���F�D�W�D�O�\�V�W�V���V�W�H�P�V���I�U�R�P���W�K�H��

�J�U�H�D�W�H�U���O�H�D�F�K�L�Q�J���R�I���3�G���D�W�R�P�V���I�U�R�P���W�K�H���V�X�U�I�D�F�H���U�D�W�K�H�U���W�K�D�Q���D���W�U�X�H���V�X�U�I�D�F�H���P�H�G�L�D�W�H�G���S�U�R�F�H�V�V����

��

Experimental��

Pd NC Synthesis: �&�X�E�L�F���1�&�V���Z�L�W�K�� �H�G�J�H�� �O�H�Q�J�W�K�V�� �R�I�� ������ �D�Q�G�� ������ �Q�P���Z�H�U�H�� �V�\�Q�W�K�H�V�L�]�H�G�� �D�V��

�S�U�H�Y�L�R�X�V�O�\���G�H�V�F�U�L�E�H�G�� �D�Q�G�� �X�V�H�G�� �I�R�U�� �W�K�H�� �V�H�H�G�H�G���J�U�R�Z�W�K�� �R�I�� �W�K�H�� �F�R�Q�F�D�Y�H���1�&�V���������7�K�H�� �P�H�D�Q�� �H�G�J�H��

�O�H�Q�J�W�K���Z�D�V���G�H�W�H�U�P�L�Q�H�G���W�R���E�H�������������Q�P�����V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�����1��� �������������D�Q�G�������������Q�P�����1��� �����������I�R�U��

�W�K�H�� �F�X�E�L�F�� �1�&�� �D�Q�G������������ �Q�P�� ���1�� � �� �����������I�R�U�� �W�K�H�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F�� �1�&�V�� ���6�X�S�S�R�U�W�L�Q�J�� �,�Q�I�R�U�P�D�W�L�R�Q��

�)�L�J�X�U�H���6���������7�K�H�V�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �D�U�H���F�D�S�S�H�G���Z�L�W�K�� �3�9�3���D�Q�G���%�U���F�D�S�S�L�Q�J���O�L�J�D�Q�G�V���� �7�R�� �D�Y�R�L�G���W�K�H��

�L�Q�I�O�X�H�Q�F�H���R�I���V�X�S�S�R�U�W���P�D�W�H�U�L�D�O�V���R�Q���W�K�H���F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\���R�I���W�K�H���1�&�V�����X�Q�V�X�S�S�R�U�W�H�G���Q�D�Q�R�S�D�U�W�L�F�O�H�V��

�Z�H�U�H���X�V�H�G������

Materials Characterization:���6�F�D�Q�Q�L�Q�J�� �H�O�H�F�W�U�R�Q�� �P�L�F�U�R�V�F�R�S�\�� ���6�(�0���� �L�P�D�J�H�V�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G��

�X�V�L�Q�J�� �D�� �)�(�,�� �'�X�D�O�%�H�D�P�� �+�H�O�L�R�V�� �1�D�Q�R�/�D�E�� �������L�� �K�L�J�K�� �U�H�V�R�O�X�W�L�R�Q�� �6�(�0���� �� �7�U�D�Q�V�P�L�V�V�L�R�Q�� �H�O�H�F�W�U�R�Q��

�P�L�F�U�R�V�F�R�S�\�� ���7�(�0���� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J���D�� �-�H�R�O�� ���������� �H�O�H�F�W�U�R�Q�� �P�L�F�U�R�V�F�R�S�H�� �D�W�� �D�Q��
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�R�S�H�U�D�W�L�Q�J���Y�R�O�W�D�J�H���R�I�����������N�9�������;���U�D�\���3�K�R�W�R�H�O�H�F�W�U�R�Q���6�S�H�F�W�U�R�V�F�R�S�\�����;�3�6�����Z�D�V���D�F�T�X�L�U�H�G���X�V�L�Q�J���D��

�.�5�$�7�2�6�� �$�;�,�6�� �������� �P�R�Q�R�F�K�U�R�P�D�W�L�]�H�G�� �;���U�D�\�� �S�K�R�W�R�H�O�H�F�W�U�R�Q�� �V�S�H�F�W�U�R�P�H�W�H�U�� �H�T�X�L�S�S�H�G�� �Z�L�W�K�� �D�Q��

�$�O���.�.�����K�Y��� �����������������H�9�����;���U�D�\���V�R�X�U�F�H�������6�S�H�F�W�U�D���Z�H�U�H���F�R�O�O�H�F�W�H�G���D�W���D���W�D�N�H���R�I�I���D�Q�J�O�H���R�I�������ƒ���D�Q�G��

�D�O�O���V�S�H�F�W�U�D���Z�H�U�H���U�H�I�H�U�H�Q�F�H���W�R���W�K�H���&�����V���S�H�D�N���D�W���������������H�9����

Catalytic studies:���,�Q���D���W�\�S�L�F�D�O���U�H�D�F�W�L�R�Q�����������������J���R�I���S�K�H�Q�\�O�E�R�U�R�Q�L�F���D�F�L�G�������������P�P�R�O�������������������J���R�I��

�����P�H�W�K�R�[�\�L�R�G�R�E�H�Q�]�H�Q�H���R�U�������������P�O���R�I���������P�H�W�K�R�[�\�E�U�R�P�R�E�H�Q�H�]�H�Q�H���������P�P�R�O�������������������J���������P�P�R�O����

�R�I�� �.���&�2�����Z�H�U�H�� �D�G�G�H�G�� �W�R�� ������ �P�O�� �R�I�� �H�W�K�D�Q�R�O���Z�D�W�H�U�� �������������� �� �7�K�H�� �U�H�D�F�W�L�R�Q�V�� �Z�H�U�H�� �L�Q�L�W�L�D�W�H�G�� �E�\��

�D�G�G�L�W�L�R�Q�� �R�I�� �W�K�H�� �F�D�W�D�O�\�V�W���� �� �5�H�D�F�W�L�R�Q�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �D�Q�G�� �V�D�P�S�O�H�G�� �D�W��

�U�H�J�X�O�D�U�� �L�Q�W�H�U�Y�D�O�V�� �I�R�U�� �*�&�� �D�Q�D�O�\�V�L�V�������6�D�P�S�O�H�V�� �Z�H�U�H�� �D�Q�D�O�\�]�H�G�� �X�V�L�Q�J�� �D�Q�� �$�J�L�O�H�Q�W�� ���������$�� �*�&��

�V�\�V�W�H�P�����H�T�X�L�S�S�H�G���Z�L�W�K�� �D�� �I�O�D�P�H�� �L�R�Q�L�]�D�W�L�R�Q�� �G�H�W�H�F�W�R�U�� ���)�,�'������ �� �3�U�R�G�X�F�W�V�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G�� �D�J�D�L�Q�V�W��

�D�X�W�K�H�Q�W�L�F�D�W�H�G���V�W�D�Q�G�D�U�G�V���D�Q�G���T�X�D�Q�W�L�I�L�H�G���E�\�� �F�D�O�L�E�U�D�W�L�R�Q���W�R���R�E�W�D�L�Q���U�H�V�S�R�Q�V�H���I�D�F�W�R�U�V�����5�)���� �D�J�D�L�Q�V�W��

�W�K�H�� �N�Q�R�Z�Q�� �L�Q�W�H�U�Q�D�O�� �V�W�D�Q�G�D�U�G�� ���G�R�G�H�F�D�Q�H�������� �7�K�H�� �W�X�U�Q�R�Y�H�U�� �Q�X�P�E�H�U�� ���7�2�1���� �D�Q�G�� �W�X�U�Q�� �R�Y�H�U��

�I�U�H�T�X�H�Q�F�\�����7�2�)�����Z�H�U�H���F�D�O�F�X�O�D�W�H�G���E�D�V�H�G���R�Q���W�K�H���D�P�R�X�Q�W���R�I���E�L�D�U�\�O���S�U�R�G�X�F�W���I�R�U�P�H�G�������7�K�H���7�2�1�V�X�U�I��

�D�Q�G�� �7�2�)�V�X�U�I���D�U�H�� �W�K�H�� �7�2�1�� �D�Q�G�� �7�2�)�� �Q�R�U�P�D�O�L�]�H�G�� �W�R�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �V�X�U�I�D�F�H�� �3�G�� �D�W�R�P�V���� �� �7�K�H��

�Q�X�P�E�H�U���R�I���V�X�U�I�D�F�H���D�W�R�P�V���R�Q���F�X�E�L�F���D�Q�G���F�R�Q�F�D�Y�H���F�X�E�L�F���1�&�V���Z�D�V���F�D�O�F�X�O�D�W�H�G���E�D�V�H�G���J�H�R�P�H�W�U�L�F�D�O��

�F�R�Q�V�L�G�H�U�D�W�L�R�Q�V���D�V�V�X�P�L�Q�J���D���I�D�F�H���F�H�Q�W�U�H�G���F�X�E�L�F�����I�F�F�����3�G���O�D�W�W�L�F�H�������7�K�H���W�R�W�D�O���Q�X�P�E�H�U���R�I���3�G���D�W�R�P�V��

�S�H�U���1�&���Z�D�V���H�V�W�L�P�D�W�H�G���E�\���W�K�H���Y�R�O�X�P�H���R�I���D���F�X�E�H���R�U���F�R�Q�F�D�Y�H���F�X�E�H���Y�R�O�X�P�H���R�I���W�K�H���X�Q�L�W���F�H�O�O�������¥a����

�î�� �Q�X�P�E�H�U�� �R�I�� �D�W�R�P�V�� �S�H�U�� �X�Q�L�W�� �F�H�O�O�� ���������� �Z�K�H�U�H��a���L�V�� �W�K�H�� �O�D�W�W�L�F�H�� �F�R�Q�V�W�D�Q�W�� �I�R�U�� �I�F�F�� �3�G���� �W�D�N�H�Q�� �W�R�� �E�H��

������������ �Q�P���� �� �7�K�H�� �W�R�W�D�O�� �Q�X�P�E�H�U�� �R�I�� �V�X�U�I�D�F�H�� �D�W�R�P�V�� �Z�D�V�� �H�V�W�L�P�D�W�H�G�� �E�\���� �V�X�U�I�D�F�H�� �D�U�H�D�� �R�I�� �W�K�H��

�F�X�E�H���V�X�U�I�D�F�H���D�U�H�D���R�I���W�K�H�������G�L�P�H�Q�V�L�R�Q�D�O���O�D�W�W�L�F�H���î�����������)�R�U���F�R�Q�F�D�Y�H���F�X�E�H�V�����W�K�L�V���U�H�O�D�W�L�R�Q�V�K�L�S���Z�D�V��

�P�X�O�W�L�S�O�L�H�G�� �E�\�� �������� �D�V�V�X�P�L�Q�J���W�K�H�� �D�W�R�P�L�F�� �G�H�Q�V�L�W�\�� �R�I�� �W�K�H�� �^�������`�� �V�X�U�I�D�F�H�� �I�D�F�H�W�V�� �L�V�� �W�K�U�H�H���V�H�Y�H�Q�W�K�V��

�W�K�D�W�� �R�I�� �W�K�H�� �^�������`���I�D�F�H�W�V���� �� �7�K�H�� �Y�R�O�X�P�H�� �R�I�� �D�� �F�R�Q�F�D�Y�H�� �F�X�E�H�� �Z�D�V�� �D�S�S�U�R�[�L�P�D�W�H�G���E�\�� �W�D�N�L�Q�J�� �W�K�H��

�Y�R�O�X�P�H���R�I���D���F�X�E�H���P�L�Q�X�V���W�K�H���Y�R�O�X�P�H���R�I���W�K�H���V�T�X�D�U�H���S�\�U�D�P�L�G�V���R�F�F�X�S�\�L�Q�J���W�K�H�������V�L�G�H�V���R�I���D���F�X�E�H����

��
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Results and Discussion 

�)�L�J�X�U�H�V������ ���D���� �D�Q�G�� ���F�����V�K�R�Z�� �7�(�0�� �L�P�D�J�H�V�� �R�I�� �F�X�E�L�F���1�&�V�� �H�Q�F�O�R�V�H�G�� �E�\�� ���� �^�������`�� �V�X�U�I�D�F�H�� �I�D�F�H�W�V����

�Z�L�W�K���F�O�R�V�H�G���S�D�F�N�H�G���D�W�R�P�V���D�Q�G���D���V�X�U�I�D�F�H���D�W�R�P���F�R���R�U�G�L�Q�D�W�L�R�Q���Q�X�P�E�H�U���R�I�����������)�L�J�X�U�H�������E�����V�K�R�Z�V���D��

�7�(�0���L�P�D�J�H���R�I���F�R�Q�F�D�Y�H���F�X�E�L�F���3�G���1�&�V���W�K�D�W���P�H�D�V�X�U�H���������Q�P���D�F�U�R�V�V���D�Q�G���������Q�P���I�U�R�P���F�R�U�Q�H�U���W�R��

