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Abstract 

High pressure (HP) is a powerful tool which is used to modify the material’s physical 

properties. The work described in this thesis is dedicated to the development of new 

or adaptation of the existing HP instrumentation which is capable of producing in 

situ conductivity (γ) measurements on the test materials to identify the most 

promising candidates for the organic piezoelectronic transistor (OPET). OPET is a 

concept of a new transistor which overcomes limitations of the currently employed 

transistor technology because it utilizes piezoelectric transduction rather than the 

electric field to propagate digital logic signals. This, in turn, implies small driving 

voltages, higher processing speeds and denser integration/scaling capabilities.  

The OPET device concept utilizes a piezoelectric actuator which, when the voltage 

(V) is applied to it, expands and, as a result, uniaxially compresses the thin layer of 

piezoresistive (PR) material within the rigid system. The employed PR materials 

need to have high pressure-dependent resistivity (ρ) to turn from the 

insulator/semiconductor into the conductor and, therefore, to pass the electric signal 

further within the ambient and 3 gigapascals (GPa) (pressure within the suitable 

range for OPET application). Among a wide variety of materials, organics were 

selected as PRs due to the high interest which they attracted in the recent decades by 

the worldwide multidisciplinary research in the electronic materials and because 

molecular organics are much more compressible than inorganic lattices. 

Although the OPET device concept implies the uniaxial compression, on the initial 

project stages it is rationally and economically viable to first characterise the PRs in 

the single crystal or the compressed powder form before their deposition into thin 

films. The characterisation implies the variable pressure (P) and variable temperature 

(T) ρ studies which resulted in necessity in developing double-layer autofrettaged 

piston-cylinder cell (PCC). The PCC is capable of reaching 3 GPa and is equipped 

with the feedthrough plug which introduces the probe wires into the HP environment 

to monitor sample resistance (R) and P changes in situ. 

To achieve P beyond the 3 GPa the DAC of the Merrill Bassett type was adapted for 

the electric γ measurements. DAC is equipped with 0.8 mm in diameter diamond 
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culets and the NiCrAl seats to allow safe exploitation up to the 10 GPa to 

characterise those PR materials which failed to metallise within the desired P range 

but still are having a good ρ - P tendency which might find an application in the 

future OPET devices when better performance piezoelectric actuators will be made. 

Designs of both: PCC and DAC were analytically verified and validated using finite 

element analysis (FEA) as well as experimentally tested to indeed survive the P 

extremes with no yielding in the employed materials. Both cells were made to fit the 

required sample geometry with the necessary optimal probe contact separation which 

is the important prerequisite for the precise R into ρ conversion. In the case of the 

DAC the special sample loading techniques, gasket (a mechanical seal and a sample 

chamber between two opposed diamonds) preparation and insulation, as well as the 

gold sputtering of the probe contacts procedures, were implemented to achieve 

experimental success. 

Another HP cell which is reported in this thesis is the uniaxial high-pressure cell 

(UHPC). It was designed to produce both: static and dynamic P experiments to 

mimic the OPET device concept to study those PR materials which were deposited 

into the thin films. The performance of the above-mentioned P cells within this 

project is illustrated in the form of the project related outcomes.  

Among selected for the study materials, the hydrostatic HP measurements were 

performed on the platinum and iridium complexes with organic ligands, Magnus 

salts (organic-inorganic hybrids) as well as on the gold dithiolene complexes. The 

achieved results showed that some candidate materials indeed are promising for an 

application in the OPET device due to high P dependence on the electronic 

properties within the above-mentioned P range. For instance, the gold radical with 

(4-(4-chlorophenyl)-1,3-dithiolene) ligand and the Pt(bqd)2 materials were found to 

undergo 3 and 7 orders of magnitude change in ρ respectively between ambient 

pressure (Pamb) and 2 GPa at room T. The latter material was also deposited into the 

thin film form and exposed to the uniaxial HP. The produced measurements showed 

that the sample R gradually decreases from 600000 Ohm (Ω) at Pamb to 35 Ω at 0.11 

GPa and values stay consistent between P cycles.
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Chapter 1 

Introduction 

 This first chapter introduces the reader to the transistor, its role in information 

technology (IT), and its fundamental limitations. The chapter then introduces the 

new transistor concept which overcomes limitations of the conventional transistor 

and answers question why and how it can be improved. Also, the link between 

the new transistor concept and HP is established. The purpose and aims of this 

PhD project are described at last along with the thesis layout. 
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1.1 Technological need and devices 

IT is a set of methods and tools used for collecting, storing, processing and 

distributing information. IT optimizes and, in many cases, automates information 

processes, which are becoming even more prevalent in modern human activity life. It 

is accepted to evaluate the progress of humankind by its achievements in the 

scientific and technological fields and this progress can be driven by formations of 

new sciences. For example, at the end of the 20th century, computer science appeared 

growing rates of which were so high, that it provoked the information revolution, 

resulting in microprocessor technology development [1]. 

It has been about 20 years since mankind has stepped into the 21st century and now 

we are surrounded by smart technology: laptops and tablets, phones and watches 

with cameras, flying drones with camcorders etc. All these smart electronic devices 

are equipped with central processing unit (CPU), the electric “brain” that runs 

billions of tasks, performance of which is directly related to the number of transistors 

sitting on it. The more of them we have on the CPU, the more tasks it can run 

simultaneously. The smaller transistors are, the faster the On/Off switch operates 

within them. 

Transistors can also be found on other devices such as graphics processing unit 

(GPU), dynamic random-access memory (DRAM), static random-access memory 

(SRAM), read-only memory (ROM), flash memory, etc. In these devices, transistors 

are assembled into various groups which are responsible for numerous gate 

operations allowing for digital logic language to exist. A classic example is a number 

0 for an “Off” state and number 1 – for an “On” state. 

All conventional transistors are built with complementary metal-oxide-

semiconductor (CMOS) process technology (See figure 1.1). In the “On” state, the V 

potential is applied at the gate and the positive electric field builds up which attracts 

electrons on the positively doped layer/region of the silicon substrate. Silicon dioxide 

which acts as an insulator prevents further electron movement, so electrons are 

forced to occupy the upper layer of silicon substrate allowing I to flow from Source 

to Drain. Substrates which are made of elements from the carbon group (e.g. with 4 
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valence electrons) can be doped positively using ion implantation of elements from 

the boron group (e.g. with 3 valence electrons) or negatively with elements from the 

nitrogen group (e.g. with 5 valence electrons) [2]. 

It can be concluded that the performance and functionality of electronics technology 

are driven by two scalings: transistor and Dennard [3]. The former is associate with 

Moore’s empirical observation regarding the exponential rise in transistor density 

with time [4]. This observation stays to be true as nowadays microprocessor 

transistors have reached 7 nanometres in width (w) [5] (this w was twice as bigger in 

2016 when I just started my PhD) and there are no known manufacturing obstacles 

for their further reduction in size [6]. The latter implies that with a decrease in the 

size of the transistor increases the processor’s clock speed and, hence, the 

processor’s performance [3], however, the maximum clock rate has not increased 

much since 2005 (See figure 1.2) because the further reduction in the size of the 

transistor leads to the unacceptable heat production which occurs inside of the chips 

(when electrons are passing smaller and smaller silicon circuits with the same speed 

the circuits heat up) [7]. 

The Dennard scaling of the conventional field-effect transistors (FET) cannot be 

restored by any engineering solution due to the operating principle of FET. There is a 

minimum gate V change needed to switch the transistor from an “Off” or low-I state 

to and “On” or high-I state. It is set by thermal excitation of carriers in the “Off” 

state [8, 9]. 

The lowest line V value required to gate a single carrier electrostatically with high 

fidelity or 10-4 On/Off R ratio is about 1 Volt (V) in practice. Values below 1 V are 

leading to dramatic slowing down and inadequate On/Off ratios (e.g. poor 

performance of the device) while values above 1 V are leading to high thermal 

excitation of carriers in the “Off” state – electrical instability of device [3, 10, 11, 12, 

13]. 

This line V value was reached back in 2005 and it is defined by charge and T 

according to the equation 1.1 and consequently, it does not scale with device 

dimensions. 
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 V
T 

= kT/q (1.1) 

Where VT is the thermal voltage, k – Boltzmann constant, T – the temperature of the 

p-n junction and q – charge. 

If the device is to be scaled further there will be an excessive leakage I in the “Off” 

state, or low I (slow) in the nominally “On” state [12]. In other words, the 

fundamental physical speed limit of the FET transistors has been reached back in 

2005, marking the end of the highly desirable “Dennard scaling” era [7].  

Since then, microprocessor manufacturers decided to limit heat generation inside of 

the chips by setting the speed limit for electrons (e.g. no clock rate increasements) 

and, to “somehow” go along with Dennard’s tendency, manufacturers introduced 

multi-core chips which, in theory, are promising (eight 250 MHz cores = one 2 GHz 

core assuming simultaneous operation), but, in practice, many algorithms cannot be 

broken into several pieces becoming bottlenecks for one of the 250 MHz cores of the 

chip [7].  

The worth mentioning improvement of the FET technology took place back in 1998 

when the first FinFET concept [14] was presented by professor Chenming Hu and his 

team (See figure 1.1). In the 2013 FinFET [15] fully replaced CMOS when major 

semiconductor manufacturing foundries like TSMC [16] and Sk Hynix [17] first 

utilised FinFET designs [18, 19].  

 

Figure 1.1: Planar MOSFET on the left and FinFET on the right. The arrow shows the direction 

of the current. 
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FinFET architecture improved CMOS technology performance in terms of many 

aspects among which are higher transductance and reduction of leakage or idle I. At 

first glance, it looked as if scaling problem was solved or, at least, postponed, 

however new architecture of source (e.g. addition of fin) made model much complex 

and previously not considered mechanical stress of the source had to be modelled to 

avoid malfunctions. Also, further scaling of finFET brought new problems: random 

fluctuations of dopant and roughness of line edge resulting in device performance 

deterioration [20, 21, 22]. 

There are many other types of FET [23, 24, 25, 26], however, all of them and any 

further modifications/improvements of FinFET were way below the desired 

performance of transistors that Dennard predicted in terms of the clock speeds. 

 

Figure 1.2: Key performance indicators of microprocessors versus time. Orange data represents 

transistor count and, as it can be seen, they continue to follow Moore’s law while green data – 

the clock rate frequency shows no grow since 2005. The light green line shows the extrapolation 

of the previously observed trend or expected Dennard scaling [27]. 

Clock speeds of modern CPUs, for instance, cannot go above 4 GHz without 

professional cooling systems. The commercially available CPUs are having base 

clock speed (the speed at which CPU works by default) and boost clock speed (the 

maximum speed that CPU can reach when overclocked without any damage to 

components). When conventional cooling uses fans and heat sinks, the professional 

uses liquid as a cooler. The affordable liquid coolers use distilled water and these 

allow to push the CPU to “limits” (4.5 GHz max), however, if higher frequencies are 

of an interest the coolants such as liquid nitrogen and/or liquid helium should be 
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employed. There is, however, no manufacturing guarantee that the device will work 

properly over the promised by the manufacturer life-span of CPU. The highest 

overclocked CPU speed was achieved in 2011 when Advanced Micro Devices 

(AMD) company used both liquid nitrogen and liquid helium to reach 8 GHz [28]. 

Although this greatly maximises the speed, by observing the frequency trend in 

figure 1.2, it can be noted that 8 GHz value is still below Dennard’s expectations (in 

2011 rate should be at around 11 GHz). Moreover, the trade-off between 

performance and cost must be considered and with liquid coolants like nitrogen and 

helium, this trade-off is inadequate and unprofitable.  

To restore Dennard’s scaling, it is required to develop a novel device which would be 

able to operate at low V and high frequencies using the new unconventional method. 

Just like nature uses transduction to distribute signals in bioorganisms [29], the 

transduction can be used to propagate digital logic in between input and output 

electronic signals of the transistor by the means of the displacement of the 

intermediate form [30]. Among the transduction devices like spintronics [31] and 

nanoelectromechanical (NEM) relay [32], the International Business Machine 

Corporation (IBM) proposed new device concept – piezoelectronic transistor (PET) 

(See figure 1.3) which appears to be challenging but a promising technological 

solution since piezoelectric actuation requires much less driving V allowing PET to 

have denser integration and, therefore, further scaling [33]. 

 

Figure 1.3: The PET concept showing key components. The piezoelectric (PE) material in 

between Gate and Common and piezoresistive (PR) element in between Sense and Common. 

The whole device, as shown, is to be surrounded by a high yield material (HYM) [34]. 
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The idea behind the operation of the device is as follows: the high-performance PE 

actuator (e.g. previously mentioned as an intermediate form) [35] receives an input V 

from Gate and expands along the vertical axis while delivering acoustic pulse to 

Common. Expansion of the PE element results in a PR element compression within 

the rigid HYM. The PR element, which has a high pressure-dependent ρ, as a result, 

undergoes an insulator-to-metal transition and converts pulse back to V in between 

Common and Sense [34]. The lack of thermionic emission, which is present in the 

form of charge carriers over a barrier in the regular FET transistors, and transduction 

physics of PET are promisingly leading to a low-V and fast operation device which 

bypasses limitations of the Dennard scaling [36] as well as appears to be centenarian 

in comparison to NEM relay [32] which has a limited cycling life [30]. 

IBM reports PET transistors which can operate at around 150 mV line voltages while 

delivering 10-4 On/Off R ratios while giving around 10 GHz clock speeds (See figure 

1.4 – C) by simulating the known materials [34, 37]. 

 

Figure 1.4: The PET performance simulation. Left & right-hand scales represent clock speeds in 

GHz. Bottom scale is line voltages. A, B and C represent three different geometries with 

dimensions as shown next to the lines. Please note that W – width of PE, w – width of PR, A – 

area of the PE, a – area of the PR, L – the thickness of the PE and l – the thickness of the PR. 

Adapted from [34]. 

As it can be seen in figure 1.4, the further device dimensional scaling (e.g. simulated 

B and A curves) are leading to the even higher clock speeds with small line voltages 

(VDD), making Dennard scaling applicable to PET. 
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1.2 Suitable materials 

The first step towards the PET realization is a selection of the appropriate materials. 

At present, PET devices (See figure 1.3) are built up from a stack of five materials 

(Gate, PE, Common, PR and Sense) with a rigid yoke which is in contact with Gate 

(at the bottom) and Sense (at the top). The international collaborative research which 

is led by IBM is working towards PET realisation [36, 37, 38] and materials for Gate, 

Common and Sense do not require deep research because these can be chosen among 

many metals with good electrical conduction properties and selection criteria would 

be mainly dependent upon scaling feasibility/price/cycle loading simulations.  

The PE actuator, as its name suggests, uses the piezoelectric effect, which is present 

in crystals of tourmaline, quartz and other natural crystals, as well as many 

artificially grown crystals which are dielectrics [39]. This effect is widely used in 

modern technology and can be found in operation principle of hand watches, 

headphones, microphones, lighters, etc.  

 

Figure 1.5: Alignments of electric dipoles. A – the unpoled material with random dipole 

orientation. B – dipole alignment after poling. Arrow pointer indicates positive charge with a 

negative charge at the tail. Adapted from [40]. 

Based on thermodynamic considerations, there is a direct piezoelectric effect, when 

an electric charge is induced on the surface of a crystal under the mechanical 

deformation (for example compression), and a reverse piezoelectric effect, when a 

crystal deforms under the influence of an external electric field [41]. The latter 

applies to the desired actuator operation principle for PET (e.g. linear movement 

which leads to PE extension as a result of the applied V), inside of which polarized 
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piezo crystals that can be formed into any structural shape are placed in between 

plate electrodes. Polarization is important as it aligns positive and negative charges 

of dipoles in the direction of interest (See figure 1.5) using a strong magnetic field, 

which improves the piezo sensitivity and, hence, the extension capabilities of piezo 

materials.  

PE’s closest analogue in terms of operation principle is a capacitor with an exception 

that it does not change its volume and this volume change is only the difference 

between materials these two electric components use.   

The suitable PE materials for PET were found to be the relaxor ferroelectric ceramics 

[42]. They are having ultrahigh strains and, hence, enough performance to drive PET 

[37] providing big PE expansion at the low driving V [33].  

From figure 1.4, it can be noted that scaling of PE is also an important step to realize 

PET, however, such a PEs with the high piezo response already exist and function at 

nanoscale dimensions [43, 44, 45] due to the fact that ferroelectricity is persistent 

down to unit cell volume [38, 42]. 

Although the developmental PET devices and their simulations are very promising as 

a new post-CMOS digital logic with fast switching speeds and low power 

consumption due to the combined use of high-performance PR and PE materials, the 

former is considered to be the bottleneck on the pathway towards PET realisation 

because the currently employed PR candidates are rare earth material compounds 

such as SmXEu1-XS [46] and SmSe [47] which require several GPa of P to make the 

Common-Sense channel conductive. Also, there are known manufacturing issues that 

occur when trying to bring concept design into fully integrated standalone PET 

device due to several reasons among which are PET fabrication process, chemical 

incompatibility between PE and PR and oxidation of latter (SmSe material is 

unstable in the air) [37, 38, 48]. Moreover, practical experiments with fully 

integrated PET device are having higher line V than these observed in the simulations 

[42] (See figure 1.4). Among the two possible solutions, scientists suggest innovative 

PR materials being found/made/used [36]. 
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In recent decades, worldwide multidisciplinary research in electronic materials has 

been galvanised by the study of organic light-emitting diodes (OLEDs), organic 

field-effect transistors (OFETs) and organic photovoltaics (OPVs) [49]. Organic 

materials started to slowly substitute inorganic analogues in the commercial domain 

due to many reasons among which are the flexibility, affordability, power efficiency 

[50] and ability to be synthesised rather than mined from bowels of the earth. The 

synthesis also allows varying chemical and electronic properties of organics which 

makes them being promising candidates for the PR material. Just like in Lego where 

different building blocks can be assembled into the desired shape, the material 

molecules of organics can be built according to the required chemical and electrical 

properties [51, 52].  

Based on literature precedent, the promising class of PR materials was identified 

with potential in large ρ change between ambient and Pelevated. Just like in PET 

concept, these materials are expected to undergo insulator/semiconductor to metal 

transition at room temperature (Troom) during uniaxial compression. Please refer to 

the 2nd chapter for more details regarding PR materials and their relevant properties. 

1.3 Why high pressure 

High pressure (HP) is a powerful tool which is used to modify the material’s physical 

properties. These modification studies produce significant contributions towards the 

development of many technological and scientific fields such as biology, chemistry, 

geophysics, astrophysics, material science and food industry [53, 54]. The HP 

application can cause dramatic changes in the material's behaviour by producing first 

and/or second-order phase transitions within it by the means of compression that 

leads to change in materials volume as a result of the change in interatomic 

(intermolecular) distances. The HP first-order phase transitions are generally liquid 

into crystals (a classic example is water which turns into the ice when subjected to 

HP [55]) and gases into metals (for example nitrogen gas into fluid metal [56]). The 

second-order HP induced phase transitions are generally associated with changes in 

structural, magnetic and electronic properties of matter without changes in its state 

[53]. Both, 1st and 2nd order phase transitions are also sometimes followed by 
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necessity in the change of another thermodynamic parameter – T, in order to be 

successful. 

HP can be achieved statically and dynamically. The former method has no time 

constraints but can reach smaller P compared to the latter which goes beyond tera 

pascal range [54]. PET concept has dynamic operation principle but does not require/ 

may have ultra-high Ps to achieve high On/Off ratios. Beforehand, PR materials will 

be tested statically for an accurate picture of their physical nature, more precisely, 

their electronic properties that will be presented in the form of ρ - P charts. These 

charts will be used to identify if the sample is promising or not. Promising candidates 

would be those that are having reversible insulator/semiconductor to conductor 

transition within the ambient and 3 Gpa P range at Troom.  

It is expected that HP application, will transform PR material from insulator or 

semiconductor into the conductor. This work is therefore focused on systematic ρ 

studies on different PR materials at variable P and T as well as the development of 

the HP instrumentation required to accomplish this. 

This research is novel and important as it may lead to the new electronic device 

which will significantly improve the performance of the current transistor technology 

in terms of the increased clock speeds using new device concept – organic 

piezoelectronic transistor (OPET) which overcomes fundamental limitations of 

conventional FET allowing denser transistor integration on a chip, has low V 

switching capabilities and utilizes new organic PR materials which are not having 

limitations of the currently employed continuous lattice materials in the PET 

concept. Please refer to the 2nd chapter for more information. 

1.4 Objectives 

The general aims of this thesis are to develop or adapt HP instrumentation to produce 

the variable T and/or variable P - R measurements on the selected PR materials to 

determine the most promising candidates for the OPET device as well as to develop 

UHPC design which would allow producing both: static and dynamic P conditions 

for R measurements on the thin film samples. The following are the specific 

objectives: 
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• To develop PCC which is capable of reaching 3 GPa for in situ R 

measurements while having a big enough reaction chamber to fit the suitable 

compressed powder pellet (CPP) and to precisely allocate probing contacts 

on it.  

• To adapt the opposed DAC for in situ R measurements which is capable of 

reaching 10 GPa. This objective, therefore, involves the development of 

methods and techniques for insulation of metallic cell parts, for sample 

loading, for gasket preparation and the introduction of probe wires into the 

reaction chamber.   

• To determine the precise method for R into ρ conversion which is suitable 

for the anisotropic nature of PR materials and yields consistent results when 

deployed in PCC and DAC.  

• To produce variable T and/or variable P measurements utilizing PCC and 

DAC and based on the acquired data to select the most promising PR 

candidates. 

• To design UHPC for in situ R measurements on the thin film samples. The 

cell must be able to produce both: static and dynamic P applications. 

1.5 Thesis layout 

This thesis consists of nine chapters outlined below: 

Chapter 1: Introduction 

This chapter describes problems of the conventional transistor and limitations of the 

PET concept. It also suggests how these may be overcome, answers how HP is 

related to the device operation and talks about the suitable PR materials. At last, the 

project objectives and thesis layout are provided.  

Chapter 2: Literature review – materials. 

This chapter reviews the chemistry of selected materials for PR and contains the key 

material information and properties which will be used to characterize them with the 

crystal and/or molecular structure illustrations. 
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Chapter 3: Literature review – HP techniques. 

This chapter reviews the relevant electronic terms, techniques and employed for R 

measurements devices. The chapter also reviews the HP devices, P measurement 

techniques, different pressure transmitting medium (PTM) and contains general 

thoughts on electrical R measurements in the selected HP devices.  

Chapter 4: Development of PCC for R measurements. 

In this chapter, the author describes how he develops the PCC for R measurements 

providing the driving parameters of the design as well as the employed theories. By 

utilizing the computer-aided design and FEA the compound cylinder was studied for 

relevant stresses and, at the end of the chapter, was presented along with the 

experimental testing. The PCC is capable of reaching 3 GPa of P and is equipped 

with the feedthrough plug for R measurements on the sample material as well as on 

the Manganin coil to probe P in situ. 

Chapter 5: Adaptation of DAC for R measurements. 

This chapter starts with the requirements and reasoning for the DAC which are 

followed with design considerations and applied method for gasket’s insulation. 

Further, the FEA of the backing discs is provided based on which the material the 

disc is made of is selected. Lastly, the manufacturing, assembly and experimental 

testing of the DAC are provided. The adapted DAC is capable of reaching 10 GPa of 

P while producing R measurements on the sample material. 

Chapter 6: Development of UHPC for R measurements. 

This chapter starts with the requirements and reasoning for the UHPC which are 

followed with design considerations based on which the final design was developed 

which allows both: static and dynamic P applications depending on the employed 

components. Lastly, the manufacturing, assembly and experimental testing of the 

UHPC are provided. 

Chapter 7: HP measurements. 

This chapter provides the full experimental details regarding the R and T experiments 

along with the employed techniques, methods and instrumentation.  
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Chapter 8: Discussion. 

This chapter contains the experimentally derived data on the PR materials from the 

2nd chapter using techniques which are outlined in the 7th chapter in the form of the R 

- T, BG - P and ρ - P charts with details and analysis.  

Chapter 9: Conclusions and future directions. 

This chapter provides a summary of the completed work and outlines future potential 

directions of the project.
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Chapter 2 

Literature review – materials 

This chapter reviews the chemistry of selected materials for PR, highlights the 

desired for OPET application properties, introduces bandgap (BG) theory and the 

significance of the variable T analyses. Lastly, but most importantly, the chapter 

identifies known and new promising PR candidates, illustrates the crystal and/or 

molecular structures and mentions the relevant material properties for which they 

were chosen.  
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2.1 Chemistry of materials 

Organic materials show a tremendous diversity of electric properties including 

metallics [36], superconductors [57] and semiconductors [58]. The compressible 

nature of (neutral) organic solids is due to the relatively weak Van Der Waals 

interactions between the molecules in the solid-state. One such example is the π-

stacking arrangement (See figure 2.1 – A) which yields high P dependence on 

properties, compared to continuous lattice materials such as SmSe (See figure 2.1 – 

B), where intramolecular interactions are strong and result in high intermolecular 

repulsion when molecules are pressed closer (See figure 2.2).  

 

Figure 2.1: Unit cells. A – Example of the molecular solid unit cell (grey, red, blue, brown and 

pink spheres represent platinum, oxygen, nitrogen, carbon & hydrogen respectively) [59]. There 

are many variations of possible molecular structures and chains with different geometrical 

complexity levels, where the molecules are bound to each other with weak intermolecular forces, 

while the atoms within each molecule are held together with strong covalent bonds. B – ionic 

solid unit cell (red & purple spheres represent cations & anions respectively). Conventional rock 

salt structure [34, 60]. In an ionic bond, atoms are held electrostatically. 

There are several organic materials that metallise under the applied P [61]. Nearly 

all, however, are multiple-component, charge-transfer salts or other doped systems 

[62]; they generally show the metallisation effect at low T and are often brittle single 

crystals with no clear route to being deposited in the thin film form (the PET 

prerequisite) [63]. Therefore, PR candidates should be single-component undoped 

materials for ease of (vapour or solution) processing which, ideally, are affordable in 

terms of price and abundance and nonreactive with air or other PET components they 

are in direct contact with (to avoid problems as in the case with SmSe).  

Transition metal complexes with organic ligands were chosen as a promising 

material class for the PRs. This class constitutes of assemblies of a central transition 

metal ion which is bonded to a group of surrounding organic molecules (ligands) 
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[64]. Ligands have a relatively high symmetry surrounding the central metal ion 

which has the incomplete shell of d-electrons [65]. This material class can contain 

highly-tunable candidates for PR due to the existence of weak bonding of d-orbitals 

which indicates the possibility of narrow BG (See figure 2.4). It is expected that the 

P application to these materials will strengthen their intermolecular interactions (See 

figure 2.2) resulting in the broadening of the bands and a decrease in the BG. For 

piezoresistive applications, it is also required to have the conducting pathway/axis of 

the PR material to be the same as the axis along which the uniaxial compression 

takes place (See figure 1.3) to maximise the P - R response. 

 

Figure 2.2: Intermolecular vs intramolecular interactions. On the hydrogen chloride (HCl) 

example it can be noted that the intramolecular attraction is formed within the molecule with H 

and Cl atoms while the intermolecular attraction originates between molecules. Generally, 

intramolecular forces can be metallic, covalent (shown) or ionic while intermolecular can have 

hydrogen bonding, dipole-dipole attractions (shown) and London dispersion forces. Adapted 

from [64]. 

2.2 Properties of materials 

2.2.1 General considerations 

To determine the fundamental properties and the performance of new PR materials 

for the OPET a systematic material study is required to produce adequate selection 

and differentiate between promising and non-promising candidates across a broad 

canvas of possibilities. A selection of appropriate materials with varying properties is 

essential to enable devices with differing options for dimensions, operating speed 

and power, appropriate for different applications. Some key properties are specified 

below and these provide a basis for new PRs’ assessment: 
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• Semiconductor/insulator to conductor change between ambient pressure 

(Pamb) and 3 GPa (P within the suitable PET application range) at Troom. 

• The associated structural change should be whether continuous with no phase 

transition whether reversible if phase transition exists. The goal is to have 

consistency in ρ in response to the applied P during cyclic P applications.  

• The material should be soluble and/or volatile to enable solution and/or 

vapour processing and, therefore, the ability to be deposited into the thin film 

form. 

2.2.2 Electrical properties 

As stated above, one of the essential criteria for PRs’ functionality is the high ρ 

change within the aforementioned P range. Such a tangible change is a must to 

maintain a high On/Off ratio. 

 

Figure 2.3: Rough ρ scale. Units are Ωm [66].  

In figure 2.3 the rough ρ scale is illustrated to show how big the numerical change 

should be to treat material which was an insulator or semiconductor at Pamb as a 

conductor when subjected to Pelevated. 

2.2.3 BG theory 

In BG theory conduction and valence bands (See figure 2.4) represent allowed 

energy bands with quasi-continuous energy levels. In semiconductors and insulators 

at absolute zero T (e.g. at T = 0° K) these bands are separated with the forbidden 

region (e.g. BG) where electrons cannot exist. The valence band is a region which is 

filled with electrons, whereas the conduction band is a region which is either 

partially filled with electrons or empty. For example, in conductors, the valence 

orbital is free given the fact that it is not filled with electrons completely (e.g. it has 
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free energy levels for electrons to jump onto). In semiconductors and insulators, the 

valence band is filled entirely.  

 

Figure 2.4: BG theory. Green & yellow rectangles are representing conduction and valence 

bands respectively. The dashed line represents the Fermi level. The band theory is used to 

explain the electrical γ in conductors, semiconductors and insulators from a unified point of 

view [67]. 

Therefore, in conductors, at absolute zero T (e.g. at T = 0° K), valence and 

conduction bands are partially filled with electrons and, since there are free energy 

levels in the conduction band to which electrons can go, conduction and valence 

bands overlap each other, indicating/ illustrating that conductors are having high γ. 

Whereas in semiconductors and insulators, at T = 0° K, the valence band is entirely 

filled with electrons while the conduction band has none and, hence, no energy levels 

for electrons to go to, resulting in the illustrated gap between valence and conduction 

bands which can be small for semiconductors and big for insulators, denoting their 

electrical γ potentials [68, 69].  

For semiconductors, depending on the doping, the allowed energy bands are shifted 

from the fermi level. For negatively doped semiconductors fermi level lies closer to 

the conduction band and for positively doped it’s closer to the valence band. For 

undoped semiconductors, the Fermi level lies almost in between the allowed energy 

bands [70].  

The BG itself is the energy difference between the top of the valence band and the 

bottom of the conduction band or the energy required to be overcome by an electron 
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from the valence band to get into the conduction band. The higher is the BG value 

which has the Electronvolt unit (eV) – the higher energy is required to overcome it. 

Semiconductors are those materials with BG width in between 0 & 3 eV and 

insulators are those above 3 eV [71]. Both: T and P can alter the electron energy. 

While the former parameter is rather unwanted in the transistor applications the latter 

is well suited for the PET operation concept. It is expected that increases in P will 

remove the BG in PR’s material (e.g. transform it from insulator/semiconductor into 

conductor).  

2.2.4 Role of temperature 

T is another thermodynamic parameter which can tune the electrical properties of the 

matter (See figure 2.5), however, one of the OPET prerequisites is Troom operation. 

In spite of that, it is a common practice to include T analysis for P studies as it helps 

to identify the electronic phase of the material at a given P and calculate the BG.  

In semiconductors, with an increase in the T, some electrons acquire energy that is 

sufficient to overcome the BG. This results in a sharp decrease in ρ and, therefore, an 

increase in γ. However, in conductors with increasing T, the electrical γ falls 

(negative T coefficient of electrical γ). Thus, the fundamental difference between 

conductors and semiconductors lies in the different T dependence of electrical γ [72]. 

Knowing that the only difference in BG theory between semiconductors and 

insulators is the width of the forbidden region, this semiconductor T - ρ behaviour is 

also applicable to insulators.  

 

Figure 2.5: Common R - T dependence for conductors, semiconductors and insulators.  
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This work is therefore focused on systematic studies of different PR materials at 

variable Ps. If P - ρ behaviour looks promising (e.g. has high ρ change in between 

Pamb and 3 GPa), the measurements would be extended to include the T analysis at 

different P points to determine materials’ electronic phase as well as to calculate the 

BG.  

2.2.5 BG calculations 

Generally, there are two approaches to calculate BG and, therefore, to understand 

materials’ electronic behaviour: computational and experimental. The former 

approach is composed of several methods which are mainly united with the solution 

of the density function theory (DFT) equations (also called Kohn-Sham equations) 

while the latter uses experimentally acquired data [73]. It is a common knowledge 

that experimentally obtained BGs are more precise rather than DFT which uses 

numerous assumptions, approximations and simplifications during modelling and, 

therefore, experimentally derived BGs are preferred more on condition that the 

collected data can be undoubtedly interpreted.  

The experimental way to calculate BGs is directly related to the use of Arrhenius 

equation – the mathematical expression of the T dependence of the rate of a chemical 

reaction [74]. 

 k = Ae-Ea/RT (2.1) 

Where k is the rate constant at T, A – pre-exponential factor, Ea – activation energy 

in Joules, T – the temperature in K and R – the energy gas constant (molar equivalent 

to the Boltamann’s constant). 

When dealing with electrical properties the equation is modified to be as follows: 

 γ = Ae-Ea/KbT (2.2) 

Where γ is the conductivity in 1/Ωcm, A – pre-exponential factor, Ea – activation 

energy in eV, T – the temperature in K and Kb – the Boltzmann’s constant in eV/K. 

Compared to equation 2.1, in equation 2.2 the γ is taken as an inverse of ρ [75] – the 

experimentally derived value and the gas constant is replaced with Boltzmann’s 
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constant as we are not dealing with moles anymore but with molecules. Activation 

energy and Boltzmann’s constant are now expressed with electronvolt unit as it is 

more preferred when dealing with electron energy and BG theory.  

To calculate a BG value and, therefore, to identify PRs’ electronic status it is 

required to produce T - ρ measurements at any P point of interest. Points of interests 

are the P points and each BG will be corresponding to the P point during which the T 

- ρ experiment was performed. Thus, it is expected to see a decrease in BG’s value 

with an increase in P. 

It is a common practice to rearrange and take the natural log of equation 2.2: 

 ln(γ) = 
𝐸𝑎

𝐾𝑏
∗

1

𝑇
 + ln(A) (2.3) 

Considering the number of collected Ts and ρs (any quantity of points), this allows to 

get a straight-line plot and, therefore, slope with x-axis to be ln(γ) and y-axis to be 

1/T. The activation energy can then be found by multiplication of slope with 

Boltzmann’s constant [76]. 

For intrinsic (undoped/pure) semiconductors, the Fermi level lies almost in between 

conduction and valence bands because the quantity of excited electrons in the 

conduction band is the same as the number of electron holes in the valence band and, 

therefore, activation energy is assumed to be = ½ BG [71, 77, 78]. 

 BG = 2Ea (2.4) 

2.3 Preparations and forms 

To investigate the electronic behaviour of transition metal complexes with organic 

ligands it is necessary to obtain them in a form that allows them to be measured. 

Depending on the material the synthesis methods differ, and development details will 

be omitted due to complexity level, individual processing steps for each material as 

well as the unrelated to the author contribution as these specialities are beyond the 

project scope. The final physical forms include single crystals (needles), crystalline 

powder and amorphous powder (plates/flakes). These physical forms allow 
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producing a total of three different ρ studies: single crystal (if the size of grown 

monocrystal allows probe wire attachments), CPP (powders are usually compressed 

into a tablet/pellet geometry) and thin films (thin layer of material on a substrate). 

The first two studies require no advance technology or instrumentation to produce 

them while the formation of the last (e.g. thin films) requires a set of knowledge in 

the field of the thin film technology. Being an OPET prerequisite (See figure 1.3 & 

1.4), where PR thickness must follow the transistor scaling and shrink further, the 

solubility and/or volatility were named as a key property the PR materials must have 

to enable solution and/or vapour processing to produce thin films.  

Looking ahead, there was no solution processing done on the PR materials as those 

that can be solution-processed were found to be non-promising in terms of the 

metallisation P and, therefore, were not further studied as thin films. Instead, the 

vapour processing in the form of physical vapour deposition (PVD) was employed. 

High-vacuum evaporation was used as it provides great purity of the coatings [79]. 

Vacuum deposition of thin films consists of three main processes: 1) the transition of 

a substance from a condensed phase to a gaseous phase; 2) vapour transfer in a 

vacuum from the evaporator to the substrate; 3) vapour condensation on the substrate 

[80]. The system which was built is shown in figure 2.6. 

 

Figure 2.6: High vacuum evaporation station with key instrumentation and components. 
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The conventional pump creates a low vacuum and turbopump creates high vacuum 

environment which is supported with a liquid nitrogen trap. The active inverted 

magnetron gauge is reliable P gauge and controller which is connected to the 

turbopump [81]. Its digital reading and control are done with P gauge scale & turbo 

pump controller device. The substance in the form of a powder sits at the bottom of 

the glass chamber facing the substrate. The glass chamber is immersed into the sand 

bath which is heated with the hot plate. The thermometer is used to probe T at 

different sand depths but is mainly emerged to the same depth as a substance 

material to more precisely monitor its T. The sand is used to translate the heat from 

the hot plate to the glass since it provides better/uniform contact area with the 

chamber. 

2.4 Known and new materials 

2.4.1 Platinum complexes 

The previously mentioned prerequisite for a PR material was found to be high R 

change that occurs as a result of applied P and this sort of behaviour was already 

reported for some d-metal complexes with organic ligands in literature. For example, 

the Bis(1,2-Dione Dioximato) platinum(II) complexes are known for their tendency 

to form linear chains of metal complexes in the solid-state, and under the application 

of P members of the family display interesting conductive properties. Platinum 

bisbenzoquinonedioximato (or Pt(bqd)2) undergoes an insulator-to-metal transition 

with the metallic state being reached at 0.8-1.4 GPa; this corresponds to 4 orders of 

magnitude R change between Pamb and the above-mentioned value [82, 83, 84]. 

Such a tangible change is associated with BG reduction, which at Pamb equates to 

0.25-0.52 electron volts (eV) and in between 0.8 and 1.4 GPa approaches 0 eV 

indicating electron free transfer between conduction and valence bands [59, 83] 

because P strengthens/increases intermolecular attraction by the means of Pt-Pt atom 

distance shortening (See figure 2.7) [59, 82].  
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Figure 2.7: One-dimensional molecular stacking of Pt(bqd)2 along the c-axis. Semiconductor on 

the left and metallic on the right. Atoms are coloured: Pt (grey), O (red), N (blue), C (brown) 

and H (pink). P application shortens Pt-Pt atom distances as shown with a numerical value (e.g. 

0.318 nanometres on the left and 0.305 nanometres on right). Adapted from [59]. Molecules 

alternate along the stacking axis with neighbouring molecules related by an approximate 90o 

rotation.  

Generally, the smaller is the primordial numerical values of BG at Pamb, the faster 

they would reach zero and, hence, metallic state with the applied P. This general rule 

arises from the comparison of Pt(bqd)2 with another member of the Bis (1,2-Dione 

Dioximato) platinum (II) family – platinum dimethylglyoximato (or Pt(dmg)2). Both 

materials at Pamb are having nearly identical short Pt-Pt distances [85, 86] however 

Pt(dmg)2 has Pamb BG to be 1.44 eV (compared to 0.25-0.52 eV of Pt(bqd)2) [59] 

and, thus, metallises only at 5 GPa [87] – P outside of OPET operation range and, 

hence, the material is beyond interest. Given the above, it becomes obvious that the 

main difference in electrical behaviour in response to the applied P arises from the 

distinction of the structural configuration of ligands. Therefore, it can be concluded 

that BG not only represents the Pt-Pt distances but also the Pt-ligand. 

 

Figure 2.8: The difference in molecular structure. Pt(dmg)2 (on the left) encompasses the N, O, 

C, H-containing chelate [87], while in Pt(bqd)2 (on the right) the conjugation extends to include 

the benzene rings [83].  

The P - γ behaviour of Pt(bqd)2 combined with easy processing into thin films [88] 

makes this complex type ideal for study. Therefore, this known organic 
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semiconductor will be further investigated to refurnish the previously reported 

literature [83] and, also, used as an example material with the promising molecular 

pattern based on which new Pt analogues (See figure 2.9) will be synthesised. For 

example, the aromatic framework of Pt(bqd)2 can be extended and supplemented 

with heteroatoms (atoms other than hydrogen or carbon), which may result in higher 

γ. 

 

Figure 2.9: Pt(bqd)2 analogues. The original aromatic framework of Pt(bqd)2 was extended to 

have chelates with butyl oxide (BuO) on the left, fluorine (F) in the middle and butyl (Bu) on the 

right.  

The fluorinated Pt(F-bqd)2 was synthesised in a hope to lower the Pamb value of the 

BG and, hence, achieve metallic state under P earlier than the original Pt(bqd)2. 

Fluorine is known for its electronegativity and its addition to the benzene ring 

should, in theory, lower the energy level of ligand and, thus, lower the Pamb BG 

value. Therefore, if Pt(F-bqd)2 will have identical to the Pt(bqd)2 Pt-Pt stacking and 

compressibility (See figure 2.7), the lower P would be required to close its BG.  

 

Figure 2.10: Crystal structure of Pt(Bu-bqd)2. Atoms are coloured: Pt (grey), O (red), N (blue), 

C (brown). Molecules stack along b-axis with alternating in terms of molecular directionality 

layers along the c-axis. In respect to each other layers look perpendicular. Pt atom has the 

shortest connection with C atom in the benzene ring.  
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The Pt(bqd)2 is completely insoluble which limits processing methods to vacuum 

deposition only [89, 90]. The butyl (See figure 2.10) and butyl oxide analogues were 

mainly synthesised to increase the solubility of the parent compound and, therefore, 

to simplify characteristics and physical working with the materials.  

 

Figure 2.11: Crystal structure of PTC1. Atoms are coloured: Pt (grey), O (red), N (blue), C 

(brown) and H (pink). Molecules stack and alternate along c-axis with neighbouring molecules 

related by an approximate 30o rotation. Pt-Pt atom stacking.  

The other Pt complexes which are worth mentioning are Pt complex 1 (PTC1) [91] 

(See figure 2.11), PTC2 and PTC3 (See figure 2.12). The former is known 

semiconductor at Pamb with Pt-Pt distance of 0.336 nm [91] – this is only 0.018 nm 

more than the Pt-Pt distance in the Pt(bqd)2 but, unfortunately, no BG information on 

this material exists and no P - ρ studies were carried out. This limited information 

makes this material suitable for research.  

 

Figure 2.12: Other Pt complexes.  

The last two are novel. The PTC2 has the aromatic framework which was adapted 

from thiophene-fused phenazine [92]. It is expected that thiophene ligand will 

improve the γ of the whole molecule due to the excellent electronic properties of 

thiophenes which are well known in organic electronics [93, 94]. The PTC3 has the 
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Bu extensions that, as it was previously discussed, may improve the solubility of the 

parent material (e.g. extend processing methods). 

2.4.2 Magnus salts 

The Magnus salts are coordination complexes (organic-inorganic hybrids) [95] with 

columnar Pt-Pt stacking [96]. The Magnus green salt (MGS) is a known 

semiconductor at Pamb with the increase in γ with an applied P and it has many 

analogues with no performed HP studies. Although MGS (See figure 2.13 & 2.14) 

and its analogues are known and have some preliminary measurements done [96], 

one of the analogues does look promising and requires P effect investigation on the 

electrical properties due to reported low Pamb BG. 

 

Figure 2.13: The Magnus salts. With parent MGS on the left and its analogue on the right. 

 

Figure 2.14: Crystal structure of Pt(NH3)4PtCl4. Atoms are coloured: Pt (grey), Cl (green), N 

(blue) and H (pink). Note the unit cell and how neighbouring molecules alternate each other. Pt-

Pt stacking occurs along the c-axis. 
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2.4.3 Copper and cobalt complexes 

Both copper (Cu) and cobalt (Co) complexes (See figure 2.15) are novel, and they 

have no literature information. The Cu complex which was made from the same 

ligand as Pt(bqd)2 was found to be a networked crystalline structure which is made of 

two coordinate environments: A and B (in a 50:50 ratio) (See figure 2.16). In one 

environment the ligand binds through both N atoms (just like in the case of Pt(bqd)2) 

while in the other it binds through N and O atoms. The Cu material was selected as a 

central atom for the budgetary reasons since Cu is much cheaper than Pt and is a 

good conductor. 

 

Figure 2.15: Copper and Cobalt complexes. 

 

Figure 2.16: Crystal structure of Cu complex. Atoms are coloured: Cu (orange), O (red), N 

(blue), C (brown) and H (pink). Note the half-white atoms which represent disorder in the 

crystal structure. The less occupied positions were deleted by an author for a clearer picture. 

Stacking occurs along a-axis with a repetitive pattern of a 4x bound molecule (with Cu-O and C-

N stacking as shown). Metal-chelate interactions.  
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The Co is another cheaper (if compared to Pt) material, and it was decided to employ 

it for the same reason – e.g. to reduce costs and see if the electronic behaviour of the 

whole compound (See figure 2.17) would be found promising. The ligand as with Cu 

complex was adapted from Pt(bqd)2 with the only difference that there are 3 ligands 

around the metal atom rather than only two. There were meant to be only two, 

however, it was found that Co oxidised in the solution. 

 

Figure 2.17: Crystal structure of Co complex. Atoms are coloured: Co (purple), O (red), N 

(blue), C (brown) and H (pink). Co-Co Stacking and rotational alternation of layers occur along 

and around c-axis respectively with lots of inter and intramolecular hydrogen bonding 

interactions. 

2.4.4 Iridium complexes 

Just like MGS, Iridium (Ir) complexes (See figure 2.18) are stacking in columns 

along with metal atoms in chains [97] and P application should be able to decrease 

atomic spacing and increase the overlap of molecules and, therefore, increase γ [98]. 

 

Figure 2.18: Iridium complexes. With known Ir(CO)2(acac) [97] and Ir(CO)2(dbm) [99] and new 

bta & tfp Ir(CO)2 analogues. The acronyms are explained in table 2.1.   
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Table 2.1: Acronyms of ligands. 

Acronym The ligand used in the synthesis of Ir(CO)2X 

acac Acetylacetone 

bta 4,4,4-trifluoro-1-phenyl-1,3-butanedione 

dbm 1,3-Diphenyl-1,3-propanedione 

tfp 1,1,1-trifluoro-2,4-pentanedione 

 

 

Figure 2.19: Crystal structure of Ir(CO)2(acac). Atoms are coloured: Ir (green), O (red), C 

(brown) and H (pink). The unit cell has 2x molecules with Ir-Ir stacking along the x-axis and 

intermolecular O-H interactions.  

 

Figure 2.20: Crystal structure of Ir(CO)2(bta). Atoms are coloured: Ir (green), O (red), C 

(brown), F (blue) and H (pink). The unit cell has 8x molecules with slipping Ir-Ir stacking along 

the x-axis and intermolecular H-F interactions.  
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Figure 2.21: Crystal structure of Ir(CO)2(dbm). Atoms are coloured: Ir (green), O (red), C 

(brown) and H (pink). The unit cell has 4x molecules with Ir-Ir interaction more of a dimer type 

rather than stacking.  

 

Figure 2.22: Crystal structure of Ir(CO)2(tfp). Atoms are coloured: Ir (green), O (red), C 

(brown), F (blue) and H (pink). The unit cell has 2x molecules with Ir-Ir stacking along the x-

axis with some F-O covalent character.  

The Ir(CO)2(acac) complex was reported to have five orders of magnitude change in 

γ in between Pamb, where it acts as a semiconductor, and 14.5 GPa – materials 

metallic state [97]. Obviously, this P range is not acceptable for the OPET device 

operation, however, the X-ray analysis showed small atomic distance at Pamb for Ir-

Ir atoms to be 0.321 nm [98] pointing that the compressibility can be greatly 

improved if different ligand was used. 

The synthesis of Ir(CO)2(dbm) complex exists [99] however there was no performed 

study about the P - ρ. The new bta and tfp analogues have no literature behind them 

and were synthesised in a hope that their electrical properties under P would be 

better than those reported for their parent compound. The further reported findings 
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regarding Pamb BGs for Ir(CO)2(acac) and Ir(CO)2(bta) which are ranging in 

between 1 & 1.3, 1 & 1.2, 1.5 & 2 eV respectively [100], only strengthened the need 

to produce set of practical experiments and investigate electronic behaviours of these 

complexes to identify if Pelevated would have a high impact on the reported BGs 

within the Pamb – 3 GPa range.  

2.4.5 Gold radicals 

Gold dithiolene complexes (See figure 2.23) are other promising material examples 

in the class of planar transition metal complexes. Some of the gold dithiolenes were 

already reported to have potential applications in electronic systems such as quantum 

computing [101], resistive random-access memory (ReRAM) devices [102] and 

FETs [103].  

 

Figure 2.23: Gold dithiolene complexes. With (1-((1,1-biphenyl)-4-yl-)-ethylene-1,2-dithiolene 

ligand (GDC1) [103] on the left and (4-(4-chlorophenyl)-1,3-dithiolene) ligand (GDC2) [104] on 

the right.  

The GDC1 complex (See figure 2.24) can be treated as both: known and new. It was 

reported by our collaborators to behave as a semiconductor with Pamb BG of 0.11 

eV [103], however, the material was not subjected to any Pelevated. Moreover, this 

complex was found to have polymorph modifications with the main difference in 

how the molecules are packed in the crystal structure. Since polymorphism is not 

always a thing that can be controlled, for now, only two forms were isolated to 

produce studies on them. 

The GDC2 material was reported to acts as a semiconductor at Pamb with a BG of 

0.5 eV [104]. It was decided to investigate how Pelevated would affect its electronic 

behaviour. 
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Figure 2.24: Crystal structure of GDC1. Atoms are coloured: Au (navy), S (yellow), C (brown) 

and H (pink). The unit cell has 4x Au molecules with strong S-S stacking along a-axis and the 

weak ≈ 30° C-H stacking along b-axis.  

Although the mechanism of γ in these two gold compounds is different to the 

previously mentioned materials in this section due to nonexistence of metal-metal 

stacks, there are reported studies with gold dithiolene species that metallise under P 

[105] and their solution processing ability as well as interesting electron 

configuration of the central gold atom which has single unpaired electron [104] could 

mark these materials as potential candidates for the PRs. Both materials belong to the 

class of Mott-Hubbard insulators and information regarding their conduction 

mechanism can be found in the following literature [106, 107].  

2.5 Summary 

Among broad canvass of candidate materials for the PR in PET’s concept it was 

decided to work with organics due to the high interest which they attracted in the 

recent decades by the worldwide multidisciplinary research in the electronic 

materials and because molecular organics are much more compressible than 

inorganic lattices. The existing literature allowed to identify some known candidates 

with the necessary change in electronic behaviour as a result of the applied P (e.g. 

insulator/semiconductor to metal transition) and also hinted at what could be a 

possible explanation for such electronic behaviour – one dimensional stacking of 

aromatic molecules. The in-house synthesis allowed to alter ligands of the known 

candidates by extending their aromatic frameworks which resulted in new materials 

being made and, therefore, the necessity in new Pelevated studies. 
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Chapter 3 

Literature review – HP techniques 

The first part of this chapter reviews the electronic terms along with the 

techniques and instrumentation that are required to produce the R measurements 

using the most relevant method to evaluate intrinsic properties out of extrinsic for 

different sample geometries. The second part of this chapter reviews the HP 

devices which can be combined with R measurements, the relevant for those 

devices P measurement techniques, suitable PTM and general thoughts on how to 

produce electrical R measurements in them. 
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3.1 Resistance and resistivity 

3.1.1 Basics 

In the 1st and 2nd chapters, an author used to speak about things like resistance (R), 

resistivity (ρ) and conductivity (γ) without any definitions of these terms and how 

they are related to each other to avoid distracting the reader from what was 

emphasized at that time. In this chapter, an author will raise those terms again and 

explain them to the reader.  

Resistance (R), current (I) and voltage (V) are related by Ohm's law [108]: 

 R = V/I  (3.1) 

The base unit of the electric I in the International System of units (SI system) is 

Ampere (A). One A is an electric I corresponding to a stream of 1 / (1.602 176 634 x 

10-19) elementary charges per second. The V in the SI system has units of Volts (V) 

and is defined as the potential difference between two points of a wire which is 

carrying 1 A current with 1-watt power dissipation between points. Lastly, the R has 

units of Ohm (Ω) in the SI system. The Ω is the electrical R between two conductor 

points which would produce 1 A of electric I if 1 V of potential difference would be 

applied to these points [109].  

The physical nature of R is as follows: imagine free electrons that are moving in the 

conductor. These electrons collide in their path with positive ions, atoms and 

molecules of the material from which the conductor is made, thereby are transferring 

part of their energy to them. Therefore, the energy of moving electrons as a result of 

these collisions is partially released and dissipated in the form of heat resulting in T 

raises in the conductor. The R, as the name suggests, is what free electrons are facing 

during their transfer through the conductor when they are slowed with the particle 

collisions.  

Given the above, changes in material shape or size would affect its total R which 

makes R to be extrinsic property dependent upon the mass of material presented. The 

electrical property of material alone is called resistivity (ρ). It is independent of the 
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size of a conductor and is therefore of higher interest for material scientists as it is an 

intrinsic property [110].  

Please note that the word conductor in this context is not representing an electrical 

behaviour of the material and has nothing to do with BG theory. In this context, a 

conductor is any material that is subjected to V or electric I. 

 

Figure 3.1: Material specimen with cuboid geometry. With: ℓ – length or thickness, h – height 

and w – width. 

Assuming isotropic and homogeneous nature of the material specimen above its ρ 

will be given as follows for the probe contacts which are separated with ℓ: 

 𝜌 = 𝑅
𝐴

ℓ
 (3.2) 

Where A is the cross-sectional area, and for the geometry in figure 3.1, it is a product 

of h and w.  

3.1.2 Two-probe and four-probe methods 

It is important to note that probe contacts themselves are physical objects and, 

although they are often made of very conductive materials such as Au, Pb or Cu, the 

experimental measurement accuracy drops since some level of R exists beyond the 

system of interest. 

To avoid measurement inaccuracies which can be very critical, especially when the 

sample material is the superconductor and small R of contact probes adds up to the 

total R (which is then converted to ρ using equation 3.2) resulting in incorrectness, 

the two-probe method is replaced with the four-probe method.  
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To differentiate between these two methods let’s consider the electric circuit 

diagrams in figure 3.2. 

 

Figure 3.2: Two-probe and four-probe methods. Rs are coloured: probe wires are grey, and the 

sample is blue. Note the Voltage probing shift.  

In the two-probe method, there are only two probes which are used for both: 

application of I and measurement of potential difference which results in probe wire 

Rs being added to the R of the sample. In the four-probe method, there are four 

probes across the sample with outer probes for passing the I through them and inner 

probes for measuring the potential difference. This way the probe wire Rs are in a 

parallel arrangement and are cancelled [110, 111].  

3.1.3 Resistance monitoring devices 

The R measurements in this thesis were undertaken with the help of the 

KEITHLEY® 2002 digital multimeter [112] as well as the KEITHLEY® 6517A 

electrometer [113]. The former instrument is well suited for measuring Rs which are 

lower than 1.05 GΩ and is capable of producing four-probe measurements in the 0 - 
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2.1 MΩ range. The latter instrument extends the measurable R range up to the 1 MΩ 

– 200 TΩ and, therefore, is well suited for high R measurements of PR materials. The 

electrometer has no four-probe method capability since Rs of probe wires can be 

neglected for the materials which are having R above 100 Ω [114]. The circuit 

diagrams of how R is calculated in digital multimeter (DMM) is illustrated in [114] 

for both: two-probe and four-probe methods.  

In DMM the constant I is passed through the material under test and measures V 

across it, which allows using equation 3.1 to calculate R but when it comes to the 

high R measurement where materials are insulators the constant V method is more 

preferred [115] where the I source is replaced with the constant V source. 

 

Figure 3.3: The constant voltage method. With the voltage source (V) in series with an unknown 

resistance (R) and an ammeter (A).  

Due to the negligible V drop across the ammeter, all the V appears across the 

unknown R (material under test) which allows measuring the resulting I with the 

ammeter and, therefore, the R using equation 3.1. Although this method allows 

producing precise results for the volume and surface ρ measurements, it requires to 

consider things like humidity, good insulation of probe wires and T [116].  

Electrometer allows setting any constant V (up to 400 V) and monitor sample R with 

the varying I. The I can be automatically adjusted using an auto-range feature within 

programmed recommended limits and ranges or controlled manually [113]. The 

general trend for the constant V method is that the higher is the R of the material then 

the lower I is required to display it. If controlled manually, then special care must be 

taken to avoid sample heating via probe wires which would result in inadequate R 

readings being collected which are way lower than they should be (See figure 2.5). 
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3.1.4 Sample material, geometry and method 

Sample material itself is known to exist in two fundamental forms in nature – powder 

and crystal. Some materials cannot be obtained as crystals but yet for making 

physical property measurements they need to be made as large solid pieces – usually 

in the form of a CPP. Looking ahead, there were no single-crystal measurements 

undertaken due to the high fragility and/or short size of the grown crystals which 

resulted in whether single crystal fracture during probe contact attachments whether 

lack of free space for contact allocation. Instead, R measurements on CPPs as well as 

the thin films were performed. 

In ideal case scenario the testing specimen is both homogeneous (same properties 

everywhere) and isotropic (same properties in all directions) however this is not 

always the case and, therefore, for ρ to be scalar it is important to choose the relevant 

technique/method for it’s measuring. 

Among popular within the material science community techniques (for measuring 

electrical ρ) such as Four-Point Probe method [117], Van Der Pauw method [118] 

and Montgomery method (MM) [119] the last method was chosen as it suits best for 

the materials which were outlined in the 2nd chapter since it was assumed that 

complex ligands with one-dimensional stacking cannot have the same properties in 

all directions and, therefore, these materials are having anisotropic nature [120].  

The MM suggest producing measurements on a uniform thickness material with 

probe contacts to be distributed near the edges. For the CPP which is in the form of a 

disc such a probe contact distribution results in a circumferential pattern (See figure 

3.4). 

 

Figure 3.4: Tablet for Montgomery method. With ISO view on the left and top view on the right 

showing circumferential contact distribution for four-probe measurements in the form of an 

ABCD rectangle.  
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The MM equation for R into ρ conversion is as follows: 

 𝜌 = 𝐻𝑍𝑅 (3.3) 

Where H is the function of contact separation AB to contact separation BC distances 

and for the rectangular distribution, this function’s ratio would always be equal to 1 

which gives a constant value of H to be 4.531 (H would always be equal to this value 

for any rectangular contact distribution according to [119] source). Z is the effective 

pellet thickness in mm which can be found using figure 3.5 in which the AB/BC ratio 

curve is used to link together the relationships between the normalized actual 

thickness of the tablet (the real thickness) on the x-axis versus normalized effective 

thickness of the tablet on the y-axis. Normalization implies the actual and effective 

thicknesses as dividends and AB contact separation as the divisor. The R is the 

resistance in Ω. Thereby, ρ units are Ω*mm.  

 

Figure 3.5: A graph to determine the effective pellet thickness. Adapted from [119] and 

simplified in accordance with figure 3.4.  

3.1.5 Thin film resistivity 

For the thin film samples, as per the OPET device concept, it is required to measure ρ 

through the thin layer of PVDed on the substrate material (See figure 3.6). This 

means that both probe contacts must be those that participate in uniaxial compression 

(See figure 3.7). By sputtering gold layer on a substrate first, the bottom contact 

might be attached on a side to the gold layer on the substrate which is not uniaxially 
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compressed and acts as an insulation layer in between the bottom metallic surface of 

a hydraulic press (worktable plate) and the deposited on the substrate gold. The top 

probe contact could become the indenter if it is made of good conducting material. 

This way, the top and bottom contacts would be separated with a thin layer of 

PVDed PR material which can be uniaxially compressed as per OPET prerequisite 

without any damage to contacts and ρ can then be calculated using equation 3.2 with 

ℓ being the thickness of a thin layer of the PR material and A being the cross-section 

of the indenter’s head. 

 

Figure 3.6: Thin film uniaxial compression concept. Components are coloured: white – 
transparent glass, yellow gold, red PR material, green silver paste (conductive glue) and brown 

indenter. Other components are named on the figure with ℓ – thickness of the PR material and 

A – the cross-section area of the indenter’s head.  

3.2 HP instrumentation 

3.2.1 Types of pressure cells 

In the 1st chapter, an author explained the principle of OPET device operation as well 

as answered why HP is required to achieve the 2nd order phase transition in 

candidates for PR materials. HP science is dealing with two P environments: 

hydrostatic and uniaxial. The former environment implies P which surrounds 
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material from every side while the latter, as its name suggests, produces P in a single 

axis.  

 

Figure 3.7: Pressure environment. Cube and blue arrows are representing the sample material 

and P application respectively. The hydrostatic environment on the left and uniaxial on the 

right.  