�F�R�U�Q�H�U�������%�D�V�H�G���R�Q���W�K�H���S�U�R�M�H�F�W�L�R�Q���R�I���D�Q�J�O�H���D�O�R�Q�J���W�K�H���G�L�U�H�F�W�L�R�Q���������W�K�H���I�D�F�H�V���F�D�Q���E�H���L�Q�G�H�[�H�G���W�R���W�K�H��

�^�������`���V�X�U�I�D�F�H���I�D�F�H�W�����D�V���V�K�R�Z�Q���L�Q���I�L�J�X�U�H���������G������ �������$���^�������`���I�D�F�H�W���F�R�Q�V�L�V�W�V���R�I���D���S�H�U�L�R�G�L�F���V�H�U�L�H�V���R�I��

�W�Z�R�� ������������ �I�D�F�H�W�V�� �D�Q�G�� �R�Q�H�� ������������ �I�D�F�H�W���� �D�V�� �L�O�O�X�V�W�U�D�W�H�G�� �L�Q�� �W�K�H���7�(�0�� �L�Q�� �I�L�J�X�U�H�� �����H���� �D�Q�G�� �W�K�H��

�V�F�K�H�P�D�W�L�F���L�Q���I�L�J�X�U�H�������I���������7�K�H���G�H�Q�V�L�W�\���R�I���V�W�H�S���V�X�U�I�D�F�H���D�W�R�P�V���L�V���a�����î�������������F�P���������Z�K�L�F�K���L�P�S�O�L�H�V��

�W�K�D�W���D�E�R�X�W�������������R�I���V�X�U�I�D�F�H���D�W�R�P�V���D�U�H���O�R�F�D�W�H�G���D�W���V�W�H�S���V�L�W�H�V�������7�K�H���F�D�W�D�O�\�W�L�F���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H��

�O�R�Z�� �D�Q�G�� �K�L�J�K�� �L�Q�G�H�[�� �V�X�U�I�D�F�H�� �S�O�D�Q�H�V�� �Z�D�V�� �F�R�P�S�D�U�H�G�� �L�Q�� �W�K�H�� �F�U�R�V�V�� �F�R�X�S�O�L�Q�J�� �R�I������

�P�H�W�K�R�[�\�L�R�G�R�E�H�Q�]�H�Q�H�����������D�F�L�G���D�Q�G���S�K�H�Q�\�O�E�R�U�R�Q�L�F�����������L�Q���(�W�2�+���+���2�����D�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���V�F�K�H�P�H��������

c 
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Figure 1.�����7�(�0���L�P�D�J�H���R�I���D�V���V�\�Q�W�K�H�V�L�]�H�G�����D�����������Q�P���F�X�E�L�F���3�G���1�&�V�������E�����F�R�Q�F�D�Y�H���F�X�E�L�F���3�G���1�&�V������

���F�����6�X�U�I�D�F�H�� �R�I�� �F�X�E�L�F���1�&�V���� ���G���� �F�R�Q�F�D�Y�H�� �F�X�E�H�V�������H���� �V�X�U�I�D�F�H�� �R�I�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F���1�&�V�� �D�Q�G�� ���I����

�V�F�K�H�P�D�W�L�F���L�O�O�X�V�W�U�D�W�L�Q�J���W�K�H���^�������`���I�D�F�H�W�������6�F�D�O�H���E�D�U���I�L�J�X�U�H�����G�����L�V���������Q�P����

��

Scheme 1.�����0�R�G�H�O���6�X�]�X�N�L���0�L�\�D�X�U�D���U�H�D�F�W�L�R�Q���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\����

��

��

�)�L�J�X�U�H�������V�K�R�Z�V���W�K�H���U�H�D�F�W�L�R�Q���S�U�R�I�L�O�H�V���I�R�U���F�X�E�L�F�����������Q�P���D�Q�G���������Q�P�����D�Q�G���F�R�Q�F�D�Y�H���F�X�E�L�F���1�&�V���D�Q�G��

�U�H�Y�H�D�O�V�� �V�L�J�Q�L�I�L�F�D�Q�W�� �G�L�I�I�H�U�H�Q�F�H�V�� �L�Q�� �W�K�H�� �F�D�W�D�O�\�W�L�F���E�H�K�D�Y�L�R�U���Z�L�W�K�� �E�R�W�K�� �V�L�]�H�� �D�Q�G�� �V�K�D�S�H�� �H�I�I�H�F�W�V��

�R�E�V�H�U�Y�H�G���L�Q���W�K�H���F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\�������7�K�H���F�R�Q�F�D�Y�H���F�X�E�H�V���D�Q�G���������Q�P���F�X�E�L�F���F�D�W�D�O�\�V�W�V���Z�H�U�H���I�R�X�Q�G��

�W�R���E�H���D�F�W�L�Y�H���I�R�U���W�K�H���F�R�X�S�O�L�Q�J���U�H�D�F�W�L�R�Q���Z�K�L�O�H���W�K�H���������Q�P���F�X�E�L�F���1�&�V���V�K�R�Z�H�G���Q�R���U�H�D�F�W�L�Y�L�W�\�����D�W���D��

�3�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� �P�R�O������ �� �7�K�H�� �H�Q�K�D�Q�F�H�G�� �F�D�W�D�O�\�W�L�F�� �D�F�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �K�L�J�K�� �L�Q�G�H�[�� �V�X�U�I�D�F�H��

�I�D�F�H�W�V���L�V���D�S�S�D�U�H�Q�W�����Z�L�W�K���W�K�H���\�L�H�O�G���R�I���E�L�S�K�H�Q�\�O���S�U�R�G�X�F�W���L�Q�F�U�H�D�V�L�Q�J���I�U�R�P�������������I�R�U���F�X�E�L�F���F�D�W�D�O�\�V�W�V��

�W�R�������������I�R�U���F�R�Q�F�D�Y�H���F�X�E�L�F���F�D�W�D�O�\�V�W�����D�I�W�H�U���������K�������7�K�L�V���U�H�D�F�W�L�Y�L�W�\���U�H�S�U�H�V�H�Q�W�V���D�������I�R�O�G���L�Q�F�U�H�D�V�H���L�Q��

�W�K�H���7�2�1���I�R�U���W�K�H�� �K�L�J�K�� �L�Q�G�H�[�� �V�X�U�I�D�F�H�V�� ���7�2�1�� � �������������� �F�R�P�S�D�U�H�G�� �W�R�� �O�R�Z�� �L�Q�G�H�[�� �S�O�D�Q�H�V�� ���7�2�1�� � ��

���������������D�I�W�H�U���Q�R�U�P�D�O�L�]�D�W�L�R�Q���W�R���W�K�H���Q�X�P�E�H�U���R�I���V�X�U�I�D�F�H���D�W�R�P�V���I�R�U���H�D�F�K���1�&�������%�R�W�K���W�K�H���������Q�P���D�Q�G��

�������Q�P���F�X�E�L�F���F�D�W�D�O�\�V�W�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H���L�Q�D�F�W�L�Y�H���I�R�U���W�K�H���F�R�X�S�O�L�Q�J���R�I�������P�H�W�K�R�[�\�E�U�R�P�R�E�H�Q�]�H�Q�H��

�D�Q�G���S�K�H�Q�\�O�E�R�U�R�Q�L�F���D�F�L�G���� �Z�K�L�O�H���F�R�Q�F�D�Y�H���F�X�E�H�V���G�L�V�S�O�D�\�H�G���V�L�P�L�O�D�U���U�H�D�F�W�L�Y�L�W�\�� �D�V���W�K�H���D�U�\�O���L�R�G�L�G�H�V��

+
Pd (0.1-5 mol%)

K2CO3 (2 equiv.), 
EtOH:H2O (3:1), air, 25 °C

1 2 3

B(OH)2

OMe

I

OMe
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�D�F�K�L�H�Y�L�Q�J���D�Q�������������\�L�H�O�G�������1�R���L�Q�G�X�F�W�L�R�Q���S�H�U�L�R�G���Z�D�V���R�E�V�H�U�Y�H�G���I�R�U���W�K�H���F�R�Q�F�D�Y�H���F�X�E�H�V�����Z�K�H�U�H�D�V��

�W�K�H���U�H�D�F�W�L�R�Q���F�D�W�D�O�\�]�H�G���E�\���W�K�H���F�X�E�L�F���F�D�W�D�O�\�V�W�V���G�L�V�S�O�D�\�H�G���D���F�R�Q�V�L�G�H�U�D�E�O�H���O�D�J���W�L�P�H���R�I�����������P�L�Q����

 

Figure 2.�� ���5�H�D�F�W�L�R�Q�� �S�U�R�I�L�O�H�� �R�I�� �6�X�]�X�N�L�� �F�R�X�S�O�L�Q�J�� �U�H�D�F�W�L�R�Q�V���X�V�L�Q�J�� �3�G���1�&�V�� �Z�L�W�K�� �K�L�J�K���D�Q�G�� �O�R�Z��

�L�Q�G�H�[���I�D�F�H�W�V������

��

�)�L�J�X�U�H�V�� �������D���� �D�Q�G�� ���E���� �V�K�R�Z�� �6�(�0�� �L�P�D�J�H�V�� �R�I�� �W�K�H�� �F�X�E�L�F�� �D�Q�G�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F�� �F�D�W�D�O�\�V�W�V�� �F�R�O�O�H�F�W�H�G��

�D�I�W�H�U���W�K�H���U�H�D�F�W�L�R�Q�����U�H�V�S�H�F�W�L�Y�H�O�\�������7�K�H���F�D�W�D�O�\�V�W�V���V�K�R�Z�H�G���Q�H�J�O�L�J�L�E�O�H���F�K�D�Q�J�H���W�R���W�K�H�L�U���P�R�U�S�K�R�O�R�J�\��

�D�Q�G�� �W�K�H�� �Z�H�O�O���G�H�I�L�Q�H�G�� �V�X�U�I�D�F�H�� �I�D�F�H�W�V���Z�H�U�H���L�Q�W�D�F�W�����D�V�� �V�K�R�Z�Q�� �E�\�� �W�K�H�� �L�Q�V�H�W���7�(�0�� �L�P�D�J�H�V���� ���:�K�L�O�H��

�W�K�H���1�&�V�� �V�K�R�Z�H�G���O�L�W�W�O�H�� �F�K�D�Q�J�H�� �W�R�� �W�K�H�L�U���R�Y�H�U�D�O�O�� �V�K�D�S�H�����D�� �V�O�L�J�K�W�� �U�H�G�X�F�W�L�R�Q�� �L�Q�� �W�K�H�� �P�H�D�Q�� �H�G�J�H��

�O�H�Q�J�W�K���D�Q�G���D���E�R�D�U�G�L�Q�J���L�Q���W�K�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���Z�D�V���R�E�V�H�U�Y�H�G�����7�K�H���P�H�D�Q���H�G�J�H���O�H�Q�J�W�K���I�R�U���W�K�H��������

�Q�P���F�X�E�L�F���1�&�V���G�H�F�U�H�D�V�H�G���W�R�������������Q�P�����1� �����������D�Q�G�����������Q�P�����1��� �������������Z�K�L�O�H���W�K�H���H�G�J�H���O�H�Q�J�W�K���I�R�U��

�W�K�H���F�R�Q�F�D�Y�H���F�X�E�L�F���1�&�V���G�H�F�U�H�D�V�H�G���I�U�R�P�������������Q�P�����1����� �������������W�R�������������Q�P�����1����� �����������������6�X�S�S�R�U�W�L�Q�J��

�,�Q�I�R�U�P�D�W�L�R�Q�� �)�L�J�X�U�H�� �6���� �D�Q�G�� �6�������� ���1�H�J�O�L�J�L�E�O�H���F�K�D�Q�J�H�V�� �W�R�� �W�K�H�� �H�G�J�H�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� ������ �Q�P�� �F�X�E�L�F��

�1�&�V�� �Z�D�V�� �R�E�V�H�U�Y�H�G���� ���������� �Q�P�� ���1�� � ���������� �E�H�I�R�U�H�� �D�Q�G�� ���������� �Q�P�� ���1�� � ���������� �S�R�V�W�� �U�H�D�F�W�L�R�Q�����' �H�W�D�L�O�H�G��

�7�(�0���D�Q�D�O�\�V�L�V���U�H�Y�H�D�O�H�G���W�K�H���S�U�H�V�H�Q�F�H���R�I���V�P�D�O�O���Q�D�Q�R�S�D�U�W�L�F�O�H�V���D�E�R�X�W�����������Q�P���L�Q���G�L�D�P�H�W�H�U�����L�Q���W�K�H��

�3�G�� �U�H�V�L�G�X�H�� �F�R�O�O�H�F�W�H�G�� �D�I�W�H�U�� �W�K�H�� �U�H�D�F�W�L�R�Q���� �D�V�� �V�K�R�Z�Q�� �L�Q�� �I�L�J�X�U�H�V�� �������F���� �D�Q�G�� ���G������ �� �+�L�J�K�� �U�H�V�R�O�X�W�L�R�Q��
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�L�P�D�J�L�Q�J���R�I���W�K�H�V�H���S�D�U�W�L�F�O�H�V�����V�K�R�Z�Q���L�Q���I�L�J�X�U�H�V���������F�����D�Q�G�����G�����L�Q�V�H�W�V�����L�Q�G�L�F�D�W�H�V���D���G���V�S�D�F�L�Q�J���R�I������������

�Q�P�����Z�K�L�F�K���F�D�Q���E�H���D�W�W�U�L�E�X�W�H�G���W�R���3�G�������������O�D�W�W�L�F�H���I�U�L�Q�J�H�V�����������3�G���F�O�X�V�W�H�U�V���D�U�H���R�E�V�H�U�Y�H�G���L�Q���W�K�H���7�(�0��

�J�U�L�G�V���R�I���E�R�W�K���O�R�Z���L�Q�G�H�[���D�Q�G���K�L�J�K���L�Q�G�H�[���S�D�U�W�L�F�O�H�V�������7�K�H�V�H���S�D�U�W�L�F�O�H�V���Z�H�U�H���Q�R�W���S�U�H�V�H�Q�W���L�Q���W�K�H���D�V��

�V�\�Q�W�K�H�V�L�]�H�G���V�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �F�D�W�D�O�\�V�W���1�&�V�� �D�Q�G�� �V�R�� �F�D�Q�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �O�H�D�F�K�H�G�� �3�G�� �G�X�U�L�Q�J�� �W�K�H��

�U�H�D�F�W�L�R�Q�����������1�R�W�D�E�O�\�����3�G���F�O�X�V�W�H�U�V���R�I�����������Q�P���L�Q���G�L�D�P�H�W�H�U���R�Q�O�\���F�R�P�S�U�L�V�H���a�����������������D�W�R�P�V�����Z�K�L�F�K��

�D�F�F�R�X�Q�W�V���I�R�U���D�E�R�X�W���������������R�I���W�K�H���W�R�W�D�O���D�W�R�P�V���L�Q���D���������Q�P���F�X�E�L�F���1�&�������6�L�J�Q�L�I�L�F�D�Q�W���F�K�D�Q�J�H�V���W�R���W�K�H��

�1�&���P�R�U�S�K�R�O�R�J�\�� �Z�H�U�H���Q�R�W�� �U�H�D�G�L�O�\�� �D�S�S�D�U�H�Q�W�� �D�W�� �K�L�J�K�� �F�D�W�D�O�\�V�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V������������ �P�R�O��������

�F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �S�U�H�Y�L�R�X�V�� �U�H�S�R�U�W�V�������� ���:�K�H�Q�� �W�K�H�� �3�G�� �F�D�W�D�O�\�V�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �L�V�� �G�H�F�U�H�D�V�H�G�� �W�R�� ��������

�P�R�O������ �D�I�W�H�U���U�H�D�F�W�L�R�Q�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H���� �G�L�V�V�R�O�X�W�L�R�Q���R�I���W�K�H�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F�� �V�W�U�X�F�W�X�U�H�V�� �Z�D�V��

�F�O�H�D�U�O�\�� �R�E�V�H�U�Y�H�G�� �D�V�� �V�K�R�Z�Q�� �L�Q�� �I�L�J�X�U�H�� ���� ���G������ �� �)�L�J�X�U�H�� ���� �D�O�V�R�� �G�H�P�R�Q�V�W�U�D�W�H�V�� �W�K�H�� �O�R�Z�H�U�� �D�F�W�L�Y�L�W�\�� �R�I��

�W�K�H���������Q�P���F�R�P�S�D�U�H�G���W�R���������F�X�E�L�F���1�&�V�����Z�K�L�F�K���I�D�L�O���W�R���F�D�W�D�O�\�]�H���W�K�H���U�H�D�F�W�L�R�Q���D�W���D���3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�R�I�� �������� �P�R�O������ �� �,�I�� �W�K�H�� �V�X�U�I�D�F�H�� �R�I���W�K�H�� �F�X�E�L�F�� �1�&�V�� �Z�H�U�H�� �V�R�O�H�O�\�� �W�K�H�� �D�F�W�L�Y�H�� �V�L�W�H�V���� �W�K�H�Q�� �W�K�H�� �V�X�U�I�D�F�H��

�Q�R�U�P�D�O�L�]�H�G���7�2�1�V���V�K�R�X�O�G���E�H���V�L�P�L�O�D�U���I�R�U���E�R�W�K���W�K�H�������� �D�Q�G�������� �Q�P���F�X�E�L�F���1�&�V���� �Z�K�L�F�K���L�V���Q�R�W���W�K�H��

�F�D�V�H���� �� �7�K�H�� �O�R�Z�H�U�� �D�F�W�L�Y�L�W�\�� �R�I�� �W�K�H�� ������ �Q�P�� �F�X�E�L�F�� �1�&�V�� �L�V�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �O�R�Z�H�U�� �O�H�D�F�K�L�Q�J��

�V�X�V�F�H�S�W�L�E�L�O�L�W�\���� �Z�K�L�F�K�� �P�D�\�� �E�H�� �F�R�U�U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �J�U�H�D�W�H�U�� �V�W�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� ������ �Q�P�� �F�X�E�L�F�� �1�&�V��

�F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� ������ �Q�P�� �1�&�V�������� ���7�K�H�� �V�X�S�H�U�L�R�U�� �V�W�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �O�D�U�J�H�U�� �F�X�E�L�F�� �1�&�V�� �O�H�D�G�V�� �W�R�� �O�H�V�V��

�O�H�D�F�K�L�Q�J���D�Q�G���W�K�H�U�H�I�R�U�H���U�H�G�X�F�H�G���F�D�W�D�O�\�W�L�F���S�H�U�I�R�U�P�D�Q�F�H���L�Q���W�K�H���F�R�X�S�O�L�Q�J���U�H�D�F�W�L�R�Q����

��

��
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Figure 3.�����6�(�0���L�P�D�J�H���R�I���F�X�E�L�F���3�G���1�&�V���D�Q�G�����E�����F�R�Q�F�D�Y�H���F�X�E�L�F���3�G���1�&�V���F�X�E�H�V���D�I�W�H�U���D���6�X�]�X�N�L��

�F�R�X�S�O�L�Q�J���U�H�D�F�W�L�R�Q�������������P�R�O���������7�K�H���L�Q�V�H�W�V���L�Q�����D�����D�Q�G�����E�����V�K�R�Z���7�(�0���L�P�D�J�H�V���R�I���W�K�H���L�Q�G�L�Y�L�G�X�D�O��

�1�&�V�������6�F�D�O�H���E�D�U�V���L�Q���L�Q�V�H�W�V���D�U�H�������Q�P���������F�����7�(�0���L�P�D�J�H���R�I���F�X�E�L�F���1�&�V���D�Q�G�����G�����F�R�Q�F�D�Y�H���1�&�V���3�G��

�������� �P�R�O���� �D�I�W�H�U�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �V�K�R�Z�L�Q�J�� �G�L�V�V�R�O�X�W�L�R�Q�� �D�Q�G���W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �V�P�D�O�O�� �G�L�D�P�H�W�H�U�� �3�G��

�Q�D�Q�R�S�D�U�W�L�F�O�H�V�������7�K�H���V�F�D�O�H���E�D�U���L�Q�V�H�W�V���R�I�����F�����D�Q�G�����G�����D�U�H�������Q�P����

��

�7�K�H���H�I�I�H�F�W���R�I���F�D�W�D�O�\�V�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���Z�D�V���D�V�V�H�V�V�H�G���D�Q�G���I�L�J�X�U�H�������V�K�R�Z�V���W�K�H���U�H�D�F�W�L�R�Q���S�U�R�I�L�O�H�V���R�I��

�F�X�E�L�F���D�Q�G���F�R�Q�F�D�Y�H���F�X�E�L�F���1�&�V���Z�L�W�K���D���3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���������������������������D�Q�G�������P�R�O���������7�K�H���7�2�1�V��

�D�Q�G���7�2�)�V���I�R�U���W�K�H���G�L�I�I�H�U�H�Q�W���F�D�W�D�O�\�V�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���D�U�H���V�K�R�Z�Q���L�Q���W�D�E�O�H�����������&�X�E�L�F���1�&�V�����I�L�J�X�U�H������

���D�������G�L�V�S�O�D�\�H�G���D�Q���L�Q�F�U�H�D�V�H�G���F�R�Q�Y�H�U�V�L�R�Q���U�D�W�H���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�������1�R���F�R�Q�Y�H�U�V�L�R�Q��

�Z�D�V���R�E�V�H�U�Y�H�G�� �Z�L�W�K�� �D�� �3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� �P�R�O������ �� �6�L�P�L�O�D�U�O�\���� �Z�K�L�O�H�� �W�K�H�� ������ �Q�P�� �F�X�E�L�F���1�&�V��

���I�L�J�X�U�H���������E������ �J�D�Y�H���Q�R�� �F�R�Q�Y�H�U�V�L�R�Q�� �D�W�� �������� �P�R�O������ �\�L�H�O�G�V�� �R�I�� �������� �D�Q�G�� �������� �F�R�X�O�G�� �E�H�� �D�F�K�L�H�Y�H�G��

�Z�L�W�K�������D�Q�G�������P�R�O�����3�G�����U�H�V�S�H�F�W�L�Y�H�O�\�������,�Q�W�H�U�H�V�W�L�Q�J�O�\�����W�K�H���F�R�Q�F�D�Y�H���F�X�E�L�F���F�D�W�D�O�\�V�W�V���G�L�G���Q�R�W���H�[�K�L�E�L�W��

�W�K�H���V�D�P�H���U�H�D�F�W�L�Y�L�W�\���W�U�H�Q�G�����Z�L�W�K���Y�D�U�\�L�Q�J���F�D�W�D�O�\�V�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�������$�V���V�K�R�Z�Q���L�Q���I�L�J�X�U�H�������F�������D���3�G��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������P�R�O�����Z�D�V���I�D�V�W�H�U���W�K�D�Q���D���K�L�J�K�H�U���F�D�W�D�O�\�V�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������P�R�O�������� �)�L�J�X�U�H��
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�����G�����V�K�R�Z�V���D���P�D�J�Q�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���I�L�U�V�W�����������P�L�Q���R�I���W�K�H���U�H�D�F�W�L�R�Q�����L�O�O�X�V�W�U�D�W�L�Q�J���W�K�D�W���L�Q�L�W�L�D�O�O�\���W�K�H������

�P�R�O�����G�L�V�S�O�D�\�H�G���W�K�H���I�D�V�W�H�V�W���F�R�Q�Y�H�U�V�L�R�Q�����E�X�W���W�K�H���U�H�D�F�W�L�R�Q���V�O�R�Z�H�G���D�V���L�W���S�U�R�J�U�H�V�V�H�G�������7�K�L�V���L�Q�Y�H�U�V�H��

�U�H�O�D�W�L�R�Q�V�K�L�S�� �E�H�W�Z�H�H�Q�� �W�K�H�� �3�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �D�Q�G�� �U�D�W�H�� �K�D�V�� �E�H�H�Q�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �D�� �K�R�P�R�J�H�Q�R�X�V��

�P�H�F�K�D�Q�L�V�P�������� ���'�H�D�F�W�L�Y�D�W�L�R�Q�� �R�I���W�K�L�V���V�R���F�D�O�O�H�G��homeopathic���3�G�� �R�F�F�X�U�V�� �D�V�� �W�K�H�� �V�R�O�X�E�L�O�L�]�H�G�� �3�G��

�Q�X�F�O�H�D�W�H�V���W�R���I�R�U�P���3�G���F�O�X�V�W�H�U�V���W�K�D�W���F�R�Q�W�L�Q�X�H���W�R���J�U�R�Z�����������������4�X�H�Q�F�K�L�Q�J���R�I���W�K�H���F�D�W�D�O�\�W�L�F�D�O�O�\���D�F�W�L�Y�H��

�3�G���V�S�H�F�L�H�V���L�Q���V�R�O�X�W�L�R�Q���E�H�F�R�P�H�V���P�R�U�H���H�I�I�L�F�L�H�Q�W���D�V���W�K�H���3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q�F�U�H�D�V�H�V���G�X�H���W�R���J�U�H�D�W�H�U��

�O�H�D�F�K�L�Q�J�������� �� �7�(�0���D�Q�D�O�\�V�L�V���D�O�V�R���S�U�R�Y�L�G�H�G���H�Y�L�G�H�Q�F�H���I�R�U���W�K�L�V���G�H�D�F�W�L�Y�D�W�L�R�Q���P�H�F�K�D�Q�L�V�P���D�W���K�L�J�K�H�U��

�3�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���� �Z�K�L�F�K�� �V�K�R�Z�H�G���W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �3�G�� �D�J�J�U�H�J�D�W�H�V�� �F�R�P�S�D�U�H�G�� �W�R�� �G�L�V�F�U�H�H�W��

�Q�D�Q�R�S�D�U�W�L�F�O�H�V���R�E�V�H�U�Y�H�G���D�W���O�R�Z�H�U���3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����6�X�S�S�R�U�W�L�Q�J���,�Q�I�R�U�P�D�W�L�R�Q���)�L�J�X�U�H���6�����������,�W���L�V��

�Z�R�U�W�K���Q�R�W�L�Q�J���W�K�D�W���D�O�W�K�R�X�J�K���O�H�D�F�K�L�Q�J���L�V���L�G�H�Q�W�L�I�L�H�G���D�V���D�Q���L�P�S�R�U�W�D�Q�W���V�W�H�S���L�Q���W�K�H���F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\��

�R�I�� �W�K�H�� �1�&�V���� �L�W�� �G�R�H�V�� �Q�R�W�� �L�G�H�Q�W�L�I�\�� �W�K�H�� �Q�D�W�X�U�H�� �R�I�� �W�K�H�� �F�D�W�D�O�\�W�L�F�� �V�S�H�F�L�H�V��i.e.���L�I�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �L�V��

�F�D�W�D�O�\�]�H�G���E�\���P�R�O�H�F�X�O�D�U���3�G���R�U���W�K�H���V�P�D�O�O���G�L�D�P�H�W�H�U���F�O�X�V�W�H�U�V���R�E�V�H�U�Y�H�G���E�\���7�(�0�������7�K�H���O�H�D�F�K�H�G���3�G��

�V�S�H�F�L�H�V���H�[�L�V�W�� �D�V�� �V�R�O�X�E�L�O�L�]�H�G�� �3�G�� �L�Q���H�T�X�L�O�L�E�U�L�X�P�� �Z�L�W�K�� �W�K�H�� �3�G�� �F�O�X�V�W�H�U�V�� �D�Q�G���L�W�� �L�V�� �Q�R�W�� �S�R�V�V�L�E�O�H�� �W�R��

�G�L�V�W�L�Q�J�X�L�V�K���L�I���W�K�H���F�D�W�D�O�\�W�L�F�D�O�O�\���D�F�W�L�Y�H���V�S�H�F�L�H�V���L�V���K�R�P�R�J�H�Q�H�R�X�V���R�U���K�H�W�H�U�R�J�H�Q�H�R�X�V���L�Q���Q�D�W�X�U�H����

��

��

��
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Figure 4.�����5�H�D�F�W�L�R�Q���S�U�R�I�L�O�H���Z�L�W�K���Y�D�U�\�L�Q�J���3�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���I�R�U�����D�����������Q�P���F�X�E�L�F���1�&�V�������E����������

�Q�P���F�X�E�L�F���1�&�V���D�Q�G�����F�����D�Q�G�����G�����F�R�Q�F�D�Y�H���F�X�E�L�F���1�&�V����

��

Table 1.�� ���(�I�I�H�F�W�� �R�I�� �F�D�W�D�O�\�V�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �I�R�U�� �F�X�E�L�F�� �D�Q�G�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F���1�&�V�� �L�Q���6�X�]�X�N�L��

�F�R�X�S�O�L�Q�J����

Catalyst 

mol% 

Yield 

% 

Time 

h 

TONtot TONsurf TOFsurf 

Cube (10 nm)  �� �� �� ��

0.1 ���� ������ ���� ���� ����

0.5 ������ ������ �������� ���������� ������

1 ������ ������ ������ �������� ������

5 ������ ������ ���������� �������� ����

Cube (20 nm) �� �� �� �� ��
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0.1 ���� ������ ���� ���� ����

0.5 ���� ������ ���� ���� ����

1 ������ ������ ������ �������� ������

5 ������ ������ �������� �������� ��������

Concave cube �� �� �� �� ��

0.1 ������ �������� �������� ������������ ����������

0.5 ������ �������� �������� ���������� ��������

1 �������� �������� �������� ���������� ��������

5 ������ �������� ���������� �������� ������

�
�6�H�H���(�[�S�H�U�L�P�H�Q�W�D�O���V�H�F�W�L�R�Q���I�R�U���F�D�O�F�X�O�D�W�L�R�Q���R�I���7�2�)�V����

�$���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���F�D�W�D�O�\�W�L�F���E�H�K�D�Y�L�R�U���L�V���W�K�H���D�E�V�H�Q�F�H���R�I���D�Q���L�Q�G�X�F�W�L�R�Q���S�H�U�L�R�G���I�R�U���W�K�H��

�K�L�J�K�� �L�Q�G�H�[���1�&�V�� �D�Q�G�� �D�� �Y�H�U�\�� �O�R�Q�J�� �L�Q�G�X�F�W�L�R�Q�� �W�L�P�H�� �I�R�U�� �W�K�H�� �F�X�E�L�F���1�&�V���� ���/�D�J�� �S�H�U�L�R�G�V�� �K�D�Y�H�� �E�H�H�Q��

�D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �W�L�P�H�� �U�H�T�X�L�U�H�G�� �W�R�� �O�H�D�F�K�� �V�X�I�I�L�F�L�H�Q�W�� �3�G�� �L�Q�W�R�� �V�R�O�X�W�L�R�Q�� �I�R�U�� �F�D�W�D�O�\�W�L�F�� �W�X�U�Q�R�Y�H�U������

�%�D�V�H�G�� �R�Q�� �W�K�H�� �7�(�0�� �D�Q�D�O�\�V�L�V�� �L�Q�G�L�F�D�W�L�Q�J�� �D�� �K�R�P�R�J�H�Q�H�R�X�V�� �P�H�F�K�D�Q�L�V�P���� �W�K�H�� �D�E�V�H�Q�F�H�� �R�I�� �D�Q��

�L�Q�G�X�F�W�L�R�Q�� �S�H�U�L�R�G�� �I�R�U�� �W�K�H�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F���1�&�V�� �V�X�J�J�H�V�W�V�� �U�D�S�L�G�� �O�H�D�F�K�L�Q�J�� �I�U�R�P�� �W�K�H���1�&���V�X�U�I�D�F�H�V������

�7�R���L�Q�Y�H�V�W�L�J�D�W�H���L�I���W�K�H���L�Q�G�X�F�W�L�R�Q���W�L�P�H���Z�D�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���3�G���O�H�D�F�K�L�Q�J���W�K�H���U�H�D�F�W�L�R�Q���F�D�W�D�O�\�]�H�G���E�\��

�W�K�H���F�X�E�L�F���1�&�V���Z�D�V���V�W�R�S�S�H�G���D�I�W�H�U���������P�L�Q�����E�\���Z�K�L�F�K���W�L�P�H���Q�R���E�L�S�K�H�Q�\�O���S�U�R�G�X�F�W���Z�D�V���I�R�U�P�H�G�����W�K�H��

�S�U�H�V�H�Q�F�H���R�I���3�G���F�O�X�V�W�H�U�V���Z�D�V���Q�R�W���R�E�V�H�U�Y�H�G���E�\���7�(�0���D�Q�D�O�\�V�L�V�������,�Q���F�R�P�S�D�U�L�V�R�Q�����Z�K�H�Q���W�K�H���U�H�D�F�W�L�R�Q��

�F�D�W�D�O�\�]�H�G���E�\�� �W�K�H�� �F�R�Q�F�D�Y�H�� �F�X�E�L�F���1�&�V���Z�D�V���V�W�R�S�S�H�G�� �D�I�W�H�U�� ������ �P�L�Q���� �Z�K�H�Q���F�R�Q�Y�H�U�V�L�R�Q�� �L�V�� �D�W������������

�W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �W�K�H�� �O�H�D�F�K�H�G�� �3�G�� �F�O�X�V�W�H�U�V�� �Z�H�U�H���R�E�V�H�U�Y�H�G�� �E�\�� �7�(�0�� ���6�X�S�S�R�U�W�L�Q�J�� �,�Q�I�R�U�P�D�W�L�R�Q��

�)�L�J�X�U�H�� �6�������� �� �:�K�L�O�H�� �7�(�0�� �F�D�Q�Q�R�W�� �T�X�D�Q�W�L�I�\�� �W�K�H�� �O�H�D�F�K�H�G�� �3�G���� �L�W�� �T�X�D�O�L�W�D�W�L�Y�H�O�\�� �V�K�R�Z�V���W�K�D�W�� �W�K�H��

�S�U�H�V�H�Q�F�H�� �R�I�� �O�H�D�F�K�H�G�� �3�G���� �L�Q�� �W�K�H�� �I�R�U�P�� �R�I�� �P�R�O�H�F�X�O�D�U�� �R�U�� �F�O�X�V�W�H�U�V�����S�O�D�\�� �D�� �F�H�Q�W�U�D�O���U�R�O�H�� �L�Q�� �W�K�H��

�F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\����
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�7�R���I�X�U�W�K�H�U���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���U�H�D�F�W�L�R�Q���U�H�J�H�Q�W�V���W�K�D�W���F�R�Q�W�U�L�E�X�W�H���W�R���O�H�D�F�K�L�Q�J�����W�K�H���F�X�E�L�F���1�&�V�������������P�R�O��

���������Z�K�L�F�K�� �K�D�Y�H�� �D�� �O�R�Q�J�� �L�Q�G�X�F�W�L�R�Q�� �S�H�U�L�R�G���� �Z�H�U�H�� �S�U�H���V�W�L�U�U�H�G�� �V�H�S�D�U�D�W�H�O�\���L�Q�� �V�R�O�X�W�L�R�Q�V�� �R�I�� �W�K�H�� �D�U�\�O��

�L�R�G�L�G�H���� �E�R�U�R�Q�L�F�� �D�F�L�G�� ���� �.���&�2������ �.���&�2�����D�Q�G�� �(�W�2�+���+���2���I�R�U�� ���� �K�R�X�U�V���� �D�I�W�H�U�� �Z�K�L�F�K�� �W�L�P�H�� �W�K�H��

�U�H�P�D�L�Q�L�Q�J�� �U�H�D�J�H�Q�W�V�� �Z�H�U�H�� �D�G�G�H�G���� �� �7�K�H�� �U�H�D�F�W�L�R�Q�� �S�U�R�I�L�O�H�V�� �Z�H�U�H�� �P�R�Q�L�W�R�U�H�G�� �W�R���G�H�W�H�U�P�L�Q�H�� �L�I�� �W�K�H��
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Enhanced Catalytic Activity of High Index Faceted Palladium Nanoparticles in Suzuki-

Miyaura Coupling due to Efficient Leaching Mechanism 
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Figure S1. Size distribution histogram of 10 and 20 nm cubic NCs (a)-(b) before reaction and 

(c)-(d) after reaction. 

 
Figure S2: Size distribution histogram of concave cubic NCs (a) before and (b) after the 
reaction.  
 

 



 

Figure S3.  Formation of Pd clusters observed in reaction when using concave cubic 

nanocrystals at 5 mol %. 

 

Figure S4. Pd nanoparticles leached from concave cubic nanocrystals 60 min after the 

reaction.  Scale bar is 5 nm. 

 



 

Figure S5. Cubic Pd nanocrystals stirred in presence of K2CO3.  

 

 

Figure S6.  Survey spectra of concave cubes and concave cubic Pd nanocrystals after Suzuki 

coupling reaction.  

Table S1. Quantitative XPS analysis of (a) cubic and (b) concave cubic NCs before and after 
reaction.  
 



(a) Cubic NCs before and after reaction  

Before Reaction  Post Reaction 
core 
level 

Position 
(eV) 

% 
Concentration 

 core level Position 
(eV) 

% 
Concentration 

O 1s 532.3 48.3 O 1s 532.3 44.4 
N 1s 399.7 4.0 N 1s 399.7 2.7 
Pd 3d 335.0 15.8 Pd 3d 335.0 10.4 
C 1s 284.8 31.4 C 1s 284.8 42.3 
Br 3d 68.8 0.4 Br 3d 68.8 0.2 

 

(b) Concave NCs before and after reaction  

Before reaction  Post Reaction  
core 
level 

Position 
(eV) 

% 
Concentration 

 
core level 

Position 
(eV) 

% 
Concentration 

O1s 531.4 39.6 O 1s 531.4 35.5 
N 1s 400.0 5.2 N 1s 400.0 4.2 
Pd 3d 335.0 14.1 Pd 3d 335.0 13.7 
C 1s 284.8 39.4 C 1s 284.8 45.8 
Br 3d 68.3 1.7 Br 3d 68.3 0.8 

 


	Title_corrected
	Michael Schmidt, Dipl.-Phys.

	Table of Contents_for CORA