Devices for the static HP generation can be roughly divided into two groups if the 

amount of working volume is the basis: small and large volume apparatuses. The 

former group is based on small anvils such as diamond anvil cells (DAC) [121], 

where the sample is squeezed in between the two opposed anvils with polished tips. 

DAC technique was invented back in 1958 by Valkenburg [122] and continues to 

improve instrumentation over time in terms of the maximum attainable 

experimentally P. According to the recent advances in the HP field, the DAC 

technique allowed to achieve extremes of 770 GPa of P [123] which is roughly 2.5 

times bigger than those P conditions of the Earth’s inner core [124]. The latter group 

includes such instrumentation as piston-cylinder cell (PCC), multi-anvil and Paris-

Edinburgh devices. Compared to DACs these devices are not capable of such P 

extremes, for instance: highest attainable to date P in piston-cylinder cell is 4.6 GPa 

[125], multi-anvil press – 65 GPa [126] and the Paris-Edinburgh cell reached 40 GPa 

[127], however, the large volume of these instruments allows to produce an accurate 

synthesis of novel materials with high homogeneity of P and T [128] as well as to 

produce a comprehensive study about crystallisation, decomposition and 

polymerization of the sample material/materials [54, 129]. 
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From the physics point of view, the pressure (P) is defined by the amount of force 

(F) acting per unit area (A): 

 𝑃 =
𝐹

𝐴
 (3.4) 

This is a fundamental equation for the HP engineer as it tells that HPs can be 

achieved by generating higher Fs and/or by reducing the unit A. However, knowing 

that product of P and volume has units of energy, the more adequate question during 

HP design process would be not how much F or A to increase or reduce but how 

much energy can be stored and held within the operating volume. This is the main 

reason why HP devices were divided into small and large volume apparatuses as 

when it comes to the material selection for HP device, its mechanical properties must 

adhere and how much F would they survive without yielding is the question when 

dealing with hydrostatic conditions and complex 3D stress states. 

For an author, particular interest arises with DACs and PCCs as these are widely 

employed in HP ρ studies [130 – 135] and are capable of reaching the project related 

P ranges. To produce such a ρ study, it is required to “somehow” introduce the 

electric probe wires to the HP environment of these cells which is not a 

straightforward task as it requires both: engineering adaptation of existing 

instrumentation (if possible) and a lot of labour patience due to physical working 

complexity on a small scale. 

3.2.2 The piston-cylinder cell 

In PCC (See figure 3.8), the P is generated by the means of a piston/pistons which 

is/are penetrating the cylinder inside walls (cell body). The P can be applied with the 

help of screws, clamps, or hydraulic press. Compression occurs along the cylinder 

axis resulting in P elevation within the sample volume. The sample volume consists 

whether of a solid sample/samples which is/are surrounded by a PTM whether of a 

liquid sample. Both scenarios are accompanied by leakage problems that can be 

solved by the introduction of the sealing elements such as copper rings (nearby 

piston/pistons) [136] and/or the polytetrafluoroethylene (PTFE) capsule which 
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contains whole sample volume [134]. Materials for sealing elements are generally 

selected based on their yielding. 

 

Figure 3.8: Schematic view of the piston-cylinder cell. With closed-end cylinder on the left and 

the open end on the right. Components are coloured: blue – piston, grey – cylinder, light yellow 

– sample volume [54]. 

The PCC underwent various modifications depending on the experiment preferences 

throughout the 20th century [53] with an open-end system type being employed more 

often since it allows to access the sample from both sides and if the piston (which is 

responsible for P generation within sample volume during pistons penetration into 

the cylinder) gets jammed into the bore, the sample can be accessed from the other 

end by ejecting the static piston (which is often made in the form of a plug that can 

be grabbed). 

Probe wires for R measurements in PCC are generally introduced through the bottom 

of the cell since it is usually made to be static. This allows reducing the contact 

bending/short-circuiting probabilities. The part which introduces the leads into HP 

environment is called feedthrough plug (See figure 3.9) and it is a common practice 

to hold it with the bottom locking nut. Both, the feedthrough plug, and the bottom 

locking nut are having the hollow cavities along the vertical axis and in case of a 

plug, the cavity is filled with the epoxy once wires are introduced through it.  
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Figure 3.9: Simplified schematic view of PCC with leads. Component names are shown on the 

right and are having the corresponding colours. Please note that the locking nut can be used as a 

base on the worktable plate if it has the side slot for leads exit [53, 133, 134].  

3.2.3 The diamond anvil cell 

In DAC, the P on a sample is generated in between two polished tips of the diamonds 

– inside of the gasket (See figure 3.10). The gasket is a metal disk with two main 

functions: 1) to make sure that sample experiences hydrostatic P and 2) to prevent 

diamond fracture. If there is no gasket, the culet outer edges of the diamonds are 

becoming the first contact point in between two diamonds because of diamond 

deformation as a result of the applied P. In other words, under HP, the flat cullet 

faces are becoming concave. Thereby, the gasket which is made of a much softer 

material than the diamond deforms first, preventing diamond culet outer edges 

contact and altering the P distribution [53, 137]. 
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Figure 3.10: The basic design of DAC with a section view of the gasket. Blue arrows represent 

locations and directions of force which is then translated to the cavity. The cavity is a drilled in 

the centre of the gasket hole which contains a sample, hydrostatic medium and HP gauge. The 

hole can be made using conventional hand drilling, laser drilling or electric discharge machining 

[138]. Please note that gasket thickness t1 is bigger than t2. This is called pre-indentation of the 

gasket. 

The pre-indentation of the gasket gives the following advantages compared to non-

pre-indented gaskets: gasket thickness choice, gasket’s active area is work hardened 

and simplified positioning on the diamond when it is time to load the gasket with the 

sample (as most of the diamonds are having sides instead of conical shape). The only 

disadvantage of gasket pre-indentation is the diamond breakage risk. When the 

gasket is being pre-indented it is subject to the same load which is necessary for the 

future experiment, which results in high tensile stresses on the diamond during 

gasket pre-indentation [139]. 

Diamonds are not only acting as P generators but also as an optical window which 

allows sample visual access after cells’ closure as well as spectroscopic access to 

probe the P the sample is subjected to. There are various DAC designs for different 

kinds of experiments [140 – 143] and, therefore, different mechanisms to bring 

together the culets but the overall idea of device operation is similar. 
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Since 1950 when the first DAC device concept was proposed [144], the DAC 

underwent various kinds of improvements such as the introduction of bevel/bevels 

that reduce stress concentration on the cullet edges [145], designs of diamond 

seats/backing plates, threads, materials used as well as manufacturing technology 

[146].  

It is important to note that with the reduction of working area (e.g. culets) the higher 

Ps are obtained at a cost of a complexity level of physical working with the cell 

assembly. One of the key steps to succeed is the diamond alignment process where 

two cullet faces of opposed anvils must be precisely aligned with respect to each 

other (when they are mounted in the cell along the loading direction of the force) 

since this alignment process increases the stability of the cell. The other important 

aspects include preparation of gasket, sample and HP gauge loading and selection of 

the most suitable for the experiment PTM [54].  

When it comes to the ρ measurements metallic parts such as cell body and, most 

importantly, the gasket must be insulated to avoid short-circuiting through them. 

Although insulation of the cell body can be done relatively easy, insulation of the 

gasket, especially at the contact area with the diamond, is a rather difficult task. This 

is since the only pathway for probe wires into the HP environment is a diamond 

surface and contact leads should follow its geometrical curves. Probe wires 

themselves are thus, the thinner the better, and among various techniques can be 

gold-sputtered [147] – this requires a special mask to be made to cover non-

preferrable for the sputtering areas, lithographically probed with focused ion beam 

[132] or can be made by hand [148].  

3.3 HP measurement techniques 

When producing the experiment, it is important to know the current P inside of the 

cell not only to collect the corresponding data of interest but also to avoid exceeding 

the yielding point of the materials the cell is made of. Depending on the apparatus 

used, experiment type, P range and the corresponding accuracy there are several 

techniques which can be employed for HP measurements. Along with a wide variety 

of HP instrumentation an author has already marked two HP apparatuses which are 
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most commonly used for R measurement studies and, therefore, only P measurement 

techniques which are relevant to them will be described. 

3.3.1 Manganin as the HP gauge 

For the piston-cylinder type device that has no optical access to the sample volume, it 

is a common practice to use Manganin coil as the HP sensitive sensor. This HP 

gauge requires lead wires to be introduced into HP environment (See figure 3.9) 

which are then soldered to the tips of the Manganin coil which sits inside sample 

volume. Manganin wire must have insulation to be wound into a coil as the coil body 

is more compact and safer to use rather than free wire which is not attached to 

anything and just drifts inside of the sample volume. Manganin wire works as the R 

manometer which electric R changes almost linearly against P up to the 2.5 GPa at 

Troom if properly seasoned [54, 149]. Seasoning implies the necessity of removal of 

the thermal stress and hysteresis in the Manganin wire by the means of a T cycling 

between 295 and 78° K as well as P cycling between Pamb and Pelevated and, also, 

the necessity of reduction of residual stress of coil which can be achieved with heat-

treatment for 100 hours at 150° C providing microstructure stabilization [150, 151].  

Pamb R of Manganin wire is used to calibrate the R - P scale using the equation 

below: 

 𝑃 (𝐺𝑃𝑎) =
(

𝑅
𝑅𝑜

− 1)

0.0234
 

(3.5) 

Where P is pressure in GPa, R – current resistance of the coil & Ro – resistance of 

coil at Pamb [150]. 

Elevated and low T slightly affect the R of the Manganin [152, 150, 153] and, 

therefore, the equation must be corrected accordingly. For instance, for Televated the 

constant in equation 3.5 must be changed to acquire precise P probes: 

 𝑃 (𝐺𝑃𝑎) =
(

𝑅
𝑅𝑜

− 1)

0.0246
 

(3.6) 
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3.3.2 Ruby fluorescence technique 

For the DAC the most common and sensitive method for P determination within the 

sample volume is based on the displacement observed in the ruby (Al2O3:Cr3+) 

fluorescence given that the ruby piece sits inside of the cavity and can be optically 

accessed through the transparent diamond. This technique was introduced back in 

1972 [154] and since then had various calibrations and revisions [155 – 158]. The 

principle of this technique is that when the high-intensity light source such as laser 

hits the ruby chip, ruby molecules become excited and emit two fluorescent peaks R1 

(at the 694.2 nm) and R2 (at the 682.8 nm) at the Pamb [54]. The R1 fluorescence 

peak became widely employed to calculate the P inside of the cell from the 

wavelength shift Δλ: 

 𝑃 (𝐺𝑃𝑎) =
1904

𝐵
[(1 +

𝛥𝜆

694.2
)

𝐵

− 1] (3.7) 

Where P is pressure in GPa, Δλ is the shift of ruby R1 wavelength in nanometres, and 

B is a value which at non-hydrostatic conditions = 5 and for hydrostatic = 7.665 

[157, 159].  

The Televated are affecting the R1 and R2 wavelengths and, therefore, it is advised 

to use R2 instead of R1 as it is often found to be more intense and sharper [160]. For 

the low Ts, down to 10° K, there is no need to produce corrections to the equation 3.7 

as the low T study shows that P dependence of R1 shift is identical to the one which 

is observed at Troom [161]. 

It is a common practice to measure the ruby piece at Pamb before loading it into the 

cell. This practice helps to calibrate the employed spectroscopic system which is 

used for the fluorescence measurement as well as the numerical fitting analysis of the 

spectra on the computer. It is also worth to mention that the geometry of the 

employed ruby piece can also affect the measurement accuracy. It is advised to 

prefer spherical rubies to the randomly cut chips from the bulk crystal because the 

spherical form provides homogenous luminescence characteristics [54, 162]. This 

becomes especially important when the ruby size is bigger than the diameter of the 

laser beam.  
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3.3.3 Pressure transmitting medium 

The maximum possible achievable in the cell value of P, its distribution within the 

reaction volume/the cavity, the efficiency and the service life of the HP cell are 

largely defined by the choice of the PTM since it reduces the stress gradient within 

the sample chamber [54]. The main role of the PTM is to create the hydrostatic 

environment around the sample (See figure 3.7) and, therefore, the key property of 

interest about any PTM is its hydrostatic limit – the maximum P and/or T after which 

PTM starts to solidify which results in pseudo or quasi hydrostatic conditions that 

entail some spatial inhomogeneity. Such conditions might affect the experiment 

quality, especially for anisotropic materials [163]. Another important property which 

must be adhered is chemical inertness to avoid any reactions with the sample 

material. It is important to make sure that PTM and sample are compatible to 

produce a measurement of interest unless these two are intended to participate in the 

synthetic or reactivity studies [54].  

The PTM substances exist in all aggregation states: solid, gas and liquid. The solid 

PTMs can be soft: potassium bromide (KBr), sodium chloride (NaCl) and caesium 

iodide (CsI) or hard: aluminium oxide (Al2O3) and magnesium oxide (MgO) which 

are not capable of producing any hydrostaticity and are employed if thermal 

insulation is required. The initially hydrostatic and, therefore, more preferred in HP 

experiments mediums are gas and liquid. The gas PTMs provide the best 

hydrostaticity due to higher, in terms of their solidification limit, Ps compared to 

liquid PTMs. For instance: the helium (He) and dihydrogen (H2) remain highly 

hydrostatic up to 11.6 GPa and 5.7 GPa respectively with a quasi hydrostatic limit of 

around 50 GPa [163]. The obvious disadvantage of gas PTMs is their loading 

difficulty as they require special installations for gas to be injected into the reaction 

volume/the cavity which cannot always be available for the given HP cell design. 

Drawbacks of solid and gas PTMs make liquid PTMs being employed more often 

within the HP community. The popular instances include oils: Daphne oils (7373 and 

7474) [164 – 167], alcohol mixtures: methanol-ethanol (ME) and methanol-ethanol-

water (MEW) [163, 165] as well as the chemical mixtures such as Fluorinert 84/87 

[166, 168] and n-pentane isopentane [165, 169]. 
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Table 3.1: Liquid PTM and their hydrostatic limits. 

PTM Ratio Solidification P Reference 

Daphne 7373 N/A 2.2 – 2.4 GPa 164, 165 

Daphne 7474 N/A 3.7 GPa 165, 167 

Methanol-ethanol 4:1 10.4 – 10.5 GPa 163, 165 

Methanol-ethanol-water 16:3:1 14 163 

Fluorinert 84/87 1:1 2.3 GPa 166, 168 

n-pentane isopentane 1:1 7 – 7.3 GPa 165, 169 

According to the table 3.1, ME, MEW and n-pentane isopentane provide the highest 

solidification Ps, however, these are highly volatile substances which require fast 

operation (cell closure) which is not advantageous when reaction volume/the cavity 

also contains probe wires for R measurements. On the contrary, all actions should be 

slow and accurate to avoid probe damage. Also, in some cases, these mediums can 

react with or dissolve the sample and ME & MEW are not advised when doing 

electronic transport measurements that require conductive paste such as silver, 

carbon or gold [167].  

Daphne oils which are trademarks of Idemitsu Kosan Co., Ltd., [170] are synthetic 

non-conductive lubricants which are widely preferred in the PCCs to other PTMs due 

to their not too high change in P with T which is almost independent of P making 

these mediums to be ideal for T analyses [171] which are key for BG calculation (See 

2.2.5 section in the 2nd chapter).  

3.4 General thoughts 

Electrical ρ measurements at HP is a complex delicate work which requires patience 

and accuracy. The experimenter’s most common problem is associated with 

electrical leads that can tear off and/or short circuit during P application or even 

preparation for the experiment (e.g. cell assembly). In PCC (See figure 3.9) electrical 

leads can easily lose their protective insulation layer during their passing process 

through the feedthrough plug. Any sharp metallic edge is a potential hazard for 
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electrical leads. Once the feedthrough canal is filled with epoxy (a Stycast mixed 

with catalyst) it becomes impossible to visually access/check if the probe wires are 

fine. Before employment of such a feedthrough plug in the HP experiment, it will be 

required to produce the R tests of all lead wires to make sure that electronic signal 

exists for a particular wire and does not cross with others. This might not be the case 

at ambient conditions when epoxy rests but under applications of P, there might be 

issues caused by small shrinkage in the epoxy and/or its stretching during P release. 

Therefore, it is important to apply and release P slowly however it might not help if 

epoxy used is poorly mixed or badly applied which can result in trapped inside of the 

feedthrough plug air and friction in between leads and cylinder walls [53]. The short 

circuit problems may be spotted only at Pelevated and disappear when P is released. 

Therefore, it is important to produce checks during the experiment conduction. 

 

Figure 3.11: Probe wires and wire junctions on DAC. With ISO view on the left with key 

component names and top view on the right with electrical leads assembly concept. Note the 

thickness change of the probe wires with thinnest nearby diamond and thickest outside of the 

cell body boundary where contact ends are represented with A, B, C & D for probing R. The 

general DAC design idea was adapted from the Merrill Bassett cell [172]. 

To produce electrical ρ measurements on a CPP (See figure 3.4) the need to follow 

specific method based on the materials directional inhomogeneity was identified (e.g. 

MM) in which pellet geometry needs to be calculated in accordance with figure 3.5. 

Unquestionably, the bigger is the size of the CPP, the more precise contact allocation 

would be and, therefore, the more accurate results would be collected. When the 

material is subjected to extremes of P in PCC it is a common practice to use the 

conductive paste to make sure that leads/probe wires would stay in contact with the 

sample during the experiment [134, 173]. 

While for PCC it is required to use an external device to produce a tablet – a tablet 

compress which can be made to produce any required for the experiment CPP to fit it 
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into PCC, in DAC the CPP is made inside of the cavity during powder loading 

process when handfuls of powder are compacted into the drilled in the gasket hole. 

Unlike in the PCC where scale allows to use thick wires with insulation, in DAC 

wires used are often thin and non-insulated to simplify working with them at a small 

scale which results in a necessity to insulate areas they adjoin.  

If the design of DAC allows, the electrical leads can be allocated on one of its cell 

bodies as it is shown in figure 3.11, while the gasket with the sample can be 

assembled on another identical cell body. It is important to have wire junctions as 

safety stations which, in case of the accidental wire pulling, would prevent further 

damage to the wire assembly – especially nearby the delicate areas such as diamond. 

Wire junctions can be made of a mechanical character (e.g. twisted ends) since wires 

used are non-insulated or can be soldered or even glued with a conductive paste to 

improve the connection strength. 

3.5 Summary 

Lack of the commercially available HP apparatuses which are specially designed to 

produce R measurements dictates the need in the development of the new or, if 

possible, adaptation of the existing instrumentation. Since the size of the CPP was 

mentioned to affect the experiment quality in terms of contact allocation precision 

due to the employed MM, it is reasonable to first consider the large volume devices 

such as PCC. For the OPET application, the PR’s metallization is expected to happen 

in the Pamb – 3 GPa range which was mentioned in the 2nd chapter and such a P 

range is achievable in the PCC which will be therefore developed. To characterise 

those PR materials which failed to metallise within the desired P range but still are 

having an interesting ρ - P tendency the DAC will be adapted which will extend the 

achievable P up to the 10 GPa. The 10 GPa value was selected as an upper P limit to 

allow to employ as big as possible diamond cullets and, therefore, to fit as big as 

possible CPP. The DAC adaptation is more rational than the development of new 

since some DAC designs already exist which can be adapted to produce R 

measurements and it is therefore required to select the most suitable one in terms of 

the probe wire access to the sample and visual access to the ruby.  
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Chapter 4 

Development of PCC 

The first part of this chapter starts with the requirements and reasoning for the 

PCC which are followed with design considerations. Further, the Lame’s and 

distortion energy theories are provided and explained since these were used in the 

PCC’s design. The second part of this chapter provides a brief description of the 

finite element method (FEM), has single-cylinder simulation with analytical 

validation of the model to access the quality of the employed software, and, 

lastly, the compound PCC design and analysis of relevant stresses. In the end, the 

manufacturing, assembly and experimental testing of the compound PCC which 

is capable of reaching 3 GPa and is equipped with feedthrough plug for R 

measurements on the sample material and Manganin coil (e.g. HP sensor) in situ 

are provided. 
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4.1 Requirements and reasoning 

4.1.1 Pressure limit 

The maximum attainable P in PCC is highly affected by the size of the reaction 

volume. The bigger is the internal diameter (ID) which should fit the CPP (See figure 

3.4), the more advanced the design of the PCC will be to hold the 3 GPa – the upper 

limit of P within the suitable OPET application range (See 3.4 section in the 3rd 

chapter). Design advances can be attributed to the introduction of the additional 

cylinder and/or autofrettage which allows to extend the maximum attainable P inside 

of the PCC and to go beyond the yielding point of the materials employed in the 

design without causing the permanent deformations in them [53]. With 3 GPa as a P 

limit, the most suitable PTMs are Daphne oils (See table 3.1) which stay highly 

hydrostatic at this P range and are non-conductive, inert and non-volatile.  

4.1.2 Sample dimensions 

To determine the required diameter of the reaction volume for PCC it is first required 

to find the optimum CPP geometry in accordance with the MM. By drawing straight 

vertical and horizontal axis lines on the graph (See figure 3.5) it can be found that the 

actual thickness would stay identical with the effective pellet thickness (Z) in case if 

the normalised axis values would not go above certain value when they meet the 

AB/BC ratio curve. This equal dependency will be complied up to the value of 0.3 

which is also well supported by Yadunath Singh, who in his report [120], where he 

reviews different electrical measurement techniques, states that the thickness of the 

pellet for the MM must be as follows: 

 𝐶𝑃𝑃 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ≤ 0.3√𝐴𝐵2 (4.1) 

Where AB is the contact separation and, as it can be seen, the equation above does 

not have the diameter character involved and, therefore, it is required to determine it 

based on the optimal contact separation value. It was practically determined that to 

securely attach one copper (Cu) contact to the CPP it is required to add silver paint of 

such a quantity that the resulting occupied surface on the CPP would equate to 

roughly 0.4 mm in diameter circle which should be placed near the CPP’s edge. 
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Silver paint is required to produce a conductive secure connection between CPP and 

Cu probe wire end over the experiment duration. To produce four-probe 

measurements it is required to have 4 of these circles which are precisely distributed 

in the form of ABCD rectangle on the CPP’s surface. The 0.4 mm value could have 

been smaller however the used in the PCC Cu contacts, which work as a pathway in 

between Pamb and HP environment (See figure 3.9) must be insulated and relatively 

thick (≈ 0.1 mm or more) to prevent short circuits and accidental discontinuities 

which otherwise would become inevitable even with the careful exploitation of the 

PCC.  

Knowing how important the precision in contact distribution for accurate R into ρ 

conversion is, the value of space required for Cu wire and silver paint (e.g. 0.4 mm 

circle) and the equation 4.1 which brings the relationship of thickness to contact 

separation, the final geometry of CPP can be determined.  

By having A, B, C & D circles as a constant 0.4 mm in diameter circles it was found 

that the optimal outside diameter (OD) of the CPP equates to 3 mm which gives a 

value of 1.44 mm to be the contact separation and 0.43 mm to be the thickness. 

 

Figure 4.1: Compressed powder pellet geometry for the piston-cylinder cell. Four-point contacts 

on the top surface of the pellet are arranged in the form of ABCD rectangle. The 0.4 mm in 

diameter A, B, C & D circles are representing contact areas which will be occupied with Cu 

wires and silver paint. 1.44 mm distance represents contact separation in between A & B, B & 

C, C & D and D & A. Please note the thickness to be 0.43 mm.  

On the one hand, the increase in the OD would highly simplify the working/handling, 

however, on the other hand, it would also affect the maximum attainable P in PCC. 

On the contrary, the lower ODs for CPP would improve the PCC capabilities, 
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however, these OD decreases would also be followed with necessity in decreasing 

the contact separation as well as the pellet thickness in accordance with equation 4.1. 

The experience shows that even the contact separation of 1.44 mm (See figure 4.1) 

was hard to measure due to small scale and non-uniform surface (when the silver 

paint is applied to the CPP it forms protrusions since A, B, C & D blobs are 

containing Cu probe ends).  

For instance, if the CPP’s OD was selected to be 2 mm, the contact separation would 

be shortened to 0.73 mm and, therefore, the CPP’s thickness becomes 0.219 mm. 

The thickness value of 0.219 mm is unacceptable for the CPP due to the empirical 

observations when it was determined that CPP snaps during ejection from tablet 

press device or process during which the CPP is brought to such size. Not to mention 

the high probability of failure during hydrostatic P application and release in the 

PCC where the thicker size of CPP would provide more reliability and, therefore, it 

was decided to stick to the geometry which is shown in figure 4.1.  

Although the PR material candidates are all insulators at Pamb which means that R 

can be measured using the two-probe method (See figure 3.2) the final geometry 

(See figure 4.1) takes into account the probability of a change in electrical properties 

of PR candidates under extremes of P and, therefore, all CPPs must be equipped with 

a reasonable amount of probe wires (e.g. four) which are adequately allocated in the 

form of ABCD rectangle for the four-probe method to be employed if needed. This 

approach would not only prepare for any experiment outcome in terms of change of 

electrical properties of the test materials but would also allow determining if the 

contact separation equalities of AB, BC, CD and DA are complied as per MM. This 

can be achieved with the conduction of two-probe Pamb R measurements to collect a 

total of four Rs: RAB, RBC, RCD and RDA which in turn will allow checking if R values 

converge. Convergence is also highly affected with the quality of the CPP, so special 

care must be taken during work with it, not to mention CPP’s extraction from the 

tablet press device (See figure 4.2) to avoid crack and microcrack propagations as 

these would greatly increase observable Rs.  

The final ID of the PCC should be able to contain the 3 mm in OD CPP, which 

should be mounted on a special table (a non-metallic component which allows 
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placing a CPP on it so it won’t float in PTM). The size of such a table must be > 3 

mm (OD of CPP) to allow Cu wires to reach the CPP’s edges for R monitoring. Also, 

the CPP and a table with all Cu leads as well as the Manganin coil must fit into the 

PTFE capsule to minimize leakage issues (See 3.2.2 section in the 3rd chapter). 

By looking ahead, the optimum OD for the table was found to be 3.8mm because of 

the thicknesses of the employed Cu wires. The PTFE capsule with 3.8 mm ID and 

the wall thickness of 0.5 mm was selected. The OD of the PTFE was then reduced to 

4.5 mm with the sandpaper. Any further wall thicknesses reductions were found to be 

unreliable since cracks started to propagate on the tubes. Therefore, the ID of the 

PCC’s cylinder should be at least 4.5 mm in diameter to fit the 3 mm in OD CPP.  

4.1.3 CPP press 

 

Figure 4.2: CPP press. Where A – disassembled press with 1 – press base with internal thread, 2 

– plug with external thread, 3 – cylinder and 4 – piston, B – assembled press and C – bottom 

view of B with the tool for plug insertion & extraction.  

The idea of press operation is as follows: well-grinded powder particles are poured 

into the cylinder hole to occupy 2/3 of its volume without any physical P, the piston 

is then injected into the cylinder as in B and this assembly is put under the hydraulic 

press which forces piston into the bore and compresses the CPP. The threaded parts 

simplify CPP extraction. They allow to slowly lift cylinder out of the press base (1) 

by rotating parts 2, 3 and 4 using the tool from C. The appearing gap in between 

parts 1 and 3 allows to gently detach part 2 out of part 3 using the flat screwdriver as 

a crowbar. Once parts 2 and 3 are detached, it is required to extract CPP out of part 

number 3 by utilizing the part number 4 (which is stuck into part 3) and the hydraulic 

press. Part 1 which has bigger ID than part 3 is then employed as a stand, in between 

worktable plate and the part 3 to avoid CPP’s pushing into the worktable plate which 

can happen due to fact that part 4 is longer than part 3. To avoid contamination and 

to make sure that the tablet won’t fall and break, soft and clean sheets can be placed 



 

Development of PCC 60 

inside of part 1, however, the practise shows that CPP stays attached to the piston 

even after its full ejection from the cylinder so there are no risks of crack 

propagations and gentle side push allows to disjoin CPP out of the piston’s head.  

Parts 1, 2, 3 and tool for insertion/extraction are made of silver steel as it has high 

wear resistance and is easy to be machined while part 4 is made of tungsten carbide 

to avoid any deformation of the piston during the pellet compression process. All 

parts must be kept clean to avoid sample contamination and, after each pellet 

compression, must be cleaned in the ultrasonic bath while submerged into the 

suitable media to avoid rust formation. It is important to note that the value of P 

which is required to make the CPP may vary depending on the sample material. This 

value can be found empirically after careful visual examination of the CPP for dints 

and cracks. Also, such a method is not suitable for materials which are not having 

reversible nature because compression of powder may already incur permanent 

changes in material and its properties. Luckily, material reversibility is one of the key 

properties which were previously outlined (See 2.2.1 section in the 2nd chapter) 

which makes this powder compression method suitable for employment.  

4.2 Design considerations 

4.2.1 Feedthrough plug for lead wires 

The feedthrough plug for lead wires is an essential component in PCC that allows in 

situ P measurements and electrical measurement on the sample. The feedthrough 

canal should be wide enough to be able to let though itself 12 Cu wires with 4 wires 

for 4-probe R measurements on CPP, 4 wires for 4-probe R measurements on a 

Manganin coil (P sensor) and 4 wires to be there as spare ones considering the labour 

intensity and high-probability of wire failures such as bending etc. etc. On the bottom 

side of the feedthrough plug which is open to the atmosphere, 12 Cu wires should sit 

inside in the protective plastic tube to provide additional protection from the sharp 

edges of the bottom locking nut and its thread. On the upper side of the feedthrough 

plug which leads to HP environment, Cu wires should be circumferentially evenly 

distributed with the help of a cone knob with 12 grooves. The conical contact 

geometries in between feedthrough plug and cone knob would improve/increase the 
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contact surface area in between those parts and, therefore, evenly distribute stress 

when the cell is subjected to HP. The grooves in the cone knob would separate Cu 

wires so they do not cross and do not rub each other under HP. The existence of the 

cone knob also improves the sealing of the PCC since there are less unoccupied by 

the physical materials space and, therefore, less epoxy is required to fill in the hollow 

cavity resulting in a more reliable hitch and reduced probability of wire 

discontinuities at high loads. Also, the cone knob can be designed in such a way that 

its geometry would allow wounding of a Manganin coil around its body by 

introduction of the rod concept on top of the conical shape. Moreover, another end of 

the rod might be used as a connection with the table which can be used to precisely 

mount the CPP [136]. Some of the dimensions for the sample table such as OD were 

discussed earlier and table must be designed in such a way so it would be able to 

protect Cu and Manganin wires against PTFE tube, has a narrow rod for unused Cu 

wires to be wound around it and circular disk on the top for the CPP mounting. 

Whole tables’ geometry should also have 4 cut-in grooves which are 

circumferentially allocated at the 90-degree angles with respect to each other. These 

grooves should act as a protected pathway for 4 Cu wires to be in a reach with the 

contact regions of the CPP (See figure 4.1). It is a must to protect wires in order to 

avoid probe breakage or short-circuiting. Both adverse scenarios exist due to the 

likelihood of inward bending of the hollow PTFE capsule when the piston penetrates 

the inner cylinder of the PCC as a result of P application. The small thread such as 

M1.6 can be used to connect table and cone knob. Given that the interest of 

measurements has the electrical character, parts which are physically connected with 

the CPPs (in this case it is a table component) must be made of a non-conductive 

material. The Polyetheretherketone (PEEK) being chemically resistive with 

exceptional insulation properties and high-temperature tenacity (good for Televated 

analyses) becomes ideal candidate material for the table while the feedthrough plug 

and cone knob components should be made with beryllium copper (BeCu) because 

of its high yield strength (σy ≈ 1.4 GPa) and the high thermal diffusivity observed 

over a wide T range (for T analyses), whilst BeCu remaining non-magnetic down to 

low T [174, 175]. The most suitable epoxy for the cone knob and feedthrough canal 

sealing is the LOCTITE Stycast 2850FT which has electrical insulative properties 
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and good physical strength when mixed with a suitable catalyst [176] and is blended 

with diamond powder (grain size approx. 1 µm) [177]. It is important to suck any air 

out of the black epoxy before its application to the parts. Small air bubbles arise 

during mixture process of the catalyst with the Stycast and diamond powder. Also, 

considering the small size of the cone knob grooves (as Cu wires are ≈ 0.1 mm in 

diameter) it is a must to produce negative P inside of the hollow cavity on the bottom 

side of the feedthrough plug during black epoxy curing so epoxy gets into the 

grooves. This can be achieved with the help of a conventional pump. 

Table 4.1: The mechanical properties of the hardened BeCu [178]. 

Mechanical property and units Numerical value 

Tensile yield strength – σy (MPa) 1400 

Tensile ultimate strength – UTS (MPa) 1500 

Poisson’s ratio – v 0.3 

Young’s modulus – E (GPa) 130 

Another promising alloy for the HP instrumentation is the Ni57Cr40Al3 (NiCrAl) 

which is also known as the Russian alloy. Such a sobriquet was given to this material 

since it was previously available only in the former Soviet Union until it was 

reproduced in Japan in 2002 [179]. The NiCrAl alloy can achieve the optimum 

mechanical properties during the ageing process and was previously employed in the 

PCCs development [133, 134, 179] due to low magnetic background properties 

[179], high σy and UTS. The mechanical properties of this material were provided by 

the supplier and the technical datasheet can be found in Appendix A. 

Table 4.2: The mechanical properties of the hardened NiCrAl (See figure A.1 & A.2). 

Mechanical property & units Numerical 

value 

Tensile yield strength – σy (MPa) 2000 

Tensile ultimate strength – UTS (MPa) 2200 

Poisson’s ratio – v 0.3 

Young’s modulus – E (GPa) 300 
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4.2.2 Manganin coil 

The R of the Manganin depends on its length and it is a common practice to have a 

segment of such a length which would correspond to 100 Ω. Once the Manganin is 

properly seasoned (See 3.3.1 section in the 3rd chapter) and epoxy is cured on the 

feedthrough plug and the cone knob, Manganin with removed from the wire ends 

insulation can be wound around the cone knob’s rod. It must be wound in such a way 

so that the overall width would not become bigger than the available in the PTFE 

capsule space which also contains 12 Cu wires that should go nearby the coil. In 

order to keep the coil static, it might be necessary to use the weak non-conductive 

glue such as GE Varnish. It is important to keep an eye on the non-insulated wire 

ends and to make sure that they stay within physical access. When the GE Varnish 

dries out, each Manganin end must be soldered with 2x Cu wires. It might be 

necessary to choose the closest for the Manganin Cu wires, shorten them with 

accordance with Manganin end positions and remove 0.5 mm of their insulation at 

the ends. Prior to soldering, relative wire ends must be carefully and lightly tied to 

each other to simplify the soldering process which must be done at as low as possible 

T at which solder melts, to prevent accidental removal of wire insulation where it is 

not desired. The soldered blobs must be as small as possible so they would still fit 

into the PTFE capsule and the bottom part of the table.  

4.2.3 Clamp-design 

The PCC should be utilized with a hydraulic press. The top of the hydraulic press 

(the ram) operates dynamically which would allow translating the vertical force to 

the upper part of the PCC (e.g the piston) resulting in its penetration into the cylinder 

and, therefore, to the P increases in the reaction’s volume. The force can be 

controlled during the experiment as well as the speed at which it is applied. The 

bottom part of the hydraulic press is static and is called the worktable plate. For the 

PCC which at the bottom is equipped with the feedthrough plug, this is a safe non-

dynamic environment where the Cu contacts which are open to the atmosphere and 

interconnected with the suitable R monitoring devices would not bend, snap or wind 

around the PCC.  
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By introducing additional component to the simplified schematic view of the PCC 

(See figure 3.9) such as the upper locking nut, the PCC could be clamped/locked at 

any achieved P with the full release of the force from the hydraulic press if needed. 

This might be handy for long experiments that involve T analyses. Depending on the 

piston design, the locking concept also requires the introduction of other 

component/components: the pusher if the piston is of a T-shape [136, 180] or, in 

addition to the pusher, the spacer component is required if the piston is of a rod shape 

(See figure 4.3) [181]. 

 

Figure 4.3: The upper locking nut concept. Component names are shown on the right and are 

having the corresponding colours. The upper locking nut and the cylinder are having external 

and internal threads respectively for the engagement purposes. The piston and spacer could be 

made as a single piece resulting in the T-shape piston.  

The P in the PCC with the upper locking nut concept (See figure 4.3) should be 

applied once the nut is sufficiently engaged into the cylinder (up until it becomes 

hard to turn it). This can be achieved by creating a hexagon geometry on the top of 

the nut during machining so this is still one unit (this also can be applied to the 

bottom nut). Hexagon geometry would allow to employ the hand spanner and, 

therefore, to simplify the engagement process of the upper locking nut into the cell 
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body. This, however, must be done with care to avoid premature P increases. To 

minimise such a risk, it is required to first fully engage the bottom locking nut into 

the PCC and start monitoring the HP gauge for changes in its R. To further improve 

the nut engagement process, the cylindrical cell body might be equipped with slots 

nearby the cylinder ends so these could be clamped into the conventional vice. 

Moreover, the threads can be covered with a lubricant which may improve 

engagement at higher Ps.  

The cylinder slots might be also found useful during low Ps to prevent PCC’s 

rotation around the axis of P application (e.g. vertical) when trying to close the upper 

locking nut. Rotation is unwanted as to keep the bottom part and, therefore, Cu 

contacts static. 

4.3 Lame’s theory for thick cylinders 

The state of the loaded PCC can be well described by the Lame’s theory for thick 

wall cylinders [182] which allows to analytically determine the maximum P the 

PCC’s materials can withstand before yielding. The cylinder is regarded as thick if 

the ratio of wall thickness to the OD is greater than 1/20 indicating that more 

complex compared to thin cylinders 3D stress state exists in the cylinder wall.  

 

Figure 4.4: The thick-walled cylinder subjected to internal pressure. With: A – cross-section 

view and B – cut out element.  

Assuming infinitely long cylinder with length (ℓ), homogeneity and isotropy of the 

material it is made of as well as that the stresses due to internal pressure (Pi) do not 



 

Development of PCC 66 

exceed the yield stress of that material, it can be concluded that stresses generated in 

the cylinder will only depend on the radius (r) and will have nothing to do with an 

angle dθ. 

 

Figure 4.5: The cut-out element from figure 4.4. Translation of ABCD nodes due to Pi to 

A`B`C`D` nodes.  

The shape of the A`B`C`D` element is maintained without distortion due to the 

uniformly distributed Pi (another important assumption and the reason why PTMs 

must be taken in accordance with PCC capabilities and be hydrostatic) and, as a 

result, there are no shears on radial or tangential planes. This results in three 

principal stresses which are mutually perpendicular: radial stress (σr), tangential 

stress (σt) and axial stress (σa). While the first two greatly vary in value along the 

cylinder walls (e.g. dependent upon the r), the last is assumed to be constant and 

independent on the wall thickness as long as there are no thermal stresses involved. 

The only possible deformation is therefore radial, and thus, the displacement (u) 

relates only to the radius (r). When the edge of the element AD moves to A`D`, the 

tangential strain (εt) can be calculated as follows: 

 𝜀𝑡 =
𝐴`𝐷` − 𝐴𝐷

𝐴𝐷
=

(𝑟 + 𝑢 − 𝑟)𝑑𝜃

𝑟𝑑𝜃
=

𝑢

𝑟
 (4.2) 
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And as expected, the dθ angle cancels itself. Another important relation which can be 

derived from figure 4.5 is the radial strain (εr), which can be calculated as follows: 

 𝜀𝑟 =
𝐴`𝐵` − 𝐴𝐵

𝐴𝐵
=

(𝑢 + 𝑑𝑢 + 𝑑𝑟 − 𝑢) − 𝑑𝑟

𝑑𝑟
=

𝑑𝑢

𝑑𝑟
 (4.3) 

These relations help to understand what happens with stresses (See figure 4.4 – B). 

The deformational direction is indicating the direction for stresses which will be 

equal but with an opposite direction for σt which acts from AB and CD surfaces. The 

σr, as it was previously said, varies depending on the wall depth and there is an 

increment dσr on the surface BC [183]. 

For the radial equilibrium of the element (See figure 4.4 – B & 4.5): 

 (𝜎𝑟 + 𝑑𝜎𝑟)(𝑟 + 𝑑𝑟)𝑑𝜃 − 𝜎𝑟𝑑𝜃𝑟 − 2𝜎𝑡𝑑𝑟 ∙ 𝑠𝑖𝑛
𝑑𝜃

2
= 0 (4.4) 

For small angles (in radians): 

𝑠𝑖𝑛
𝑑𝜃

2
≈

𝑑𝜃

2
 

And, if 2nd order small quantities are neglected: 

𝑟𝑑𝜎𝑟 + 𝜎𝑟𝑑𝑟 = 𝜎𝑡𝑑𝑟 ∴  𝜎𝑟 + 𝑟
𝑑𝜎𝑟

𝑑𝑟
= 𝜎𝑡 

Which can be written as follows [184]: 

 𝜎𝑡 − 𝜎𝑟 = 𝑟
𝑑𝜎𝑟

𝑑𝑟
 (4.5) 

Three principal strains εt, εr and εa are also related to principal stresses σt, σr and σa in 

the linear elasticity condition where they follow the Hook’s law [183, 184]: 

𝜀𝑡 =
1

𝐸
[𝜎𝑡 − 𝑣(𝜎𝑟 + 𝜎𝑎)] 

 𝜀𝑟 =
1

𝐸
[𝜎𝑟 − 𝑣(𝜎𝑡 + 𝜎𝑎)] (4.6) 
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𝜀𝑎 =
1

𝐸
[𝜎𝑎 − 𝑣(𝜎𝑟 + 𝜎𝑡)] 

Where v is the Poisson’s ratio and E is the modulus of elasticity of a given material. 

Since εa and σa are constant (at points remote from the cylinder ends) as well as v and 

E, the third relation from equation 4.6 can be simplified to: 

 𝜎𝑟 + 𝜎𝑡 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 2𝐴 ∴  𝜎𝑡 = 2𝐴 − 𝜎𝑟  (4.7) 

Where 2A is an arbitrary chosen constant. 

By substituting equation 4.7 to equation 4.5, the σt becomes eliminated: 

2𝐴 − 𝜎𝑟 − 𝜎𝑟 = 𝑟
𝑑𝜎𝑟

𝑑𝑟
= 2𝐴 − 2𝜎𝑟 

Multiplication through by r and rearrangement gives: 

 2𝑟𝜎𝑟 + 𝑟2
𝑑𝜎𝑟

𝑑𝑟
− 2𝐴𝑟 = 0 (4.8) 

Integration of 1st and 3rd term of equation 4.8 with respect to r gives: 

𝜎𝑟𝑑𝑟2

𝑑𝑟
+

𝑟2𝑑𝜎𝑟

𝑑𝑟
−

𝑑𝐴𝑟2

𝑑𝑟
= 0 

Where  
𝑑𝜎𝑟

𝑑𝑟
 is a constant and, therefore, a zero if differentiated, which gives: 

𝑑

𝑑𝑟
(𝑟2𝜎𝑟 − 𝐴𝑟2) = 0 

If 𝑟2𝜎𝑟 − 𝐴𝑟2 is further integrated as a constant (say –B), it can be obtained that: 

𝑟2𝜎𝑟 − 𝐴𝑟2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = −𝐵 

Finally, by dividing by 𝑟2 it can be obtained that: 

 𝜎𝑟 = 𝐴 −
𝐵

𝑟2
 (4.9) 

And, from equation 4.7: 
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 𝜎𝑡 = 𝐴 +
𝐵

𝑟2
 (4.10) 

These two equations (e.g. equation 4.9 & 4.10) are known as Lame’s equations and 

they give radial and tangential stresses at any r in terms of two constants A & B 

which are usually referred as Lame’s constants.  

It is important to note that if the vessel is subjected to Pi only – the P is considered as 

negative radial stress since it leads to thinning of the cylinder wall and the Lame’s 

constants can be found using the following boundary conditions: 

𝑎𝑡 𝑟 = 𝑟1, 𝜎𝑟 =  −𝑃𝑖 

𝑎𝑡 𝑟 = 𝑟𝑒 , 𝜎𝑟 = 0 

Where r is the radius, r1 is the internal radius and re is the external radius. 

And, therefore, Lame’s constants can be found using: 

 𝐴 =
𝑃𝑖𝑟1

2

𝑟𝑒
2 − 𝑟1

2  & 𝐵 =
𝑃𝑖𝑟1

2𝑟𝑒
2

𝑟𝑒
2 − 𝑟1

2 (4.11) 

If A and B from the equation 4.11 are then plugged into the equations 4.9 and 4.10, 

the principal stresses can be expressed through the radiuses and the Pi only [183] 

(See figure 4.4 – A for the reference):  

 

𝜎𝑟 =
𝑃𝑖𝑟1

2

𝑟𝑒
2 − 𝑟1

2 (1 −
𝑟𝑒

2

𝑟2
) 

𝜎𝑡 =
𝑃𝑖𝑟1

2

𝑟𝑒
2 − 𝑟1

2 (1 +
𝑟𝑒

2

𝑟2
) 

(4.12) 

Therefore, if trying to calculate the principal stresses, at the internal radius: r = r1 and 

at the external radius r = re. If in the equation 4.12 all inputs are kept constant except 

the value of r which alters within re ≥ r ≥ r1 relationship, the principal stresses are 

yielding the following stress distribution in the thick cylinder which is subjected to 

Pi only:  
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Figure 4.6: Radial and tangential stress distribution in the thick vessel subjected to Pi [53, 183, 

184]. The vessel is shown with a cross-sectional view and grey colour while the element of 

interest and the stress distribution are shown with blue and cyan colours respectively.  

As it can be noted in figure 4.6 the maximum stress is the radial stress which is 

highly concentrated at the bore (e.g. only a thin layer around the r1 experiences the 

highest stress while the rest of the wall is, roughly speaking, unloaded). This stress 

distribution explains why the thick cylinders are limited in terms of maximum 

attainable P with material properties rather than their amount and further increases in 

wall thickness of the cylinder is a waste of the material as they won’t expand the HP 

scope. 

The σa, if there are no thermal stresses involved, is calculated based on the 

longitudinal equilibrium conditions resulting in two cases: cylinder with open ends 

(ends of the internal bore are not subjected to Pi) and cylinder with closed ends. For 

the cylinder subjected to the Pi only, the first case gives: 

𝜎𝑎 = 0 

While the second case leads to [183]: 

 𝜎𝑎 =
𝑃𝑖𝑟1

2

𝑟𝑒
2 − 𝑟1

2 = 𝐴 (4.13) 

4.4 Distortion energy theory – von Mises stress 

All three principal stresses (e.g. σt, σr & σa) must be considered in the design process 

of the PCC to avoid material’s failure due to Pi. The von Mises stress deals with 

three-dimensional stress cases and belongs to distortion-energy theory (the most 
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preferred failure theory in the industry). The distortion energy theory states: “A 

machine member under the multiaxial state of stress fails when the distortion energy 

per unit volume becomes equal to or exceeds the distortion energy per unit volume at 

the time of failure in a simple uniaxial stress test using a specimen of the same 

material”. In other words, the theory states that the material specimen would yield 

and, therefore, fail when its equivalent stress (σe) exceeds the materials yield strength 

(σy) [183].  

 𝜎𝑒 = √
1

2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 (4.14) 

Where σ1 = σt, σ2 = σa & σ3 = σr. 

 𝑃𝑖(max) =
𝑟𝑒

2 − 𝑟1
2

𝑟𝑒
2

𝜎𝑦

√3
 (4.15) 

Also, it is worth to note that the hydrostatically stressed materials can go beyond 

their ultimate tensile strength without failing because the hydrostatic stress reduces 

the volume of the specimen without changes in its shape [185]. This, however, is 

more relevant to the testing materials rather then the HP devices which are required 

to contain them. 

4.5 Thick cylinders beyond yielding 

Introduction of design advances such as autofrettage and/or component cylinders can 

be employed to increase the maximum value of the σe and to postpone the failure of 

the materials employed in the PCC’s design and, therefore, to increase the maximum 

attainable P without yielding failure. 

4.5.1 Autofrettage 

The autofrettage method is a widely employed technique to go beyond initial 

yielding. If a certain load is exerted on the metal, which exceeds the yield strength of 

it, then the stresses will arise and after the P is removed, the material will be 

deformed. In the case of the repeated "loading", the plastic deformation ability of this 
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material will decrease, and its yield strength will increase to the value of the stresses 

that arose earlier. Therefore, the material will become stronger and it will be 

necessary to apply higher loads to further produce permanent changes in materials 

shape.  

In the thick cylinder, the Pi of such a value is applied that internal bore experiences 

plastic deformations while the outer portion of the cylinder remains in the elastic 

region. When Pi is released, the outer portion tries to go back to the original location 

but the permanently deformed internal portion does not allow this to happen, 

resulting in the following principal stress distribution: 

 

Figure 4.7: Radial and tangential stress distribution due to autofrettage [53]. Vessel and stress 

distributions are grey and cyan colour respectively. Compressive and tensile stresses are 

marked with the corresponding symbol in the white circle. 

There are several methods available to produce autofrettage [183] and those won’t be 

covered in this thesis as well as the analytical component of the technique [53, 183] 

due to the limited space.  

4.5.2 Compound cylinder 

Another technique which allows going beyond initial yielding incorporates double or 

multi-cylinder layers. In the double layer concept, the OD of the inner cylinder is a 

little bit bigger than the ID of the outer cylinder. This diametrical difference is called 

an interference fit (δ) (See figure 4.8). Cylinders can be brought to the same common 

radius (r2) using whether force-fit technique (requires a press and, preferably, a 

tapered pattern to simplify the process), whether the shrinking technique in which the 

outer cylinder is heated (widens in ID) and the inner cylinder is cooled (shortens in 

OD). These two techniques can be combined to facilitate the task. In case of 
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successful fitting/shrinking the cylinders would gain the r2 which will be subjected to 

the induced common pressure (Pc). This Pc would create the similar to the 

autofrettage principal stress distribution (See figure 4.7). If the cylinder is then 

subjected to Pi the compressive σt would cancel some of the tensile σt at the internal 

bore where it is at maximum (See figure 4.6), thus, expanding the maximum Pi 

scope.  

Just like in the autofrettage method and for the same reason the analytical component 

of the component cylinders will be omitted in this thesis and the detailed calculations 

can be found in the literature [53, 183]. 

 

Figure 4.8: Compound cylinder. The cross-section view at the top with r1, r3 & r2 representing 

the internal radius of the inner cylinder, the OD of the outer cylinder and common radius of two 

cylinders respectively and, interference fit (δ) concept at the bottom prior to force-fitting or 

shrinking procedure. 

The multilayer compound technique works on the same principle however is more 

rarely employed as brings the limiting P to almost the same result as in the double-

layer technique [53]. It is worth to mention that the component cylinder and 

autofrettage methods can be combined, however, special care must be taken with 

autofrettage as it comes with a high risk of fracture during the autofrettage process 

which compared to the double layer technique goes beyond elastic region.  
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4.6 Finite element method 

Prior to making the PCC, it is required to virtually test the design to evaluate stresses 

and deformations under the work to determine if the design is meeting the 

requirements in terms of maximum achievable P. The virtual test implies the use of 

the engineering computer software for simulation and optimisation such as ANSYS 

[186] or others which can implement the finite element analysis (FEA). The FEA is a 

numerical technique which is based on the finite element method (FEM) and is used 

for solving complex problems of engineering and mathematical physics. The FEM is 

not limited to structural analysis and can be used to simulate and analyse heat 

transfer, fluid flow, mass transfer and electrodynamics problems. These problems 

can be represented by mathematical models which are governed by differential 

equations. These equations can become too complex to be solved directly so the 

FEM is employed to offer an approximate solution using integral formulations. The 

method approximates an unknown function by region. To solve the given problem, it 

divides the large system into smaller, simpler parts called finite elements. The simple 

equations which are modelling these finite elements are then assembled into a larger 

system of equations which are used to model the entire problem [54, 187].  

The FEA if undertaken in ANSYS Workbench can be roughly broken into the three 

main stages:  

1) The pre-processing: 

The pre-processing includes the selection of the analysis system, design of the 

geometry/model, assignment of material to it with the relevant mechanical 

properties, creation of connections in between parts (if applicable), meshing (e.g. 

dividing the system into smaller elements), application of boundary conditions such 

as force, P, etc. 

2) Solving: 

The solving stage implies the process during which the equations are solved based on 

the pre-processing inputs. If unsuccessful, there must be something wrong with the 

pre-processing inputs. 
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3) The post-processing: 

The main goal of the post-processing is to achieve the physical quantities of interest 

such as stresses, strains and deformations. 

Once the post-processing is complete it is worth to validate results (if possible, from 

the analytical point of view) to determine if the observable physical quantities are 

reasonable. Therefore, the post-processing stage may not be final. If something looks 

wrong, it is a must to go back to the pre-processing stage to alter some of the inputs. 

ANSYS Workbench provides a wide variety of editable fields and controls during 

the pre-processing stage to be changed if needed such as analysis setting, selection of 

element type & size [188] (which can be refined better at a specific location of the 

geometry), quantity and directionality of the analysis-related system inputs etc. 

These details will be omitted as they are beyond the theme of this thesis. 

The validated model can be further studied within the ANSYS software with the 

application of many other analysis systems such as DesignXplorer [189] which 

allows producing sensitivity and optimisation studies by marking some of the 

geometrical or structural inputs such as dimensions and/or Ps as 

parameters/variables. 

Since 1982 it is a common practice to use FEA in the construction of the HP 

instrumentation [190] to study how stresses affect cullet of the diamond or the 

diamond seats in DACs [191, 192], optimise the geometry of the double-toroidal 

anvils [193], estimate the maximum attainable P in the compound PCC [194] etc. 

All simulations which are reported in this thesis have been performed with the static 

structural analysis system with 2D type because the axial symmetry of the geometry 

allows saving time during the computation. The simulated geometries were drawn 

using DesignModeler [195] and simulated with accordance to the three-stage 

process. 

4.7 Single-cylinder simulation with analytical validation 

This section exists to illustrate that the FEA within the ANSYS software can be 

applied to thick cylinders which are subjected to Pi as well as analytically validated 
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using principal stresses and the von Mises stress criteria (See equation 4.14). Please 

consider the single cylinder which is made of BeCu (See table 4.1 for properties) and 

has an r1 = 2.25 mm and is required to withstand 700 MPa of Pi.  

First, it is required to determine the minimum re of the cylinder so it would stay 

within the elastic region once the 700 MPa of Pi will be applied to the bore. This can 

be done using equation 4.15: 

𝑃𝑖(max) =
𝑟𝑒

2 − 2.252

𝑟𝑒
2

1400

√3
 

Solving for re gives: 

𝑟𝑒
2 − 5.0625 = 0.8660254038 

𝑟𝑒 = √
5.0625

0.1339745962
= 6.1471 ≈ 6.15 𝑚𝑚 

Therefore, using equations 4.12 and 4.13 it can be obtained that: 

At the r = r1 (e.g. at the bore): 

𝜎𝑟 =
700 × 2.252

6.152 − 2.252
(1 −

6.152

2.252
) = −700 𝑀𝑃𝑎 

𝜎𝑡 =
700 × 2.252

6.152 − 2.252
(1 +

6.152

2.252
) = 916.346 𝑀𝑃𝑎 

𝜎𝑎 =
700 × 2.252

6.152 − 2.252
= 108.173 𝑀𝑃𝑎 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑒𝑛𝑑𝑠) 

𝜎𝑎 = 0 𝑀𝑃𝑎 (𝑜𝑝𝑒𝑛 𝑒𝑛𝑑𝑠) 

And, at r = re (e.g. at the outside portion): 

𝜎𝑟 =
700 × 2.252

6.152 − 2.252
(1 −

6.152

6.152
) = 0 𝑀𝑃𝑎 

𝜎𝑡 =
700 × 2.252

6.152 − 2.252
(1 +

6.152

2.252
) = 216.346 𝑀𝑃𝑎 
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𝜎𝑎 =
700 × 2.252

6.152 − 2.252
= 108.173 𝑀𝑃𝑎 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑒𝑛𝑑𝑠) 

𝜎𝑎 = 0 𝑀𝑃𝑎 (𝑜𝑝𝑒𝑛 𝑒𝑛𝑑𝑠) 

Now, the von Mises maximum and minimum stress values can be calculated using 

equation 4.14: 

𝜎𝑒(𝑚𝑎𝑥)

= √
1

2
[(916.346 − 108.173)2 + (108.173 − −700)2 + (−700 − 916.346)2

= 1399.7967 𝑀𝑃𝑎 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑒𝑛𝑑𝑠) 

𝜎𝑒(𝑚𝑎𝑥) = √
1

2
[(916.346 − 0)2 + (0 − −700)2 + (−700 − 916.346)2

= 1403.97 𝑀𝑃𝑎 (𝑜𝑝𝑒𝑛 𝑒𝑛𝑑𝑠) 

𝜎𝑒(𝑚𝑖𝑛) = √
1

2
[(216.346 − 108.173)2 + (108.173 − −0)2 + (−0 − 216.346)2

= 187.361 𝑀𝑃𝑎 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑒𝑛𝑑𝑠) 

𝜎𝑒(𝑚𝑖𝑛) = √
1

2
[(216.346 − 0)2 + (0 − −0)2 + (−0 − 216.346)2

= 216.346 𝑀𝑃𝑎 (𝑜𝑝𝑒𝑛 𝑒𝑛𝑑𝑠) 

To simplify the modelling, the PCC geometry was set to the axisymmetric 2D 

behaviour and, therefore, only the wall thickness of the cylinder was drawn (See 

figure 4.9). Although the cylinder was drawn with the open ends, it needs to be 

treated as the cylinder with closed ends since the P was applied to the whole internal 

bore. With the re being found as a 6.15 mm, the length of the cylinder was assumed 

to be 20 mm (immaterial value), leading to the geometry which is illustrated in figure 

4.9. Please note that the H1 value is the r1 value and it translates the geometry from 

the Y-axis in A to allow the axisymmetric 2D behaviour to be selected in the project 

settings and mimic the cylinder analysis. The axisymmetric 2D behaviour allows 

reducing computation time for simple geometries such as cylinders. The shown in 

figure 4.9 geometry in A and structural conditions in B are key pre-processing inputs 
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and by assigning BeCu material with relevant properties (See table 4.1) the geometry 

meshing can be performed to allow moving onto next stages which are solving and 

post-processing.  

 

Figure 4.9: 2D geometry of BeCu cylinder. With: A – relevant dimensions and B – structural 

conditions. The frictionless supports were introduced as constraints to prevent rigid body 

motion of the model. 

Knowing the theoretical stress distribution (See figure 4.6) it was decided to mesh 

the cylinder with a high concentration of elements near the bore. This is a common 

practice which allows obtaining finer results at the areas of interest while saving 

computational time by producing coarser mesh on the rest of the model.  

By solving the model it was found that the highest von Mises stress occurred along 

the internal bore (See figure 4.10) – as expected, and its value is close to the σy of the 

BeCu material (See table 4.1) for the given geometry in figure 4.9 and in accordance 

with equation 4.15. The magnitudes of the principal stresses and how they change 

along the cylinder’s depth are shown in figure 4.11. 
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Figure 4.10: Von Mises stress in the BeCu cylinder under Pi. The coloured scale represents the 

maximum (red) and minimum (blue) stress values in the cylinder with units as specified. The 

probes of stresses (labels with cyan colour) were taken to demonstrate the similarity of 

numerical values along the vertical axis.  
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Figure 4.11: Principal stresses in the BeCu cylinder under Pi. With: A – tangential stress 

distribution through the wall and B – radial stress distribution through the wall. The similar 

tendency for both stresses was observed along the vertical axis and, therefore, only the zoomed-

in sections are provided to show, with the help of stress probes, the stress variations.   
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The observed principal stress behaviour is well illustrated in figure 4.6 with σt being 

the highest nearby the bore and lowest at the outer portion of the cylinder. Also, the 

σr, as per theory, equates to the negative Pi as this stress is compressive and leads to 

the thinning of the cylinder wall and approaches 0 at the outer portion of the 

cylinder. 

Table 4.3: Comparison of analytical and simulated values. 

 Analytical (MPa) Simulation (MPa) 

σr (at r=r1) -700 -699.32 

σr (at r=re) 0 0.057687 

σt (at r=r1) 916.346 915.66 

σt (at r=re) 216.346 216.29 

σe (at r=r1) 1399.7967 1399.3 

σe (at r=re) 187.361 192.2 

By comparing the analytical and simulation values (See table 4.3) it can be noted that 

the numerical difference is small which means that simulations are in good 

agreement with theory indicating the competence of the selected FEA software and 

that the model can be further used for more advanced designs. The biggest numerical 

difference belongs to the σe (at r = re) and can be neglected because the main interest 

is associated with stress concentration at the bore (e.g. at the r = r1) since this area is 

subjected to higher stresses which are nearby the σy value of the employed material 

while the outer portions of the PCC are barely stressed (e.g. won’t yield for sure).  

Having obtained evidence that ANSYS is a suitable FEA software for analysing, 

modelling and studying the behaviour of thick cylinders which are subjected to Pi, it 

will be further used in this thesis to highlight the relevant stress values in the PCC 

without repeated analytical evidence of the software's correctness. 

4.8 Compound cylinder design and analysis 

The design presented in figure 4.12 was drawn in accordance with the required P 

limit (e.g. 3 GPa), minimum bore size (e.g. 4.5 mm due to CPP, table, Cu wires and 
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PTFE capsule) and other considerations which were mentioned earlier in this 

chapter, by considering concepts in figure 4.3 & 3.9. 

 

Figure 4.12: Section view of the PCC. This design is made with accordance to design 

considerations. Please note that the seal which is nearby the feedthrough plug was drawn 

deformed to keep the integrity of the image. The component materials are shown in brackets.  

As previously, the 2D model was created to simulate the behaviour of the compound 

cylinder in response to the applied P with dimensions as in figure 4.13. 
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Figure 4.13: 2D geometry of compound cylinder. All dimensions are present. 
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Please note the dimensions A8 & A33 in figure 4.13 which are indicating the angular 

dimensions. The 89.4° angle is required to allow force-fitting of the inner cylinder 

into the outer which, according to the model can be done from the bottom side of the 

external cylinder by introducing the upper portion of the inner cylinder into it. The 

value of the angle was empirically derived and translated into the simulation 

resulting in the following key dimensions to be highlighted: H52 = 2.25 mm (r1 of an 

inner cylinder), H21+H23+H25+H56 = 17.5 mm (re of an outer cylinder), H16 = 

8.75 mm (re of inner cylinder at the bottom) which due to 0.6° tilt over the V49-V15 

length result in re of the inner cylinder at the top to be 8.1531 mm and H56 = 8.675 

mm (r1 of the external cylinder at the bottom) which due to 0.6° tilt over the V49 

length result in r1 of the external cylinder at the top to be 8.0781 mm. Which means 

that the top of the inner cylinder can easily fit into the bottom of the external cylinder 

(e.g. 8.1531 mm vs 8.675 mm). Once cylinders are fully engaged the resulting 

diametrical interference (See figure 4.8) would equate to 0.15 mm and this value was 

empirically found during numerous attempts to achieve the full engagement of 

cylinders. Another important dimension to note is V51 which equates to 39.121 mm. 

It was made in between special nodes which were placed to mimic the endpoints of 

the feedthrough plug and piston (See figure 4.12). The V51 was further used to allow 

to select a specific region in the bore, to apply P to it as it can be noted in figure 4.14. 

 

Figure 4.14: Structural conditions of the compound cylinder. 

The displacement of 0 mm in the Y direction was added for the same purpose as the 

frictionless supports in figure 4.9 – B – to constrain the model. The C component of 

the static structural (e.g. the force of 47713 N magnitude) corresponds to the 3 GPa 

of P exerted on the cross-sectional A of the piston (e.g. 15.904 mm2) which was 

calculated using the equation 3.4. This force was applied to mimic the device 

operation where the piston translates the force to the upper locking nut in the Y 

direction to investigate if such a magnitude can lead to any consequences. 
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Figure 4.15: Principal stresses in the compound cylinder under Pi. With: A – radial stress, B – 

tangential stress, C – selected path for study and D – principal stresses vs cylinder wall depth 

along the path in C. Numerical data available in the figure A.3. 

Please note that the x-axis limit for chart D in figure 4.15 is 15.25 mm which is the 

sum of internal and external cylinder walls. To better understand which portion of 

the compound cylinder is referenced with the cylinder wall depth number (e.g. x-

axis), the value of the 2.25 mm (e.g. the r1 of the inner cylinder) should be added to 

the provided in the x-axis values and compared with the original dimensions (See 

figure 4.13). 

The σr in the compound cylinder slightly resembles the σr in the BeCu single cylinder 

(See figure 4.11) with an almost imperceptible pit at the 6 mm wall depth which can 

be noted by carefully observing the chart in D. As before, the highest σr concentrates 
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at the bore of the internal cylinder and is numerically close to the Pi but with a 

negative sign to mark this stress as a compressive and, the lowest values of σr can be 

found at the re of the outer cylinder as in D where it is approaching the 0. 

The σt in the compound cylinder shows how the interference fit affects the highest 

principal stress distribution through the wall. According to the chart in D and the 

stress distribution in B, the highest σt occurs at the bore of the external cylinder while 

the lowest σt can be observed nearby the re of the internal cylinder emphasising that 

internal cylinder has better mechanical properties (See table 4.1 & 4.2). The jump 

from the negative value to the positive after 6 mm of wall depth indicates the 

material change and, therefore, by adding more points to the chart in D, the real 

common radius (r2) of both cylinders can be found for the path C. 

Since the simulated geometry is not as symmetric and of an infinite length as the 

BeCu cylinder (See figure 4.9), the outer cylinder ends which are responsible for 

holding upper and bottom locking nuts (See figure 4.12) are having different 

distribution and values of stresses which can be seen in A & B – indicating the 

bending profile in which the distant parts of the cylinder are striving for the sphere of 

influence – P which is distributed at a specific location rather than the whole internal 

bore. 

 

Figure 4.16: Principal stresses in the compound cylinder with no P. Points were collected along a 

similar path as in figure 4.15 – C. The numerical data is available in figure A.3. 

It is worth to note that by producing simulation with suppressed force on the thread, 

the achieved results were identical to those presented. Also, by producing simulation 
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with Pi = 0 MPa, the stress distribution in the cylinders (See figure 4.16) was found 

to be in a close agreement with the stress distribution of an autofrettage cylinder (See 

figure 4.7) where σr is equal to 0 at the internal and external radius ends while is also 

compressive through the wall and σt starts with negative value at the bore of the 

internal cylinder, approaches zero at the end of the internal cylinder and becomes 

tensile when it hits external cylinder (highest value) which slowly falls towards the 

end of the cylinder’s external radius. 

 

Figure 4.17: Von Mises stress in the compound cylinder under Pi. With: A – von Mises stress of 

the whole geometry & B – von Mises stress of the specific profile (See figure 4.15 – C). The 

numerical data is available in figure A.3. 

As expected, the maximum value of the σe appears at the bore of the internal cylinder 

where it meets the Pi (See figure 4.17). Please note that the maximum value of σe 

which is shown as a 2200 MPa is beyond the yield point of the inner cylinder (e.g. 

NiCrAl) by 200 MPa while the outer cylinder (e.g. BeCu) stays within the elastic 

region with highest σe being found as a 1395 MPa at 6.3542 mm. This means that 

this PCC if build to dimensions (See figure 4.13) could reach the 3 GPa of P, 

however, this may lead to plastic deformations in the internal bore. At this stage, it 

was decided to stick to the dimensions and to build the PCC to test its capabilities. 

Although the produced simulation indicated the yielding of the inner bore of NiCrAl 
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cylinder it was decided to rely on autofrettage. It implied the development of 

additional 3rd cylinder which would act as a protective layer and absorb the flying 

elements of the PCC in case of the explosion.  

4.9 Manufacturing process 

All parts of the compound PCC (See figure 4.12) were made using a conventional 

machining process. To achieve the double-layer configuration both, shrink and force-

fitting techniques were combined. In the former technique, the liquid nitrogen was 

employed, and the inner cylinder was submerged into the 77° K bath. The T 

difference between liquid nitrogen and NiCrAl cylinder was accompanied with 

bubble formation and, the end of such a formation marked the end of the treatment’s 

duration, during which the cylinder shrank in size and only then was inserted into the 

outer cylinder which was of a Troom. As it was previously said, the latter technique 

resulted in the necessity of producing the tapered pattern with 89.4° angle (See figure 

4.13). Force fitting was undertaken with the help of the conventional hydraulic press 

and, to achieve best results, was done right after the employment of the former’s 

technique (e.g shrink). Another important aspect was the final length of the bore 

which was decided to be 57 mm (See figure 4.13). To achieve the exact value, both 

cylinders were on purpose made longer with the outer cylinder to be 60 mm and 

inner – 65 mm. This was required to allow some material removal once the double-

layer configuration was achieved which resulted in the necessity to keep the tapered 

profiles along the above-mentioned lengths as well as to mark to which extend inner 

cylinder should be pushed to achieve the required interference fit of 0.15 mm. Once 

both cylinders became a single unit they started to be treated accordingly and in the 

further sections of this thesis are referred to as a cell body.    

The Cu seals were annealed with a heat gun until the dark red colour to make them 

softer and, therefore, to make them yield at lower P while the PTFE capsule was 

decided to be made of two parts: the hollow rod and cap (because it is much easier to 

find and buy a hollow rod and make a cap for it rather than a closed profile piece of 

the required shape). The tight fit of PTFE and bore was achieved with slow polishing 

process of the PTFE with sandpaper. Cu seals which are nearby piston were made to 

have the 45° draft to improve their involvement into the PTFE cap during low P. 
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The manufacturing of small parts such as cone knob and sample table (See figure 

4.18) was also performed using conventional machining tools but had to be hand-

finished to achieve better surface quality due to the small scale. Parts were filed and 

sandpapered to get rid of the sharp edges at the grooves of the cone knob and to 

achieve the deep enough grooves in the sample table to fit Cu wires. 

The cone knob and the feedthrough plug were connected with the help of the black 

epoxy mixture details of which were previously discussed in this chapter.  

4.10 Assembly and disassembly  

Before accessing the full cell assembly, it was required to finalize the assembly of 

the small parts: 

 

Figure 4.18: The assembly of small parts. With: A – a cross-section of geometry from CAD, B – 

the real-life image with all wiring & C – the ejected cone knob. Parts are coloured: feedthrough 

plug is pink; cone knob is yellow and the sample table is grey. Dimensions of parts can be found 

in Appendix A. 

Please note that in figure 4.18 – B the Cu sealing ring can be found. It sits on the 

feedthrough plug and follows the curvature of the feedthrough plug’s 45° draft as in 

figure 4.12. The ejected cone knob in C demonstrates how Cu wires are sitting inside 

of its grooves while surrounded with black epoxy. This particular cone knob was 

ejected form the feedthrough plug since it did not work and had short-circuiting 

issues. It took a total of five attempts to produce the working piece. The more 

detailed process, as well as the order of stages, can be noted by observing figure 

4.19. 
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Figure 4.19: The comprehensive assembly of small parts. Detailed preparation of figure 4.18 – 

B. Left to right, top to bottom stages with corresponding comments.  

The cone knob was first glued with small amounts of superglue which was applied in 

between grooves into the feedthrough plug to make these components static and to 

prevent accidental movement/rotations during Cu contact introductions into the cone 

knob’s grooves. A total of 12 Cu wires were first cut to be of the same lengths and, 

although the sharp edges on the cone knob were polished, the contacts were 

additionally covered with an insulation layer – nail polish to improve their insulation 

thickness. Contacts were then slowly introduced from the top through the cone 

knob’s grooves and the feedthrough plug. It was then required to bent contacts to the 

sides as it is shown in the top left image in figure 4.19 to simplify the application of 

the black epoxy mixture. While the epoxy mixture was still runny the contacts were 

then lifted back which allowed this mixture to get around the contacts and into the 

grooves of the cone knob. There is not much to be said regarding the other stages 

which were comprehensively discussed earlier in the design considerations section of 

this chapter, however, it can be noted in figure 4.19 – “Soldering of joints” that the 

soldering amount should be as small as possible as to fit into the sample table. To 

achieve such a small solder blob, the T of the soldering iron was set to be 190° C – 

the melting T of the employed soldering alloy. Once these parts (e.g. cone knob, 

sample table, all wiring and feedthrough plug) became a single unit they started to be 

treated accordingly and in the further sections of this thesis are referred to as the 

“cable guys”. 
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Figure 4.20: Compound piston-cylinder cell. With: A – disassembled and B –assembled. Part 

names can be found in figure 4.12. Dimensions of parts can be found in Appendix A. 

The whole PCC (See figure 4.20) was assembled in the following order:  

1) The bottom Cu seal was deformed to stay whether on the “cable guys” (See 

figure 4.18 – B) whether in the cell body. This was achieved by placing seal in 

between the “cable guys” and the cell body and closing the bottom locking nut until 

fully engaged. Once was done the parts were disassembled. 

2) The PTFE hollow rod was put on the “cable guys” and fulfilled with the 

relevant PTM. This was done outside of the cell body to be able to check for air 

bubble formation which was unwanted.  

3) The 2nd stage was introduced into the cell body’s bore and, the lost during the 

introduction, PTM was added (≈ two small droplets). 

4) The bottom locking nut was carefully closed with hand spanner while the cell 

body was locked in the vice in the upside-down position and, once fully engaged, the 

PCC was brought back to the normal standing position. 

5) The PTFE cap was then introduced into the bore to close the PTFE capsule 

and the Cu seal was then added on top of it with sharp edges of the Cu pointing 

towards the PTFE cap. 
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6) The piston and spacer were then introduced into the cell with the spacer being 

covered with grease on all surfaces. 

7) The PCC was closed with the not fully engaged upper locking nut and the 

pusher was finally introduced to complete the assembly. 

It is worth to note that the further upper locking nut engagement into the PCC must 

be done with care to avoid changes in Pi. It is, therefore, reasonable to monitor 

Manganin R at all times and to compare its value prior to cell closure with after the 

cell closure. Both must be the same and, if a small difference of (+/– 0.02 Ω) is 

present, it can be accounted for small T changes and neglected. Else, based on the 

situation, the proper actions should be employed.  

Generally, the disassembly of the PCC is inversely proportional to the assembly 

process with an exception that the piston might become stuck in the bore (especially 

if PCC was exposed to Pi above 500 MPa). If this is the case, the “cable guys” are 

also becoming stuck and, to carefully extract them out of the cell body it is required 

to employ additional tools (See figure 4.21 – A). These tools were specially designed 

to grip the external thread on the bottom portion of the feedthrough plug and, using 

the twist and pull technique, pull the “cable guys” out of the cell body in the vertical 

direction which also highly minimises damage to the CPP and leads if the directional 

extraction is produced slowly and without wobbling. The piston can then be easily 

ejected by pushing it out from the just-opened side of the bore.  

 

Figure 4.21: Additional tools. With: A – extraction tools and B – protective cylinder. Both 

additional tools were made of stainless steel (SST). Please note that A has the feedthrough plug 

which is engaged into the tool for demonstration purposes. Dimensions of parts can be found in 

Appendix A. 
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Since it was required to reach 3 GPa in PCC, simulation of which gave σe to be 

higher than the σy (See figure 4.17), it was required to produce an autofrettage and, to 

keep the working environment safe, an additional protection layer was utilised – the 

protection cylinder (See figure 4.21 – B) which was designed to fit the compound 

PCC inside of it and, in case of the fracture, would absorb the flying elements of the 

compound cylinder.  

The protection cylinder was also designed to fit all the necessary heating elements 

such as the resistive panel as well as the layers of Kapton tape to hold them firmly on 

the surface of the PCC. Also, both additional tools are having special notches for 

lead wires which are coming from the bottom side of the feedthrough plug to be fed 

through them.  

4.11 Experimental testing  

The experimental testing of the PCC was first employed to investigate if the cell was 

able to reach the required P (e.g. 3 GPa) without failing and if the “cable guys” 

would be able to survive these P extremes with no short circuits in the Manganin 

wire. Once the PCC had reached the 3 GPa it was brought back to Pamb to examine 

the internal bore which did not reveal any deformations which meant that the 

cylinder was successfully autofrettaged and now can be safely exploited in the Pamb 

– 3 GPa P range. 

It took in total 5 “cable guys” assemblies being tested until the last, which is 

described in this thesis did work up until the required P. The previous four used to 

fail on the short-circuiting issues for all 12 Cu wires. Along with PCC’s testing, the 

set of Manganin coils was subjected to P cycles to season them (See 3.3.1 section in 

the 3rd chapter). 

The second set of the experimental testing involved the experiments on the CPPs to 

investigate if the “cable guys” would be able to survive these P extremes with no 

short circuits in the Cu wires which are connected to the CPPs. The CPPs were made 

per sample dimension requirements and measured using the electrometer while the 

Cu wires which are interconnected with Manganin wire were measured using DMM 

as per the R ranges.  
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Once all experimental tests showed no issues the presented PCC was concluded to be 

successfully made to be able to safely operate in the required P range while is 

capable of producing R measurements both on samples and on Manganin wire to 

probe the Pi. The R measurements can be performed on the CPPs which are 3mm in 

OD and potentially (this was not checked yet) the long needle-shaped samples 

because the size of the PCC’s reaction volume allows this.
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Chapter 5 

Adaptation of DAC 

This chapter starts with the requirements and reasoning which are followed with 

design considerations of the desired DAC based on which the most suitable 

existing DAC was selected that can be adapted for R measurements. Further, the 

method for gasket’s insulation is provided as well as the FEA of the backing 

discs which are made of two non-magnetic materials to determine the most 

suitable one which won’t yield under the applied P. Lastly, the manufacturing, 

assembly and experimental testing of the DAC which can routinely go up to the 

10 GPa in P while is capable of producing R measurements on the sample 

material and is equipped with the visual and laser access to access the quality of 

the contacts and to probe the P using the ruby fluorescence technique are 

provided. 
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5.1 Requirements and reasoning 

5.1.1 Pressure limit 

The DAC is another suitable HP device for measuring electrical properties of sample 

materials (See 3.2.3 section in the 3rd chapter). The small reaction volume of DAC 

makes it difficult to exploit the HP cell (especially if measurement interest lies upon 

electrical properties) however, it also becomes an advantage, since it allows to 

expand the P scope and, therefore, to investigate what happens with the materials at 

higher Ps. 

According to the 2.2.1 section in the 2nd chapter, the 3 GPa is the upper limit in the 

OPET’s application range, however, it might be worth investigating samples with 

interesting P - ρ trends beyond that P. This does not necessary dictates the 

exploitation sequence of HP cells. Looking ahead, some materials were measured in 

PCC and some in DAC only and only a few were measured in both. Another 

advantage of DAC compared to PCC is that its P gauge has no T dependence (unlike 

Manganin) which makes the T analyses easier to accomplish. 

It was decided that DAC with P limit of 10 GPa should sufficiently cover the beyond 

of interest range (e.g. anything beyond 3 GPa). As it was previously said, the 

maximum P in DAC is highly affected by its design, materials employed and the 

cullet size of the diamond which in turn dictates the sample dimensions. The 

selection criteria for the DAC for R measurements would, therefore, be the design 

which allows the sample wire access, as big as possible diamond cullet which allows 

reaching Ps of 10 GPa and the visual and laser access to the reaction chamber for 

checking contacts during the experiment and probing the P using the ruby 

fluorescence technique. 

5.1.2 Diamond 

The general rule which relates the maximum achievable P and the cullet diameter is 

as follows [196]: 
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 𝑃𝑚𝑎𝑥 (𝐺𝑃𝑎) =
10

𝑑(𝑚𝑚)
 (5.1) 

Where d is the culet diameter. Which if solved to determine d gives: 

𝑑 =
10

10
= 1 𝑚𝑚 

However, to allow some safety margin and, therefore, to routinely exploit the DAC 

with no fracture risk, it was decided to use the diamond with 0.8 mm in diameter 

culet which, following equation 5.1 can be pushed up to the 12.5 GPa.  

The relatively cheap and well-known supplier of diamonds with good optical 

properties in the scientific community is the Almax easyLab company [197] that 

advises using the bevelled culet rather than flat if experiment interest lies upon the 

electrical measurements. The bevelled profile on the culet not only smoothens the 

sharp edge which otherwise could cut the probe wires but also reduces the risk of 

damage during the alignment process which will be further discussed.  

 

Figure 5.1: Standard type Ia diamond with 0.8 mm cullet and 8° bevel. All dimensions are in 

mm. Drawn following the guidelines provided by Almax easyLab [197]. Full dimensions can be 

found in Appendix B. 

The diamond in figure 5.1 is the 16-sided diamond which has the overall diameter of 

3 mm and is polished parallel to (100) crystallographic diamond plane which is the 

strongest plane for compression.  

5.1.3 Sample dimensions 

Unlike in the PCC where CPP’s geometry stays uniform, the DAC’s CPP lies in 

between two opposed anvils and experiences a direct physical contact with them 

under compression. Therefore, the CPP geometry occupies all available space in the 

gasket’s drilled hole in terms of pre-indented thickness and drill diameter. The 
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typical sample limit which is set by gasket is a 0.1 mm in the vertical direction and 

about 50% reduction in overall culet diameter [197] which is 0.4 mm in diameter 

circle for the 0.8 mm diamond cullet. By considering the above said and by applying 

the MM this led to the following sample geometry and contact wire allocation:  

 

Figure 5.2: Compressed powder pellet example geometry for the DAC. Pellet and contacts are 

shown in grey and yellow respectively. All dimensions are in mm. Please note that the contact 

separation can vary in between experiments and must not obligatorily equate to 0.124 mm. This 

value is only specified as an example.  

Unlike in the PCC where the effective pellet thickness (Z) for MM’s stays constant 

and can be made to have ideal size for the experiment duration, in DAC the value for 

Z is calculated based on the available dimensions (those which are restricted with 

gasket hole and indentation thickness) and based on the achieved contact separation 

which varies in between experiments. With P application, the CPP’s thickness 

uncontrollably reduces since diamonds are brought closer. This results in the 

inability to use the perfect relationship when the actual thickness equals to the Z and, 

therefore, to use equation 4.1. Instead, the value of Z is approximated based on what 

is available. Therefore, using figure 3.5, the value of Z would equate to 83.08 μm if 

the achieved contact separation is 0.124 mm. Please note that value of Z also imposes 

a limit on the maximum attainable P in DAC to avoid Z being smaller than the actual 

thickness of CPP which may show inconsistency if DAC data is compared with data 

collected in PCC where CPP does not undergo physical changes in shape and size 

during the experiment.  

Therefore, the employment of DAC would allow investigating if the MM for R into ρ 

conversion can be applied to the sample geometry in DAC by producing 
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measurements with the identical sample in both PCC and DAC and checking for 

consistency.  

5.2 Design considerations 

5.2.1 In situ pressure measurement (ruby) 

To employ the ruby fluorescence technique (See 3.3.2 section in the 3rd chapter) it is 

required to be able to see the ruby through the diamond. The selected diamond (See 

figure 5.1) is transparent to visible light and, therefore, the design of DAC should 

take this into account. It is a common practice to avoid building HP cells from a 

single unit and, the optical access can be achieved with the help of specially designed 

diamond seats which are also called backing plates. The diamond seat practically 

experiences only the compression and the value of stress it withstands can be probed 

with FEA. Since the optical access is a must, the seat can be made of transparent 

materials or by the introduction of the hole through it which should be bigger than 

cullet but also smaller than the diamond base. If the seat is flat, the diamond can be 

glued to it with the epoxy by covering its height by two thirds. Since PR materials to 

be measured are of a powder form, they would occupy all the available space in the 

gasket which means that ruby which also must be loaded into the gasket along with 

PTM might not be found with a laser. To increase finding chances, it is, therefore, 

necessary to be able to see the ruby visually which dictates the need to attach it to the 

surface of the culet. More specifically, to the very centre of it since the P varies 

along the culet with highest being proven to exist in the centre [198]. Therefore, the 

powder particle size must be smaller than the ruby piece and, since the DAC closes 

along vertical axis any transparent substance with some level of viscidity can be 

employed such as the grease to attach the ruby to the required location. It is also a 

common practice to load several rubies to simplify working and/or to be able to 

monitor P along all of them.  

5.2.2 Sample wire access 

Since it is required to reach the sample material with probe wires to produce 

electrical measurements, the design of DAC should allow both the physical working 
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space with wires and the possibility to allocate them on the cell body (See figure 

3.11). The former requirement should also stay true when the DAC is closed to allow 

visual access from the side. This would allow to check for short circuits in between 

contacts and cell or gasket as well as to repair junctions and/or leads which may have 

been damaged during experiment or handling. Since all the reaction volume is to be 

occupied with the test material, the wires could be fixed to the diamond culet as long 

as this is not the same culet which is responsible for holding the ruby chip because it 

can move or damage contacts. The latter requirement was mentioned as to highlight 

the need of keeping the previously mentioned safety junctions and entire wire 

assembly on the same unit. This would provide a safe and static work environment. 

5.2.3 Materials 

Preferably, the DAC should be made of high-strength non-magnetic materials to 

provide measurement accuracy and safe cyclic exploitation for a wide T range (e.g. 

+/– 100° C). This is especially true for the backing disc which experiences high stress 

that is translated through the diamond. The disc should be able to stay within the 

elastic region to avoid yielding and, therefore, most common candidates are hardened 

BeCu, NiCrAl, maraging steel, Inconel and WC [54, 199, 200]. The last three 

candidates are more preferred in the ultra-high-pressure region due to their high 

compressive strength while the first two might be found advantageous for the project 

preferences since they are having a low magnetic background. The rest of the cell 

parts can be made of SST if the design of the cell allows this (e.g. if these cell parts 

would provide enough support for the backing disc).  

5.2.4 Clamp design 

Given the above, the DAC should have symmetric top and bottom regions. While the 

top region will be responsible for holding all the wiring for electrical measurements 

the bottom would be used for holding gasket, it’s lamination, ruby and sample. Such 

a distribution would result in a possibility to visually access the quality of the wires 

inside of the culet area from the one side and to easily find the ruby from the other 

through the optical diamond access when the cell is closed and/or during the 

experiment duration. This would indeed minimise the wire damage since ruby and 
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wires will be separated with a layer of sample material. It is, however, worth to note 

that this may affect the diamond parallelism and, therefore lead to non-axisymmetric 

gasket deformation under P which in turn may result in a diamond fracture. To avoid 

this, the parallelism can be set as an obligatory constitution for the whole cell rather 

than only diamonds. It can be achieved by making the paired components (such as 

cell body and backing plates) as a single unit first with further separation and 

introduction of the guiding holes and guiding pins for the top and bottom regions. 

To simplify the cell exploitation and to allow the T analyses the DAC should have 

the clamped design with the possibility to clamp the given P and to study the sample 

behaviour at it. This can be achieved with the introduction of locking bolts which are 

circumferentially distributed around and with an equal to the centre (e.g. diamond) 

distances. These bolts can also be used to generate P by tightening them. 

In the view of the above considerations and the gained during the literature review 

study knowledge, an author concludes that the most suitable for all the criteria (e.g 

sample wire working access, optical ruby access and maximum P of 10 GPa) DAC 

already exists and is called a Merrill Bassett DAC [172]. It is commonly widely 

employed in the X-ray HP measurements, has simple design and alignment 

procedure, relatively big working access from the side and when DAC is closed, 

which makes this cell type suitable for electrical ρ measurements adaptation. 

  

Figure 5.3: The Merrill Bassett DAC. With: A – top region or the upper side of the cell which is 

responsible for holding all the wiring and junctions. B – bottom region or the bottom side of the 

cell, which is responsible for holding gasket, it’s lamination, ruby, sample and PTM. Please note 

that gasket is drawn undeformed. In C the assembly of A and B is shown. Dimensions of parts 

can be found in Appendix B. 

P in the cell (See figure 5.3) is generated with 3x M5 bolts which are slowly 

tightened one after another which means that the appropriate marks should be made 
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before starting an experiment and during the tightening process to make sure the 

plates and, therefore, diamonds are kept parallel. 

5.3 Gasket 

The gasket is one of the most important parts in the DAC (See 3.2.3 section in the 3rd 

chapter). Gasket confines the sample and provides hydrostatic conditions, minimizes 

stress on the diamonds and, therefore, allows higher Ps to be reached. The selection 

of the gasket’s material is highly affected by experimental preferences. The material 

must be chemically inert and compatible with samples and PTMs as well as not too 

hard to allow fast sealing and not too soft to prevent eventual diamonds contact up to 

the specified maximum P [54] which makes metals to be an obvious choice. One 

such material is BeCu, advantages of which were previously mentioned (See 4.2.1 

section in the 4th chapter).  

 

Figure 5.4: General gasket preparation. With: A – the disc formation, B – pre-indentation and 

C – drilling. All dimensions are in mm.  

Gaskets are conventionally made from thin metal sheets which have ≈ 0.3 mm 

thickness. Once cut into the required shape (usually disc or rectangle) pre-indentation 

takes place which further decreases the thickness to about 1/3 of the initial value. 

Once the gasket is pre-indented it is then drilled. It is important to produce a hole (a 

sample chamber) in the very middle of the indented area. The poorly centred hole 

might lead to the experiment unsuccess, poor hydrostatic conditions and limited 

optical access. This happens as a result of culet’s edge being reached by the drilled in 

the gasket hole which with P application enlarges asymmetrically.  

5.3.1 Gasket indenter 

It is a common practice to pre-indent gaskets in DAC; however, this practice is also 

followed by risks of diamonds fracture (See 3.2.3 section in the 3rd chapter). To 

avoid those risks the special device was fabricated.  
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Figure 5.5: Gasket pre-indenter for DAC. The body and indenters are shown in grey and yellow 

colours respectively. A – isometric representation of the application. B – Section side view with 

operating principle. This application can be used to pre-indent gaskets to the required 

thicknesses using a conventional hydraulic press. While the top indenter is allowed to move 

freely along the vertical axis, the bottom indenter sits securely inside of the body and shares the 

same level of the surface with it. Dimensions of parts can be found in Appendix B. 

The device mimics the procedure which is normally used during gasket pre-

indentation. The DAC is replaced by C-type body and diamonds are replaced by WC 

pistons with DF6 grade number [201] which are equipped with the conical end and a 

culet at one side and are flat at the other. This allows to pre-indent gaskets of any 

softer than the selected for the indenters material including BeCu which was used in 

this thesis. Please note that the conical shape is different from the 16-sided profile of 

the diamond (See figure 5.1) which results in the same conical indented profile on 

the gasket. Conical profile was found to be better compared to 16-sided because its 

placement quality did not depend on the gasket’s rotation around the vertical axis. 

Naturally, the indenters can be redesigned for any type of the diamond by changing 

the conical angle and/or cullet size, therefore increasing the number of indenter pairs 

(parts) and expanding the scope of the presented in figure 5.5 device. 

5.3.2 Gasket preparation 

Once pre-indented, it is required to drill and prepare the gasket for the experiment. 

To produce the hole in the very centre of the indented area it is first required to 

centre punch the preferred location and considering the small scale, the sewing 

needle can be used for it. To produce the 0.4 mm in diameter hole it is a must to first 

produce the 0.2 mm in diameter hole to increase the success chances as the drill often 

slips to the side especially during manual drilling. 
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Figure 5.6: Gasket preparation with corresponding comments.  

Once the hole is drilled it is important to get rid of the sharp edge at the bore as it can 

weaken the insulation layer during P application and be the main reason of the short 

circuit. The sharp edge can be eliminated with the sewing needle. Please note the 

colour change of the indented area in figure 5.6 (between two left and two right 

images). This is due to the technique used when the sewing needle tip is first leaned 

against the big diameter of the indented area (e.g. 0.8 mm) and then brought to the 

hole and then repeated circumferentially until the edge in the drilled hole starts to 

feel rounded. The ultrasonic bath is then required to get rid of the metal particles and 

after careful inspection, the gasket can be glued to the diamond.  

5.3.3 Lamination of gasket and cell body 

Since the contact wires are non-insulated it is required to insulate the parts they 

adjoin, and the most complicated part is the gasket since it is in a tight contact 

configuration with probes which are trapped between diamonds. If the gasket is 

metallic the insulation materials such as MgO, Al2O3 or CsI can be employed [54, 

202]. Particles of those materials are mixed with the epoxy resin and then are applied 

on the not fully indented gasket. Once applied the gasket is further indented to the 

thickness of interest and left clamped until the mixture solidifies. Similar materials 

could also be used to create standalone non-metallic gasket; however, this process 

requires a lot of practise and experience not to mention the necessity in the creation 

of additional instrumentation where such gaskets will be made [203, 204]. Instead, an 

author invented a new method for metallic gasket lamination which is believed to be 

less time consuming and easier to be implemented. 

The method involves the use of the polyvinyl chloride (PVC) material. Insulation 

constitutes of few layers (3 – 4) of PVC wrap paper which are first cut into small 
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square pieces (of the gasket size) and then are placed on top of each other. It is 

required to make sure that no dust particles would be trapped in between these layers 

and that the final thickness of the stack would be around 35 μm which was 

experimentally derived as an optimum numerical value. The stack must then be glued 

with GE Varnish to the gasket. It is worth to note that no glue should be introduced 

into the indented area (See figure 5.7). To further improve the working environment, 

it is advised to gently clamp the gasket with PVC in between two indenters so the 

PVC stack would repeat the recess geometry of the indented area on the gasket.  

 

Figure 5.7: Lamination of gasket and implantation of the ruby chip. 

When the glue is hard, the hole for the sample must be addressed. The initial hole in 

PVC can be made with a sharp tool such as the acupuncture needle. To simplify 

further works that include ruby implantation and sample addition, the initial hole can 

be widened to a greater size with a wider sharp tool such as the sewing needle. The 

transparent grease is essential to be applied to the diamond’s culet surface to make 

sure that ruby chip will not shift away from the centre of the hole and/or lose the 

connection with culet’s surface during the sample powder addition process which in 

turn would entail unwanted consequences that were recently discussed. 

If the diamond is glued to the diamond seat with the epoxy as in figure 3.11, there is 

no need to laminate it since epoxy is non-conductive. Lamination of other cell parts 

is highly dependent upon the employed in the design materials that conventionally 

are metals. Those parts, fortunately, can be easily laminated if they are apart from the 

delicate areas (e.g. small thin wires, gasket and diamond). The furthest from the 

diamond wire junctions can be separated from the cell body with an insulating 

material (such as wood). This would allow to increase the mechanical stability of the 

wire assembly and reduce chances of short-circuiting.  
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5.4 Analysis of the backing disk 

To determine if the presented design (See figure 5.3) can get to the required P (e.g. 

12.5 GPa) it was required to virtually test it. Just like in the case of PCC, the parts 

involved in the cell assembly should not go beyond yielding and it is required to 

access the critical elements of the design from the virtual point of view prior to 

manufacturing them to dimensions. In the case of PCC, the critical element was the 

3D state that occurs in thick walls of the cylinders and, therefore, only cylinders were 

simulated. In the Merrill Bassett DAC, the critical element of the design is the 

backing disc since it experiences the highest after the diamond compression load and, 

using the FEM its material and design can be determined. 

As before, to simplify the modelling, only halves of the parts were drawn to save 

time on computation by producing the axisymmetric 2D analysis which led to the 

corresponding geometry (See figure 5.8 – A). The diamond was drawn in accordance 

with Almax easyLab guidelines [197] while the displayed backing disc geometry and 

dimensions were created for the several reasons among which are the necessity in 

having good optical access to the sample chamber, fit into the cell plates while 

allowing the translational alignment of the diamond (See figure 5.12) while also 

providing enough supporting material as per the “massive support principle“.  

The idea of the principle is to support the massive loads by the comparatively softer 

material. Such a principle was used by humankind since antiquity and was first 

applied to the HP instrumentation by Bridgman who empirically derived that change 

of shape and size of anvils and their supporting material allows going beyond the 

yielding of the employed materials. It was established that materials won’t yield even 

if the compressive strength is three times higher than their yield point if the loaded 

area is much smaller (at least 10 times) then the overall [205 – 207].  

As it can be seen in figure 5.8 – B, the load of 6287.5 N was applied to the 0.8 mm 

(H49*2) cullet face of the diamond which following the equation 3.4 corresponds to 

12.5 GPa of P. This value corresponds to the normal Y-axis compression if simulated 

for the model validation purposes and should lead to the concave deformation of the 

cullet [208]. Since the involved geometries are not of a cylinder type, the translated 
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to the backing disc stress through the diamond won’t follow the same as the cullet 

P/stress rule which is the root cause of employing FEM. 

 

Figure 5.8: 2D geometry of backing disc and diamond. With: A – relevant dimensions and B – 

structural conditions. The contact type between diamond and the backing disc was chosen to be 

frictional with a friction coefficient of 0.1 [209]. The fixed support on the backing disc was 

introduced to prevent rigid body motion of the model. The red circle represents the expected 

high-stress concentration [209]. The direction of the arrow indicates the direction of the 

uniformly distributed load with uniform loading which was split into 4 steps. All further results 

will be demonstrating the final step which corresponds to the 6287.5 N load. 



 

Adaptation of DAC 108 

 

It was previously determined by David M. Adams [209] that the highest stress 

concentration between diamond and the backing disc occurs at the edge which is 

marked with a red circle (See figure 5.9) and this can also be used as a sanity check 

to validate the model. Please note that the contact area of diamond and backing disc 

is much smaller than the overall area of the backing disc as per “massive support 

principle”. The only support was placed at the base of the backing disc and is 

represented by the H69 dimension since this is approximately the contact edge of the 

backing disc and the plate (See figure B.3). The diamond was assumed to have no 

supports (no side supports such as epoxy) for the simulation purposes and was given 

the mechanical properties which are outlined in table 5.1. 

 

Figure 5.9: Model sanity check. With: A – exaggerated deformation of the cullet using total 

deformation tool and B – general stress distribution along Y-axis with high concentration region 

specified. The units are given in MPa. It can be noted that the delicate parts such as the cullet 

and the H65 edge (See figure 5.8) were being meshed with a high concentration of elements since 

these are the areas where the high stresses were expected. 
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Table 5.1: The mechanical properties of the diamond [192]. 

Mechanical property & units Numerical value 

Tensile yield strength – σy (MPa) 2900 

Poisson’s ratio – v 0.11 

Young’s modulus – E (GPa) 1050 

While the coloured ruler still represents the highest and lowest values, the numerical 

values in B were omitted since these are material dependent while the goal of the 

figure was to demonstrate the general distribution and the highlighted stress probes 

(labels with cyan colour). As expected, the cullet deformed inwards with the concave 

deformation. The maximum deformation occurs at the centre of the cullet which is 

shown with red label in figure 5.9 – A. Deformation slowly reduces towards the 

culet’s edge which is well supported with deformation probes on the same figure. It 

is worth to note that the deformation units are mm and that the maximum value 

which is the 0.02531 mm occurs only under the maximum load (e.g. 6287.5 N) and 

disappears with P release. Also, the applied on the cullet F in figure 5.8, as expected, 

became compression stress of a -12500 MPa magnitude (See figure 5.9 – B). 

Considering the above said, the model has passed the sanity check and the simulation 

results are adequate and well supported with the previous findings [208, 209] and, 

therefore, the further analysis can be performed to choose the right material for the 

backing plate.  

The NiCrAl and the hardened BeCu are the most adequate candidates for the backing 

disc as they are having non-magnetic character and, therefore, both were simulated to 

select the most appropriate one for the desired P exploitation range of DAC. 

Since the general interest lied in the high-stress concentration area (See figure 5.9 – 

B) it was decided to omit to analyse anything but the magnified view of it. By 

producing two simulations with different materials for the backing disc it was found 

that the backing disc which is made of BeCu (See table 4.1) and has the yield 

strength of 1400 MPa will most likely fail since the observed in the simulation stress 

probes (See figure 5.10 – A) can be found to be way higher than the 1400 MPa (even 

considering the massive support principle).  
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Figure 5.10: Magnified high-stress concentration area. With: A – BeCu and B – NiCrAl as the 

backing discs. As previously, the red colours are representing high values and blue – low. The 

highest negative stresses are probed with cyan labels.  
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Figure 5.11: Further analysis with NiCrAl. With: A – Von Misses stress and B – Total 

deformation. Units are MPa and mm for A and B respectively.  

The stress magnitudes up to the 15455 MPa can be noted in figure 5.10 – A 

indicating the high probability of fracture in the BeCu disc and, therefore, this 

material is not suitable for the desired P range in DAC. The simulation of the 
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backing disc which is made of NiCrAl and has the yield strength of 2000 MPa (See 

table 4.2) can be found in figure 5.10 – B. It was found that if the 6287.5 N load is 

applied on the diamond cullet (which corresponds to 12.5 GPa of P), the highest 

stress magnitude would be 5611.5 MPa. By considering the massive support 

principle, such a magnitude becomes within the elastic region of NiCrAl disc (e.g. 

5611.5/3 = 1870.5 MPa). Consequently, the NiCrAl was selected as the material for 

the backing disc with further analysis being performed to determine Von Misses 

stress and total deformation which can be found in figure 5.11. 

The maximum σe in figure 5.11 – A was found to be 2181 MPa which is below the 

NiCrAl’s UTS (See table 4.2) but above it’s yielding (e.g. 2000 MPa) and some 

experimental testing would be required to determine if the backing disc would 

permanently deform or not. In figure 5.11 – B the maximum deformation does not 

exceed the 0.018 mm magnitude under the 12.5 GPa of P on cullet which is a small 

change but still worth an investigation. 

5.5 Manufacturing process 

All parts of the DAC (See figure 5.3) were made using a conventional machining 

process. To achieve good parallelism the paired components such as backing discs 

and top and bottom plates were first made as a single unit with further separation. 

The three guiding pins were then made in accordance with the guiding holes of the 

top plate to allow tight fitting into them. Pins were then permanently bonded into the 

bottom plate which allowed to access the quality of the parallel configuration. Plates 

were assumed to have good parallelism since plates were able to fully close the gap if 

were brought together via pins. The 0.5 mm difference in the backing disc and its 

recess in the plate’s height (e.g. 3 mm – 2.5 mm) led to the possibility to produce the 

half-assembled (e.g. without diamonds) check for parallelism which showed no 

issues.   

All parts were hand-finished with a gentle sandpapering process to eliminate the 

sharpness of the edges and, most importantly, to achieve the good quality surface 

finish on the backing discs. This is especially important when no diamond recess is 

made on the backing disc to further improve the parallelism.  
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5.6 Assembly 

5.6.1 Fixing diamond to the disc 

It was necessary to fix the diamond (See figure 5.1) to the backing disc in such a way 

that its cullet would perfectly sit in the middle of the drilled in the backing plates’ 

hole to allow full optical access to the sample chamber. At the initial stage, diamonds 

were first glued with Araldite® [210] to the backing discs by introducing a very thin 

layer of this glue around the drilled hole which was also followed by vertical 

compress on the diamond’s cullet to push out all the unwanted glue away. If 

successfully performed, the cullet can be fully seen under the microscope through the 

backing disc after the release of the load. To further straighten the diamond’s 

position, which is especially important if no diamond recess was made in backing 

discs, the Stycast 126 epoxy was applied at the diamond surroundings. This led to the 

epoxy having fully covered the surface of the backing disc and in submerging the 

diamond height by approximately two thirds. It is important to note that the whole 

process (to be successful) must be performed in a clean environment to prevent 

contamination of the epoxy mixture and, most importantly, the diamond. Last can be 

held in a supersonic bath while submerged in the alcohol liquid prior to glueing. An 

author would also like to highlight the necessity to suck out any air bubbles out of 

the epoxy mixture before its application in case if the DAC is to be used in vacuum 

environments.  

5.6.2 Diamond alignment 

The alignment process is a must in the DAC since its quality dictates the maximum P 

apparatus can safely get to and, therefore, the length of exploitation until failure in 

addition to the previously mentioned advantage: the symmetric gasket deformation. 

In the proposed Merrill Bassett cell (See figure 5.3) the diamond is fixed to the 

backing disc and there is no angular alignment mechanism which, on the one hand, 

simplifies the alignment procedure leaving the experimenter with the need to produce 

only the translational alignment and, on the other, requires high-quality machining of 

paired components as well as the diamond glueing delicacy to the backing disc.  
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Figure 5.12: Diamond alignment. The green line represents the P cell axis. The diamond bases 

and culets lie on the XY plane while the Z-axis illustrates the axis along which DAC operates.  

The parallelism as it may be noted in figure 5.12 relies on the angular alignment only 

while the lateral alignment is responsible for bringing culets together. Some DACs 

do have the angular alignment mechanism but in the proposed design (See figure 5.3) 

the parallelism relies on the thrust mechanism, machining and diamond glueing to 

the backing disc quality leaving only the need in producing the translational 

alignment. To produce it, the backing disks with already glued diamonds were fixed 

to the plates with 3x grub screws. While keeping one of the discs fixed the other one 

was adjusted under the microscope until the gem culets became aligned and 

concentric by rotating the disc and by adjusting the grub screws. The machined in the 

backing discs 62° angle which is normally made to produce diffraction experiments, 

simplified the alignment procedure since it provided better optical access for light 

and eyes, not to mention the further need in accessing the sample and contacts 

quality. Although the translational alignment seemed easy to be done, the main 

difficulty was associated with glueing the diamond to the backing disc with good 

parallelism and took several attempts. Another problem was associated with diamond 

damage risk since alignment requires culet close contact and special care must be 

taken during this process to avoid any impacts. 
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Figure 5.13: Interference fringes. With: A – poor translational alignment and B – an example of 

good alignment with interference pattern that indicates that the difference in parallelism 

between culets is less than 0.001 mm [54]. 

The ideal alignment scenario (See figure 5.13 – B) is hard to achieve with DAC that 

has no angular alignment mechanism and, therefore, some level of allowance is 

accepted especially for the DAC that operates below the megabar ranges.  

5.6.3 Insulation of other components 

The insulations of other components such as the body surfaces of the plates as well 

as the incorporation of insulating blocks on the cell sides were implemented to avoid 

short circuiting possibilities as well as to simplify the R probing procedure and 

provide some support for the wiring. 

 

Figure 5.14: Disassembled DAC with insulation. Parts are named and the one penny coin is 

depicted for a sense of scale. 
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The cell surfaces were insulated with the help of the nail polish (red colour) and the 

insulating stations in the form of the wooden blocks were glued to the cell sides. 

These were used to fix the furthest from the diamond wire junctions from the 

metallic cell body as it was discussed earlier in the design considerations section of 

this chapter. 

5.7 Experimental testing 

The first tests on the DAC were performed to investigate if the NiCrAl backing discs 

won’t plastically deform under 12.5 GPa and, therefore, gasket and cell insulation, as 

well as the wirings, were not yet implemented. The DAC was cycled up to the 

previously mentioned HP and showed no degradation in both alignment and material 

yielding even when tests were combined with T changes in the +/– 80° C range. 

While the alignment check required only the microscope to access its quality, the 

yielding check demanded epoxy removal since the surface under the diamond was 

not visually accessible. After careful examination of the backing discs, there were no 

deformations found which led to the conclusion that DAC can be safely operated, 

especially up to the 10 GPa if maintained well and regularly checked for the 

alignment and hardness of the epoxy resin. Last was found to weaken with time due 

to the use of alcohol-based solutions for diamond cleaning purposes. 

It was also required to test if the DAC can be used for electrical measurements. A 

total of 4 non-insulated Cu wires were glued to the upper side of the DAC (See 

figure 5.14). Four-wire ends were pulled out to the sides where they are soldered to 

the metallic surfaces which are separated from the cell body with wooden blocks and 

another four wire ends were brought as close as possible to the diamond and then 

soldered to the tiny metallic discs which are glued to the black epoxy. From those 

stations and up to the anvil (See figure 5.15 – A) the gold contacts were sputtered 

through a custom-made mask using a sputter coater. The bottom cell part was 

equipped with insulated gasket with ruby and sample. The 4-iodobenzonitrile in the 

form of a white colour powder was slowly loaded into the gasket hole until was 

packed with another cell part. Lastly, the Daphne 7373 oil was added as PTM. The 

electrical R of the sample was measured using a 6517A electrometer using the 

constant voltage method up to the 7.6 GPa. At just above 5 GPa the expected drop in 
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sample R was observed (See figure 5.16) which was also well accompanied by the 

darkening of the sample. 

 

Figure 5.15: Test measurement. With: A – Diamond with gold-sputtered contacts (no sample) 

and B – sample within a gasket hole at 5 GPa. The PVC layer is seen in the transparent light 

blue areas between the inner gasket hole and sample. Please refer to the 7th chapter for more 

details regarding the gold contact sputtering. 

 

Figure 5.16: The R of polycrystalline 4-iodobenzonitrile as a function of P. A drop from 1010 to 

8×109 Ω occurs at the phase transition. The precipitous drop beyond 6 GPa comes from 

interference from the gasket. 

More details about the test sample material and its conducting mechanism can be 

found in [211]. These are not provided here since the main goal of this thesis was to 
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work with materials which are listed in the 2nd chapter of this thesis and are having 

low P changes in electronic behaviour.   

Although the DAC did not reach the 10 GPa, considering the above it was decided 

that DAC was ready for the experiments with R measurement on the PR materials 

since it already expanded the P scope above 3 GPa. 
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Chapter 6 

Development of UHPC 

This chapter is dedicated to the development of UHPC for R measurements and 

starts with the requirements and reasoning. Further, the design considerations are 

outlined along with the device operation principle based on which the final 

design was developed. The UHPC was designed to produce both static and 

dynamic P applications depending on the employed components. At the end of 

this chapter, the manufacturing, assembly and experimental testing of the UHPC 

are provided. 
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6.1 Requirements and reasoning 

6.1.1 Pressure limit 

The uniaxial high-pressure cell (UHPC) compresses the sample along the single axis 

(usually the vertical). It is employed when non-hydrostatic conditions are required 

(See figure 3.7) to study the sample material in a certain direction. In this case, the 

direction of interest is vertical as per the OPET device concept (See figure 1.3) which 

also played an important role in the choice of PR materials, more precisely, their 

conducting mechanism to allow the piezoresistive applications. As a result, materials 

were PVDed to grow their conducting needles in a specific direction. For more 

information please refer to the 2nd and 3rd chapters. 

Since the UHPC should mimic the final device operation (See figure 1.3) it must be 

able to reach at least 3 GPa of P – the upper limit of P within the suitable OPET 

application range (See 2.2.1 section in the 2nd chapter). Since the P is not of a 

hydrostatic character there would be no PTM employed which simplifies working. It 

is, however, worth to note that the UHPC must be designed in such a way that it 

would be able to produce both static and dynamic experiments. Static ones to probe 

the initial thin film sample behaviours and dynamic ones to examine how cycling 

affects thin films and if the high-speed R response follows the actuation and 

relaxation of the indenter. Since the thin film sample thickness is so small a special 

device is required to produce the dynamic experiments – the high-performance PE 

actuator which was previously mentioned in the 1st chapter of this thesis (one of the 

key components in the OPET device concept).  

6.1.2 Sample dimensions 

Considering the above said the materials which are to be tested in the UHPC are all 

the thin film type. To allow probing their electronics behaviour the contact 

configuration should be as in the concept shown in figure 3.6. The goal is to measure 

the change in R between Pamb and Pelevated through the film so it can be converted 

into ρ using equation 3.2. Therefore, it is hard to say anything specific regarding the 

sample dimensions except for some general thoughts. For example, the thin films 
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should have enough surface area to produce several experiments with an indenter 

being placed at different locations since the PVD takes a lot of time to produce a thin 

film. A rough estimate for the sample dimensions can be at least 10 mm in diameter 

but not exceed 15 mm to allow its fitting into the PVD system (See figure 2.6). 

The height of the thin film is not a criterion here since it can be adjusted by the 

thickness choice of the substrate material to fit into the final system. Generally, the 

quality of the thin film is more important than its size since it should provide the 

homogeneous thickness of sample across the surface area, good sample adhesion to 

the gold and good gold adhesion to the substrate. Although the slip problems are not 

expected as the P is applied along the vertical axis resulting in uniaxial compression, 

the adhesion should be good enough to allow attaching the side contact to the gold 

layer with silver paint.  

6.2 Design considerations 

6.2.1 Pressure application 

Since the main goal of the UHPC is to allow both static and dynamic experiments to 

be employed, its design and mechanism must take this into account. While the static 

P mechanism is relatively flexible in terms of implementation, the ability to produce 

dynamic experiments becomes the key driving parameter of the design. Therefore, 

the clamp designs and locking mechanisms that involve threaded components are not 

desired and the upper part of the UHPC should allow the piston/indenter to 

move/slide freely in the vertical direction.  

To mimic the device concept (See figure 1.3) it was decided to employ the high-

performance PE actuator of a larger scale which would have enough pushing force to 

produce the required P on the thin film. Therefore, the cell body and other 

components should be built around the dimensional specifications of the employed 

PE actuator – P-840.4 [212]. 

The idea of the operation is as follows: the static part of the actuator is fixed into the 

cell body while the dynamic head which can be coupled with the indenter produces 

compression on the thin film. Please note that the actuator is twisted upside down 
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(See figure 6.1) which simplifies the thin film positioning as well as allows to couple 

actuator with the conventional hydraulic press by fixing actuator on top. This would 

also allow producing additional P on the thin film if needed. The proposed operation 

concept implies the fact that the cell body needs to have vertical throughout hole 

with open ends.  

 

Figure 6.1: PE Actuator operation principle. With static body which is fixed and dynamic head 

which actuates pushing force. Please note that red arrows are pointing in both downward and 

upward directions to illustrate that the head can move in both. 

For the static experiments, the PE actuator can be replaced with the solid steel 

component of the similar with actuator dimensions. This would allow building single 

UHPC body which can be coupled with both components depending on the 

experiment preferences (e.g. static or dynamic) and in case of the static experiments 

apply P on the thin film directly with the hydraulic press.  

6.2.2 Pressure measurement 

Since the desired P in UHPC is not of a hydrostatic character, the easiest way to 

determine it would be to equip the UHPC with the load cell which has good response 

speed to the static and dynamic compression loads and must be located under the thin 

film. The load cell would allow to precisely convert the load from the PE actuator or 

the hydraulic press into the measurable electric current. Prior to experimental 
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exploitation, the load cell needs to be calibrated. This would allow to precisely 

determine which output parameters (e.g. mV) corresponds to which force. Knowing 

force and the cross-sectional area of the indenter, the P can be easily calculated with 

equation 3.4. There are various types of load cells for various load ranges however 

the key factor is the output sensitivity since it would allow collecting more mV and, 

therefore, P points to construct them against the observable Rs/ρs. It is worth to note 

that the weight of the PE actuator or its dimensional imitator for the static 

experiments along with the weight of the indenters would already produce small P on 

the sample and it will be possible to measure only the close to the Pamb R of the thin 

film. However, for the relatively large cross-sectional areas of the indenter, this 

weigh can be negligible.  

 

Figure 6.2: Load cell model. Conventional load cells with cambered head and concave plate to 

sit on it. Please note that the head, body and wire exit components cannot be disassembled.  

In case if the sample will be very sensitive to the P, the hydraulic press and the load 

cell device can be omitted and replaced with a set of weights with manual loading 

procedure. This is especially important if the load cell sensitivity is too small to 

monitor initial R / ρ changes in response to the applied load. 

6.2.3 Insulation 

The general idea to probe the R of the thin films was well explained in figure 3.6 

where the top contact is the indenter and the bottom contact is the Cu wire which is 

interconnected with a thin layer of gold. The recently discussed sample dimension 

requirements (which are relatively big) allow employing insulated Cu contacts to 
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connect the thin film with R probing devices. To further minimize the short-

circuiting risks the plate of the load cell (See figure 6.2) which is conventionally 

made of steel needs to be separated with a thin insulating material from the thin 

film’s substrate because last was found to pick up particles of gold during the 

sputtering process. Rest of the UHPC parts require no insulation since they all can be 

used as a probing point of the top contact.  

6.2.4 Parallelism and indenter 

Due to the very small size of the thickness of the deposited-on the gold material, it is 

important to properly align its surface with the surface of the indenter. The use of the 

WC ball was previously employed as an indenter to produce thin film ρ studies on 

the PR material [30]. Although the use of the ball geometry greatly minimises the 

shirt circuiting chances through the sample layer into gold since the ball has no sharp 

edges, it implies the high difficulties in controlling the cross-sectional area (See 

figure 6.3) to make the P scalar in accordance with equation 3.4.  

 

Figure 6.3: WC ball penetration. With grey WC ball and red sample. Dimensions are not to 

scale but for the demonstration purposes. From left to right: the WC ball of the same diameter 

(e.g. 15) penetrates the sample as a result of applied uniaxial force by 0.5, 1.5 and 2.5 which 

implies the change in the cross-sectional diameter which becomes 5.39, 9 and 11.18 respectively.  

Since it is hard to predict which force would lead to which indentation value in the 

thin film (especially for the small thicknesses), the diameter and, therefore, the area 

of the cross-section becomes an unknown parameter which is hard to control. 

Therefore, to precisely evaluate the P it is required to have the fixed value of the 

cross-sectional area which implies the existence of the sharp edges and, therefore, a 

necessity in the proper alignment of indenter with respect to the sample surface to 

avoid short-circuiting problems.  
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To accomplish both goals the indenter of the ball shape with the polished to the fixed 

value cross-section area can be employed with the ball bearing-alike indenter holder. 

The holder would allow rotation and, therefore, self-assembly of the ball’s cross-

sectional area with the sample surface (See figure 6.4).   

 

Figure 6.4: Indenter and its holder. With: A – exploded view with the corresponding part names 

and B – assembled version with key element details.  

The top and bottom holders would be responsible for keeping the indenter ball within 

the circular recesses which are allowing twisting of the ball (See figure 6.4). Indenter 

holders should also be able to easily engage with each other with the help of a 

threaded connection and, also, the top indenter should have the ability to be 

interconnected with PE actuator’s head. To further improve the concept the small 

thread for probing Cu wire can be introduced to simplify the R probing necessity. 

This would allow to securely/mechanically connect one of the non-insulated Cu wire 

ends into the shown in the figure threaded hole while the other Cu wire end being 

interconnected with the suitable R monitoring apparatus.  

6.2.5 Materials 

Since the P has the uniaxial character, the involved in the design materials should be 

able to cope with the compression extremes only. The cell body can be made of any 

soft metal such as aluminium (Al) since it barely participates in the experiment while 

the indenter holders and the bulged bolt can be made of SST since these parts are 

participating in force translation to the WC ball. The WC was chosen for the indenter 

since it is a conductive ceramic with high compressive strength which would allow 

having a safety margin in further cross-sectional area decreases which might be 
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needed to increase P the thin film is subjected to. For the thin insulating layer that is 

separating substrate and the load cell’s plate, any conventional high-density plastic 

such as Polyetheline (HDPE) can be employed since the translated to its surface 

stress would be small due to the relatively big area of the substrate. 

6.2.6 Other considerations 

It is required to keep all the above-mentioned parts within UHPC by the means of a 

cell body. It was previously mentioned that the cell body needs to have vertical 

throughout hole for the PE actuator’s vertical movement. To further improve the 

design, the cell body can be coupled with the load cell, so it becomes immobile. This 

can be achieved by clamping the load cell circumferentially or by screwing it into the 

base of the cell body (given that the employed load cell was made to have such a 

capability by the manufacturer). Another important advantage of keeping the load 

cell attached to the cell body is the lack of need in the translational alignment of the 

load cell with respect to the indenter. Also, by keeping all the parts within the 

UHPC’s cell body, the whole system becomes a single unit which is simple in 

handling and transportation.  

 

Figure 6.5: Alignment of the actuator. With: A – flat connection, B – bulged bolt and C – bulged 

connection. Red cross and green tick are illustrating the bad and good scenarios respectively. 

Please note how much y-axis deviation exists in the case of a bad scenario.  
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To make sure that the PE actuator or its imitator is sliding within the cell body’s bore 

vertically only, the bore needs to be greased. This would highly minimise the friction 

between surfaces of the named parts. To further minimise the risks which are 

associated with the potential bore damage as a result of the applied load with the 

hydraulic press, the PE actuator and its imitator must be equipped with an additional 

component which will separate them from the hydraulic press ram and would 

eliminate the flat connection and, therefore, the possible y-axis deviations providing 

only the ideal vertical movement along the axis of interest. Such a component must 

be fixed into the PE actuator or its imitator and be equipped with the circular bulge 

(See figure 6.5 – B) to provide self-alignment of the sliding elements in the bore with 

respect to the hydraulic press ram. 

Since it will be hard to predict how parallel will be the key components of the overall 

design within the hydraulic press system, the introduced into the design bulged bolt 

would significantly improve the quality of the overall uniaxial P concept and 

eliminate any possible damage to the cell body’s bore. 

In view of the foregoing the overall height of the UHPC would include the heights of 

PE actuator (See figure 6.1), load cell (See figure 6.2), indenter and it’s holder (See 

figure 6.4), thin insulating layer (to separate load cell’s plate from the substrate), thin 

film sample, cell body base (to attach load cell into it) and the bulged bolt (See figure 

6.5 – B). It is therefore required to make sure that the overall height of the assembled 

UHPC would not go above the working height of the available hydraulic press.  

6.3 Final design 

For static P experiments, especially those which are not involving the hydraulic 

press, it was found that the addition of the small weights on top of the PE actuator’s 

imitator is producing unwanted rotation of the moving element and, therefore, the 

indenter around the z-axis (See figure 6.6). Even the small rotation was found to 

cause damage to the thin film in the form of scratches through the PVDed layer into 

gold layer/substrate which was well supported by the inconsistency between 

experiments in terms of observable trends not to mention the later inspections of thin 

films under the microscope. 
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Figure 6.6: The UHPC. With A & B showing cell from different angles which can be noted by 

observing the included coordinate systems. Parts are coloured: black cell body, cyan base, 

orange load cell & load cell’s plate, purple insulation plate, blue bulged bolt, khaki guiding pin, 

yellow bolts, grey PE actuator or its imitator, green top indenter holder, white bottom indenter 

holder and red WC indenter. The more detailed drawing of indenter’s assembly can be found in 

figure 6.4. Dimensions of parts can be found in Appendix C. 

The problem was overcome with modification of the PE actuator’s imitator which 

was equipped with the hollow channel along the vertical axis and the introduction of 

the guiding pin (See figure 6.6 – B) which goes through the cell body into that 

hollow channel preventing the moving element to rotate and guiding it along the 

vertical axis during the P applications.  

Another small addition was the introduction of the clamping bolt which can be noted 

in figure 6.6 – A. It is responsible for clamping the moving element to the cell body 

which was found to be an advantage during experiment preparations since it allowed 

to align the desired indentation location on the thin film with the indenter without the 

necessity in holding the whole moving element. The precise positioning allowed to 

employ the same thin film for several experiments which saved both time and money 

on the creation of new thin films.  

6.4 Manufacturing 

All parts of the UHPC (See figure 6.6) were made using a conventional machining 

process except for the WC balls which were ordered from Dejay Distribution 
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Limited [213] and the load cell from the AEP transducers [214]. It was decided to 

order several WC balls to be able to produce several cross-sectional areas and 

employ the most relevant (e.g. big or small) depending on how the sample behaves. 

WC balls were grinded and hand polished to a total of three (for now) cross-sections: 

7.16, 0.53 and 0.337 mm2. The largest cross-section cannot be combined with the 

bottom indenter holder (See figure 6.4) since its working height does not allow this, 

however, it is lighter (due to reduced amounts of material) and, if pushed into the top 

indenter holder, it won't fall out. 

 

Figure 6.7: WC ball polishing. With: A – big fossa in the centre after grinding, B – smaller fossa 

and C – final shining cross-section. The WC ball sits in the recess in the metal plate which allows 

applying more force on the ball during the hand polishing process. The excessive WC material 

particles can be seen in A and B. 

The WC balls were machined using the grinding wheel however this led to the fossa 

in the middle of the cross-sectional area (See figure 6.7) which must be flat to 

succeed in the experiment. It was decided to try to get rid of the fossa using the hand 

polishing and the silicon carbide paper which was employed in the following paper 

order: P800, P1000, P1200, P2000 and P4000 with last being the finest available. It 

was later determined that even this technique did not light up the expectations by 

inspecting the indentations on the thin films which were subjected to high and low P. 

The low P indentations were found to have fossa and it was decided to order the 

custom cut WC balls.  

The thread for probing wire in the top indenter holder (See figure 6.4 – B) was found 

as a non-ideal interconnection with Cu wire since it used to tear off the wire during 

the bolt tightening process. Instead, the Cu wire was soldered into the threaded hole 

directly. 
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6.5 Assembly 

An assembly of the UHPC (See figure 6.6) was found to be a relatively easy process. 

The further provided assembly order is given as a general guideline because it is only 

related to the static experiments that require a hydraulic press and a load cell: 

1) The load cell was screwed with 3x M8 bolts to the base and base was screwed 

with the 2x M8 bolts to the cell body. 

2) Load cell’s plate was put on the load cell along with the insulation plate.  

3) The bulged bolt was screwed into the PE actuator’s imitator which was then 

inserted into the cell body’s bore until it touched the insulation plate. 

4) The thread for probing wire in the top indenter holder was fulfilled with 

liquid solder and Cu wire with the non-insulated end was inserted into it.  

5) The PE actuator’s imitator was lifted within the bore to screw it into the top 

indenter holder. Since the holder is equipped with the Cu wire it was reasonable to 

rotate imitator rather than holder to avoid wire twisting.  

6) Using the M4 bolt the PE actuator’s imitator along with all which was already 

interconnected to it was lifted in the bore and clamped to the cell body.  

7) The WC ball was inserted into the top indenter holder with cross-section 

being facing downwards.  

8) If cross-section allowed, the bottom indenter holder was screwed onto the top 

indenter holder. The sliding element was unclamped from the cell body using an M4 

bolt. 

9) The hollow channel of the PE actuator’s imitator was aligned with the hole 

for guiding pin by the means of rotation of whole sliding element and guiding pin 

was inserted into the corresponding hole.  

10) The sliding element was clamped again to the bore with the M4 bolt at the 

required height to allow the thin film positioning. 



 

Development of UHPC 131 

11) The UHPC was placed on to the worktable plate of the hydraulic press with 

bulged bolt facing the hydraulic ram.  

12) Lastly, the load cell was interconnected with the voltage source to supply DC 

voltage to the input leads and multimeter to monitor the signal between the output 

leads. 

Depending on the experiment preferences, as it was previously said, some parts of 

the device such as a bulged bolt, load cell and a guiding pin can be omitted. Also, the 

imitator might be replaced with the actual PE actuator for dynamic experiments. 

6.6 Experimental testing 

Before the cell assembly, it was first required to test if the WC ball rotates within the 

top and bottom indenter holders (See figure 6.4) to find out if the cross-section of the 

WC ball would self align with the surface of the thin film. By producing a set of tests 

it was found that ball can easily rotate within the holders (as long as no dust or other 

particles are trapped between the colliding surfaces indicating the necessity in regular 

cleaning) and is capable of self-alignment against any flat surface if it already, to 

some extend, is facing it with a cross-section. Cross-section, therefore, requires to be 

positioned in such a way that it is already facing the flat surface (even at an angle) to 

further become ideally parallel at an impact with it. 

Once the UHPC was assembled it was decided to avoid impacting the thin film 

surface with the sharp edges of the WC balls to avoid any scratch probabilities. 

Instead, it was decided to first align the cross-section with any flat material such as 

sheet glass. The experimentally derived load of 30 MPa on the glass was sufficient 

enough to achieve the final parallelism of WC ball’s cross-section with the surface of 

the further employed thin films.  

During experiments with the thin films, it was found that WC ball sometimes picks 

up deposited material (See figure 6.8) which indicates the necessity in cross-section 

cleaning before accessing the new indentation areas on the thin film to avoid 

increases in the overall testing thickness of the material. 
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Figure 6.8: WC ball with the material on a cross-section. With A & B demonstrating 0.337 & 

0.53 mm2 cross-sections respectively. Black colour on top of the cross-section is the picked up 

from the thin film material.  

However, these were the self-cut WC balls which also implied the probability of 

uneven surface compression. It was later found that this was indeed the case and, to 

some extend, was also associated with the material adhesion to the gold layer of the 

substrate issues.  

 

Figure 6.9: Thin film impact site. With: A – a thin film with indentation area of 7.16 mm2 and B 

– its 37x magnification.  

As it can be noted in figure 6.9, the impact site shows signs of uneven compression 

which means that the collected R data has no scientific value. This, however, was 

found to be the best achievable result with the self-cut WC balls (across all cross-

sections) which only at Pelevated was providing the shown in figure 6.9 – B circular 

indentation shape. At lower P the impact shape looked like a ring with fossa 

(untouched material) in the middle of it. 
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Chapter 7 

HP measurements 

This chapter provides full experimental details and techniques which were used 

to produce the HP R and T measurements in PCC and DAC, HP R measurements 

in UHPC and modified gasket pre-indenter as well as the Pamb R and T 

measurements on CPPs along with the employed instrumentation.  
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7.1 Gold sputter coating 

The gold sputter coating was employed to produce a thin gold layer on the thin film 

substrates as well as on the diamond’s cullet to create a single and multiple R probing 

contacts respectively using SC7620 Mini Sputter Coater [215] which allows 

controlling the thickness of the gold layer. 

 

Figure 7.1: Gold sputtering on the substrates. With: A – seven 10x10 mm square substrates 

being covered with 45 nm of gold layer and B – employed sputter coater operation principle 

[215].  

The vacuum pump creates the negative P inside of the chamber (value of which is 

dependent upon the employed target material). The high voltage is then applied 

between the base (anode) – on which the source is resting and the target (cathode). 

The target in the form of a thin disc sits inside of the magnetic deflection assembly 

which utilizes the magnet to confine the plasma within the target area. The gas inlet 

allows introducing the argon gas into the chamber which is required to provide a 

medium for ionization. Once the required plasma current is selected the sputtering 

process starts during which the target electrons (which are highly concentrated 

nearby the target due to existence of the magnetic field) are colliding with argon 

molecules and, as a result, form positive ions. These positively charged ions are 

becoming attracted by the cathode and bombard the target which causes its erosion. 

The target atoms are then falling towards the sample material in multiple directions 

since they are colliding with the ionized argon molecules on their path resulting in 

the homogeneous sample coating on all the exposed areas. The high voltage power 

supply for safety reasons cannot be activated until the negative P in the chamber has 

reached the specified in the device manual value due to the existence of the P 
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interlock. The lilac glow (See figure 7.1 – A) appears as a result of argon gas being 

discharged. 

7.2 Resistance measurements 

The R measurements were monitored using the most appropriate for the given 

observable value monitoring instrument in accordance with guidelines which were 

outlined in the 3rd chapter of this thesis with further conversion to ρ as per MM.  

7.2.1 In the PCC 

R measurements in the PCC were produced on PR samples which were made into the 

CPP of the appropriate dimension (See figure 4.1) with the help of the custom-made 

press (See figure 4.2) and the surgery blade (if necessary) to reduce CPP’s thickness 

to 0.43 mm as per MM. The thickness reduction process took place under the 

microscope to make sure that the final thickness is homogeneous. Prior to producing 

the thickness reduction, the CPP was attached with non-conductive GE Varnish glue 

to the PEEK table (See figure 4.18 & 4.19) to restrict its motion. During the 

thickness reduction process, the thickness was checked/measured with the 

conventional callipers. 

 

Figure 7.2: CPP mounting for PCC. Left to right, top to bottom stages with the corresponding 

comments.  

The Cu wire preparation and management process in figure 7.2 are well explained 

with the help of the corresponding comments, however, it is worth to note that the 
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special care was taken during the wire end insulation removal as well as the wire 

bending onto the pellet processes since they posed a wire tearing and CPP cracking 

threats. Also, the non-insulated wire lengths which are bent onto CPP were made to 

not exceed the 0.4 mm to make sure that the contact distance to the tablet thickness 

relationship adheres. Both silver paints were employed to prevent contacts 

detachment from CPP’s with silver paint being given ordinal preferences since it was 

empirically found to have higher penetrability and, therefore, better fastening as well 

as the smaller R compared to silver epoxy. It was important to let the employed silver 

paint fully cure prior to the silver epoxy application since it was found that the latter 

cures faster and former might not solidify underneath it. The main reason for silver 

epoxy employment was the necessity of having an additional layer of contact 

protection against PTM and PTFE tube as they greatly increased the chances of wires 

staying on the CPP during the experiment. The signal testing at Pamb was also 

followed with CPP insertion into liquid Parrafin, which solidifies at Troom and 

provides an extra level of contact protection against the above-mentioned threats.   

7.2.2 In the DAC 

Sample addition into the gasket hole 

Sample powder addition into the gasket hole (See figure 5.7) is a process during 

which the well-grinded powder particles (See figure 7.3 – 2) are introduced into the 

upcoming HP environment through the hole in the PVC. Unlike in the PCC where 

the external device is used to make a CPP, in DAC the powder becomes compressed 

during the cell closure. 

 

Figure 7.3: Sample addition. With: 1 – sample needles, 2 – well-grinded powder, 3 – sample 

loading with the excessive amount and 4 – final loaded sample. 
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The sample powder was introduced into the drilled hole with the help of a 

conventional needle and since it is required to introduce as much powder as possible, 

several powder addition cycles were required. Each cycle implies the sample 

addition which is followed by DAC closure without any force application and then 

reopening which allows pushing the powder into the reaction chamber with the help 

of the opposed diamond. Due to the small-scale (during powder loading) some 

excessive amount of powder used to stay around the hole on top of the PVC at the 

indented area (See figure 7.3 – 3) which is a problem since powder particles could 

become imprinted into the PVC and, therefore, may lead to insulation layer’s 

damage. This was overcome by cleaning that area during each cycle before the cell 

closure with the help of the tiny amount of Blu Tack® [216] adhesive which was 

attached to the tip of the sewing needle. Stickiness and flexibility of the Blu Tack® 

were found to be good enough in picking up the material particles without damaging 

the PVC all around the hole (See figure 7.3 – 4). However, it is important to note that 

regardless of powder addition cycle quantity this process will not lead to the CPP 

product since greater P is required for it (at around 1 – 2 kbar). The necessity in 

having as much powder as possible being pushed into the reaction chamber is still a 

must to achieve some low-level of substance rigidity to avoid powder being washed 

away during PTM addition. 

Gold sputtering on the diamond  

The experimentally derived optimum thickness of gold contact on the diamond 

which belongs to the upper side of the cell (See figure 5.14) was found to be in the 

35 – 45 nm range for the 35 μm thick PVC insulation layer. 

Gold sputtering was found to be a complicated procedure (See figure 7.4) which 

requires patience and precision. First, the diamond was cleaned (1) with ethanol and 

the Blu Tack® was used to picking up small unwanted dust particles. After cleaning, 

the GE Varnish glue was applied to the diamond (2) and the surrounding epoxy area. 

It is important to make sure that glue has a low viscosity level (this can be altered 

with an addition/reduction of ethanol) to produce a thin layer on the diamond. The 

thinner the better since more gold will get onto the diamond’s surface. During 

solidification of glue, 4x extrusions (3 & 4) were introduced in the glue with the help 
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of the WC thin needle to create a pattern for the probe wires. This process, however, 

leads to the formation of unwanted glue particles and other leftover materials in the 

extruded canals that must be cleaned preparatory to the sputtering process. The 

cleaning of these elements was performed with the Blu Tack® and the set of the 

custom-made tools. It was also required to cover the unwanted for the sputtering 

areas (5 & 6) to make sure that gold patterns do not overlap and are extended to the 

metallic discs which act as a junction between the sputtered gold and the non-

insulated Cu wires which are connected to stations with solder. The upper cell body 

was then placed in the sputter coater (7) and covered with custom-made plastic cover 

(8) with a hole for sputtering access. Once the optimum thickness of gold was 

achieved (9) the paper layer of the mask was removed (10) and followed by removal 

of glue layer (11) to achieve four contact probes with no overlaps (12). Distances 

between the contacts were then measured and adapted for the pellet geometry to 

allow R into the ρ conversion.  

 

Figure 7.4: Gold sputtering procedure. Numbers 1 to 12 are representing execution order. 

Figure 7.5 demonstrated how the deposited gold contacts are touching the sample 

material in the closed DAC configuration. Since contacts are deposited to the 
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diamond it is essential to have loaded enough material into the gasket hole to 

produce the R measurement on it. 

 

Figure 7.5: DAC gold contacts on the sample. With: A – at 2 kbar and B – at 20 kbar. Please 

note the sample colour change.  

7.2.3 In the UHPC 

R in the UHPC was measured through the thin layer of the sample using the 2-probe 

method with top contact being the WC indenter and the bottom contact being the 

deposited on the substrate gold layer. 

 

Figure 7.6: Top and bottom contacts in UHPC. Please note the gap in between thin film and the 

WC ball’s holder.  

Only two Cu wires were required to produce a measurement (See figure 7.6). The top 

contact was soldered to the metallic pad which is soldered to the WC ball’s holder. 

This connection was found to be advantageous compared to the screw contact since 

screw thread used to tear off the Cu wire. The bottom contact was attached to the 

deposited on the substrate gold layer (See figure 7.1 – A) with the help of silver 

paste. The surface area of the gold was, for this only purpose, masked during the 

sample PVD process. The height of the silver paste is limited with the available gap 
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in between thin film and WC ball’s holder. If the applied amount is in excess, the 

thin film must be positioned carefully to prevent direct contact (e.g. short-circuiting). 

7.2.4 In the gasket pre-indenter 

The gasket pre-indenter was modified to produce R measurements on the thin films 

(See figure 7.7) since the self-cut WC balls which were employed in the UHPC were 

found to have the uneven surface of the cross-sectional area after grinding and 

polishing in the form of the fossa and the pre-cut balls with a perfectly flat cross-

sectional area for indentation were not available for delivery due to COVID-19 

interruption. 

 

Figure 7.7: The modified gasket pre-indenter setup. 

To produce the R measurements in the gasket pre-indenter the bottom piston was 

omitted since it was required to place the thin film on a flat surface inside of the pre-

indentor’s body. Prior to the placement, the thin layer of BeCu was compressed with 

the top piston to access the quality of the indentation. It was determined that the 

employed in the experiment piston with 0.28 mm2 indenter head produces equal 

indentation in terms of thickness across the cross-sectional area. The metallic surface 

where thin film sits was covered with the layer of insulating paper to eliminate the 

shirt-circuit probabilities. The R was measured through the thin layer of PVDed 
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material of the thin film with a 2-probe method. The 1st contact point was attached to 

the sputtered gold layer on the substrate using silver paste and the 2nd contact point 

was attached to the cell body using the solder. Please note that the resistance reading 

between the WC piston and SST body is ≈ 2 Ω. The piston is in the tight 

configuration with the cell body and, therefore, some level of friction exists. This is a 

double-sided coin in terms of experiment quality. On the one side tight configuration 

provides a parallel arrangement of indenter’s cross-sectional area with the surface of 

the thin film and, on the other, affects the precision of the collected data if the 

experimental load is not sufficient enough to overcome the friction. That was the 

case when the hydraulic press was omitted due to the poor cell’s sensitivity for the 

employed in the experiment material (this sensitive material required more data 

points between Pamb and 110 MPa – the very first reading voltage on the load cell 

that can be quantified). Instead, the P application was performed with a set of small 

weights with known masses by stacking them on top of the piston. This must be 

considered when studying the R - P charts. 

7.2.5 Pamb on CPP 

The Pamb R measurements were produced prior to any cell exploitation since these 

were mainly produced to yield some initial information/general idea regarding the 

sample material. These were often combined with the T analyses to determine the T 

dependence on electronic properties (See figure 2.5). Pamb R measurements were 

performed on the CPPs with identical geometries as if these would be further 

employed in HP studies in the PCC to save time. Compared to the R measurement 

procedure for PCC, CPP for Pamb R measurements were glued to the glass slides 

with Cu contacts being attached to the CPP with silver paint only. The other Cu 

contact ends were extended to sides where they were interconnected with a blob of 

solder which was attached to the glass with Blu Tack® to simplify the probing 

procedure as well as to still be able to apply the MM for R into ρ conversion as it is 

shown in figure 7.8.  

It was important to produce a total of four Pamb R measurements on a single CPP: 

RAB, RBC, RCD and RDA to determine if values converge and if the CPP is of good 

quality for further measurements in HP devices. Since, in most cases, the CPPs were 
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having Rs above the GΩ range it was assumed that the quality is acceptable if the 

observable values between those four Rs had identical first digit and same degree. 

 

Figure 7.8: Pamb R measurement. With: A – measurement configuration and B – the burned 

CPP during the high voltage tests on the electrometer.  

For example, if R readings were found to be as follows: 

RAB = 5.2456*109 

RBC = 5.8854*109 

RCD = 5.6564*109 

 RDA = 5.7885*109 

then, the CPP quality was assumed to be acceptable for further exploitation. 

However, since the Electrometer is capable of producing only two-probe 

measurements, it was decided to calculate the mean value of the R and to use the R of 

the contact pair which has the closest to it value for any further work with CPP.  

Mean = (5.2456*109 + 5.8854*109 + 5.6564*109 + 5.7885*109)/4 = 

5.643975*109 which is closer to the R in between contacts C and D and, therefore, 

RCD is the reference R which will be further used in all upcoming experiments.  

7.3 Cryogenic and low-temperature measurements 

7.3.1 Closed cycle refrigerator  

The Closed cycle refrigerator (CCR) system which is located in CSEC was made by 

SHI Cryogenics Group [217] and is capable of reaching 15° K at the specified by the 
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user cooling rate while measuring Rs of up to 3 samples simultaneously on the same 

R measurement device such as DMM by switching the channels. The measurement 

process is fully automated, and program-controlled through the LabView software 

which allows producing measurements while the experimenter is not around by 

logging the R and T data into the text file. The big chamber volume of CCR was 

found to be able to fit both PCC and DAC at the cost of the limiting the number of 

samples that can be tested to 1, however, such an instrumentation combination has 

not been produced. Instead, the Pamb measurement on a CPP was undertaken both 

on cooling and the heat up. 

 

Figure 7.9: The CCR. With: A – Whole station with essential instrumentation and B – the 

magnified view of the cold head which has the probing station. Numbers from one to three show 

the sequence of closing the system with two vacuum cans. 

In essence, the CCR operates by cycling Helium (He) gas around the system, cooling 

it with the help of the compressor. When operated, the cold head (B) and everything 

which is inside of the cylinder (2) is cooled by the constant He gas flow. The cold 

head is also equipped with the built-in heater which allows maintaining intermediate 

T with the help of the T controller. The system is equipped with two pumps: 

conventional and turbo. The latter allows for maintaining a high vacuum. 
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7.3.2 Physical property measurement system 

The physical property measurement system (PPMS) which is made by Quantum 

Design [218] is capable of producing magnetic AC and DC susceptibility, specific 

heat and electrical transport properties measurements with two and four-probe 

configurations on the sample materials down to 2° K. Compared to the CCR which is 

controlled through the LabView, the PPMS has the built-in software that allows 

creating a particular experiment sequence which is especially handy if the user is 

producing the magnetic properties measurements and wants to alter the magnetic 

field at the specific T range. An author of this thesis had an interest in producing the 

low-T R measurements and the available in the CSEC PPMS was capable of 

producing them up to the 38.9 MΩ (nominal maximum measurable R) which was 

found to be not enough, not to mention the measurement error which was claimed to 

increase drastically above 4 MΩ [219]. The issue was resolved by interconnecting 

the PPMS with the external R measurement device – electrometer which extended 

the measurable R range but also resulted in measurement process becoming semi-

automated; with the T being controlled through the sequence file and the R readings 

being collected manually. 

 

Figure 7.10: The PPMS for R measurements. With: A – the PPMS and B – signal testing station 

for ρ sample puck.  

The base of the PPMS’s dewar (See figure 7.10 – A) is equipped with a cryostat to 

which the ρ sample pack is introduced through the vertical sample chamber. The 

bottom part of the puck has the signal channels which, prior to insertion into dewar, 
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are tested on the tasting station (See figure 7.10 – B). The illustrated in the figure 

CPP was found to be a super insulator and, therefore, its surface was split into two 

areas which were fully covered with silver paste with a thin channel of sample 

material in between them to produce low-T two-probe R measurement. 

7.3.3 Cold box 

The cold box is the conventional plastic box which was filled with refrigerant gel 

(ice packs). The ice packs prior to the employment were submerged into the liquid 

nitrogen until cooled to the same T (e.g. 77° K). The small shape of packs was found 

to be an advantage since it allowed to produce rapid cooling of small instrumentation 

such as DAC down to 170° K. However, it also meant that anything bigger would 

not reach the same low T unless the economically disadvantageous quantity of ice 

packs were increased as well as the amounts of the required liquid nitrogen to cool 

them, and, therefore, utilization of PCC in the cold box was omitted. Instead, the 

DAC at different P points was utilized with the set up as shown in figure 7.11. 

 

Figure 7.11: The cold box. With: A – sandwiched in between ice packs DAC and B – DAC at 

170° K. Please note the Blu Tack® which holds the K-type thermocouple wire’s tip to make sure 

that it is touching the diamond and, therefore, probing the sample T. The copper wires are hard 

to see since they became covered with ice crystals. 

To produce the R measurement the length of the Cu probing wires was extended 

from the probing stations to allow better interconnection with the 

Electrometer/DMM. It was required to act fast when DAC was sandwiched in 

between the ice packs since the readings had to be taken manually unlike in the CCR 

and initially the T was falling fast with a gradual speed decrease approaching the 
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170° K. Lower Ts were not reached since there was no external cooler employed 

during the measurement and, therefore, nothing kept the cold. This method allowed 

to measure R during the cool down and slow warm-up.  

7.4 High-temperature equipment 

7.4.1 Resistive heaters 

The resistive heaters of the polyimide type were used to produce Televated studies in 

PCC (See figure 7.12) because they are flexible and thin which allowed to cover the 

cylindrical surface of the BeCu outer cylinder (See figure 4.12) and still fit it into the 

protective cylinder (See figure 4.21 – B). Polyimide heating elements produce heat 

by passing an electric current through the etched metal foil which acts as a resistive 

element and impedes current causing it to give off the heat. The metal foil is etched 

to form the R pattern which is sandwiched in between two layers of polyimide 

providing even heat distribution while staying flexible and able to withstand Ts up to 

533° K [220].  

 

Figure 7.12: Resistive heaters on PCC. Tip of the thermocouple is probing the surface T of the 

BeCu cylinder and is attached to the same level of sample height.  

The sample T was assumed to be the same as the T of the surface of PCC and was 

measured using K-type thermocouple. Both, resistive heaters and thermocouple were 

attached to the BeCu cylinder with a thermally conductive Kapton tape. All wiring 

just like in the case of Cu probing wires from the feedthrough plug was introduced 

through the notch in the protective cylinder to be interconnected with suitable 

instrumentation. In the case of the thermocouple, it was the OMEGA® thermometer 
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[221] and the T in the resistive heaters was controlled using an E30/2T [222] current 

source. 

Due to the non-linear behaviour of R to P in Manganin coil (HP gauge in PCC) at 

Televated [152], the calibration of the R - P scale which requires Ro value at Pamb 

(See equation 3.6), resulted in the inability to alter Ts during P application. Even 

with the proper seasoning (See 3.3.1 section in the 3rd chapter), the value of R in the 

Manganin coil was found to undergo small change and to eliminate experiment error 

it was decided to omit the constant P varying T method. Instead, the constant T 

varying P method was employed in the PCC resulting in the necessity in producing 

several full P cycles (e.g. from Pamb to Pelevated) for single test material at 

different T points which was found to be a time-consuming procedure. The main 

complication was associated with the inability to reach Pamb during the P release 

due to the stuck in WC piston in the NiCrAl inner cylinder dictating the need in full 

PCC disassembly prior to producing next P cycle at a constant T. Which in turn was 

often accompanied with CPP integrity damages and the necessity in producing new 

CPP which yielded some experiment inconsistency not to mention the time-

consuming CPP mounting on the table process (See figure 7.2). Summarizing the 

above said, the T analyses in PCC were found to be inefficient in terms of the 

allocated to them time and were limited in working with only one PR material 

candidate.  

7.4.2 Hot plate 

The conventional hot plate was used in Televated experiments at Pelevated for DAC 

and Pamb for CPP on the glass substrate. Although the hot plate was able to reach 

523° K, the produced measurements did not go above 353° K since that was not 

necessary and the collected data already allowed to construct precise R - T curves 

and based on them to judge upon the material’s electronic behaviour.  

The similar setup was used for Televated experiment for DAC with thermocouple tip 

attached to the diamond with Blu Tack® and pointing towards the sample chamber. 

The DAC was placed on to the hot plate’s surface with the bottom side of the cell for 

safety reasons since the top side had wooden blocks surrounding it (See figure 5.14). 
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Just like it is shown in figure 7.13 where R between contacts B and C is measured on 

the extended Cu wires, the probe wires in DAC were also elongated to avoid direct 

contact of probe wires with the hot plate. The thick sheet of steel in between the hot 

plate and the CPP on the glass substrate was mainly employed to evenly distribute 

the heat on the substrate since the surface of the hot plate turned out to be rough, 

possibly as a result of previously conducted experiments on it. This method allowed 

to measure R during warm-up and slow cool down within the above-mentioned T 

range.  

 

Figure 7.13: The hot plate for Televated analyses. With key components being named on the 

figure. 

Unlike the PCC, DAC was suitable for the variable T constant P method which 

allowed to produce comprehensive T studies during single sample loading and single 

P application. In other words, the experimenter was able to stop at any given P point, 

produce the T analysis and continue his way up in terms of P without cell opening. 

This method was therefore employed more often.  

7.4.3 Heat gun 

The conventional heat gun was used in the Televated experiments for CPP on the 

glass substrate. It is the less accurate method if compared to a hot plate or resistive 

heaters since the created heat was also accompanied by the directional airflow. The 

setup used was similar to the one shown in figure 7.7 – A with extensions of Cu 

contacts to avoid heating of probe wires. Although the airflow was found to be strong 
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the contact junctions were able to survive it and all the necessary readings were 

collected.  

The experiment itself required at least two people to be successful: one person to 

hold down the heat gun pointing with hot airflow towards the CPP while slowly 

shortening the distance in between heat gun’s nozzle and CPP to increase the T CPP 

is subjected to and the other person to monitor and collect the R and T readings from 

electrometer and thermometer respectively.  

Since the experiment was relying on the human factor in terms of the speed and 

accuracy with which the nozzle was moving towards the CPP, the error bars were 

introduced for T values in the range of +/– 2° C.
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Chapter 8 

Discussion 

This chapter provides the experimentally derived data on the PR materials from 

the 2nd chapter in the form of the R - T, BG - P and ρ - P charts using the 

techniques which are outlined in the 7th chapter and using the apparatuses from 

the 4th – 6th chapters. Each chart is accompanied by the experimental details and 

data analysis, as well as the author’s thoughts regarding the suitability of the PR 

samples for the use in the OPET device. Numerical data is available in Appendix 

D. 
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8.1 The Pt(bqd)2 complex 

A set of P and T experiments were conducted in both: PCC and DAC to refurnish the 

previously reported literature of this known intrinsic organic semiconductor [59, 82, 

83, 84], expand it by producing measurement on a CPP as well as to determine if R 

into ρ conversion using MM [119] can be applied to the sample geometry in DAC. 

All measurements were undertaken on a CPP. 

 

Figure 8.1: R vs T at Pamb for Pt(bqd)2. 

The R - T at Pamb was initially performed on a CPP using a hot plate to determine if 

sample R is measurable and probe its electronic behaviour which was found to have 

the semiconductor character. The +/– 1° K error bars were introduced since the 

numerical readings were collected manually and may lack the T to R allocation 

precision which also applies to the subsequent R vs T charts.  

 

Figure 8.2: BGs vs P in PCC for Pt(bqd)2. BG numerical values are provided in the textbox with 

the top value corresponding to the 0 kbars and last to the 15 kbar. 
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A total of four T points were used to construct BG vs P in figure 8.2: Troom, T31, T40 

&T51 in ° C, which means that a total of four P applications were performed on a 

CPP using constant T varying P method with the help of the resistive heaters. 

Resistivity values at the corresponding P points were derived from the original P - ρ 

data charts using interpolation. The error bars for the BG values were introduced due 

to the involvement of several CPPs being employed between experiments, which, 

even having the same production method and the value of the contact separations, led 

to some inconsistencies.    

According to figure 8.2, under P application the experimentally derived BG of 

Pt(bqd)2 decreased from 1.029 eV at Pamb to 0.007 eV at 11 kbar indicating the 

metallic state. Further P application showed increases in the BG value. This sample 

behaviour is consistent with the previously reported trend with insulator-to-metal-to-

semiconductor transitions with the metallic state being reached in between 8 & 14 

kbars [82, 83, 84]. 

 

Figure 8.3: R vs T analysis in DAC for Pt(bqd)2. 

The R - T analysis in DAC was performed on a hot plate on a total of four P points to 

illustrate the electronic behaviour of the sample at the transition-wise important Ps. 



 

Discussion 153 

The collected data (See figure 8.3) agrees with the previously reported insulator-to-

metal-to-semiconductor behaviour of the sample with metallic behaviour at 6.2 and 

8.79 kbars & insulator and semiconductor behaviours at 3.9 and 20.33 kbars 

respectively. 

 

Figure 8.4: ρ vs P comparison in between DAC and PCC for Pt(bqd)2. 

The CPP ρ of the Pt(bqd)2 sample in both apparatuses drastically decreases in 

between Pamb and 11 kbars which is followed with further moderate decrease up to 

the 15.28 kbar for PCC and 20.33 kbar for DAC. As a result, the sample undergoes 7 

orders of magnitude change in ρ [59]. 

There were no further P increases to avoid any damage to the feedthrough plug in 

case of the PCC and gasket thinning beyond the optimal thickness for the pellet 

geometry in case of DAC. Moreover, inspected P range stays within the high 

hydrostaticity of PTM [164] as well as covers the previously reported in the literature 

transition-wise important P points [82, 83, 84].  

Please note that the x-axis (e.g. P) error bars are not visible on figure 8.4 for the PCC 

since they are smaller in size than the diameter of the dot markers. In the case of the 

DAC, they are presented and are illustrating the uncertainty in measuring P with 

ruby as a P sensor. The probability of +/– 1 kbar error can be accounted for factors 

such as ruby orientation, ruby geometry and P distribution in the gasket hole [54]. 
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The above-mentioned error range can be assumed to be reasonable since the used in 

the experiment ruby chip was not spherical and that it was not perfectly centred in 

the middle of the sample chamber which was determined during P probing. The 

small shift can occur whether due to the P application whether during sample loading 

procedure (See figure 7.3). This statement also explains the existence or lack of error 

bars on all subsequent ρ vs P charts.  

By comparing resistivities in both cells it can be concluded that the MM is well 

suited for converting R into ρ in DAC. Although the CPP thickness was not 

controlled during the experiment because of the gasket’s flow, the observed ρ 

tendency in DAC agrees with one in PCC where CPP of a different geometry had no 

physical contacts with cell parts. Therefore, it can be concluded that, if the contact 

separation to the CPP thickness relationship is adhered (See figure 4.1 & 5.2), the R 

into ρ conversion is accurate.  

The Pt(bqd)2 sample was also deposited using the PVD method into thin film form 

and it’s R was measured in the modified gasket pre-indenter.  

As it can be noted in figure 8.5, the very first 13 out of 14 points were collected with 

the help of the small weights which were previously mentioned as a replacement for 

hydraulic press and a load cell for the very sensitive samples in terms of R response 

to the applied P. It was, unfortunately, impossible to reach anything beyond 25 MPa 

with these weights due to poor stability of the weights stack on top of the piston. The 

very last point (number 14) was collected using a hydraulic press and the load cell. 

Unfortunately, this 110 MPa P corresponds to the very first reading voltage of the 

load cell (e.g. 0.1 mV) – the value which can be quantified. Any further P increases 

were omitted since the readable R was already very low (e.g. 35 Ω). 

Combination of those two P application methods showed that the R - P response 

trend of the sample remains and that the thin film undergoes 4 orders of magnitude 

change in R.  

Both charts in figure 8.5 are having visible error bars for the y-axis while the x-axis 

error bars are smaller than the dot markers. Compared to DAC and PCC this 

experiment has higher P control than the R because there were no external P probing 
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methods involved and P was directly calculated from equation 3.4. Quality of the 

collected R however showed some signs of uncertainty due to rapid changes in terms 

of the applied load and big sample sensitivity. It was decided to allocate +/– 20% of 

the base value error for the collected Rs since approximately this kind of variation in 

the numerical data was noted during the experiment conduction. Also, it was 

previously noted that at low loads there might be issues with friction between the cell 

body and piston (See 7.2.4 section in the 7th chapter) and this can be accounted for 

the first 4 – 5 points up to 10 Mpa. 

 

Figure 8.5: R vs P for thin film Pt(bqd)2. The top chart is log-linear and the bottom is linear-

linear. The green line on the top chart was drawn to show that the R - P tendency remains 

between the combined P application methods. 
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The surface area of the thin film allowed to produce another indentation to determine 

if the collected in figure 8.5 data indeed represents the sample behaviour. 

 

Figure 8.6: R vs P for thin film Pt(bqd)2. The liner-linear chart with two indentation zones. Zone 

1 is the same indentation as in figure 8.5 and zone 2 data represents new indentation.  

As it can be noted in figure 8.6 the 2nd zone had fewer weights being applied since 

the stack started to feel wobbly. Although the overall R - P response was the same, 

the 2nd zone was found to have smaller Rs compared to the 1st zone. This can be 

explained by the positioning of indenter on the thin film. The thickness of the 

deposited material layer was found to vary with a thicker layer at the substrate edges 

and thinner towards the masked gold layer for the R probing which can be noted by 

examining figure 6.9. The 1st zone is closer to the edge compared to the 2nd zone and, 

therefore, initially has higher R values. After ≈ 20 Mpa the 1st and 2nd zone’s 

readings consent. This is probably where the indentation area in both zones starts to 

have a similar level of densification.  

It was also decided to cycle the thin film between Pamb and Pelevated to determine 

if the R response would follow the observed in figure 8.6 trend.  
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Figure 8.7: R vs cycle number for thin film Pt(bqd)2. The top chart is Pamb R vs cycle number 

and the bottom is R at 110 MPa. 

The illustrated in figure 8.7 data was collected by cycling 2nd indentation zone 

between Pamb and 110 Mpa using a hydraulic press and a load cell. Please note that 

the previously mentioned friction between the piston and the cell body influenced the 

R Pamb values in the top chart. This time, however, it was the other way round – 

and, therefore, the R is believed to be higher than it is shown (anywhere but 1st cycle) 

since the friction was preventing piston from pushing out (e.g. it was still applying 

pressure on the thin film where the P is shown as Pamb).  

It can be noted that a total of 10 cycles were performed and that the R at 110 Mpa 

was found to be higher than before (e.g. ≈ 495 Ω vs 35 Ω). Since this is a molecular 
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sample this cannot be explained by any chemical change and, therefore, it is believed 

that this difference in R readings at 110 MPa can only be accounted for densification 

of thin layer of the deposited material. It is believed that some vertically oriented 

needles break/fall during the first compression and, therefore, the R increases. 

Nonetheless, based on figure 8.7 it can be concluded that the sample R in response to 

the applied P is indeed reproducible during cycling operations and densifies after 3rd 

cycle (by taking into account the very first cycle which is demonstrated in figure 8.6 

for 2nd zone). 

8.2 The Pt(F-bqd)2 complex 

 

Figure 8.8: R vs T at Pamb for Pt(F-bqd)2. 

The R - T analysis at Pamb for Pt(F-bqd)2 sample was performed using a heat gun. 

The illustrated trend shows the semiconductor behaviour of the sample material at 

Pamb. The Troom R was found to be a bit higher than that of a Pt(bqd)2 sample but 

with the same degree of power and, which was found to be promising, the smaller 

Pamb BG value which was calculated to be 0.8937 eV using the figure 8.8.  

The sample was also exposed to low T analysis in CCR to determine what will be the 

lowest T that can still read the R with the Electrometer.  
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Figure 8.9: R vs T at Pamb for Pt(F-bqd)2 in CCR. 

Although the CCR allowed getting to 15° K, the R values below 262° K were 

omitted in figure 8.9 because of the unrealistic noise profile. The reading noise was 

observed to start occurring below 274° K but was still having the right R - T trend up 

until the 262° K and for the same reason was left for the illustration purposes in 

figure 8.9. It is believed that the possible reason/reasons which caused such a noise is 

a compatibility issue between Electrometer and the switch system (See figure 7.9) 

and/or the fast logging speed with which readings were taken by the LabView. 

Another possible explanation of the high noise profile is the poor shielding. It was 

therefore concluded that the CCR is not an ideal device for probing high resistances 

with Electrometer and due to the limited time scales the problem which caused such 

a reading noise was not unequivocally determined. 

The elevated P analysis was required to determine if the fluorinated version of the 

Pt(bqd)2 sample would have similar ρ - P response. The sample was first exposed to 

P extremes in the PCC and then it was decided to measure it in DAC since PCC was 

found to have a time-consuming T analysis which required constant T varying P 

method to be employed (See 7.4.1 section in the 7th chapter).  
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Figure 8.10: ρ vs P for Pt(F-bqd)2. With PCC at the top and DAC at the bottom. 

The ρ in both apparatuses drastically decreases in between Pamb and 11 kbar. In the 

case of the DAC, it can be seen how moderate the effect is yielded on the ρ with 

further P increases since it has a wider P range. According to the PCC, which is 

believed to be more precise than DAC, the sample undergoes 7 orders of magnitude 

change in ρ just like in the case of Pt(bqd)2 however the fluorinated version is less 

conductive than it’s parent compound which can be noted by comparing numerical 

values at the corresponding pressures between two (See Appendix D).  
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Figure 8.11: R vs T analysis in DAC for Pt(F-bqd)2. 

It was decided to produce the low-T analysis rather than high-T because of the 

previous failure with CCR as well as to widen the skills of the experimenter. The 

employed P points were selected based on the observed DAC ρ - P trend (See figure 

8.10) to probe the sample’s electronic behaviour before the line bending and after. In 

all four P points (See figure 8.11) the sample was found to act as a semiconductor 

with no metallic state being reached with the lowest BG to be found at 11.63 kbar 

which corresponds to the 0.064662 eV.  

8.3 The PTC1 complex 

 

Figure 8.12: R vs T at Pamb for PTC1. 
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The R - T analysis at Pamb for PTC1 sample was performed on a CPP on the hot 

plate. At Pamb sample behaves as a semiconductor with the Troom R being higher 

than in the fluorinated Pt complex but still within the same degree of power. Using 

the data from figure 8.12, the Pamb BG was calculated to be 0.8025 eV which is a 

promising number and, therefore, it was worth producing the R - P analysis on this 

complex. 

 

Figure 8.13: ρ vs P for PTC1.  

The PTC1 was measured in DAC only with the illustrated in figure 8.13 ρ response 

to the applied P. Initially, the ρ used to fall rapidly until it hit the value at ≈ 1.5 kbar 

where it started to grow and stabilized in between the 2.87 – 2.77 *106 Ωm range. It 

was decided not to go further in terms of P since the observed between 4 and 14 

kbars trend showed no prerequisites for rapid change. The initial ρ drop can be 

accounted for not yet compressed powder within the sample chamber of DAC which, 

in this case, stabilized after 4 kbars. Assuming reversible nature of the material, such 

an explanation is reasonable since the sample ρ stayed in the 2.87 – 2.77 *106 Ωm 

range during the P release, never coming back to the initially observed trend which is 

illustrated in the figure 8.13. 

Since the PTC1 complex showed no desirable ρ - P change, it was not further 

studied, and no R - T analyses were performed at elevated Ps because the 

investigated P range does not portend any close future changes in the semiconductor 

nature of the complex material.  
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8.4 The Pt(NH3)4PtCl4 complex 

The Pt(NH3)4PtCl4 complex was previously reported in the literature back in 1971 

[97] and it was decided to refurbish the previously reported data on powder material 

to investigate the differences and/or similarities. Since the reported P range was way 

beyond the PCC capabilities, the sample R was measured in DAC and converted into 

ρ using MM. It is believed that DAC data is more precise than the belt-type HP 

device.   

 

Figure 8.14: HP data for Pt(NH3)4PtCl4. With: A – ρ vs P (DAC), B – γ vs P (DAC) and C – 

previously reported data [97].  

The complex has identical to the reported tendency where it initially almost linearly 

drops in ρ as a result of the applied P which shortens the metal-metal distances up 

until the 52 kbar in DAC or the 100 kbar in belt-type apparatus as a powder, where it 

starts to increase. By comparing B and C charts in figure 8.14 it can be noted that the 

γ was reported to be much higher to the one an author observed during his 

experiments. It is believed that such a difference may arise due to the different R into 

ρ conversion method being employed. The demonstrated in this work method as well 

as the precision in probe contact allocation is believed to be more precise to the 

techniques from 1971 which means that the complex is not that conductive as it was 

thought however twice as low P is required to achieve the conductive peak of the 

material in the powder form.  

A total of two T analyses were then performed on the complex: at HP and low P 

which corresponds to the 56.1 and 2.1 kbars respectively. Those analyses showed 
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than the complex behaves as a semiconductor in both scenarios (See figure 8.15). 

The T analyses were performed in the DAC using the hot plate method and allowed 

to calculate BGs to be 0.7837 and 0.5037 eV at 2.1 and 56.1 kbars respectively. 

Further work with this complex was omitted since the acquired results were not 

sufficiently good in terms of the acquired ρs and the employed Ps.  

 

Figure 8.15: R vs T for Pt(NH3)4PtCl4.  

8.5 The Pt(CH3NH2)4PtCl4 complex 

 

Figure 8.16: ρ vs P for Pt(CH3NH2)4PtCl4.  

The Pt(CH3NH2)4PtCl4 complex was exposed to HP in the DAC up to the 35.5 kbars. 

Any further P increases were omitted since the observed ρ - P trend in figure 8.16 

did not promise anything extraordinary. Please note that the ρ stays within the same 

degree of power (e.g. 103) and that the P application did not lead to any big changes. 
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Figure 8.17: R vs T for Pt(CH3NH2)4PtCl4.  

Since the sample was previously reported to act as a semiconductor at Pamb, it was 

decided to produce two T analyses (See figure 8.17) to find out what happens with 

electronic behaviour at different Ps. Since the ρ - P trend (See figure 8.16) showed 

no prerequisites for the desired P points for T analyses it was decided to produce T 

analyses at HP and somewhere mid-through which corresponds to the 28 and 17.5 

kbars respectively. The hot plate method was employed and it showed that sample 

stays to act as a semiconductor over the tested P range. The T analyses at 17.5 and 28 

kbar allowed to calculate the BGs to be 0.6509 & 0.9009 eV respectively which if 

combined with the reported Pamb BG value of 0.35 eV [96] indicates that P 

increases only widen the BG in this complex and it is, therefore, not suitable for PR 

applications (not to mention how big its ρ stays to be even beyond the P range of the 

OPET concept).  

8.6 The Ir(CO)2(bta) complex 

The iridium complex with bta ligand was exposed to HP in the DAC since it was 

hard to predict the ρ - P trend and DAC has wider P range for the experiment.  

The very first point at P = 0 kbars (See figure 8.18) can be omitted since the powder 

was not compressed yet. The other points are following the trend which shows that 

the sample stays within the 3 – 3.5*106 Ωm ρ range up to the 50 kbars where the 

sample ρ starts to rapidly fall. Assuming the same tendency in ρ to P response, the 

Ir(CO)2(bta) would reach the ρ = 0.0108 Ωm roughly at 155 kbar. The ρ = 0.0108 

Ωm value was taken for the comparison reasons which from the Pt(bqd)2 data 

corresponds to ρ at 20.33 kbar (See figure D.2). Although this is an interesting 

prediction to investigate, the estimated low ρ appears far beyond the operation P 
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range of the OPET device and, therefore, any further analyses on the Ir(CO)2(bta) 

complex were omitted.  

 

Figure 8.18: ρ vs P for Ir(CO)2(bta). 

The sample was not employed in the precise T analyses which can be presented in 

here in the form of the R - T charts since no low or hight T techniques which are 

outlined in the 7th chapter were applied to this material. Instead, an author has 

produced sanity checks at all P points by visually observing/checking whether R 

grows or falls due to the translated to the DAC and, therefore, to the sample heat 

from the hand finger. Although this method is not scientifically valuable, yields no 

concrete values and, therefore, no BG information, it is a fast and reliable method to 

probe sample’s electronic behaviour which as expected had a semiconductor 

character across all 27 P points. 

8.7 The Ir(CO)2(tfp) complex 

Just like in the case of iridium complex with bta ligand, the tfp ligand complex was 

exposed to HP in the DAC since it has wider P range for the experiment if compared 

to PCC. 
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By observing the black curve (See figure 8.19) which corresponds to the P 

application it can be noted that the sample ρ slowly decreases up to the 26 kbars 

where the ρ drop increases with the applied P. If in between 0 and 26 kbars sample ρ 

decreases approximately by a factor of two (e.g. from 3.86*106 to 1.95*106 Ωm), in 

between 26 and 40 kbars the ρ decreased by a factor of forty (e.g. from 1.95*106 to 

4.92*104 Ωm). Further P increases, however, were leading to increases in the ρ 

which can be noted by observing the trend in between 40 and 49 kbars. Since such a 

sample behaviour was not desired/expected it was decided to slowly release the P 

and see if the ρ deepening would occur again. By observing the green curve which 

corresponds to the P release, the deepening indeed occurred in between the 

previously noted P range with a slight shift towards lower P which can be explained 

by the fact that CPP is more compact now within the sample chamber which led to 

lower ρ readings being collected in between 33 and 8 kbars. Since the observed 

during the P application ρ vs P trend was repeated during the P release and came 

back to the original ρ at Pamb, it can be assumed that the experiment is not an 

artefact.  

 

Figure 8.19: ρ vs P for Ir(CO)2(tfp).  
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Before, during and after the deepening sample used to behave as a semiconductor 

which was determined using the same method as in the case of the iridium sample 

with bta ligand. Since no desired ρ change occurred in between Pamb and 30 kbars, 

the sample was omitted for any further analyses.  

8.8 The GDC1 complex 

The GDC1 complex was found to have polymorph modifications when the in-house 

made single crystals of this complex were tested in the diffractometer which showed 

that the sample had not crystallised in the expected space group although the same 

crystallisation method (electrochemical oxidation) as was reported in [103] was 

utilized. Due to this, the polymorph 1 (e.g. the reported in the literature material) was 

not achieved and, therefore, no HP studies nor R - T analyses were performed on it. 

Instead, only polymorph 2 was studied. 

 

Figure 8.20: R vs T for GDC1 polymorph 2.  

The hot plate method was employed in the R - T analysis for the GDC1 polymorph 2 

complex which yielded the shown in figure 8.20 trend. Please note how low the 
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Pamb Troom R is if compared with previous complexes in this thesis which marks 

this complex as a promising candidate. The R response to the applied T indicates that 

the sample behaves as a semiconductor with Pamb BG value being calculated to be 

0.5252 eV which is five times bigger than the BG of the polymorph 1.  

Although the acquired R - T data on the GDC1 polymorph 2 indicated the necessity 

in producing the elevated P analyses to determine if the R and, therefore, ρ would 

drop with the applied P, this has not been done since the produced sample material 

quantity was not sufficient. It is, however, the material which clearly needs more 

attention and will be mentioned in the 9th chapter of this thesis.  

8.9 The GDC2 complex 

 

Figure 8.21: R vs T at Pamb for GDC2 heating. 

The R - T analysis at Pamb for GDC2 complex was performed on a CPP using a heat 

gun resulting in the trend shown in figure 8.21. Generally, the semiconductor 

character was there with some uncertainty in 4th, 5th and 6th R points which are 

corresponding to 318, 323 and 328° K respectively and were found to be higher than 

expected. The possible explanation was the lack of quality during the monitoring 

procedure with the employed technique and it was decided to repeat the R - T 

analysis using the cooling technique in PPMS.  
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Figure 8.22: R vs T at Pamb for GDC2 cooling [223]. 

The PPMS which allowed more T control allowed to produce R - T analysis at Pamb 

for the GDC2 complex by subsequently cooling it from 300 to 190° K in 5° K/min 

steps with equilibration for 10 s at each 5° K interval to collect the stabilized R 

readings. The observed sample behaviour (See figure 8.22) indicated the 

semiconductor character of the complex material. Using the data from figure 8.21 & 

8.22 the Pamb BGs were calculated to be 0.5161 and 0.5073 eV respectively, 

indicating both: the consistency in between employed techniques (although the trend 

was not precise enough in figure 8.21) and the necessity in producing elevated ρ - P 

analysis on this complex. Due to the low BG value, it was decided to employ the 

PCC.  

 

Figure 8.23: ρ vs P for GDC2. 
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According to figure 8.23, the ρ of the GDC2 complex was found to undergo 3 orders 

of magnitude change between Pamb and 20 kbars. The green curve represents the 

raw data which was collected during the experiment duration and the red line 

represents the corrected fit. The uncertainty in ρ between 8 and 10.5 kbars was 

associated with the PTM leakage issues due to the not sealed until the 10.5 kbars 

sample chamber from the piston side. This is a common issue when the copper 

sealing ring which is located in between PTFE capsule and piston (See figure 4.12) 

has not deformed yet due to low P being exerted on it and, therefore, small PTM 

leaks are present. The fact that there were no ρ jumps after 10.5 kbar (P at which 

copper ring sealed the system) only supports this statement. It was decided to 

introduce the corrected fit in between 4 and 10.5 kbars to illustrate the more realistic 

sample behaviour. Further P increases were omitted to avoid the damage to the 

feedthrough plug since it was not worth risking it for the observed ρ - P trend, the 

rough extrapolation of which predicts the conductor character approximately at 57 

kbars (e.g. way above the suitable OPET operation range in terms of P) if we take 

the fact that the slope of the line, which is observed between 11 and 20 kbar, will be 

the same.  

8.10 Other complexes 

The Pt(OBu)2, Pt(Bu-bqd)2, PTC2, PTC3, Ir(CO)2(dbm), Cu and Co complexes were 

found to have Pamb Rs being higher than those Electrometer can measure (e.g. > 200 

TΩ) even when combined with elevated T studies up to the 353° K (which in theory 

should have lowered their Rs in accordance with figure 2.5) indicating the inability 

and, therefore, the inexpediency in producing the elevated P studies on these 

materials.
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Chapter 9 

Conclusions and future directions 

This chapter summarises the completed work, highlights the achievements of this 

PhD research through the conclusions and outlines future potential directions of 

the project. 
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9.1 Conclusions 

The original direction of this research was the instrumentation development to realize 

the OPET which implied the creation of the new or adaptation of the existing HP 

devices to study the selected in the 2nd chapter materials at Pelevated and variable Ts 

for their electric γ.  

An author has successfully developed and tested two HP devices: PCC and UHPC. 

The former device is capable of producing static P experiments and reaching 3 GPa 

of hydrostatic P while allowing to in situ monitor the R of the test specimen as well 

as the P it is exposed to with high precision. The Pelevated - ρ studies in PCC can 

also be combined with the T analyses using constant T varying P method. The latter 

device was designed to produce both: static and dynamic uniaxial Ps and was built to 

mimic the OPET device concept to measure the electric γ of a thin film material 

through its thickness.  

An author has also adapted the existing HP device – the Merrill Bassett DAC for the 

electric γ measurements. The DAC was equipped with NiCrAl seats to safely achieve 

the static hydrostatic or quasi hydrostatic pressures up to the 10 GPa using 0.8 mm in 

diameter diamond cullets. To allow producing the electric γ measurements in the 

DAC an author developed special techniques and procedures which he outlined in 

the 7th chapter to achieve the experimental success. 

An author has also successfully applied the relevant for the anisotropic nature of the 

selected PR materials method for R into ρ conversion [119]. Both: PCC and DAC are 

capable of employing this method which requires high precision in the probe contact 

allocation on the specimen resulting in the ability to produce 4-probe R 

measurements with the consistency in the interpreted data between both HP devices 

(See figure 8.4).  

An author has also developed the necessary set of skills and knowledge for the 

exploitation of the required, to produce the measurements of interest, instrumentation 

which include DMM, Electrometer, CCR, PPMS and PVD systems.  

Among various successfully tested PR materials, the most promising candidate in 

terms of a ρ change within the OPET P operation range which was mentioned to be 0 
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– 3 GPa was found to be Pt(bqd)2 complex. The complex was successfully deposited 

on top of the deposited gold layer on a substrate with preferred needle orientation 

and measured in the modified version of the gasket indenter (See figure 7.7) since the 

pre-cut WC balls with a perfectly flat cross-sectional area (for the UHPC device) 

were not available for delivery due to COVID-19 interruption.  

9.2 Future directions 

In terms of future directions, the other promising PR candidate needs to be tested – 

the GDC1 polymorph 2 which was found to have low Pamb ρ and requires HP 

investigation on electronic properties to determine if sample turns into conductor 

within the suitable OPET operation P range with potential study in how to deposit 

this material into the thin film form with the required molecular orientation. 

It is also required to acquire the above-mentioned pre-cut WC balls to allow 

exploitation of the UHPC for the measurements on the thin film samples. 

Another important future direction is the acquisition of the previously mentioned PE 

actuator [212] which would allow producing dynamic P analysis to investigate if the 

promising candidates are having the high On/Off ratios (e.g. if the R changes fast 

with time). This will significantly expand the project scope and, if successful, will 

certainly attract attention and funding. Unfortunately, such an acquisition was 

delayed during the COVID-19 interruption.  
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Appendix A 

Drawings related to the 4th chapter 
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Figure A.1: The NiCrAl datasheets from supplier part one. The stress-strain curves for three 

specimens with different ageing procedures.  
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Figure A.2: The NiCrAl datasheets from supplier part two. Ageing procedure guidelines with 

two figures with names as specified underneath of each graph.  
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Figure A.3: Tabular stresses in the compound cylinder.  
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Figure A.4: Compound PCC with parts table. 
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Figure A.5: Inner cylinder. 
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Figure A.6: External cylinder. 
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Figure A.7: Bottom seal. 
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Figure A.8: Feedthrough plug. 
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Figure A.9: Bottom locking nut. 
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Figure A.10: Hollow rod. 
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Figure A.11: Cap for the rod. 
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Figure A.12: Top seal. 
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Figure A.13: Piston. 
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Figure A.14: Spacer. 
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Figure A.15: Pusher. 
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Figure A.16: Upper locking nut. 



 

Appendix A 192 

 

Figure A.17: Sample table. 
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Figure A.18: Cone knob. 
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Figure A.19: Additional tools. 
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Figure A.20: Extraction body. 
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Figure A.21: Extraction ring. 
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Figure A.22: Extraction handle. 
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Figure A.23: Protective cylinder. 
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Figure A.24: Protective cap.
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Appendix B 

Drawings related to the 5th chapter 
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Figure B.1: Standard type Ia diamond 
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Figure B.2: Gasket pre-indenter device. 
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Figure B.3: The Merrill Bassett DAC. 
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Figure B.4: Top plate. 
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Figure B.5: Grub screw. 
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Figure B.6: Backing disc. 
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Figure B.7: Gasket. 
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Figure B.8: Bot plate. 
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Figure B.9: Guiding pin.
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Appendix C 

Drawings related to the 6th chapter 
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Figure C.1: The uniaxial high-pressure cell (static). 
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Figure C.2: The cell body. 
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Figure C.3: The load cell. Built to dimensions [214]. 
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Figure C.4: All Allen bolts. 
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Figure C.5: Bulged bolt. 
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Figure C.6: Indenter balls. 
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Figure C.7: Bottom indenter holder. 
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Figure C.8: Load cell’s plate. 
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Figure C.9: Insulation plate. 
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Figure C.10: Base. 
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Figure C.11: Top indenter holder. 
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Figure C.12: Guiding pin. 
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Figure C.13: PE actuator. Built to dimension [212]. 



 

Appendix C 224 

 

Figure C.14: PE actuator’s imitator.
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Appendix D 

Numerical data for charts from the 8th chapter 

The Pt(bqd)2 complex 

 

Figure D.1: Numerical data for figure 8.1 (on the left) & 8.2 (on the right). 
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Figure D.2: Numerical data for figure 8.3 (on the left) & 8.4 (on the right). 

 

Figure D.3: Numerical data for figure 8.5 (on the left) & 8.6 (on the right). 

 

Figure D.4: Numerical data for figure 8.7. 
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The Pt(F-bqd)2 complex 

 

Figure D.5: Numerical data for figure 8.8 (on the left) & 8.9 (on the right). 
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Figure D.6: Numerical data for figure 8.10. 

 

Figure D.7: Numerical data for figure 8.11. 
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Figure D.8: BGs at Pelevated in DAC & Pamb on CPP for the Pt(F-bqd)2 complex.  
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The PTC1 complex 

 

Figure D.9: Numerical data for figure 8.12 (on the left), 8.13 (in the middle) and BG calculations 

for the PTC1 complex (on the right). 

The Pt(NH3)4PtCl4 complex 

 

Figure D.10: Numerical data for figure 8.14 (on the left) & 8.15 (on the right). 
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Figure D.11: BGs at Pelevated in DAC for the Pt(NH3)4PtCl4 complex.  

The Pt(CH3NH2)4PtCl4 complex 

 

Figure D.12: Numerical data for figure 8.16 (on the left) & 8.17 (on the right). 
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Figure D.13: BGs at Pelevated in DAC for the Pt(CH3NH2)4PtCl4 complex.  

The Ir(CO)2(bta) complex 

 

Figure D.14: Numerical data for figure 8.18. 
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The Ir(CO)2(tfp) complex 

 

Figure D.15: Numerical data for figure 8.19. 

The GDC1 complex 

 

Figure D.16: Numerical data for figure 8.20 (on the left) and BG calculations for the GDC1 

complex (on the right). 
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The GDC2 complex 

 

Figure D.17: Numerical data for figure 8.21 (on the left) & 8.22 (on the right). 

 

Figure D.18: Numerical data for figure 8.23 (on the left) and BG calculations for the GDC2 

complex (on the right).
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• Giordano, N. et al., 2019. The Effect of Pressure on Halogen Bonding in 4-

Iodobenzonitrile. Molecules, 24(10), pp.Molecules, 27 May 2019, 

Vol.24(10). 

• Benjamin, Helen et al., 2020. Pressure-induced non-innocence in bis(1,2-

dionedioximato)Pt( ii ) complexes: an experimental and theoretical study of 

their insulatormetal transitions. Physical Chemistry Chemical Physics, 

22(12), pp.6677–6689. 

• Benjamin, Helen et al., 2020. Electrochemical deposition of a semiconducting 

gold dithiolene complex with NIR absorption. Dalton Transactions, The 

Royal Society of Chemistry, 24 Sep 2020.  
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